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of the anatomic danger zone in mesial roots
of permanent mandibular first and second
molars
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Abstract

Background To investigate the geometric characteristics of the danger zone in the mesial roots of mandibular
molars using micro-computed tomography (micro-CT).

Methods A total of 75 extracted mandibular first (50 were 2-rooted [2RM1] and 25 were 3-rooted [3RM1]) and 35
2-rooted mandibular second molars (2RM2) were collected and evaluated using micro-CT. The morphological aspects
of the mesial roots associated with the danger zone (the canal curvature, minimum mesial [MWT] and distal canal
wall thickness [DWT], depth and level of root concavities) were evaluated. One-way analysis of variance (ANOVA)

was used for multiple group comparisons. Student’s t-test or paired t-test was used to test the means between two
groups.

Results All mesial roots curved severely (81.8%, 90/110) or moderately (18.2%, 20/110) towards the furcation

side, and the mean angle was 25.3+7.2 degrees. The presence of a distolingual root only had limited influence

on the geometricgeometry of the mesial root. In the majority of cases, the mean DWT was less than the MWT,

and statistical significance (all p <0.05) was detected at 0-3 mm (MB and ML of 3RM1), 0-4 mm (MB of 2RM1, and MB
and ML of 2RM2), 0-5 mm (single mesial canals of mandibular first and second molars), and 0-6 mm (ML of 2RM1)
below furcation. The mean depth of distal concavities is always greater (all p <0.05) than the mesial ones at each root
level. Generally, the mean depth of distal concavities increased apically in the cervical portion, reaching the maximum
value at 2 mm below furcation, and then declined gradually in the apical portion.

Conclusions The mesial roots of mandibular first and second molars often exhibit severe distal curvature,

with a mean Schneider’s angle of 25.3 degrees, and the thinnest dentin wall is typically on the distal side. Dis-

tal root concavities are significantly deeper than mesial ones, with the maximum depth generally located 2 mm
below the furcation. When identifying the danger zone, factors such as DWT should not be considered in isolation.
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Canal curvature, distal root concavities, and the type of instrument used are also critical in affecting the likelihood
and location of strip perforation, though their precise roles warrant further investigations.

Keywords Mandibular molar, Micro-computed tomography, Mesial root, Danger zone, Root canal curvature, Root

concavity

Background

The ideal preparation for a root canal involves creat-
ing a continuously tapering funnel from the orifice to
the apex while preserving the original canal curvature.
This approach facilitates effective irrigation and com-
plete canal obturation [1]. However, during the instru-
mentation of curved canals, various procedural errors
may arise, including ledging, zipping, canal transpor-
tation, and strip perforation, all of which can compro-
mise the treatment outcomes [2]. Mandibular first and
second molars are frequently affected by various types
of lesions and are commonly treated with root canal
therapy [3-5]. In addition to their complex root canal
systems, the canal curvature in the mesial root presents
another significant endodontic challenge. The mesial
root is inherently curved towards the distal side [5-7],
making it a common focus of studies on curved canal
preparation [6, 8, 9]. Moreover, previous studies have
shown that the mesial canals are not centrally located
within the root but are positioned closer to the furca-
tion side [10, 11]. Abou-Rass et al. [12] were the first
to describe the thinner distal dentin wall as the “danger
zone”, which is particularly susceptible to over-instru-
mentation and strip perforation. They recommended
using an anti-curvature filing technique to prepare
these canals. Several other studies demonstrated that
the danger zone was typically found 4—-6 mm below the
canal orifice [13], and the length of the teeth and the
depth of root concavities may both affect the thickness
of the danger zone [14]. Compared to shorter teeth,
the danger zone was thinner, and the distal root con-
cavity was also deeper in longer teeth [14]. Contrary
to the general consensus, De-Deus et al. [15] demon-
strated that the smallest dentine thickness could also be
located on the mesial side of the roots in approximately
40% of the canals. Despite these insights, our under-
standing of the danger zone in mandibular molars
remains limited and, at times, controversial. While it
is recognized that multiple factors, including anatomi-
cal characteristics and parameters related to endodon-
tic instruments employed, can affect the occurrence
and location of strip perforations, few researchers have
comprehensively examined these factors using reliable
methods, such as micro-CT. Variations in methodolo-
gies and study designs contribute to the inconsistencies
observed across different studies.

