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Abstract

Background/Objectives: Endodontic success in maxillary first molars is often complicated by their
complex anatomy, increasing the risk of procedural errors in "danger zones" where dentine is thin.
While global data on root morphology exists, population-specific information for South Africans is
lacking. This study aims to quantify root dentine thickness in a Black South African sample using a
novel software program to enhance accuracy for preoperative planning and improved clinical
outcomes. Methods: Micro-CT scans of 97 maxillary first molars (57 individuals) were analyzed.
Dentine thickness was measured at 0.1 mm intervals using a novel surface-to-interface software tool,
which enabled automated, high-precision quantification of complex curved geometries. Data were
standardized into 1 mm segments for analysis. Reliability trials confirmed high precision (within
0.0001 mm). Results: Buccal and lingual surfaces of mesiobuccal and distobuccal roots were
consistently thicker than mesial and distal surfaces. All roots showed progressive thinning toward
the apical third. Conversely, palatal roots exhibited an opposing pattern with mesial and distal
surfaces that were thicker than buccal and lingual aspects. Age correlations were not statistically
significant. Conclusions: The study identifies specific anatomical patterns in root dentine thickness
within a South African sample. The thinner mesial and distal walls of buccal roots represent critical
"danger zones" for clinicians. The novel software proved highly effective for precise morphometric
mapping and offers a versatile framework for broader endodontic research. These findings provide
essential data for optimizing endodontic treatment strategies and the development of population-
specific dental instruments.

Keywords: danger zone; safety zone; three-dimensional measurements; mesiobuccal root;
distobuccal root; palatal root

1. Introduction

Endodontic treatment as a dental restorative option refers to the dental management of a tooth
demonstrating irreversible pulpitis (inflamed pulp), with the aim of retaining the tooth while
eliminating infection and associated symptoms. In doing so, the tooth can continue to provide
mechanical function and improve the quality of life of patients [1-3]. The procedure involves cleaning
and shaping of root canals, chemical disinfection of the prepared root canal spaces and finally a three-
dimensional seal of the prepared spaces to prevent re-infection [4]. Root canal treatment, when
optimally completed, can save teeth that might otherwise need extraction [5].
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First molars are often susceptible to caries necessitating root canal treatments due to their early
eruption and complex occlusal structure [6,7]. More specifically, the maxillary first molar has been
extensively studied due to its three roots and complex and highly variable root canal anatomy, which
presents significant challenges for successful endodontic treatment. The presence of a second
mesiobuccal canal (MB2) on maxillary first molars is often difficult to detect and therefore commonly
missed during treatment. Undetected canals may harbor microorganisms and necrotic tissue,
potentially leading to persistent infection and endodontic failure thus rendering the maxillary first
molar notoriously as one of the most difficult teeth to treat endodontically [8].

The success of these treatments depends on multiple factors and failure results in procedural
complications such as perforations. Root perforations are defined as pathological communications
between the root canal and surrounding periodontium which can arise during access preparation or
cleaning and shaping, especially in areas with thin dentine known as “danger zones” [9-12].
Perforations may lead to inflammation, reinfection, periodontal damage, bone resorption or tooth
loss and are estimated to account for up to 10% of root canal failures [13-15].

Root canals are typically irregular in shape (often flattened) causing irregular removal of tooth
structure from root canal walls during the cleaning and shaping phase of endodontic treatment [16].
As root canal instruments have different tapers and designs, the amount of tooth structure removed
will differ [17]. Subsequent post-space preparation further reduces root dentine thickness, which can
increase the risk of perforation, ledging, or vertical root fractures if remaining dentine is insufficient
[18,19]. Knowledge of relative spatial dentinal thickness is therefore crucial for minimizing
procedural risks, particularly since the root canal, and most likely dentine, tapers from coronal to
apical regions.

