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ABSTRACT

Objectives: This retrospective observational study aimed to evaluate the reliability and reproducibility of intra-examiner and 
inter-examiner bone loss measurements in cone-beam computed tomography images over time, on patients with peri-implant 
defects using two cone-beam computed tomography software programs: 3D Slicer and Dolphin Imaging.
Material and Methods: Baseline images were oriented based on implant location and aligned with the palatal or Go-Me 
plane. Two CBCT volumes were imported and superimposed using landmark-based and surface-based methods, with accuracy 
assessed through 3D and 2D matching. Measurements of implant diameter, length, and bone thickness at 0, 1, 3, and 5 mm 
intervals were taken at two-time points by three independent examiners, with reliability assessed using intra-class correlation 
coefficients.
Results: Twenty measurements per 14 cases were evaluated. Each examiner conducted 1,120 measurements with a cumulative 
total of 3,360 measurements assessed. Significant differences in measurement times were observed, with 3D Slicer requiring 
more time for superimposition tasks (P < 0.001). Both software programs, however, demonstrated high reliability (intraclass 
correlation coefficient > 0.80) in inter- and intra-examiner agreement across various bone measurements.
Conclusions: Findings emphasize that the high reliability observed with the software and superimposition techniques is 
directly linked to the calibration and training exercises conducted with the examiners before the study. Dolphin’s Imaging 
automated superimposition was significantly faster than 3D Slicer’s manual approach, 3D Slicer offered superior image quality 
and better differentiation of bone outlines. Both software demonstrated effectiveness in delivering consistent and reproducible 
measurements, with significant implications for clinical and research applications in implant dentistry.
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INTRODUCTION

Dental implants are considered the treatment of choice 
to replace missing teeth in single, partially, and fully 
edentulous patients with high survival rates and 
predictable long-term outcomes [1]. Peri-implantitis 
is a multifactorial condition characterized by 
inflammation of peri-implant soft tissue, resulting in 
irreversible bone loss [2]. Peri-implant mucositis has 
a prevalence of 43% [3], and peri-implantitis affects 
22% of cases, with a range from 1% to 47% [4-6].
Diagnostic tools currently used in dentistry are 
clinical examination (percussion, palpation, visual 
inspection), intraoral photography, periodontal 
probing, two-dimensional (2D) radiographs 
(panoramic, intraoral X-rays), and three-dimensional 
(3D) imaging techniques such as cone-beam 
computed tomography (CBCT) and intraoral (IO) 
scans [7]. The use of diagnostic tools provides a 
better understanding of the anatomy, pathologies, and 
lesions of the oral cavity [7,8].
To date, numerous studies have demonstrated the 
importance of radiographic imaging modalities for the 
diagnosis of bone defects [9]. Clinical examination 
of peri-implant and periodontal tissues assesses soft 
tissue inflammation and hard tissue destruction but 
has limitations due to variability in measurements 
like probing depth (PD), bleeding on probing 
(BOP), and clinical attachment level (CAL). These 
measurements can be affected by factors such as tissue 
access, crown overcontouring, interdental spaces, 
and probing force and angle [7,10]. 2D radiographs, 
though widely used, only provide a projection of 
the maxilla and mandible’s 3D structure [7]. They 
measure interproximal bone levels and the extent of 
bone loss but have limitations like superimposition, 
underestimation of disease, distortion, and blurring, 
which can affect diagnostic accuracy [7]. 
CBCT, provides detailed cross-sectional images, 
reconstructed into 3D models for assessing 
bone morphology, anatomical variations, and 
vital structures [7,10,11]. However, CBCT has 
disadvantages like radiation exposure, cost, low 
soft tissue contrast, and artifacts from metallic 
objects [12]. The use of CBCT as a well-established 
diagnostic tool for treatment planning and digital 
simulation for implant placement is well documented 
[13,14]. For clinical applications, CBCT is highly 
accurate and provides reliable linear measurements 
[13-15]. Previous pre-clinical studies have evaluated 
CBCT accuracy measurements in cadavers [16,17], 
and in vivo [18-20]. Moreover, the correlation 
between CBCT and reference standards was evaluated 

[15,19,21], and agreement was evaluated [15,22]. The 
results of several authors showed a high correlation 
between the CBCT and gold standards using different 
parameters [19,21]. 
In various CBCT studies [13,23], the reliability of 
intra-examiner and inter-examiner correlations has 
been demonstrated, supported by advanced software 
facilitating accurate measurements among different 
professionals. To the best of our knowledge, this is the 
first study to compare the use of two CBCT software 
programs for peri-implant hard tissue evaluation in 
dentistry. Specifically, 3D Slicer software version 
5.3.1 (The 3D Slicer Community; Texas, USA - 
www.slicer.org), an open-source software widely 
used for engineering and biomedical data analysis 
[24], and Dolphin Imaging version 11.5 Premium 
(Patterson Dental Supply, Inc. dba Dolphin Imaging 
and Management Solutions, Chatsworth, CA, USA - 
www.dolphinimaging.com), which is commonly 
employed in dentistry for orthodontic assessment, 
including skeletal growth and tooth movement 
evaluation [25]. Therefore, this retrospective 
observational study aims to evaluate the reliability and 
reproducibility of intra-examiner and inter-examiner 
bone loss (linear) measurements with superimposing 
cone-beam computed tomography images 
longitudinally, focusing on patients with peri-implant 
defects using two cone-beam computed tomography 
software: 3D Slicer and Dolphin Imaging.