In recent decades, micro-computed tomography
(micro-CT) has become a widely utilized tool in ex vivo
studies of human teeth, owing to its high resolution and
non-destructive nature [7, 16, 17].Unlike traditional
methods such as sectioning, clearing, or radiography,
micro-CT captures intricate three-dimensional (3D)
internal structures and variations within roots while pre-
serving sample integrity. This approach facilitates com-
prehensive quantitative and qualitative analysis without
altering the specimen. Consequently, micro-CT offers
significant advantages in examining the danger zones of
tooth roots by providing sub-millimeter detail and ena-
bling robust 3D reconstruction and geometric analysis.

This study aims to provide detailed geometric informa-
tion about the danger zone in mandibular molars using
micro-CT. To address the ongoing academic debate on
danger zones, we focus on the curvature of the mesial
root canals and their relationship with the thinner dentin
walls adjacent to distal root concavities. Additionally, we
conduct detailed disto-mesial comparisons concerning
the canal wall thickness, as well as the depth and occur-
rence of root concavities.

Materials and methods

Collection of sample teeth

Approval for use of extracted teeth was obtained from
the institutional Ethics Committee for Human Research
(Issuing Number: KY2022-089-01). All subjects were
native Chinese, and the teeth were extracted due to
periodontal disease, non-restorable caries, trauma, or
prosthodontic reasons. The tooth type (permanent man-
dibular first and second molar) was accurately identified
and recorded immediately after tooth extraction. The
exclusion criteria were as follows: (a) teeth with open
root apices, (b) teeth with root canal calcification, (c)
teeth that had been endodontically treated previously,
(d) teeth with root carious, fractures, internal or external
resorption, and (e) teeth with a C-shaped or fused root.
The sample size was determined using G*Power software
(ver. 3.1.9.7; Heinrich-Heine-Universitit Diisseldorf,
Disseldorf, Germany). The analysis indicated that at least
27 samples per tooth group were required to achieve an
effect size of 0.50 with 80% power and a 95% confidence
interval. Due to the susceptibility of the distolingual (DL)
root to fracture during extraction, obtaining a large,
defect-free sample of extracted three-rooted mandibular
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first molars (3RM1) is particularly challenging. Conse-
quently, this study included a total of 75 mandibular first
molars, comprising 50 with two roots (2RM1) and 25
with three roots (3RM1), along with 35 two-rooted man-
dibular second molars (2RM2).

Micro-CT scanning of extracted teeth

Each tooth was scanned along its axis in a micro-CT
device (SkyScan1174; Bruker-microCT, Kontich, Bel-
gium) with a voxel size of 32 pm, set at 800 mA, 50 kVp,
180° of rotation with steps of 0.7°. The frame average was
set to 1, and a 1-mm thick aluminum filter was used. The
micro-CT data files were then transferred to Mimics 21.0
(Materialise, Leuven, Belgium) software to perform 3D
reconstruction of the teeth and root canal systems. The
root canal systems in the mesial roots were classified
according to Vertucci’s methods [18].

Odontometric analysis

The volume of interest was selected from the pulp floor
level to the anatomical apex of the mesial roots. The
length of root trunk was assessed as the vertical distance
from the orifice to the furcation level. To define the long
axis of the mesial root cone, a spline curve was drawn by
fitting a series of (8—10) geometric centroids of root sec-
tions from the furcation to the apex. The entire length of
the spline was considered the length of the mesial root
(cone). The mesial root was then resliced along the spline
line at 1-mm intervals (Fig. 1). For each slice, the follow-
ing measurements were taken (Fig. 2): (a) The measure-
ments of mesial (MW T) and distal canal wall thickness
(DWT) for the MB, ML, and single mesial canals were
performed as described by Lim et al. [19], representing
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Fig. 2 Measurement of the minimum distal and mesial canal wall
thickness of the MB (d1, m1) and ML canals (d2, m2), and the depth
of distal and mesial root concavities (d3, m3) in a micro-CT
cross-section

the minimum dentin thickness from the inner border of
the canals to the external root surface on the mesial and
distal side. (b) The depth of mesial/distal root concavity
was measured as the distance between a line linking two
points on the convex root surface and the deepest point
of the root concavity [14]. It is essential to establish a
threshold between a slight depression and a typical root
concavity. We arbitrarily defined a root concavity as hav-
ing a depth of at least > 0.1 mm.