Traditionally, dentine thickness measurements have largely relied on manual assessment using
two-dimensional imaging software that utilize cross-sections derived from three-dimensional
datasets [18,20,21]. However, when evaluating complex, curved anatomical structures such as dental
roots, these sections are often not consistently orthogonal to the local axis of the structure. This can
introduce oblique measurement errors that misrepresent the actual surface-to-interface thickness.
Consequently, there is a need for virtual sections that are adjustable according to the curvature of the
surface. To overcome these challenges of inaccuracy and low repeatability, our study utilizes a novel
software tool designed to automatically measure curved 3D structures. By generating adaptive
virtual sections, that follow the natural curvature of the structure via a calculated centerline, this
computational approach ensures consistent, automated thickness measurements across the entire
model [22]. Adaptive virtual slices are produced by raycasting (from the Unity platform) to detect
inner and outer surface boundaries. From each slice, radial lines are projected to compute
perpendicular (true) thickness values at high resolution, after which the model is refined through
smoothing and remeshing to correct artefacts. The system then produces both numerical outputs
(e.g, mean, minimum, maximum thickness) and color-mapped visualizations of thickness
distribution, enabling precise, reproducible analysis of complex anatomical forms [22].

Previous studies have often focused on specific roots or regions, such as only the mesiobuccal
root of maxillary molars and typically examined only the first 4 mm below the furcation [7,23-26].
This study expands on previous work by measuring all sides/surfaces of all roots in maxillary first
molars along the full root length. While dentinal thickness and canal morphology have been
evaluated in various populations, there is limited data particularly in first molars derived from a
South African population. To address these gaps in the literature, this study set out to determine the
dentine thickness of the first maxillary molar roots in a Black South African sample using a novel
software program.

Micro-computed tomography (micro-CT) imaging is used as it provides high-resolution three-
dimensional imaging that allows precise assessment of dentine thickness without destructive
sectioning. Because of its superior spatial resolution compared with conventional radiographic
techniques, micro-CT studies often report more accurate and frequently smaller measurements of
dentine thickness [27]. The findings of this study therefore aim to inform clinicians of accurate and
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repeatable population-specific variations in root dentine for preoperative planning, optimization of
treatment strategies, and guide the design of endodontic instruments for improved outcomes.

2. Materials and Methods

In this cross-sectional, descriptive, quantitative study, micro-CT scans of 97 maxillary first
molars from 57 individuals (26 males (between ages 24 and 62) and 31 females (between ages 22 and
70)) were analyzed. Where possible, left and right first molars from the same individual were
included. The scans were retrospectively obtained from the dry skeletal collections of the Anatomy
Departments of two universities in Gauteng Province, South Africa [28]. A convenience sampling
strategy was employed.

Since a convenience sampling method was used, inclusion was based on scan availability. Scans
were excluded if the first molars were poorly preserved, showed incomplete root formation, dentinal
or enamel defects, root fractures, coronal or radicular resorption within the pulp-root complex,
extensive caries that impeded accurate measurement, evidence of prior endodontic treatment, or
metallic restorations (e.g., full or partial metal crowns, or porcelain-fused-to-metal crowns).
Demographic data was available for all scans to allow for group comparisons.

The composition of the scan collection is presented in Table 1.

Table 1. Distribution of micro-CT samples of maxillary first molars.

Left Right Total
Females 22 28 50
Males 25 22 47
Total 47 50 97

Measurement Software

The scans were uploaded into a novel surface-to-interface thickness measuring tool for curved
biological structures [22] and analyzed accordingly. Once the thickness measurements of each scan
were obtained, further data processing in Microsoft Excel was done. Thickness measurements for
each root surface area (mesial, distal, buccal and lingual) were obtained in the program at 0.1 mm
intervals along the length of each root. To standardize the data to 1 mm increments, every ten
consecutive 0.1 mm measurements were grouped and averaged to yield a single representative
thickness value per millimeter (Figure 1). Accordingly, measurements from 0.0-0.9 mm were
averaged for the first millimeter segment, those from 1.0-1.9 mm for the second segment, and so forth
along the root.

Raw 0.1 mm Data Points Calculated 1.0 mm
(10 intervals) Mean Segment
0.0 mm'.‘ R
0.1 mm
0.2 mm
0.3 mm
0.4 mm £
£
05 mm } g &
0.6 mm
0.7 mm
0.8 mm
0.9 mmJ J

Figure 1. Process showing how 0.1 mm measurements were grouped and averaged to yield a single

representative thickness value per mm.
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Statistical Analysis

To evaluate the reliability of the software tool, validation trials were conducted using ten
computer-generated models. These models included cylindrical and cuboidal structures to represent
the two geometric extremes commonly encountered in biological tissues. Since measurements were
generated using computational methods, repeatability was confirmed without requiring multiple
manual repetitions by the researcher.