MATERIAL AND METHODS
Study design

Data collection for this retrospective, descriptive, 
observational study was conducted following the 
Declaration of Helsinki, and the protocol was 
approved by the Office for the Protection of Research 
Subjects (OPRS) of the College of Dentistry (COD) of 
the University of Illinois Chicago (UIC) on November 
22, 2022, for exemption from Institutional Review 
Board (IRB) with IRB ID (STUDY2022-1465). A 
total of 14 CBCT scans performed over 20 years 
(from May 1st 2001 to May 1st 2021) were provided 
by the University of Illinois Chicago (COD) 
following the requirements listed in the Investigator 
Manual (HRP-103) of the IRB system. Additionally, 
the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) guidelines were 
followed. The STROBE flowchart was used to ensure 
methodological rigor and transparent reporting. A 
total of 30 CBCT scans were initially assessed for 
eligibility. Of these, 16 were excluded due to the 
following reasons: inadequate field of view (FOV) 
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(n = 1), follow-up time of less than 1 year (n = 12), 
and missing CBCT data (n = 3). Consequently, 14 
studies met the inclusion criteria, were analyzed, and 
followed up as per the study protocol (Figure 1). 

Inclusion criteria

The inclusion criteria were CBCT scans of subjects 
between the ages of 18 and 70 years, systemically 
healthy according to the American Society of 
Anesthesiologists (ASA) I or II and may be either 
smokers or non-smokers. They must have had at 
least one dental implant placed at UIC COD with a 
follow-up period of at least 1 year. Additionally, they 
must have undergone CBCT imaging before implant 
placement (BL), and at least one year following 
implant placement functional loading (T1).

Exclusion criteria

Subjects were excluded if they presented uncontrolled 
systemic disorders such as osteoporosis, vitamin D 
deficiency, osteonecrosis of the mandible, cancer, or 
immunosuppression that may affect bone metabolism 
are excluded. Those who have undergone orthodontic 
treatment, take medications known to affect bone 

homeostasis (e.g., intravenous or intramuscular 
bisphosphonates), or lack a baseline (BL) CBCT are 
also excluded.

Data extraction

A keyword search of COD axiUm® version  2024.2 
(Exan Corporation; Vancouver, British Columbia, 
Canada) database was performed to identify treatment 
entries for dental implant complications including 
peri-implantitis, peri-mucositis, implant loss, implant 
failure, implant bone loss, implant gingival recession, 
implant inflammation, etc. Demographic data relevant 
to dental implant therapy such as age at the time of 
implant placement, sex, ASA classification, tooth 
number, and type of implant, were included in the 
study. 

CBCT analysis

An i-CAT™ FLX V17 3D CBCT machine (Imaging 
Sciences International LLC, Hatfield, Philadelphia, 
USA) with a 0.3 mm voxel size, 120 kV, and 5.0 mA 
exposure was used to acquire images. The field of 
view was fixed at 16 cm deep x 6 cm height for the 
maxilla or mandible, and 16 cm deep x 10 cm height 

Figure 1. STROBE flowchart. Initially, 30 cone-beam computed tomography scans were assessed for eligibility. As a result, 14 studies met 
the inclusion criteria and were analyzed.
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for both jaws, allowing observation of all relevant 
anatomical structures. The data was captured in the 
universal Digital Imaging and Communication in 
Medicine (DICOM) format (www.dicomstandard.org) 
format and displayed in 2D with 3D details. Images 
were obtained from 200 to 360 slices, converted 
into DICOM format, and rendered into volumetric 
images. Sagittal, axial, and coronal slices, as well as 
3D reconstructions, were used to determine landmark 
positions. Baseline CBCT scans were taken before 
implant placement, with follow-ups based on data 
examination. Two software programs, 3D Slicer and 
Dolphin Imaging, were used for analysis. Primary 
reconstructions were made using the large window 
setting in the axial slices, oriented to the palatal 
plane (maxilla) or Go-Me plane (mandible). A total 
of 14 implants from 14 cases were evaluated by 
three researchers (A.B.R., B.G.A. and H.A.), with 
two periodontists and one oral and maxillofacial 
radiologist. Evaluations were done at two time points 
in the two softwares, on consecutive days, to reduce 
operator bias and memory effects while adhering to a 
consistent workflow.