In the Mimics interface, the 3D tooth models were dis-
played in parallel projection mode [7]. The position of

Fig. 1 Representative micro-CT images of a two-rooted mandibular first molar (the mesial root is resliced along the long axis of the root at 1-mm
intervals). A A buccal view of the mesial root, the cross-section is perpendicular to the root axis, and the mesial canals are closer to furcation side

at the danger zone; B A mesial view
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the tooth model was further adjusted (by rotation) until
the images of the MB and ML canals were completely
overlapped (exactly in the buccal view of the mesial root)
(Fig. 1A). Screenshots were saved in TIFF format with a
resolution of 1280770 pixels and then analyzed using
Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring,
MD, USA). After calibration, the degrees of canal curva-
ture in the mesial root were measured using Schneider’s
method [20]. In this method, a line is drawn parallel to
the longitudinal axis of the coronal part of the canal,
and a second line is drawn from the starting point of the
canal curvature to the apical foreman. The acute angle
formed by the intersection of these two lines is measured
to evaluate canal curvature. Curvatures are categorized
into three groups: straight (<10 degrees), moderate (10—
20 degrees), and severe (>20 degrees). The canal length
between the orifice to the furcation level was also meas-
ured (canal length in the root trunk).

Statistical analysis

All data analyses were performed using SPSS 21.0 (SPSS
Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) followed by the post hoc Fisher’s least sig-
nificant difference test (LSD) test was used for multiple
group comparisons. Student’s ¢-test or paired ¢-test was
applied to compare the means between two groups. The
Chi-square test was used to compare frequencies. The
significance level of 5% was set for all tests.

Results

Root canal configurations of the mesial roots

of mandibular molars

The root canal configurations of the mesial roots were
summarized in Table 1. Type 1-1 canal configurations
occurred in only 8% of the first molars, while the per-
centage increased to 31.4% in the second molars. For

Table 1 Root canal configuration of mesial roots (Vertucci’s
classification) n (%)

Type of root canal 3RM1 2RM1 2RM2
configuration

Type I (1-1) 2 (8.0%) 4 (8.0%) 11 (31.4%)
Type Il (2-1) 2 (8.0%) 9 (18.0%) 10 (28.6%)
Type IV (2-2) 18 (72.0%) 32 (64.0%) 9 (25.7%)
TypeV (1-2) 2 (8.0%) 3(6.0%) 1(2.9%)
Others 12 (4.0%) 2°(4.0%) 4°(11.4%)
Total 25 (100.0%) 50 (100.0%) 35 (100.0%)

3RMT1 is 3-rooted mandibular first molar, 2RM1 and 2RM2 are 2-rooted
mandibular first and second molar, respectively.

2one case of type 3-3 canal
b one case of type 2-1-2 and one case of type 1-2-1 canal

€4 cases of type 1-2-1 canals
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multi-canal configurations, both MB and ML canals were
identified and measurable at different root levels.

Root length and canal curvature of the mesial roots

The measurements of the root (cone) length and canal
curvature are presented in Table 2 and Fig. 3. The mean
mesial root length of the 2RM1s was significantly longer
than that of the 2RM2s (9.7 mm vs. 8.9 mm, p<0.05).
However, no statistical differences were observed in
the canal length at the root trunk or in the degrees of
canal curvatures among the three tooth groups (all
p>0.05). The means for canal length and curvature
were 2.5+0.5 mm and 25.1+6.8 degrees, respectively
(n=110). All mesial canals curved either severely (81.8%,
90/110) or moderately (18.2%, 20/110) towards the furca-
tion side, with no instances of straight canals observed.

Minimum mesial and distal canal wall thickness

In this study, the canal wall thickness was statistically
analyzed irrespective of Vertucci’s classification. All root
slices were aggregated and reclassified into non-single-
and single-canal forms at each root level. The measure-
ments of MWT and DWT for the MB, ML and single
mesial canals at each level are summarized in Tables 3
and 4, and Fig. 4. In the majority of cases, DWT was
found to be smaller than MW T, with statistically signifi-
cant differences (all p<0.05) observed at the following
levels: 0-3 mm (MB and ML of 3RM1), 0—4 mm (MB
of 2RM1, and MB and ML of 2RM2), 0-5 mm (single
mesial canals of mandibular first and second molars), and
0—-6 mm (ML of 2RM1) below the furcation.

