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Abstract Background/purpose: Cone-beam computed tomography (CBCT) has become an 

essential imaging tool in dentistry for evaluating internal tooth morphology. However, its quan-

titative accuracy in representing true enamel—dentin (E—D) and dentin—pulp (D—P) distances 

remains uncertain. This study aimed to compare CBCT-derived measurements with histological 

references and to assess depth-dependent discrepancies across tooth sections.

Materials and methods: A total of 18 extracted human teeth were sectioned bucco—lingually 

and analyzed using both CBCT and histological microscopy. For each tooth, three representa-

tive slices were selected: the first and last slices containing pulp tissue, and one at the 

midpoint. E—D and D—P distances were measured digitally and compared between modalities 

using paired t-tests, correlation analysis, and Bland—Altman plots.

Results: CBCT consistently overestimated E—D distances compared with histology, particularly 

near the pulp chamber, whereas D—P differences showed greater variability. Weak to moder-

ate linear correlations were observed between modalities (E—D: r � 0.45; D—P: r � 0.34). 

Bland—Altman analysis indicated a mean bias of þ0.26 mm for E—D and �0.09 mm for D—P, 

suggesting a trend toward systematic overestimation in enamel-dentin regions and inconsis-

tent deviation patterns in deeper dentin—pulp zones.

* Corresponding author. School of Dental Technology, College of Oral Medicine, Taipei Medical University, No. 250, Wu-Xing Street, Taipei, 
11031, Taiwan.

E-mail address: weichun1253@tmu.edu.tw (W.-C. Lin).

Please cite this article as: C.-Y. Lin, C.-M. Liu, Y.-C. Lin et al., Quantitative comparison of enamel—dentin and dentin—pulp distances 

between cone-beam computed tomography and histological sections: An ex vivo study, Journal of Dental Sciences, https://doi.org/ 
10.1016/j.jds.2025.12.015

https://doi.org/10.1016/j.jds.2025.12.015

1991-7902/© 2025 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/).

Taiw
an  Association for Denta

l S
ci

en
ce

s

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.e-jds.com

Journal of Dental Sciences xxx (xxxx) xxx

Downloaded for Anonymous User (n/a) at Vilnius University from ClinicalKey.com by Elsevier on February 04, 2026. 
For personal use only. No other uses without permission. Copyright ©2026. Elsevier Inc. All rights reserved.

http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:weichun1253@tmu.edu.tw
https://doi.org/10.1016/j.jds.2025.12.015
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
mailto:imprint_logo
mailto:journal_logo
https://doi.org/10.1016/j.jds.2025.12.015


Conclusion: While CBCT provides clinically acceptable accuracy in quantifying intra-tooth 

structures, it tends to overestimate enamel—dentin thickness in deeper regions. These findings 

underline the need for refined imaging calibration to enhance quantitative reliability in end-

odontic and restorative applications.

© 2025 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

Traditional intraoral and panoramic X-rays have long served 
as foundational diagnostic tools in dentistry but remain 
constrained by two-dimensional projection, anatomical 
superimposition, and image distortion. 1—3 These inherent 
limitations prevent accurate characterization of the three-

dimensional morphology of teeth and restrict the ability to 
visualize subtle internal changes within enamel, dentin, 
and pulp. As a result, diagnostic interpretation frequently 
depends on indirect inference rather than direct anatom-

ical depiction, which may obscure early pathological al-

terations, complex anatomical configurations, or variations 
in mineralization. In challenging scenarios―such as 
assessing multi-rooted canal systems, identifying periapical 
pathology, evaluating resorptive defects, or planning 
implant placement―the lack of spatial fidelity compro-

mises clinical precision and increases diagnostic uncer-

tainty. Consequently, more advanced three-dimensional 
imaging modalities, most notably cone-beam computed 
tomography (CBCT), have emerged to overcome these 
limitations and provide enhanced diagnostic accuracy. 