Once the repeatability of the measurements had been established, statistical analyses were
performed using PAST software version 4.11 [29]. Descriptive statistics were calculated for all root
dentine thickness measurements obtained from the micro-CT scans to summarize central tendency
and variability. The mean was used to indicate central tendency, while the standard deviation and
range described data dispersion.

The Shapiro-Wilk test was applied to assess the normality of the data distribution, as this test is
appropriate for small to moderate sample sizes typical of micro-CT-based anatomical studies. The
assumption of normality was tested at a 5% significance level (a = 0.05), under the null hypothesis
that the data follows a normal distribution. If the null hypothesis was rejected, indicating non-
normality, non-parametric statistical methods would have been applied for subsequent analyses.

For normally distributed data, paired t-tests were performed and for non-normally distributed
data, the Wilcoxon signed-rank test was used to assess differences between left and right sides.
Differences in root surface areas (mesial, distal, buccal, and lingual) as well as between levels
(coronal, middle and apical third) were evaluated using repeated measures ANOVA for normally
distributed data and the Friedman test for non-normally distributed data, with Bonferroni correction
applied for multiple pairwise comparisons for non-normally distributed data. Differences between
male and female groups were analyzed using independent samples t-test and the Mann-Whitney U
test. To assess the relationship between root dentine thickness and age, Pearson’s correlation
coefficient was used for normally distributed variables, while Spearman’s rank correlation coefficient
was applied to non-normally distributed variables. A Bonferroni correction was applied where
appropriate to adjust for multiple comparisons.

To further analyze the effect of ageing on dentine thickness, and to ensure that the influence of
this variable was adequately accounted for, both post hoc and a priori power analyses were
performed using the software G*Power [30]. A priori power analyses were performed to estimate the
sample size required to have a high probability of detecting a statistically significant difference with
ageing if it really had an influence on root dentine thickness of maxillary first molars using a set ot of
0.05 and power of 0.80 consistent with conventions in biomedical research to balance sensitivity with
feasibility [31]. Post hoc tests were performed to compute the achieved power of the correlation with
aging at the sample size reached by convenience sampling and effect size at a set  of 0.05 as well as
in the case of normal distribution, the Pearson’s correlation coefficient (r) or the Spearman's rank-
order correlation (rs) if non-parametric.

3. Results

3.1. Repeatability Results

The software produced consistent and highly accurate measurements across all models. For
cylindrical shapes, accuracy was within 0.0001 mm, and for cuboidal shapes, the measurements were
entirely precise.

3.2. Descriptive Statistics

Descriptive statistics are shown in Table 2 for the pooled data of the left distobuccal (DB),
mesiobuccal (MB) and palatal root, respectively. The buccal and lingual surfaces consistently
demonstrated greater thickness than the mesial and distal surfaces across all measured levels of the
MB and DB roots, with a progressive reduction in dentine thickness from the coronal toward the
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apical third, where the apical third shows the greatest reduction in thickness. Standard deviations
also increased apically, suggesting greater variability. Post-hoc analysis confirmed significant
differences in wall thickness based on root orientation (p < 0.05). In the coronal and middle thirds (0
—4 mm), the MB and DB roots exhibited a distinct pattern where the buccal and lingual surfaces were
significantly thicker than the mesial and distal surfaces. While the mesial and distal walls of the
palatal root remained statistically similar throughout, the MB and DB roots showed significant
proximal asymmetry where mesial was statistically significantly different from distal in the first mm
before becoming equal.

In contrast to the MB and DB roots, the palatal root exhibited an opposing distribution pattern.
The mesial and distal surfaces of the palatal root were consistently thicker than the buccal and lingual
aspects at most measured levels. Statistically, the palatal root exhibited significantly greater thickness
along its mesial and distal walls throughout the coronal and middle thirds (0 — 6 mm). In these
regions, the mesial and distal walls outweighed the buccal and lingual surfaces (p < 0.05), though
they remained statistically comparable to one another. Similar to the MB root, this gap gradually
resolved toward the apical region, eventually reaching statistical uniformity across all surfaces at the
8 mm level (p > 0.05).