The depth of mesial and distal root concavities

All mesial roots of mandibular molars, except one, exhib-
ited distal concavities. In contrast, mesial concavities
were observed in only 76.0% (57/75) of the first molars
and 60.0% (21/35) of the second molars, with a statically
significant difference between the sides (both p<0.01).
Figure 5 presents the mean depth of root concavities

Table 2 The measurement result of the root (cone) length and
canal curvatures of the mesial roots of mandibular molars

Tooth n Root length (mm) Curvature (degrees)
group

Mean+SD Range Mean+SD  Range
3RM1 25 9.17+140°°® 701~1194 2367+537" 11.36~37.04
2RM1 50 9.68+131% 705~1242 2517+596" 11.00~40.11
2RM2 35 885+137° 6.10~1167 2605+865" 12.20~494

3RM1 is 3-rooted mandibular first molar, 2RM1 and 2RM2 are 2-rooted
mandibular first and second molar, respectively. The values with the different
superscript lowercase (root length) or uppercase (curvature) letters along the
same column are significantly different (p <0.05). The curvatures were measured
by Schneider method
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Fig. 3 Measurement results of canal curvatures in the mesial roots of mandibular molars (by Schneider method). No statistical difference
was detected in canal curvature among the three tooth groups (p > 0.05). The error bar is SD

at each level. Generally, the mean depth of distal root
concavities increased in the apical direction within the
coronal third of the root, reaching a maximum at 2 mm
below the furcation. Beyond this point, the depth gradu-
ally declining toward the apex. For mesial root concavi-
ties, the maximum depth was observed at 4 mm (3RM1),
3 mm (2RM1), and 2 mm (2RM2) below the furcation.
The mean maximum depth of distal concavities was sig-
nificantly greater (all p <0.05) than that of mesial concavi-
ties at each level and for each tooth group. Figure 6 shows
a representative 2RM1 with a root concavity located on
the distal side of the mesial root, corresponding to the
danger zone, while no root concavity was detected on the
mesial side.

Discussion

The danger zone in the mesial roots of mandibular
molars has garnered significant attention from research-
ers, as inadequate attention or excessive instrument in
this area during root canal preparation can lead to strip
perforation or increase the risk of root fractures [12—14].
Distal root concavities may cause an overestimation of
distal canal wall thickness in conventional buccolin-
gual radiographs [10, 21]. In contrast, in vivo cone beam
computed tomography (CBCT) [22] and ex vivo micro-
CT imaging [6] provide 3D visualization of the danger
zone. Micro-CT, in particular, offers exceptionally high
anatomical accuracy, enabling detailed visualization of
internal root structures without damaging the specimen.

This non-destructive method allows for thorough analy-
ses of root canal systems and dentin thickness with sub-
millimeter precision. Compared to traditional methods,
micro-CT provides a more comprehensive and detailed
mapping of anatomical features, enhancing the reliability
and depth of the findings.

In this micro-CT study, the mesial root was digitally
resliced along its long axis (Fig. 1) to measure canal wall
thickness and depth of root concavities at different lev-
els, providing a more reliable and accurate odontometric
analysis. Previous studies, relying on tooth sections or
micro-CT/CBCT scans, typically measured in a series of
horizontal (axial) sections [6, 22, 23], which may overes-
timate the DWT and underestimate the MW T near the
furcation level (Fig. 6). The presence of a 3RM1 is a sig-
nificant racial characteristic in Mongolian populations,
with prevalence rates ranging from 5 to 40%. In contrast,
its frequency is typically below 5% in Black and White
populations [6, 24]. Ethnicity also influences the presence
of middle mesial (MM) canals in the mesial roots, with
prevalence rates ranging from 1 to 23% and an overall
prevalence of 7% observed across 15 countries worldwide
[25].The MM canal is situated closer to the deepest point
of the root concavities, and our previous study demon-
strated that instrumentation of the MM canal with large
diameter/taper files may result in thinner remaining
canal wall thickness at the danger zone, potentially lead-
ing lead to root fragility [26].
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Table 3 Measurement results of the mesial and distal minimum canal wall thickness of the MB and ML canals of mandibular molars at

different root levels (mean +SD, mm)

Tooth Level n MB canals ML canals

Type (mm
below MWT DWT DWT<1mm n MWT DWT DWT<1 mm n (%)
FL) n (%)