CBCT has become an indispensable tool in contemporary 
dental practice, offering volumetric visualization of inter-

nal tooth structures with substantially lower radiation 
exposure than conventional computed tomography. Its 
ability to depict enamel—dentin (E—D) and dentin—pulp 
(D—P) distances―parameters critical for estimating resid-

ual dentin thickness, minimizing pulp chamber perforation 
risk, and guiding minimally invasive restorative or end-

odontic procedures―has expanded its utility in clinical 
decision-making. 4,5 Despite widespread use, the quantita-

tive fidelity of CBCT in replicating true tissue boundaries 
remains a point of concern. Unlike external bone mea-

surements, accurately defining internal tooth interfaces 
presents unique challenges. Voxel-related limitations, 
beam hardening, scatter, and partial volume effects can 
introduce systematic dimensional deviations. Specifically, 
the “blooming” artifact caused by high-density enamel can 
obscure the underlying dentin boundary, while noise and 
reduced contrast at the dentin-pulp interface can mask the 
true pulp chamber walls. 6,7 These issues become even more 
pronounced when anatomical complexity increases or when 
clinicians rely on submillimeter accuracy for treatment 
planning.

Histological analysis serves as the gold standard for 
resolving internal tooth morphology, providing direct, high-

resolution measurement of structural interfaces. Compar-

ative ex vivo studies evaluating CBCT against micro-CT or

histology generally demonstrate good accuracy in enamel 
and coronal dentin, yet consistently report decreasing 
precision in deeper or low-density regions. 8,9 Such dis-

crepancies may reflect both the intrinsic complexity of 
dental anatomy and the technical constraints of CBCT im-

aging. Accordingly, quantitative assessment using regres-

sion, Bland—Altman analysis, and related statistical 
methods has become essential for determining measure-

ment reliability and detecting systematic biases between 
modalities. 10 These analytical frameworks also allow re-

searchers to explore depth-dependent variability, helping 
to identify where CBCT performance begins to diverge from 
histological truth.

Given these anatomical and technical considerations, 
the present study aimed to quantitatively compare E—D and 
D—P distances from CBCT and histological sections across 
different tooth depths, highlighting how measurement 
discrepancies vary with depth, tissue density, and CBCT 
imaging performance. We hypothesized that CBCT mea-

surement accuracy is depth-dependent, with greater 
dimensional deviation expected at the dentin-pulp inter-

face compared to the enamel-dentin junction due to beam 
hardening and reduced contrast resolution in deeper tooth 
regions.

Materials and methods

This study was approved by the Institutional Review Board 
of Taipei Medical University—Wanfang Hospital (TMU-JRB 
No.: N202504065). The overall experimental workflow is 
illustrated in Fig. 1. A total of 21 extracted human teeth 
without visible caries, fractures, or restorations were 
initially collected from patients requiring orthodontic 
treatment. After macroscopic evaluation, three teeth were 
excluded due to incomplete crown or root morphology, 
resulting in 18 teeth for analysis (comprising 8 premolars 
and 10 M). Posterior teeth were specifically selected for 
this study due to their complex internal anatomy and 
greater crown volume compared to anterior teeth. This 
selection allowed for multiple distinct cross-sectional slices 
per specimen to evaluate depth-dependent measurement 
variability. Furthermore, the thicker enamel and dentin in 
posterior teeth present a more challenging scenario for 
CBCT imaging due to increased beam hardening and scat-

tering, serving as a rigorous model for assessing quantita-

tive limitations. Each tooth was embedded in resin and 
serially sectioned to a thickness of approximately 1 mm in 
the bucco—lingual direction using a precision diamond saw 
(CL40, TOPTECH, Taichung, Taiwan) under continuous
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water cooling to prevent thermal damage and maintain 
dimensional integrity. On average, six slices were obtained 
per tooth, resulting in a total of 108 slices from the 18 
specimens. From these, three representative slices were 
selected for measurement: (1) the first slice where the pulp 
chamber first appeared, (2) the last slice where pulp was 
still visible, and (3) the central slice between these two. 
These three slices served as the final specimens for histo-

logical and CBCT comparison.