CBCT measurements

Measurements were conducted at each time point 
based on standardized criteria, including implant 
diameter and length, as well as buccal bone 
thickness at distances of 0, 1, 3, and 5 mm from the 
implant shoulder. Palatal/lingual bone thickness 
was assessed at the same intervals in a sagittal view 
(Figure 2). For all dimensions, the measuring tools 
were positioned from the external border of each 
landmark. Implant length was measured from the 
implant-abutment connection to the most apical 

part of the implant. Each examiner identified the 
landmarks twice in two software programs using 2D 
images on separate days, with a one-week interval 
between sessions. A calibration session was conducted 
where one examiner (A.B.R.), trained the examiners 
on 3D Slicer, while an experienced orthodontist 
(E.M.), provided training on Dolphin Imaging. 
All measurement annotations were blinded to each 
examiner and between different software platforms to 
minimize bias and avoid memory recall. Additionally, 
the time taken for each case evaluation at each time 
point and with each software was recorded for further 
analysis (Figure 2). Images were viewed on a Dell 
HDR screen (Dell Technologies; Texas, USA) with a 
2560 x 1440 pixels resolution, 60 Hz, 24-bit, under 
dimly lit conditions.

3D Slicer workflow

Open-source software 3D Slicer was used for 
visualization, segmentation, registration, and analysis 
of DICOM files (536 x 536 x 392 mm3, 0.3 x 0.3 x 
0.3 mm spacing) [24]. Baseline (BL) images were 
oriented depending on the implant location to the 
palatal or Go-Me plane, and volume rendering was 
performed with colors assigned for consistency 
(white for BL, yellow for T1). A second volume was 
imported and transformed using the same workflow. 
Superimposition of the two volumes (BL and T1) 
was done by manual approximation, and then finer 
superimposing details were achieved by landmark-
based and surface-based methods. This was done by 
using image matching in 3D and later on in 2D in 
the axial, coronal, and sagittal planes until matching 
was deemed acceptable by each examiner. Each used 
the luminosity bar to a 50% to evaluate the accuracy 

Figure 2. Cone-beam computed tomography measurements. Measurements were illustrated for time point T1 for case 5 (Implant #14) on 
3D Slicer (panel A), and Dolphin Imaging (panel B). Blue lines mark the landmarks at the implant shoulder (0), at 1 (1 mm), 3 (3 mm), 
and 5 mm (5 mm) apical to the implant shoulder for measurement of bone thickness at both buccal and palatal of implant #14 in a cross-
sectional view at the mid-sagittal implant slice plane. Additionally, measurements in purple were annotated for implant diameter (Imp DM), 
and implant length (Imp LN).

A B
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of super-imposition. Once the superimposition 
had taken place, sagittal views of the implant were 
used to annotate the same cut-plane for respective 
measurements. After superimposition, sagittal views 
were used to annotate measurements, and distances 
between landmarks were automatically calculated. 
Measurements were performed with the 2D 
measurement tool, and transparency was set to 50% 
for evaluating implant differences at each time point 
(Figure 3).

Dolphin Imaging workflow

The panoramic tool was applied to an axial slice to 
reconstruct the CBCT data into a panoramic image. 
The panoramic path was adjusted to ensure all 
relevant anatomical points were visible. Orientation 
was set by aligning the volume with the implant 
location relative to the palatal or Go-Me plane. The 
volume was rotated to create a reference point, saved 
as orientation 0. For superimposition, BL was used as 
the first volume (white) and T1 as the second (yellow 
Next, the superimposition was performed using 
the Overlay Superimposition method by utilizing 
Voxel-based superimpositions feature setting a cube 
in the area of interest (maxilla or mandible). Finer 
details of the superimpositions were achieved by 
using an automated sub-region marking for auto-
superimposition. The digitize/measurement feature 
was used for annotations, using the “Dolphin” and 
“2D Line” tools for measurements, and transparency 

was set to 100% to assess implants at the same 
cut-plane. Distances between landmarks were 
automatically calculated for vertical and horizontal 
lines (Figure 4).