3RM1 0mm 21 16340274 1.16+02172 4(19.0%) 21 1.68+0.274 13140257 1 (4.8%)
1 mm 22 131+0.15% 1.02+£0.1972 10 (45.5%) 22 136+0.16" 1.05+0.167@ 9 (40.9%)
2mm 21 1.16+0.114 0.93+0.22" 13(61.9%) 21 123+0.148 0.98+0.19™ 13 (61.9%)
3mm 20 1.04+0.14% 090+0.1772 16 (80.0%) 20 1.07+£0.13" 0.88+02172 14 (70.0%)
4mm 20 0.92+0.15 0.88+0.12° 16 (80.0%) 20 0.93+0.18" 0.85+0.17° 16 (80.0%)
5mm 16 0.86+0.16" 0.85+0.12° 15 (93.8%) 16 0.87+0.13* 0.86+0.14° 13(81.3%)
6 mm 6 0.88+0.06" 0.89+0.16° 4(66.7%) 6 0.90+0.13% 0.82+0.20° 5 (83.3%)
7 mm 6 0.84+0.06" 0.87+0.16° 5 (83.3%) 6 0.81+0.13 0.83+0.212 5 (83.3%)
8 mm 3 0.87+£0.14 0.79+0.04 3(100.0%) 3 0.78+0.07% 0.79+0.04° 3 (100.09%)

2RM1 0mm 44 1.66+0.23" 1264023 5(11.4%) 44 174+021" 14240187 0 (0.0%)
1 mm 44 139+0.16% 1.03+£0.197 19 (43.2%) 44 152+0.188 1.11+0.197 10(22 7%)
2 mm 44 122+0.14" 0.95+0.197 0 (68.2%) 44 131+0.158 10140197 9 (43.2%)
3mm 45 1.11+0.16% 096+02172 28 (62.2%) 45 1.20+0.158 094+0207 (62 29%)
4mm 44 1.04+0.14% 091+0.1972 4.(77.3%) 44 1.09+0.178 09140217 1(70.5%)
5mm 39 0.99+0.15 0.95+0.15° 5 (64.1%) 39 1.03+0.16" 09240267 (74 49%)
6 mm 34 0.92+0.15% 0.95+0.20° 22(64.7%) 34 0.95+0.20" 0.83+0.19™ 27 (79.4%)
7 mm 22 0.86+0.11% 0.90+0.16° 16 (72.7%) 23 0.86+0.18" 0.79+0.27° 8(78.3%)
8mm 16 0.71+0.17" 0.77+0.13? 15 (93.8%) 13 0.80+0.20* 0.68+0.18" 3 (100.0%)
9mm 12 0.71+0.23% 061+0.16 2 (100.0%) 11 0.73+0.23" 0.57+0.19° 11 (100.0%)
10 mm 7 0.62+0.20* 044+0.17° 7 (100.0%) 6 0.64+0.15 046+0.17° 6 (100.0%)
11 mm 2 0.60+0.05" 0.20+0.08° 2(100.0%) 1 043" 0.16% 1(100.0%)

2RM2 0mm 13 147+022" 11140207 4(30.8%) 13 1.65+0.20" 12340157 0 (0.0%)
1 mm 17 1.38+0.24% 1.03+£0.16 @ 4 (23.5%) 17 145+0.23" 1.07+0.187 5 (29.4%)
2 mm 17 124+013" 099+0.177@ 9 (52.9%) 17 129+0.15" 095+0.20" 9 (52.9%)
3mm 15 1.14+0.18% 0.92+0.197 11 (73.3%) 15 11740174 0.88+0.17° 12 (80.0%)
4mm 15 1.00+0.13% 0.83+0.147 12 (80.0%) 15 1.06+0.19" 084401772 13 (86.7%)
5mm 8 0.99+0.24 0.85+0.25° 5 (62.5%) 8 1.03+0.22" 0.87+0.3° 7 (87.5%)
6 mm 4 0.85+0.12 1.02+037° 3(75.0%) 4 1.01+0214 0.92+0.2% 3(75.0%)
7 mm 2 0.99+0.09* 0.92+0.19° 1 (50.0%) 2 0.89+0.23" 0.86+0.1° 2 (100.0%)

MB is mesio-buccal canal, ML is mesio-lingual canal, M-single is a single mesial canal, 3RM1 is 3-rooted mandibular first molar, 2RM1 and 2RM2 are 2-rooted

mandibular first and second molar, respectively. MWT and DWT is the minimum mesial and distal wall thickness, respectively. n is number of slices. *

means

statistically significant difference between mesial and distal sides (paired t-test, p <0.05), and ** means p <0.01. The values with the different superscript uppercase
(MWT) or lowercase (DWT) letters along the same line means statistically significant difference between MB and ML canals (paired t-test, p <0.05)