Each selected slice was examined using an optical mi-

croscope (Leica Microsystems, Wetzlar, Germany) under 
calibrated magnification. High-resolution digital images 
were captured, and linear distances between 
enamel—dentin (E—D) and dentin—pulp (D—P) interfaces 
were measured using LAS X software (Leica Microsystems, 
Wetzlar, Germany). Each measurement was repeated three 
times by two independent observers in order to ensure 
reproducibility.

All slices were scanned individually using a cone-beam 
computed tomography (CBCT, ProMax 3D Plus, Planmeca, 
Finland). The acquired DICOM data were reconstructed 
with Romexis Viewer software (version 5.3, PLANMECA OY, 
Helsinki, Finland). To ensure spatial consistency between 
the two modalities, a rigorous alignment protocol was 
implemented. First, the CBCT volume was reoriented using 
Multi-Planar Reconstruction (MPR) to align the viewing 
plane parallel to the physical bucco-lingual sectioning axis. 
Subsequently, the specific CBCT slice corresponding to each

histological section was identified using landmark-based 
visual registration.

Matching was confirmed by aligning three key anatom-

ical reference markers: (1) the specific morphology of the 
pulp chamber and pulp horns, (2) the cross-sectional profile 
of the cemento-enamel junction (CEJ), and (3) the crown 
contour. Once the corresponding slices were identified, the 
linear distances for E—D and D—P measurements were 
defined following the methodology described in our previ-

ous study. 11 Specifically, measurements were taken 
perpendicular to the tangent of the tissue interface to 
ensure geometric validity.

For both CBCT and histology, five measurement points 
were selected within each region of interest. The mean 
values and standard deviations (SD) of E—D and D—P dis-

tances were calculated per slice and per tooth. The mean 
difference between modalities (CBCT minus Histology) was 
computed for each slice to evaluate systematic bias. Posi-

tive differences indicated overestimation by CBCT, whereas 
negative differences reflected underestimation relative to 
histological measurements.

Measurement data were analyzed using IBM SPSS Statis-

tics (version 31.0, IBM Corp., Armonk, NY, USA) and Sig-

maPlot (version 16, San Jose, CA, USA). To preserve the 
resolution of depth-related variations, the statistical unit 
of analysis was defined at the slice level (n � 54, derived 
from 3 representative slices across 18 teeth). Intra-

observer and inter-observer reliability were assessed using

Figure 1 Workflow of the experimental procedure. Schematic illustration of the methodological workflow. Extracted teeth 

were sectioned into slices, followed by histological and CBCT imaging. Measurements of enamel—dentin (E—D) and dentin—pulp 

(D—P) distances were obtained and analyzed to compare morphological differences and assess agreement between modalities. 

CBCT: Cone-beam computed tomography.
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the Intraclass Correlation Coefficient (ICC). Paired t-tests 
were used to compare CBCT and histological data for both 
E—D and D—P measurements, with statistical significance 
set at P < 0.05. Differences and variability were visualized 
using box plots and heatmaps, while correlation and 
agreement between modalities were assessed using scatter 
plots and Bland—Altman plots to evaluate measurement 
fidelity and potential systematic bias.

Results

Excellent reliability was demonstrated for all measure-

ments. The intra-observer ICCs ranged from 0.955 to 0.964, 
and inter-observer ICCs ranged from 0.981 to 0.990. The 
mean and standard deviation of E—D and D—P measure-

ments obtained from CBCT and histological sections are 
summarized in Tables 1 and 2. CBCT-derived E—D distances 
were generally greater than those measured histologically, 
whereas D—P values showed greater variability. Fig. 2 il-
lustrates these differences across teeth, revealing a mild 
overestimation of E—D distances by CBCT and mixed pat-

terns of over- and underestimation for D—P. The dispersion 
of D—P data suggests that measurement reliability de-

creases with increasing structural depth, likely due to 
attenuation loss and reduced grayscale contrast near the 
pulp. Although CBCT captures consistent geometric 
morphology, voxel resolution and reconstruction fidelity 
continue to influence quantitative accuracy. 