Statistical analysis

A small sample size of 14 CBCT scans was used 
since this is a validation study. Each of the 14 cases 
included 10 measurements, resulting in a total of 
560 measurements, which was deemed feasible 
and supported by a power calculation exceeding 
85%. All measurements were made to determine 
the reproducibility and reliability of the variables 
measured using the two different software. Intra-
examiner and inter-examiner reliability and 
reproducibility were assessed using the intraclass 
correlation coefficient (ICC), which ranges from 0 to 
1. Higher values indicated greater reliability. An ICC 
above 0.75 is considered good [26]. The agreement 
between examiners for 3D Slicer and Dolphin Imaging 
measurements was evaluated using ICCs with 95% 
confidence intervals (CI). The analysis was conducted 
in Statistical Package for Social Sciences (SPSS) 
version 29.0 (IBM, SPSS Inc., Chicago, IL, USA) 
to assess intra-rater reliability (agreement between 
repeated measurements by the examiner) and inter-
rater reliability (agreement between measurements 
by different examiners). A two-way random effects 
model with absolute agreement in SPSS version 13 
by an experienced statistician was used. To interpret 

Figure 3. 3D Slicer superimposition workflow. The initial superimposition of the two volumes, BL (white) and T1 (yellow), was achieved 
through manual approximation (plane A). Finer alignment was followed by adjustments in the 2D axial (plane B), sagittal (plane C), 
and coronal (plane D) views until an acceptable match was reached. Sagittal views of the implant were used in identical cut-planes for 
measurements in BL (plane E) and T1 (plane F).

A B E

C D F
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landmark identification errors, average mean 
differences between two examiners were summarized, 
and the coefficient of variation (CV) in % was used 
to evaluate precision. Inter-examiner variation was 
tested with paired t-tests, while data distribution 
was assessed using the Kolmogorov-Smirnov test to 
choose appropriate statistical methods. Intra-examiner 
variation was also evaluated with paired t-tests for 
repeated measurements, and significance was set at 
α = 0.01 to adjust for multiple comparisons.

RESULTS

The patients’ ages ranged from 18 to 70 years, with 
a mean of 62.14 (SD 7.52) years and a median of 66 
years. The cohort included 9 females (64.28%) and 4 
males. Demographics showed 14.29% had diabetes, 
21.43% osteoporosis, and 50% hypertension. Other 
systemic conditions were present in < 5% of cases. 
Smoking history: 21.42% current smokers, 28.57% 
former smokers (average quitting duration 18.6 years), 
and 50% never smokers. Follow-up duration ranged 
from 12 to 85 months, with a mean of 42 (SD 23) 
months. Implants varied in diameter (3.3 to 5 mm) 
and length (8 to 13 mm), with 7 placed in the maxilla 
and 7 in the mandible. Implant brands included Astra 
Tech AB (Mölndal, Sweden) (7), Osseotite® implant 
(Biomet; Palm Beach, Florida, USA) (1), from 
Nobel Biocare AB (Gothenburg, Sweden) (3), and 
Straumann AG (Basel, Switzerland) (4).
A total of 20 measurements were analyzed for each 
of the 14 cases, yielding 280 measurements per 
case. Each examiner evaluated each case twice using 

two different software programs, resulting in 1,120 
measurements per examiner and 3,360 cumulative 
measurements across the study. The time for each task 
(superimposition and measurements) was recorded 
in minutes and seconds. The longest superimposition 
(SIP) times were 13 min 60 sec (SD 2 min 30 sec) 
for 3D Slicer and 6 min 25 sec (SD 1 min 22 sec) 
for Dolphin Imaging. The shortest SIP times were 
10 min 3 sec (SD 2 min 48 sec) for 3D Slicer and 4 
min 15 sec (SD 1 min 2 sec) for Dolphin Imaging. 
For measurements, the longest time was 12 min 25 
sec (SD 2 min 58 sec) for 3D Slicer and 8 min 33 sec 
(SD 3 min 15 sec) for Dolphin Imaging. The shortest 
measurement times were 6 min 49 sec (SD 1 min 50 
sec) for 3D Slicer and 6 min 25 sec (SD 1 min 34 sec) 
for Dolphin Imaging. Analysis showed significant 
differences (P < 0.05) between 3D Slicer and Dolphin 
Imaging for SIP times, but no significant differences 
in measurement times (P > 0.05). Significant 
differences were observed in SIP and measurement 
times across the three examiners when comparing the 
two software programs (P < 0.05) (Table 1).
The results of this study showed that the ICC for 
intra- and inter-examiner readings across different 
methods indicated good agreement, ICC > 0.8 
(Tables 2 and 3).  Regarding intra-examiner analysis, 
the three examiners showed excellent agreement 
(ICC = 0.956) with repeated measurements at different 
time points and within different software. This 
highlights the importance of calibration exercises, 
landmark delineation, and software training before 
clinical application and/or research purposes. 
Additionally, time was recorded between examiners, 
showing no significant differences in time-performing 

Figure 4. Dolphin Imaging superimposition workflow.
BL was used as the first volume, displayed in white, with T1 added as the second volume, displayed in yellow (planes A, B, C). The 
superimposition was performed using Voxel-based superimposition feature with a red cube set in the area of interest (maxilla in planes A, B, 
C). Finer alignment was achieved by marking a sub-region for auto-superimposition (plane D). Annotations were made using the digitize/
measurement feature. The distance between landmarks was automatically calculated and displayed as vertical and horizontal 2D lines for 
BL (plane E) and T1 (plane f).
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Table 1. Average mean times for each examiner and software