Furthermore, although a progressive reduction in dentine thickness toward the apical third was
evident, the palatal root maintained comparatively greater overall thickness than the MB and DB

roots.
Table 2. Dentine thickness of pooled data of all three left maxillary roots.
Root Distobuccal (DB) Mesiobuccal (MB) Palatal
Significant Significant Significant
Area M D L B difference M D L B difference M D L B difference
S s s
N=44 N=44 N=44 N=44 M#D# (L N=44 N=44 N=44 N=44 M#D# (L N=46 N=46 N=46 N=46 (M=D)#

0 125 142 184 1.83 147 128 208 216 2.09 215 172 1.66

016 015 020 0.17 =B) 017 018 022 022 =B) 025 024 019 023 7P
N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=46 N=46 N=46 N=46
#D# #D # =D)#
1 122 13 175 17 M N?g) L iss 125 200 208 M ~?3) L 200 206 163 161 (ML N?;)
017 015 022 017 - 017 018 024 024 i 025 025 018 023 7
N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=46 N=46 N=46 N=46
2 119 128 164 158 (I\(/[L:]%V 132 122 191 192 (ML:?;)# 190 196 155 156 (ML:%))#
018 017 024 019 B 017 021 028 o026 &7 026 027 016 024 7
N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=46 N=46 N=46 N=46
= # = # = #
3 113 119 149 143 (I\(/[L ~?3) 126 122 179 1.81 (ML N?;) 178 1.83 148 147 (ML N?;)
020 021 028 023 B o1s 021 030 o027 &% 027 030 017 027 &7
N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=44 N=46 N=46 N=46 N=46
= # = # = #
4 100 105 128 122 (I\(/[L ~?3) 121 116 162 167 (ML N?;) 1.61 166 135 1.34 (ML N?;)
£ 025 028 034 031 B 020 023 035 o028 &7 029 037 023 031 7
& N=41 N=41 N=41 N=41 N=44 N=44 N=44 N=44 N=45 N=45 N=45 N=45
~ = = = # = #
8 5 088 091 106 1.02 M f; Ly 100 133 150 (Ni jg) 137 144 117 119 (l\é ~?3))
g 030 035 039 036 024 030 044 034 036 044 036 031
2 N=30 N=30 N=30 N=30 N=41 N=41 N=41 N=41 N=37 N=37 N=37 N=37
- = = = =~ ~ #
@ 6 075 085 090 0.89 M J; L o0 o087 106 128 M ;% Loj1s 126 112 094 ?L P;u
E 035 037 039 039 025 035 049 035 035 041 034 031
o)
a N=18 N=18 N=18 N=18 N=35 N=35 N=35 N=35 N=33 N=33 N=33 N=33
=D=L =D=L =L)#
7 075 083 083 090 M B 088 073 089 101 M 4B 1.00 095 1.00 0.72 ;MD~;11
033 036 041 042 i 029 036 045 040 032 042 040 031
N=11 N=11 N=11 N=11 N=22 N=22 N=22 N=22 N=17 N=17 N=17 N=17
M=D=L M=~D~=L M=~D=~L
8 063 086 076 0.84 B 079 067 0.80 0.94 B 0.88 073 0.85 0.63 B
037 035 044 037 028 034 042 041 028 035 040 031
N=6 N=6 N=6 =6 N=12 N=12 N=12 N=12 N=6 N=6 N=6 N=6
M=D=L M=~D~=L M=~D=L
9 060 080 075 077 B 071 063 072 0.86 B 0.75 061 1.01 0.42 B
040 046 049 042 030 033 036 036 046 028 052 028
N=3 N=3 N=3 N=3 N=7 =7 N=7 N=7 N=2 N=2 N=2 N=2 .
10 060 081 071 074 MZI%”L 058 057 055 083 Mi?;L 131 028 111 047 Iniujgsen
049 053 048 048 035 026 041 030 0.09 001 062 027
N=1 N=1 =1 N=1 Insufficien N= N=2- N=2 N=2 Insufficien
11 066 107 044 097 i datae 0.83 039 057 0.72 S‘t daltae
0.00 0.00 0.0 0.00 039 026 006 074
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N=L - N=1L N=1 N= Insufficien N=L N=1 - N=L - N=1 Insufficien
12 0.54 0.57 0.89 0.24 t data 0.89 0.37 040 0.94 t data
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N=L N=1 - N=1 - N=1 Insufficien
13 0.67 0.07 0.34 0.42
t data

0.00  0.00 0.00 0.00

N = number of roots. Bold = mean thickness. Ifalics = standard deviation. M = Mesial; D = Distal; L = Lingual; B
= Buccal. = statistically insignificant, # statistically significant.