Regarding the incidence of double/multiple canals, root
length and canal curvature, no statistical difference was
found between 2RM1s and 3RM1s (all p>0.05) (Tables 1
and 2), suggesting that the presence of the DL root has
limited impact on the anatomy and odontometric param-
eters of the mesial root. The mesial root of 2RM2s was
approximately 1 mm shorter than that of the 2RM1s
(p<0.05), likely due to the smaller size of the second
molars. The Schneider’s angle of the mesial canals aver-
aged 25.3 degrees, with the majority (81.8%) exhibiting
severe curvatures (Fig. 3). This mean value aligns closely
with the 24.9 degrees reported by Lim et al. [19] and 26.8

degrees by Jungman et al. [27], suggesting that canal cur-
vature in mesial roots is intrinsic and consistent across
different populations, necessitating anti-curvature meas-
ures during preparation of the mesial canals. Curvatures
in the cervical and middle thirds of mesial roots are typi-
cally inherent and consistently directed towards the distal
side, leading to excessive dentine removal on the inner
curve wall (furcation side) during root canal instrumen-
tation. In contrast, apical curvatures are more variable
and unpredictable in both directions and severity, often
resulting in complications such as ledge or elbow forma-
tion, canal zipping, and apical transportation.
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Table 4 Measurement of the mesial and distal minimum canal wall thickness of the single canals in the mesial roots of mandibular
molars at different root levels (mean+SD, mm)

Level Mandibular first molars Mandibular second molars

g:r;w n MWT DWT DWT<1mm n MWT DWT DWT<1mm
FL) n (%) n (%)
0mm 10 155+0.22 1.09+0.28" 3 (30.0%) 22 168+0.26 1.09+0.25" 6 (27.3%)
Tmm 9 134+0.18 088+0.18" 7 (77.8%) 18 141+015 094+022" 13 (72.2%)
2mm 10 1.16+0.22 0.78+0.22" 8 (80.0%) 18 1234020 0814020 6 (88.9%)
3mm 9 1.04+025 0.73+0.22" 8 (88.9%) 20 1.10£0.19 081+0.19" 7 (85.5%)
4mm 10 094+0.23 0.71+024" 8(80 0%) 17 104+0.16 0.75+022" 4 (82.4%)
5mm 13 096+0.17 068+0.24" 1(84.6%) 17 0.97+0.19 0.75+0.18" 5 (88.2%)
6 mm 12 0.94+0.21 0.80+0.21 10 (83.3%) 12 094+0.18 0.78+0.21 1(91.7%)
7 mm 9 0.85+0.32 0.70+0.20 9 (100.0%) 5 096+0.17 060+0.16" ( 00.0%)
8 mm 6 0824032 0.72+0.29 6 (100.0%) 2 0.93+0.21 064+0.11 2 (100.0%)
9mm 4 0.76+0.17 0.70+0.32 3(75.0%) - - - -

10 mm 1 0.73 067 1(100.0%) - - - -

11 mm 1 062 0.53 1(100.0%) - - - -

MWT and DWT were the minimum mesial and distal wall thickness, respectively. n is number of slices. * means statistically significant difference between mesial and

distal sides (paired t-test, p <0.05) and ** means p <0.01

Since the mean length of the mesial roots was 8.9, 9.2,
or 9.7 mm across different tooth group (Table 2), the root
portion from 0—-3 mm below the furcation was classified
as the cervical third, 4—-6 mm below the furcation as the
middle third, and the apical 0—-3 mm or>7 mm below
the furcation as the apical third of the root. Measure-
ments of MWT and DWT indicated that, in the major-
ity of cases, the DWT was smaller than the MWT, with
statistically significant difference (all p<0.05) observed
in the coronal and/or middle root thirds [at 0—3 mm
(MB and ML of 3RM1), 0—4 mm (MB of 2RM1, and MB
and ML of 2RM2) and 0-5 mm (single mesial canals of
mandibular first and second molars), and 0-6 mm (ML
of 2RM1) below furcation]. As shown in Table 3 and
Fig. 4, generally, both MWT and DWT decreased along
the root length due to the tapering of the root. The mean
DWT decreased to less than 1.0 mm at levels>2 mm
(MB and ML canals in 3RM1 and 2RM2, MB canals of
2RM1),>3 mm (ML canals of 2RM1), or >1 mm (all sin-
gle mesial canals) below the furcation, whereas the mean
MWT decreased to less than 1.0 mm at levels>4 mm
below the furcation. These data corroborate previ-
ous reports [12, 27-29], indicating that the canal in the
mesial roots is not centrally located and, in most cases, is
positioned closer to the distal side. However, our findings
also suggest that the vertical location of the danger zone
cannot be determined solely by the DWT value, as the
smallest value consistently occurs at the apical side due
to root tapering.