To evaluate intra-tooth variability, slice-based mean 
differences between CBCT and histological measurements 
were analyzed (Tables 3 and 4). The mean differences (CBCT — Histology) ranged from �0.54 mm to þ1.07 mm for 

E—D and �2.14 mm to þ1.60 mm for D—P, indicating depth-

dependent bias. The heatmap in Fig. 3 illustrates the 
measurement differences (CBCT � Histology) for E—D (A) 
and D—P (B) distances. Red tones represent CBCT over-

estimation, whereas blue tones indicate underestimation. 
E—D regions show a predominantly positive bias, while D—P 
regions display greater variability, highlighting depth-

dependent and region-specific discrepancies in CBCT mea-

surement accuracy. These findings indicate that discrep-

ancies were most evident in teeth with thinner enamel or 
larger pulp chambers, emphasizing the role of morpholog-

ical complexity in CBCT measurement accuracy.

Statistical comparison between modalities (Tables 5 and 
6) revealed correlations between CBCT and histological 
measurements, yet several teeth showed significant 
deviations―particularly for E—D distances. The observation 
that these significant differences appeared in specific 
teeth, rather than randomly across the sample, points to 
systematic measurement errors driven by local anatomy 
rather than random variation. Specifically, CBCT consis-

tently overestimated enamel—dentin thickness, reflecting 
systematic blooming artifacts typical of high-density 
structures, whereas D—P depth displayed variable accu-

racy with mixed over- and underestimation due to lower 
contrast at the soft-tissue interface. These results indicate 
that structural complexity, such as enamel curvature and 
pulp chamber morphology, can induce systematic errors in 
CBCT-derived measurements. Consequently, the presence 
of significant bias in specific teeth suggests that localized 
anatomy may amplify reconstruction artifacts or beam

Table 1 Comparison of enamel—dentin (E—D) distance 

measurements (mm) between CBCT and histological sec-

tions for each tooth.

Tooth number CBCT Histology

Mean SD Mean SD

1 2.01 0.30 1.97 0.54

2 2.03 0.20 2.04 0.22

3 1.87 0.12 1.98 0.19

4 2.04 0.24 2.10 0.43

5 2.20 0.36 2.02 0.56

6 1.70 0.17 1.33 0.18

7 2.26 0.11 1.59 0.53

8 1.87 0.12 1.66 0.37

9 2.56 0.15 2.06 0.19

10 1.96 0.08 1.48 0.31

11 2.43 0.13 1.89 0.50

12 2.54 0.25 1.96 0.18

13 2.46 0.12 2.11 0.25

14 2.29 0.30 2.26 0.33

15 2.48 0.28 2.14 0.31

16 2.17 0.07 2.01 0.46

17 2.16 0.33 1.83 0.35

18 2.39 0.37 2.24 0.13

CBCT: Cone-beam computed tomography. 

SD: Standard deviation.

Table 2 Comparison of dentin-pulp (D-P) distance mea-

surements (mm) between CBCT and histological sections for 

each tooth.

Tooth number CBCT Histology

Mean SD Mean SD

1 3.28 0.66 2.93 0.59

2 2.63 0.32 2.78 0.45

3 3.39 0.13 3.08 0.94

4 2.90 0.57 3.28 0.52

5 3.47 0.74 3.54 0.34

6 2.83 0.20 2.65 0.34

7 3.00 0.18 3.08 0.25

8 3.22 0.43 3.18 0.37

9 2.98 0.19 3.14 0.29

10 3.23 0.29 3.07 0.74

11 2.59 0.19 4.13 0.63

12 3.60 0.13 3.01 0.45

13 3.63 0.72 4.00 0.35

14 2.25 0.68 2.31 0.63

15 3.43 0.33 3.16 0.49

16 3.25 0.35 3.70 0.53

17 3.13 0.15 3.21 0.39

18 3.25 0.12 3.34 0.48

CBCT: Cone-beam computed tomography. 