Neither the paired t-tests nor the Wilcoxon signed-rank test showed statistically significant
differences between left and right sides; thus all further testing was only performed on one side (left).
No statistically significant differences were observed between males and females while using the
independent samples t-test and Mann Whitney U test. Consequently, the data were pooled, and
analyses on the different root surface areas and levels, as well as age correlation analyses were
conducted on the combined sample.

Repeated measures ANOVA and the Friedman test were performed on the pooled groups and
demonstrated statistically significant differences in root surface areas (mesial, distal, buccal, and
lingual) for most slices of each root (Table 2; Figure 2) as well as between levels (coronal, middle and

apical third).
MB Root DB Root P Root
25
o
o
20 o o
£ )
£ o
5 ° ° ° °
nw) o
B1s 5 o Level
.E 3 Coronal
=] ° ° Em Middle
2 = Apical
£ 1.0 o
[=]
0.5
o
o
Mesial Distal Lingual Buccal Mesial Distal Lingual Buccal Mesial Distal Lingual Buccal
Root Surface Root Surface Root Surface

Figure 2. Comparison of dentine thickness (mm) across four root surfaces (mesial, distal, buccal, and lingual) at

the coronal, middle, and apical thirds for the MB, DB, and P roots of maxillary first molars.

Where a significant overall difference was identified, post hoc pairwise comparisons were
conducted to determine which surfaces differed. The analyses revealed a significant and progressive
reduction in dentine thickness across all four surfaces of the maxillary molar roots as they
transitioned from the coronal to the apical third. Statistically, for all three roots, the wall thickness at
the coronal third was significantly greater than at the middle third, which was in turn significantly
thicker than the apical third (p < 0.05). Furthermore, a comparison between the coronal and apical
thirds revealed an extremely significant reduction in overall dentine thickness across all root types
(p <0.001), confirming the substantial narrowing of the root structure toward the apex (Figure 3).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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MB Root DB Root P Root.

1.6

Surface
—e— Buccal
—e— Distal
—e— Lingual
—e— Mesial

Mean Thickness (mm)

0.8

0.6
Coronal Middle Apical Coronal Middle Apical Coronal Middle Apical
Root Level Root Level Root Level

Figure 3. Linear profile plot demonstrating the mean dentine thickness reduction from the coronal to the apical

third. Each line represents a specific root surface.

This consistent pattern of thinning indicates a predictable longitudinal tapering of the root walls
regardless of the specific root or surface measured. In the MB and DB roots, the buccal and lingual
walls represented the thickest structural components in the coronal and middle regions. While these
surfaces remained the thickest throughout the root's length, the gap between these and the thinner
mesial and distal walls reduced as the root progressed apically.

However, the palatal root displayed a different morphological distribution in its upper regions.
In the coronal and middle thirds, the mesial and distal walls were significantly thicker than the buccal
and lingual walls. Though, much like the buccal roots, this internal gap resolved in the apical region.
By the 8 mm level (apical third), all three roots did not differ statistically across all four surfaces.

Neither Pearson’s nor Spearman’s correlation analyses demonstrated statistically significant
associations between root dentine thickness and age. While the majority of correlation coefficients
indicated weak positive relationships, several weak negative correlations were also present and often
observed in the apical third of the dental root indicated as T3 in Table 3. The power analyses revealed
that in some instances, adequate sample sizes were achieved to demonstrate correlations with ageing,
e.g. in the coronal third of the lingual side of roots. In a few correlations very high sample numbers
(in the thousands) were needed to have a high probability of detecting a statistically significant
difference with ageing if it really had an influence on root dentine thickness of maxillary first molars.
In three correlations situated in the coronal third of roots, effect size of ageing reached a moderately
positive strength with strong statistical power (> 0.8), while the remainder of the correlations were
weak, not statistically significant and had a low power.

Table 3. Power analysis of the effect of aging on the root dentine thickness of maxillary first molars.