Superimposition Measurements
3D Slicer Dolphin 3D Slicer Dolphin

Examiner 1
Mean 13 min 60 sec 6 min 25 sec 6 min 49 sec 6 min 25 sec
SD 2 min 30 sec 1 min 22 sec 1 min 50 sec 1 min 34 sec

P-value 0.03a 0.87

Examiner 2
Mean 10 min 19 sec 5 min, 55 sec 12 min 25 sec 8 min 33 sec
SD 1 min 59 sec 1 min 59 sec 2 min 58 sec 3 min 15 sec

P-value 0.22 0.22

Examiner 3
Mean 10 min 3 sec 4 min 15 sec 10 min 59 sec 7 min 9 sec
SD 2 min 48 sec 1 min 2 sec 3 min 59 sec 1 min 55 sec

P-value 0.036a 0.215
Overall P-value 0.002a 0.04a

aStatistically significant at level P < 0.05 (paired t-test).

measurements between examiners and software 
(P > 0.05) (Tables 2 and 3). There was a significant 
difference in the SIP (P < 0.05), showing a mean 
increased time of 6.29 (SD 1 min) for 3D Slicer 
when compared to Dolphin Imaging (Table 1). This 
result may be associated with the manual super-
imposition used when evaluating two volumes in 
3D Slicer, Dolphin Imaging, in turn, offers a voxel-
based superior-imposition (automated) that allows 
for reduced time during this step of the analysis. 
Moreover, regarding the inter-examiner overall 
agreement for 3D Slicer measurements, all variables 
exhibited good agreement (ICC ≥ 0.8) (Table 2); 
showing that either software can effectively provide 
reliable and reproducible linear measurements of bone 
dimensions adjacent to implants. When analysing 
buccal and lingual bone plates separately in both 
software, the palatal/lingual plates showed excellent 
agreement, with ICC values greater than 0.9, while the 
buccal bone thickness had lower agreement, with ICC 
values above 0.8 (Tables 2 and 3). The results of this 
study suggest that most changes in bone volume are 
associated with the buccal plate. Therefore, changes 
in bone density, height, and volume may have been 
inferred from these measurements.

Inter-examiner reliability 
3D Slicer measurements

Inter-examiner agreement for 3D Slicer measurements 
showed good consistency (ICC ≥ 0.8, F-test P < 
0.001) across all variables for both BL (baseline) and 
T1 (follow-up). At BL and T1, implant width had an 
ICC of 0.802 (95% CI = 0.515 to 0.931), and implant 
height had an ICC of 0.93 (95% CI = 0.823 to 0.977) 
F-test with true value P < 0.001 (Table 2). For buccal 
bone thickness at different distances from the implant 

shoulder in the sagittal view, ICC values were 0.813 
to 0.884 at 0, 1, 3, and 5 mm. For lingual/palatal bone 
thickness, ICC values were 0.919 to 0.954 at 0, 1, 3, 
and 5 mm. At T1, implant width showed ICC = 0.802 
(95% CI = 0.515 to 0.931), while reliability statistics 
with Cronbach’s α for single measurements showed 
ICC = 0.93 (95% CI = 0.823 to 0.977). Buccal bone 
thickness at T1 had ICC values of 0.801 to 0.943  at 0, 
1, 3, and 5 mm. Lingual/palatal bone thickness at T1 
had ICC values of 0.814 to 0.967 at 0, 1, 3, and 5 mm 
(Table 2).

Dolphin Imaging measurements

Dolphin Imaging measurements showed excellent 
agreement across variables at both BL and T1, with 
ICC values ranging from 0.806 to 0.961 (95% CI 
= 0.422 to 0.986), F-test P < 0.001. At BL and T1, 
implant height had ICC = 0.898 (95% CI = 0.75 to 
0.965), and implant width at BL had ICC = 0.8 (95% 
CI = 0.528 to 0.933). For buccal bone thickness in 
the sagittal view, ICC values were 0.832 to 0.910 at 
0, 1, 3, and 5 mm. For lingual/palatal bone thickness, 
ICC values were 0.893 to 0.958 at 0, 1, 3, and 5 m. 
At T1, implant width showed a low ICC = 0.537 (95% 
CI = -0.441 to 0.851), indicating poor consistency. 
Reliability statistics showed Cronbach’s α = 0.93, 
with ICC for single measurements at 0.814 (95% CI 
= 0.422 to 0.94), F-test P < 0.001. For buccal bone 
thickness at T1, ICC values were 0.806 to 0.961 at 
0, 1, 3, and 5 mm. For lingual/palatal bone thickness, 
ICC values were 0.925 to 0.961 at all levels (Table 2).