SD: Standard deviation.
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Figure 2 Mean differences between CBCT and histological measurements for individual teeth. Comparison of mean differ-

ences (CBCT � Histology, mm) in E—D (A) and D—P (B) distances across 18 teeth. Each bar represents the averaged measurement 

difference per tooth. CBCT: Cone-beam computed tomography.

Table 3 Mean differences (mm) in enamel—dentin (E—D) 

measurements for each slice of individual teeth.

Tooth number Mean difference (CBCT-histology)

Slice 1 Slice 2 Slice 3

1 �0.23 �0.23 �0.23

2 0.28 �0.20 �0.11

3 0.15 �0.28 �0.21

4 �0.05 �0.54 0.40

5 0.03 0.11 0.41

6 0.39 0.40 0.35

7 �0.03 1.02 1.01

8 0.22 0.68 �0.29

9 0.56 0.81 0.13

10 0.13 0.66 0.65

11 0.87 0.80 �0.07

12 0.26 0.44 1.07

13 0.24 0.18 0.61

14 �0.28 0.25 0.12

15 0.16 0.48 0.39

16 �0.39 0.66 0.21

17 0.11 0.25 0.63

18 0.44 �0.16 0.16

CBCT: Cone-beam computed tomography.

Mean difference values (mm), calculated as CBCT minus histo-

logical measurements, across three slices (Slice 1—3) for each 

tooth.

Table 4 Mean differences (mm) in dentin-pulp (D-P) 

measurements for each slice of individual teeth.

Tooth number Mean difference (CBCT-histology)

Slice 1 Slice 2 Slice 3

1 1.60 �0.18 �0.37

2 0.06 �0.44 �0.08

3 1.31 �0.60 0.21

4 �1.14 �0.30 0.30

5 1.01 �0.86 �0.38

6 0.21 0.33 0.01

7 �0.01 �0.15 �0.07

8 �0.15 �0.14 0.40

9 �0.11 �0.30 �0.08

10 0.63 �0.33 0.18

11 �1.35 �1.15 �2.14

12 0.10 0.53 1.14

13 �0.94 �0.27 0.11

14 0.19 �0.28 �0.10

15 0.25 0.00 0.55

16 0.01 �0.54 �0.80

17 0.48 �0.31 �0.39

18 0.22 0.28 �0.77

CBCT: Cone-beam computed tomography.

Mean difference values (mm), calculated as CBCT minus histo-

logical measurements, across three slices (Slice 1—3) for each 

tooth.

Journal of Dental Sciences xxx (xxxx) xxx

5

Downloaded for Anonymous User (n/a) at Vilnius University from ClinicalKey.com by Elsevier on February 04, 2026. 
For personal use only. No other uses without permission. Copyright ©2026. Elsevier Inc. All rights reserved.



Figure 3 Heatmap visualization of measurement differences. Heatmaps displaying the slice-wise differences between CBCT 

and histological measurements (CBCT � Histology, mm) for enamel—dentin (E—D) distances (A) and dentin—pulp (D—P) distances 

(B) across all teeth. Warmer colors (red tones) represent greater positive differences, indicating that CBCT yielded larger values 

than histology (overestimation). Cooler colors (blue tones) represent negative differences, indicating that CBCT produced smaller 

values than histology (underestimation). These patterns highlight spatial variability both within individual teeth and among 

specimens, reflecting depth- and region-dependent measurement discrepancies. CBCT: Cone-beam computed tomography.

Table 5 Statistical comparison of enamel—dentin (E—D) 

measurements between CBCT and histological sections for 

each tooth.

Tooth number Mean Mean

difference

P value

CBCT Histology

1 2.01 1.97 0.03 0.75

2 2.03 2.04 �0.01 0.96

3 1.87 1.98 �0.11 0.48

4 2.04 2.10 �0.06 0.75

5 2.20 2.02 0.18 0.25

6 1.70 1.33 0.38 0.001**

7 2.26 1.59 0.66 0.20

8 1.87 1.66 0.20 0.54

9 2.56 2.06 0.50 0.13

10 1.96 1.48 0.48 0.11

11 2.43 1.89 0.54 0.22

12 2.54 1.96 0.59 0.14

13 2.46 2.11 0.34 0.12

14 2.29 2.26 0.03 0.86

15 2.48 2.14 0.34 0.07

16 2.17 2.01 0.16 0.65

17 2.16 1.83 0.33 0.17

18 2.39 2.24 0.15 0.48

CBCT: Cone-beam computed tomography.