SIDE/LEVE
L— Mesial Mesial Mesial Distal Distal Distal Lingual Lingual Lingual Buccal Buccal Buccal
ROOT T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
1
DB 0.2229  0.1267 0.1354 0.2300 0.2685 -0.0062 0.2703 0.2420 0.1341 0.1380  0.0752 -0.2601
N =44 155 486 425 146 106 203887 16 104 342 323 1093 920
0.4301  0.2055 0.2222 0.3973 0.5557 0.0542 0.5608 0.4822 0.2197 0.2273  0.1231  0.5323
MB 0.0111  0.1544 0.0950 0.3856 0.2754 0.0987 0.3188 0.2614 0.1069 0.2187 0.2249  0.0523
No4g 03989 327 866 50 101 803 29 22 539 127 120 2261
0.0578 02614 0.1515 0.8400 0.5748 0.1572 0.6910 0.5361 0.1705 0.4189  0.4354  0.0954
P 0.2859  0.2630 -0.0734 0.2630 0.2783 0.1746 0.1881 0.1837 -0.1089 0.1331 0.1473  0.1809
N =46 93 111 1455 111 9 25 30 181 520 347 283 187
0.6211  0.2692  0.1230 0.5567 0.5998 0.3167 0.3506 0.3394 0.1780 0.2238  0.2536  0.3325
Mesial -0.1012 -0.0173 0.2563 0.4589 0.0918 -0.1671 0.0877 -0.0697 -0.1746 0.1612  0.0231 -0.0553
N=37 764 26129 117 34 929 38 802 1272 201 236 11623 2019

0.2408  0.0613  0.4626 0.9021 0.1348 0.2577 0.1296  0.1084 0.2730  0.2464  0.0655  0.0934
Distal 0.3981  0.2739  0.1671 0.2220 0.1238 0.0139 0.2738  0.0856 -0.0354 0.1589  0.1220 -0.1738

© 2026 by the author(s). Distributed under a Creative Comm CC BY license.
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N=37 47 102 278 157 509 5141 81 842 4929 243 414 203
0.9993  0.5074 0.2580 0.3779 0.1808 0.0589 0.5072 0.1270 0.0753  0.2420 0.1779  0.2713

N =number of roots. T1: coronal third; T2: middle third; T3: apical third. First bold value in each cell: coefficient
of correlation: r or rs (effect size). Second underlined value in each cell: A priori: required sample size. Third
value in each cell: Post hoc: Power analysis. Cursive entries indicate non normal distributions based on

Spearman rs.

4. Discussion

The present study established a baseline for root dentine thickness in a Black South African
sample - a demographic that has been underrepresented in endodontic morphological research. In
contrast to earlier studies that concentrated on selected roots or assessed only the initial few
millimeters apical to the furcation, the present study offers a comprehensive mapping of the
mesiobuccal (MB), distobuccal (DB), and palatal roots at 1-mm intervals along their full lengths. By
using micro-CT technology and a novel software program, we were able to document the intricate
tapering of dentine from the coronal to the apical areas with high accuracy.

A critical finding of this study relates to the identification of "danger zones," where dentine is
naturally thinner and more susceptible to procedural complications. The results indicated that the
distal aspect of the MB root and the mesial aspect of the DB root consistently displayed lower mean
thickness values, especially towards the apical portion of the root. These areas represent significant
risks for strip perforations during mechanical cleaning and shaping. These findings align with the
"danger zone" concept originally introduced by Abou-Rass (1980) [32] and recent morphometric
analyses that identify the distal wall of mesial roots as having the thinnest dentine, often measuring
less than 1.0 mm [7,33]. Specifically, while some studies locate the minimum thickness 1-2 mm below
the furcation [7], our results suggest that this vulnerability is also pronounced in the apical third,
where radicular dentine thickness is significantly lower compared to the coronal regions [34].
Furthermore, since post-space preparation inevitably decreases the amount of remaining dentine,
these findings highlight the need for careful clinical judgement to minimize the risk of vertical root
fractures or unintended communication with the periodontium.

A notable finding of this study is the contrasting distribution pattern observed in the palatal root
compared to the buccal roots. While the MB and DB roots exhibited critical thinning on their mesial
and distal surfaces, the palatal root maintained significantly greater thickness along these same walls
throughout the coronal and middle thirds. This distinct anatomical configuration likely reflects the
palatal root's broader mesiodistal dimension and aligns with established anatomical descriptions of
its robust canal morphology [8,35]. For the clinician, this implies that while the proximal walls of
buccal roots represent high-risk 'danger zones,' the palatal root offers a greater margin of safety
during proximal instrumentation.