Intra-examiner reliability
3D Slicer measurements

For 3D Slicer measurements, 5 out of 10 variables 
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showed good agreement (ICC ≥ 0.8) between the 
first and second measurements at both BL and T1. 
Implant width had ICC = 0.956 (95% CI = 0.863 
to 0.986) at BL and ICC = 0.949 (95% CI = 0.841 
to 0.984) at T1, indicating excellent consistency. 
Implant height showed near-perfect agreement 
with ICC = 0.999 (95% CI = 0.995 to 1.000) at 
BL and ICC = 0.997 (95% CI = 0.992 to 0.999) 
at T1 (Table 3). In the sagittal view buccal at BL, 
measurements at 1, 3, and 5 mm showed moderate 
to good agreement (0.78 < ICC < 0.85): ICC = 
0.824 (95% CI = 0.451 to 0.943). At T1, only 
the 3 mm buccal measurement showed moderate 
agreement (ICC = 0.787, 95% CI = 0.338 to 0.932). 
The sagittal view lingual/palatal at T1 showed good 
agreement for both 0 and 1 mm measurements: ICC 
> 0.903 (95% CI = 0.698 to 0.969) at 0, and 1 mm 
(Table 3).

Dolphin Imaging measurements

For the Dolphin Imaging measurements, all variables 
demonstrated good agreement (ICC ≥ 0.8) between 
measurements on BL and T1 (0.824 to 0.992), with 
95% CI ranging from moderate to excellent (0.452 to 
0.997) (Table 3).

DISCUSSION

The critical role of peri-implant bone volume and soft 
tissue seems to be of importance [27,28]. Previous 
studies have evaluated the accuracy of CBCT [23,29]. 
However, there are limited reports on CBCT, 
concerning intra-examiner and inter-examiner 
evaluations [30,31]. Song et al. [32] studied the 
accuracy of CBCT versus radiography in detecting, 

Table 2. Intra-class coefficient (ICC) with 95% confidence intervals (CI) of inter-examiner 3D Slicer and Dolphin

Measurements
3D Slicer Dolphin

Baseline (BL) Follow-up (T1) Baseline (BL) Follow-up (T1)
ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)

Buccal bone
thickness

At 0 mm 0.835 (0.597; 0.943)a 0.801 (0.613; 0.931)a 0.908 (0.775; 0.968)a 0.806 (0.525; 0.933)a

At 1 mm 0.884 (0.715; 0.96)a 0.943 (0.859; 0.98)a 0.91 (0.779; 0.969)a 0.961 (0.903; 0.986)a

At 3 mm 0.869 (0.679;  0.954)a 0.894 (0.741; 0.963)a 0.866 (0.671; 0.953)a 0.905 (0.767; 0.967)a

At 5 mm 0.813 (0.641; 0.935)a 0.815 (0.647; 0.936)a 0.832 (0.689; 0.942)a 0.874 (0.69; 0.956)a

Palatal bone 
thickness

At 0 mm 0.919 (0.802; 0.972)a 0.814 (0.643; 0.935)a 0.893 (0.738; 0.963)a 0.925 (0.816; 0.974)a

At 1 mm 0.954 (0.887; 0.984)a 0.967 (0.918; 0.988)a 0.948 (0.872; 0.982)a 0.961 (0.905; 0.986)a

At 3 mm 0.925 (0.817; 0.974)a 0.92 (0.805; 0.972)a 0.958 (0.898; 0.985)a 0.944 (0.863; 0.981)a

At 5 mm 0.929 (0.825; 0.975)a 0.887 (0.722; 0.961)a 0.897 (0.749; 0.964)a 0.932 (0.833; 0.976) 

Implant
Width 0.802 (0.515; 0.931)a 0.802 (0.515; 0.931)a 0.808 (0.528; 0.933)a 0.537 (0.422; 0.986)
Height 0.93 (0.823; 0.977)a 0.93 (0.823; 0.977)a 0.898 (0.75; 0.965)a 0.898 (0.75; 0.986)a

aF-test with true value P < 0.001 and reliability statistics with Cronbach’s α, for single measurements > 0.90.

Table 3. Intra-class coefficient (ICC) with 95% confidence intervals (CI) of intra-examiner 3D Slicer and Dolphin

Measurements
3D Slicer Dolphin

Baseline (BL) Follow-up (T1) Baseline (BL) Follow-up (T1)
ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)

Buccal bone
thickness

At 0 mm 0.734 (0.6; -0.915) 0.949 (0.841; 0.984)a 0.936 (0.801; 0.979)a 0.908 (0.713; 0.97)a

At 1 mm 0.824 (0.451; 0.943)a 0.56 (0.5; 0.734) 0.967 (0.898; 0.99)a 0.952 (0.851; 0.985)a

At 3 mm 0.817 (0.429; 0.941)a 0.606 (-0.226; -0.874) 0.967 (0.898; 0.989)a 0.967 (0.898; 0.989)a