Mean (mm) values obtained from CBCT and histological mea-

surements for each tooth, together with the calculated mean 

difference (CBCT minus histology) and corresponding P values 

derived from paired t tests. **P � Indicated significant differ-

ence (P < 0.01).

Table 6 Statistical comparison of dentin-pulp (D-P) 

measurements between CBCT and histological sections for 

each tooth.

Tooth number Mean Mean

difference

P value

CBCT Histology

1 3.28 2.93 0.35 0.632

2 2.63 2.78 �0.16 0.406

3 3.39 3.08 0.31 0.636

4 2.90 3.28 �0.38 0.459

5 3.47 3.54 �0.08 0.905

6 2.83 2.65 0.18 0.188

7 3.00 3.08 �0.07 0.212

8 3.22 3.18 0.04 0.853

9 2.98 3.14 �0.16 0.141

10 3.23 3.07 0.16 0.630

11 2.59 4.13 �1.54 0.036*

12 3.60 3.01 0.59 0.190

13 3.63 4.00 �0.37 0.350

14 2.25 2.31 �0.06 0.707

15 3.43 3.16 0.27 0.230

16 3.25 3.70 �0.45 0.201

17 3.13 3.21 �0.07 0.817

18 3.25 3.34 �0.09 0.811

CBCT: Cone-beam computed tomography.

Mean (mm) values obtained from CBCT and histological mea-

surements for each tooth, together with the calculated mean 

difference (CBCT minus histology) and corresponding P values 
derived from paired t tests. *P � Indicated significant differ-

ence (P < 0.05).
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hardening, especially in regions with sharp curvature or 
heterogeneous density.

As shown in the correlation and agreement analysis 
(Fig. 4A and B), both modalities exhibited weak to moder-

ate relationships between CBCT and histological measure-

ment for enamel—dentin (E—D) and dentin—pulp (D—P) 
distances. Based on the slice-level analysis (n � 54) 
(Fig. 4A), E—D measurements demonstrated a correlation 
coefficient of r � 0.45 with a corresponding R 2 � 0.21, 
indicating that CBCT explained approximately 21 % of the 
variance observed in histology. D—P measurements exhibi-

ted even lower consistency (r � 0.34, R 2 � 0.11), sug-

gesting limited predictive agreement across modalities. 
Although a positive linear trend was present in both data-

sets, the wide dispersion of data points―particularly within 
deeper dentin and pulp regions―highlights substantial 
variability in CBCT-derived values. In addition, 
Bland—Altman analysis (Fig. 4B) revealed a measurable 
bias, with CBCT readings consistently exceeding histological 
values by approximately 0.26 mm. Although most data 
points fell within the 95 % limits of agreement (LoA), de-

fines as the mean difference �1.96 standard deviations, the 
observed systematic overestimation reflects intrinsic limi-

tations of CBCT imaging rather than random variability. The 
bias likely arises from voxel interpolation, grayscale aver-

aging, and partial volume effects that obscure true tissue 
interfaces and inflate dimensional measurements. Conse-

quently, CBCT does not faithfully reproduce histological 
spatial accuracy and may misrepresent fine anatomical 
boundaries―particularly in thin enamel or near the pulp 
chamber. These findings indicate that CBCT-derived dis-

tances should be interpreted as approximate rather than 
absolute morphometric representations, reinforcing the 
need for careful calibration and multimodal validation 
when applied to quantitative dental analysis.