Our longitudinal mapping further revealed a significant merging of wall thickness as the roots
progressed apically. Although regional asymmetries were pronounced in the coronal regions, these
gaps gradually resolved, with all three roots reaching statistical uniformity across all four surfaces at
the 8 mm level. This suggests that the specialized 'danger zones' identified in the upper two-thirds of
the root essentially merge into a universal high-risk zone at the apex. Consequently, regardless of the
initial coronal dimensions or root type, the entire apical circumference must be treated with equal
caution to prevent unintended communication with the periodontium [36].

Statistical analysis using paired t-tests and the Wilcoxon signed-rank test revealed no significant
differences in dentine thickness between the left and right maxillary first molars. This suggests a high
degree of bilateral symmetry, allowing clinicians to potentially use the morphology of a contralateral
tooth as a reliable guide for preoperative planning. Additionally, no statistically significant
differences were observed between male and female groups. Interestingly, correlation analyses also
did not demonstrate statistically significant associations between age and dentine thickness.

Another important factor to consider is ageing, particularly in the growing elderly population
requiring restorative dental care. Age-related deposition of secondary dentine along the root canal
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walls is a well-established phenomenon, resulting in progressive narrowing and potential
obliteration of the canal space. This process is continuous throughout life and strongly correlated
with chronological age, leading to morphological alterations such as reduced canal diameter and
increased dentine thickness in older individuals [37-40]. Although the majority of regions in the
current study demonstrated weak positive correlations between age and dentine thickness, isolated
negative correlations were observed within specific apical regions (Table 3) which suggests that
apical anatomy remains high-risk regardless of patient age. Despite the fact that the age distribution
and small size of samples could have influenced the findings on age correlations, it may also suggest
complex, population-specific patterns of dentine deposition or resorption that differ from the
generalized expectation of continuous secondary dentine formation with age [41-44]. This
underscores the necessity for rigorous preoperative planning for all patients, as increased age does
not necessarily guarantee a 'safer’ or thicker apical dentine wall.

Several potential explanations may account for the absence of a clear or consistent pattern in the
influence of ageing on dentine thickness across the root. These thickness variations likely reflect a
combination of adaptive and age-related changes within the root structure. Rather than a uniform
process, secondary dentine deposition appears to be influenced by localized biomechanical loading,
where root surfaces undergo asymmetric reinforcement in response to occlusal stress [45,46]. This
remodeling is further complicated by physiological aging, as variable cementum deposition and
minor apical resorption can subtly alter measurable dentine thickness over time [41,43].
Consequently, the final root morphology is not a fixed shape, but rather the result of a lifetime of
functional demands and structural wear [42,44]. In addition, the apical third is anatomically more
variable and typically exhibits thinner dentinal walls compared to coronal regions [35,36], making
measurements in this region more susceptible to slight segmentation inconsistencies or
methodological sensitivity when assessed using imaging modalities [47,48]. Sampling variation and
small effect sizes may also contribute to weak negative correlations. Given that these correlations
were of low magnitude, statistically not significant and largely limited to anatomically variable apical
regions, they are unlikely to represent a biologically meaningful age-related reduction in dentine
thickness.

When comparing the results of this South African sample to international literature, notable
variations emerge. For instance, at 2 mm and 3 mm from the furcation, our pooled MB root
measurements (approximately 1.22 mm to 1.32 mm for the mesial/distal walls) align closely with
some findings from Brazilian samples yet differ from the smaller values reported in certain Iranian
and Turkish studies (Table 4). These variations underscore the importance of population-specific

data.
Table 4. Studies conducted on dentine thickness of maxillary first molars.
Auth f
uthor, year (? Root/s Measure‘n}ent Location of sections Measurements in mm
study and location modalities
Median distances at: Distance to distal wall
100 extracted 2 mm MBT1: 1.26; MB2: 1.00
Ordinola-Zapata ?Xbr ac el 3mm MB1: 1.24; MB2: 0.99
etal., 2019 [24] mesio uc§a Micro-CT from furcation towards apex
R roots of maxillary - -
Brazil . 2 mm Distance to mesial wall
first molars
3 mm MB1: 1.40; MB2: 1.20
from furcation towards apex MB1: 1.33; MB2: 1.17
.. 50 intact 0 mm Distance to distal wall
Azimi ‘[j ;]1" 2020 esiobuccal CBCT 2mm MB1: 1.01; MB2: 0.90
Iran roots of maxillary 4 mm MB1: 1.02; MB2: 0.91
first molars from furcation towards apex MB1: 0.90; MB2: 0.81
Yanik and 642 intact Distance to distal wall:

Nalbantoglu, 2022 mesiobuccal roots of

[50]
Tiirkiye

maxillary first
molars

CBCT

Median distances at

3 mm from furcation towards apex

MB1: 0.83 mm; MB2: 0.80 mm
Distance to mesial wall:
MBI1: 0.97 mm; MB2: 0.91 mm
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The differences in observed values across these studies may be attributed to both population-
specific anatomy and the methodologies employed. Previous investigations [49,50] primarily utilized
clinical CBCT with voxel sizes between 0.1 mm and 0.2 mm, relying on manual 2D linear
measurements at predetermined levels. In contrast, the current study utilized high-resolution micro-
CT paired with an automated 3D thickness mapping tool [22]. While manual 2D measurements are
limited to specific cross-sectional slices, the automated raycasting approach evaluates the entire
curved surface. This allows for the identification of the absolute thinnest point of the 'danger zone'
which may be overlooked by traditional sampling at fixed intervals.

The use of our novel software program proved to be a significant methodological strength,
yielding highly accurate and repeatable measurements. Validation trials on computer-generated
models showed precision within 0.0001 mm for cylindrical shapes and perfect precision for cuboidal
shapes. This level of accuracy, combined with the non-destructive nature of micro-CT scanning,
allowed for a more robust analysis than traditional 2D radiography or manual sectioning. By
standardizing measurements at 0.1 mm intervals and averaging them into 1 mm segments, the study
provides a granular yet clinically applicable dataset.

The high resolution of the novel software tool allowed for the detection of subtle morphological
changes that traditional 2D methods might overlook. Specifically, the identification of significant
proximal asymmetry within the first millimeter of the MB and DB roots (where mesial and distal
thicknesses differed momentarily before becoming equal) highlights the value of standardizing
measurements at 0.1 mm intervals. This level of granularity ensures that even localized thinning at
the very onset of the root canal is captured, providing a more precise baseline for the development
of population-specific dental instruments [24,47].

Despite the insights gained, this study was limited by its reliance on a convenience sampling
strategy from dry skeletal collections. The relatively small sample size could have obscured some
findings e.g. the effect of aging on dentine thicknesses. Furthermore, while demographic data were
available, the retrospective nature of the scans means that certain systemic or environmental factors
affecting the living subjects could not be fully controlled. The study’s scope was also restricted by its
focus on a single South African population group and the use of dry skeletal remains. Furthermore,
while the isotropic voxel resolution (62.4 um to 74.2 um) might be viewed as a constraint, it aligns
with the 75 um — 80 pm range recommended by Bai et al. (2023) [51] for optimal diagnostic accuracy.

A significant strength of this methodology was the use of software-driven segmentation; this
approach improved data precision and facilitated a detailed comparative analysis of root canal
morphology across sex, age, and dental arches. Future research should aim to expand this database
to include other tooth types within the South African population. Applying this novel software to a
broader range of dental morphologies will further enhance the development of population-specific
endodontic instruments and treatment strategies.

5. Conclusions

This study successfully established a 3D baseline for root dentine thickness of first molars in a
Black South African sample, bridging a gap in current dental morphological literature. By mapping
all three roots of the maxillary first molar across their length, this research confirmed the critical
"danger zones" on the distal aspect of the MB root and the mesial aspect of the DB root, where dentine
is the thinnest and the risk of perforation is the highest while relatively sparing the palatal root.

The lack of significant sexual dimorphism and high degree of bilateral symmetry suggest that
these anatomical findings can be applied generally within this population to improve preoperative
planning. Negative age-related correlations in the apical third also question traditional assumptions
about secondary dentine deposition, emphasizing that apical anatomy remains high-risk regardless
of patient age. In summary, the results provide clinically relevant insight that could facilitate safer
instrumentation and promote improved long-term retention of treated teeth. Furthermore, these
findings can be integrated into dental school curricula to improve how students are taught to navigate
complex canal systems. By using 3D models to identify thin areas of dentine, both undergraduate
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and postgraduate students can better prepare for the mechanical challenges of cleaning and shaping,
leading to fewer clinical complications.
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