At 5 mm 0.786 (0.333; 0.931)a 0.787 (0.338; 0.932)a 0.993 (0.977; 0.998)a 0.993 (0.977; 0.998)a 

Palatal bone
thickness

At 0 mm 0.619 (-1.933; 0.698) 0.903 (0.698; 0.969)a 0.959 (0.872; 0.987)a 0.959 (0.872; -0.987)a 
At 1 mm 0.854 (-0.87; 0.999)a 0.895 (0.672; 0.966)a 0.975 (0.922; 0.992)a 0.984 (0.922; 0.997)a

At 3 mm 0.725 (-0.778; 0.817) 0.633 (-0.142; 0.882) 0.977 (0.929; 0.993)a 0.978 (0.929; 0.993)a

At 5 mm 0.929 (0.679; 0.997) 0.738 (-0.07; -0.89) 0.886 (0.645; 0.963)a 0.963 (0.845; 0.963)a

Implant
Width 0.956 (0.863; 0.986)a 0.949 (0.841; 0.984)a 0.933 (0.792; 0.979)a 0.824 (0.452; 0.943)a

Height 0.999 (0.995; 1)a 0.997 (0.992; 0.999)a 0.992 (0.976; 0.997)a 0.992 (0.974; 0.997)a

aF-test with true value P < 0.001 and reliability statistics with Cronbach’s α, for single measurements > 0.90.
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classifying, and measuring peri-implant bone defects 
in an animal model. The study used 54 mandible 
blocks from beagle dogs. Images were obtained with 
IO, CBCT, and micro-CT. Defects were diagnosed and 
classified as either dehiscence, infrabony, or crater-
like. Observers evaluated defect location, shape, 
depth, and width using IO and CBCT images. CBCT 
demonstrated higher diagnostic accuracy (100% 
sensitivity) compared to IO (69% sensitivity), and 
was superior in defect classification and measurement, 
closely correlating with the gold standard micro-CT. 
CBCT offers significant diagnostic and decision-
making advantages over conventional IO imaging for 
peri-implant bone defects. Nonetheless, it is important 
to highlight the limitations of CBCT such as image 
artifacts from nearby radio-dense (metallic) objects 
that can affect diagnostic evaluations. For example, a 
thin buccal bone (< 0.5 mm) or a buccal bone adjacent 
to metallic structures, like implants, can produce 
artifacts that severely degrade image quality and, as 
a result, compromise diagnostic precision [8]. This 
could partially explain the results in measuring the 
buccal plate changes in the present study.
A previous study used dry human skulls to measure 
the alveolar bone height using the cemento-enamel 
junction as a reference [33]. Findings showed an 
accuracy of 0.6 mm and 0.4 mm, respectively when 
compared to clinical measurements using a caliper. 
One study showed a moderate correlation between 
CBCT and ridge mapping in edentulous human 
ridges (R-squared: 0.53 and 94.6% correlation of 
measurements within a 95% confidence interval) 
with reported overall ICC values of 0.61 to 0.93 and 
0.4 to 0.95 for two observers [15]. In addition, an in 
vivo study confirmed the accuracy of CBCT when 
measuring vertical bone defects on the mesial and 
distal surfaces of teeth, when compared to direct 
clinical measurements (gold standard), and intraoral 
radiographs [34]. Similarly, a high correlation 
between CBCT and direct clinical measurements in 
extraction sockets (buccolingual: 0.782 [P < 0.05], 
mesiodistal: 0.983 [P < 0.01]) was shown in an in 
vivo study [19]. A high ICC value was also reported 
by Sheikhi et al. [22] for height (ICC = 0.89) as 
well as width (ICC = 0.91). A total of 94.6% of the 
data for ridge mapping, CBCT, and clinical gold 
standard measurements were within the mean and 
one standard deviation in a Bland-Altman plot by 
Eachempati et al. [15]. Several authors have used 
CBCT images to report bone measurements that 
are considered accurate if the errors are less than 1 
millimeter [29,35]. A clear trend of underestimation 
or overestimation was not evident. The mean 
measurement error (ME) in millimeters between two 