Discussion

This study quantitatively compared enamel—dentin (E—D) 
and dentin—pulp (D—P) distances between CBCT and his-

tological sections. Our results revealed a distinct dichotomy 
in measurement accuracy: CBCT measurements tended to 
overestimate E—D thickness―specifically showing a sys-

tematic mean bias of þ0.26 mm in our Bland—Altman 
analysis―while exhibiting greater variability in D—P 
depths. These findings align with previous studies report-

ing that CBCT often yields larger dimensional values than 
histological or micro-CT analyses due to voxel interpolation 
and limited spatial resolution at tissue boundaries. 12,13 

However, the specific magnitude of this overestimation 
observed in our data can be directly attributed to the 
“blooming artifact” alongside partial volume effects. 
Because enamel possesses extremely high radiopacity, the 
signal tends to bleed into adjacent voxels during recon-

struction. This effect blurs the sharp histological E—D 
boundary, causing the high-density enamel to appear 
thicker on CBCT than in reality. When enamel thickness 
approaches voxel size, boundaries become ambiguous, 
producing the apparent dimensional enlargement we 
observed across the majority of slice samples (Fig. 3A). 
Additionally, minor fluctuations in grayscale intensity and 
reconstruction noise can further distort the perceived 
location of tissue transitions, particularly in regions with 
steep density gradients. These factors collectively 
contribute to the systematic positive bias in CBCT-derived 
measurements and underscore the challenges of achieving 
histology-level precision with current clinical imaging 
systems.

In contrast to the systematic bias seen in enamel, vari-

ations in D—P measurements were characterized by random 
variability and lower predictive reliability (R 2 � 0.11). This

Figure 4 Correlation and agreement between CBCT and histological measurements. (A) Scatter plot illustrated the correlation 

between CBCT and histological measurements for E—D (black) and D—P (gray). Regression lines and corresponding equations with R 2 

values are displayed within the plot (E—D: y � 0.36x þ 1.49, R 2 � 0.21; D—P: y � 0.28x þ 2.23, R 2 � 0.11). Correlation analysis 

demonstrated weak to moderate associations between modalities (E—D: r � 0.45; D—P: r � 0.34). (B) Bland—Altman plot illus-

trating measurement agreement. Black and gray dots correspond to E—D and D—P, respectively. The red dashed line indicates the 

mean bias, and gray dotted lines denote the 95 % limits of agreement (LoA), calculated as the mean difference �1.96 standard 

deviations of the differences. CBCT: Cone-beam computed tomography.
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finding indicates that soft-tissue regions, such as the pulp, 
are more susceptible to contrast loss and beam-hardening 
artifacts. Similar observations have shown that low-density 
areas in CBCT reconstructions often display signal attenua-

tion and nonuniform grayscale distribution near pulp horns 
or curved internal structures. 14 Such instability in grayscale 
fidelity explains why our heatmap (Fig. 3B) displayed mixed 
patterns of over- and underestimation, as the software 
struggled to consistently define the dentin—pulp boundary. 
These results suggest that CBCT measurement fidelity de-

pends on both tissue depth and density―performing with 
consistent bias in enamel but less predictably in deeper 
dentin and pulp regions. This characteristic is particularly 
relevant to minimally invasive and endodontic treatment 
planning, where even small deviations in remaining dentin 
thickness or pulp proximity may influence access design, risk 
assessment, and procedural safety.

A key factor behind this bias is CBCT’s limited contrast 
resolution and boundary sharpness. For instance, Tanaka 
et al. reported that buccal bone thickness was over-

estimated by approximately 0.12 mm when the actual 
thickness was below 2 mm. 15 Other studies have demon-

strated that voxel size, beam hardening, and partial volume 
artifacts significantly affect CBCT accuracy. 16—18 Our pre-

vious study also noted that indistinct transitions between 
the enamel—dentin and dentin—pulp interfaces in CBCT 
slices hinder the clear delineation of internal tooth struc-

tures. 11 Computational studies further confirmed that 
reconstruction errors increase with depth and reduced 
contrast in low-density regions, leading to progressive 
distortion of anatomical boundaries. 19,20 Moreover, imaging 
parameters such as cone-beam geometry, scattered radia-

tion, and reconstruction kernel selection can compound 
boundary uncertainty, especially in small, thin, or highly 
curved features where grayscale gradients become shallow. 
Although smaller voxels or advanced reconstruction filters 
may mitigate some of these limitations, they often intro-

duce compromise such as increased noise, longer scan 
times, or higher radiation dosage. Collectively, these find-

ings emphasize that CBCT resolution and artifact behavior 
are closely tied to tissue density and morphology, ulti-

mately dictating its quantitative precision in endodontic 
and restorative applications.