Figures 5 and 6 indicate that the distal root concavi-
ties were more pronounced than the mesial ones, as

evidenced by the greater depth and higher occurrence
rate of the distal concavities. The deepest point (button)
of the distal concavity was, on average, located 2 mm
below the furcation. Considering that the mean canal
length in the root trunk (from the orifice to the furcation
level) is 2.5 mm, the deepest point of the distal concav-
ity is expected to be located, on average, 4.5 mm below
the orifice. This finding is in consistent with the report
by Estrela et al. [13], which identified the danger zone
as being located 4—6 mm below the canal chamber ori-
fice. Several other studies [20, 25] have arbitrarily defined
the distal furcal root dentine, 2 mm below the furcation
in the mesial roots of mandibular molars, as the dan-
ger zone, with average thickness ranging from 0.78 to
1.27 mm [22, 30-33]. In this study, the mean distal thick-
ness at this level was 0.79-0.99 mm; and the mean depth
of the distal root concavities was 0.56—0.63 mm (Fig. 5),
which is less than the 0.7 mm reported by Bower [10],
also lower than the 0.86-1.04 mm reported by Saudia
et al. [30]. The discrepancy in canal wall thickness may
be attributed to differences in the ethnicity and age of the
subjects, as well as variations in experimental protocols,
definitions, and the determination of the danger zone.
Saudia et al. [30] also reported that the danger zone was
associated with the root length, and the deepest concavi-
ties, along with the thinnest canal wall in the distal side
of the mesial roots, were found in the longest roots. De-
Deus et al. [15] analyzed 50 mesial roots of mandibular
molars in a Brazilian population using micro-CT, which
allowed for the generation of a full 3D mapping of canal
wall thickness for each root. Their study demonstrated
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that the thinnest dentine was located on the mesial side
in approximately 40% of the canals, while the overall ver-
tical location of the danger zone was found to be at the
middle third of the root (4.37 +1.68 mm below the furca-
tion). However, even in slices where the minimum canal
wall thickness was on the mesial side, it remains true
that the mesial area is on the outer side of the curvature
and is often minimally instrumented or left unprepared
by endodontic instruments. In contrast, the distal wall,
located on the inner side of the curvature, is consistently
subjected to maximum dentin removal. Therefore, in our
opinion, the danger zone is always located on the distal
aspect (furcation side). Based on CBCT images, Bolbo-
lian et al. [34] measured the dentin thickness and depth
of distal concavity of the mesial roots from the furca-
tion to 5 mm below. The area with the greatest concavity
depth was used to calculate the minimum dentin thick-
ness. The danger zone was most observed in the range
of 0 to 1 mm below the furcation, and was seen in the
range of 0 to 3 mm below the furcation with a probability
of 93.4% [34].

Coronal flaring can help eliminate cervical interfer-
ences during the preparation of the apical third of the
root canal. To prevent strip perforations at the danger
zone, coronal flaring should be limited and directed
towards the mesial and thicker aspects of the canal
walls [12]. However, formal evidence is still lacking
regarding the minimum cervical enlargement necessary
for effective irrigation and apical filling [11]. To avoid
perforation or vertical root fracture, Lim et al. [19]

mm below furcation

mm below furcation

Fig. 5 Measurement results of the depth of distal and mesial root concavities in the mesial roots of mandibular molars at different levels. 3RM1
is three-rooted mandibular first molar; 2RM1 is two-rooted mandibular first molar; 2RM2 is two-rooted mandibular second molars; RC is root
concavity. The error bar is SE

proposed an arbitrary minimum canal wall thickness
of 0.3 mm after instrumentation. In recent decades,
several novel nickel-titanium (NiTi) instruments have
been developed to improve root canal shaping, with
changes in geometrics, alloy composition, and kinetics.
When addressing the danger zone in the mesial roots
of mandibular molars, clinicians must consider multi-
ple factors, particularly the distribution of canal curva-
tures and the locations of root concavities, in selecting
appropriate instruments. The ideal enlargement of the
root canal space should be based on preoperative ana-
tomical dimensions [35, 36]. Theoretically, selecting
instruments with small tapers and small sizes, espe-
cially for coronal flaring or master apical files, may offer
a safer approach. Keles et al. [37] conducted ex vivo
preparation experiments on the mesial roots of man-
dibular molars with a MM canal using ProTaper Next
(PTN) X2 (#25,0.06) and X3 (#30,0.07) instruments
(Dentsply Sirona, USA). The study found that the pre-
and postoperative dentine thickness of the MM canal
walls, in both mesial and distal aspects of the root, were
significantly thinner than those of MB and ML canals;
files with small tapers should be preferred for prepar-
ing mesial canals in mandibular molars [37]. Another
study [38] compared the shaping ability of the XP-endo
Shaper (XPS) (FKG Dentaire SA, La Chaux-de-Fonds,
Switzerland) and PTN systems (both with snake-like
movements and final sizes of #30) in double-canaled
mandibular premolars with radicular grooves. The thin
area in the canal wall of the radicular groove was also
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Fig. 6 A deep root concavity is located at the distal side