Although weak to moderate liner correlations between 
CBCT and histology (E—D: r � 0.45; D—P: r � 0.34), several 
teeth demonstrated notable deviations, particularly in E—D 
measurements. This suggests that although CBCT provides 
clinically useful morphological estimates, it cannot fully 
replicate the dimensional precision achieved by histological 
evaluation, especially within deeper dentin and pulp re-

gions where contrast gradients diminish. Such discrepancies 
may arise from anatomical variability― including differ-

ences in enamel curvature, secondary dentin deposition, 
pulp chamber morphology, or age-related changes in min-

eral density―all of which influence X-ray attenuation and 
boundary clarity. 20 Methodological limitations should also 
be considered, including the relatively small sample size, 
ex vivo conditions lacking in vivo motion and soft-tissue 
context, potential micro-distortion during sectioning, and 
reliance on a single CBCT device and acquisition protocol.

These factors may restrict generalizability. Future in-

vestigations employing larger cohorts that includes anterior 
teeth, multiple imaging systems, and AI-driven artifact 
reduction algorithms are essential to verify these findings 
across the entire dentition and improve cross-modality 
reproducibility.

Nevertheless, it is crucial to contextualize these dis-

crepancies within clinical standards. Previous studies on 
CBCT linear measurement accuracy and endodontic work-

ing length determination typically regard a deviation of less 
than 0.5 mm as the threshold for clinical acceptability. 21,22 

In this study, the mean systematic bias for E-D distance was

þ0.26 mm, and the majority of D-P deviations fell within 
the 95 % limits of agreement of approximately �1.0 mm 
(Fig. 4B). While the E-D bias is well within the 0.5 mm 
tolerance―suggesting that CBCT is reliable for assessing 
enamel thickness and crown preparations―the higher 
variability in D-P measurements warrants caution.

This study extends the current understanding of CBCT by 
shifting focus from general accuracy to the specific impact 
of depth on imaging artifacts. Unlike earlier research that 
largely concentrated on external dimensions or overall av-

erages, 8,15,23 our work demonstrates that measurement 
error is not uniform throughout the tooth; instead, it varies 
by structure. We observed a clear distinction in error pat-

terns: high-contrast enamel boundaries tend to be sys-

tematically overestimated due to blooming, while low-

contrast pulp interfaces in deeper regions are subject to 
random variability caused by signal attenuation. Clinically, 
this implies that a single ‘safety margin’ is insufficient for 
all internal measurements. While submillimeter precision 
appears reliable for coronal preparations, clinicians should 
apply larger tolerance zones when working in deep pulp 
spaces, where beam hardening obscures the true anatomy 
more than previously understood.

In summary, CBCT remains a valuable modality for three-

dimensional visualization of internal tooth anatomy and 
generally provides clinically acceptable measurement reli-

ability. However, its susceptibility to systematic over-

estimation and depth-dependent variability―particularly 
when compared with histological standards―underscores 
the need for cautious interpretation. Submillimeter dis-

crepancies near the pulp chamber may meaningfully influ-

ence decisions in minimally invasive preparations or 
endodontic access, making clinicians’ awareness of CBCT 
artifacts indispensable. Accurate assessment therefore re-

quires considering CBCT findings with both clinical judgment 
and histological knowledge. Looking ahead, the integration 
of AI-driven enhancement, real-time artifact suppression 
technologies, and multimodal validation frameworks holds 
promise for improving quantitative fidelity. Such advances 
may narrow the gap between radiographic and histological 
precision, ultimately enabling safer, more predictable, and 
data-driven dental interventions.
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