of the mesial root of a mandibular first molar, which corresponds
to the minimum canal wall thickness (arrow indicates the bottom
of the root concavity). P1 indicates the axial plane, and P2 indicates
the transverse plane of the mesial root which is perpendicular

to the root canal

considered a danger zone. The study found that canal
preparation using XPS was more conservative com-
pared to PTN, likely due to its unique geometric design
(a smaller mass and adaptive core, a fixed taper of
0.07 from D1 to D3, followed by a decreasing tapered
design) and alloy type. The XPS unique alloy proper-
ties allow it to change its cross-sectional shape during
rotation, better adapting to the natural morphology of
the root canal. This adaptability helps reduce the risk of
canal deviation and strip perforation.

In summary, there is no consensus on the exact loca-
tion of the danger zone, as the concept is largely empir-
ical and based on clinical experience '%. Current data
suggest that canal wall thickness should not be consid-
ered in isolation when determining the danger zone. It
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must be evaluated alongside other factors, such as the
distribution and severity of canal curvature, root con-
cavity, and the parameters of the instruments used, as
these factors may influence the probability and site of
strip perforation. Theoretically, the more severe and
more coronally located the curvature, the greater the
internal bending stress experienced by the instrument.
This stress results in increased dentin removal from the
inner wall of the canal curvature (furcation side) dur-
ing instrumentation, particularly at the coronal levels.
This trend is more pronounced with longer roots and
when using instruments with larger tapers or sizes.
Conversely, dentin wall thickness generally increases
coronally due to root tapering, which can counteract
these factors and lead to a reverse trend towards the
apical side in determining potential strip perforation
sites. The deepest point of the distal root concavity is
typically located 2 mm below the furcation, complicat-
ing the prediction of perforation sites. Further explora-
tion, through either ex vivo laboratory experiments or
in vivo clinical studies, of how these factors interact
and influence outcomes would enhance the analysis
and provide a more comprehensive understanding. In
general, utilizing more flexible NiTi instruments with
smaller tapers and sizes is an effective clinical strategy
for minimizing the removal of peri-cervical dentin and
avoiding strip perforation. Clinicians must balance the
thorough removal of infected dentin and the preserva-
tion of healthy tooth structure, paying particular atten-
tion to the proper management of the danger zone.

In terms of the strengths of this study, the use of
micro-CT technology stands out as a significant
advantage, providing high anatomical accuracy. This
advanced imaging technique enabled a more detailed
analysis than previous studies have achieved. Addi-
tionally, the study’s comprehensive anatomical map-
ping and its consistency with existing literature further
underscore its robustness and reliability. However, this
study also has several limitations. First, all the sam-
ple teeth were collected from a Chinese population,
and since ethnicity may influence tooth dimension
and root/canal variation [10], further studies involv-
ing other ethnic populations are necessary to verify the
generalizability of our conclusions. Second, the current
study used extracted teeth, and potential influences of
age and gender were not considered, which may intro-
duce bias into the findings. Future in vivo CBCT studies
with a large sample size could address this limitation.
Finally, the analysis of canal curvatures was primar-
ily conducted in the bucco-lingual view. In the mesial
root, the root canal configuration may exhibit greater
variability and unpredictability in the proximal view.
Although this issue was not the focus of the current
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study, it is also a significant factor contributing to iatro-
genic errors and warrants further investigation.

Conclusions

The mesial roots of mandibular first and second molars
frequently exhibit severe curvature towards the distal
side, with a mean Schneider’s angle of 25.3 degrees, and
the thinnest dentin wall is typically on the distal aspect.
Distal root concavities are significantly deeper than the
mesial ones, with the deepest point generally located
2 mm below the furcation. In determining the location
of the danger zone, factors such as DWT should not be
considered in isolation. Canal curvature, distal root con-
cavities, and the type of instrument used are also criti-
cal factors influencing the likelihood and location of strip
perforation, though their precise roles warrant further
investigations.
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