values was assessed [22,29]. The mean difference 
between CBCT and direct clinical examination was 
0.22 (SD 0.15) mm and a maximum error of 1 mm. 
The mean absolute percentage of error was 1.4% with 
a range of 0.1 to 5.2% [29]. Other studies reported 
range differences from 0.3 to 0.6 mm [36].
A systematic review by Fokas et al. [37] evaluated the 
accuracy of linear measurements using maxillofacial 
CBCT in implant dentistry. The review analysed 
22 studies that focused on CBCT measurements 
of alveolar bone and anatomical distances relevant 
to implant placement. The findings indicated 
that CBCT provides highly accurate and reliable 
measurements, with a voxel size of 0.3 to 0.4 mm 
suitable for implant planning. Accuracy can be 
affected by factors such as patient motion, metallic 
artifacts, and software settings, underscoring the 
need for careful inter- and intra-examiner calibration. 
Another review by Lou et al. [38], assessed the 
accuracy and reliability of landmark identification 
using CT and CBCT in the maxillofacial. The 
study analysed eight articles, noting that different 
landmarks exhibited varying degrees of ME. The 
review emphasized that with repeated practice, the 
error for 2D CT could be reduced to within 0.5 mm, 
though some 3D CT reliability values still require 
careful consideration due to their potential diagnostic 
implications.
Additionally, 3D Slicer, an open-source software is 
useful for visualizing medical data and analysing 
images for clinical research [24,39]. Recently, 
investigators in medical and engineering research 
have concentrated on developing 3D Slicer 
modules and algorithms that enable users to manage 
datasets from various organs and integrate multi-
modal images. These include magnetic resonance 
imaging (MRI), computed tomography (CT), CBCT, 
ultrasound (US), nuclear medicine, and microscopy 
[39]. Advances in periodontics have incorporated 
the use of multiple volumes such as CBCT, IO, and 
ultrasound images of teeth, implants, and edentulous 
crests [40]. This study developed and validated a 
method for accurately registering US images of the 
jawbone, improving the precision of US imaging 
compared to freehand scans using 3D Slicer to 
register and analyse the accuracy of the superimposed 
modalities. A validation study and a registration 
method demonstrated superior repeatability and 
accuracy, particularly in mapping both soft and hard 
tissues of the edentulous ridge, when compared to 
CBCT, IO and the use of 3D Slicer suggested that 
this method enhances the reliability of longitudinal 
evaluations of tissue changes [40]. The same study 
group [41] evaluated micro-CT measurements of 
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bone mineral density and bone volume fraction 
using the “bone texture extension” of 3D Slicer 
[41]. Other applications in dentistry include the use 
of craniomaxillofacial modules that feature user-
friendly algorithms for minimally invasive diagnostics 
through multimodal image integration and analysis. 
These modules offer a comprehensive approach to 
managing data extraction, registration, visualization, 
and quantification from various sources [42]. Tools 
like patient-specific 3D mesh models and label map 
creation enhance clinicians’ ability to make informed 
decisions, perform data analysis, and visualize 
personalized healthcare solutions. 
Dolphin Imaging can be used for 3D superimpositions 
using open-source and commercial software versions 
[25]. It is a commercially available tool, offers a 
significant advantage in terms of convenience, speed, 
and user-friendly voxel-based superimposition method 
that completes the process in under five minutes. 
This significant advantage over other open-source 
alternatives that took about three hours [25]. Dolphin 
Imaging 3D has been widely used in orthodontics 
[43,44]. Studies vary from investigating the position 
of alveolar cortex in response to tooth movement 
in extraction and non-extraction cases using CBCT 
[45]. to digital workflow for combined orthodontic 
movement and orthognathic surgery approach [43], 
and in the comparison of effectiveness and validity 
of two systems for surgical planning in dentofacial 
deformities [44]. In clinical orthodontics, the 
accurate and efficient superimposition of CBCT 
images is crucial for evaluating craniofacial growth 
and treatment effects [25]. There are three primary 
methods for superimposing 3D images: landmark-
based, surface-based, and voxel-based. Landmark-
based superimposition uses anatomical landmarks 
but is more complex in 3D due to the difficulty of 
identifying landmarks compared to 2D radiographs. 
Surface-based superimposition relies on high-quality 
3D surface models and is effective in quantifying 
midfacial changes. Voxel-based superimposition [46], 
uses voxel density matching for automated, accurate 
superimposition, thus reducing operator error. 
High reproducibility and repeatability of 
measurements are essential in evaluating the 
consistency of measurements between observers and 
follow-up patients longitudinally. The correlations 
between intra-examiner and inter-examiner proved 
to be a positive method in several studies of 
CBCT, as well as available software-made precise 
measurements performed by different professionals 
[47]. A previous study evaluated CBCT scans from 
50 patients in which two examiners independently 
identified landmarks in both 2D and 3D images on 

two separate occasions, with a one-week interval 
between sessions. Intra- and inter-examiner 
reproducibility and reliability were assessed. The 
analysis demonstrated high examiner reproducibility 
for both linear and volumetric parameters, with high 
ICC and low CV, indicating that the methodology 
is highly reliable and reproducible [47]. A human 
cadaver mandible was examined in two edentulous 
areas and one dentate area using both dry and 
sucrose-immersed CBCT and multislice conventional 
tomography (MSCT) to assess the accuracy of linear 
measurements [23]. Two readers measured four linear 
distances twice from each section. The mandible 
was cut into 4 mm slices at three marked places and 
micro-radiographed. Intraclass correlations for intra- 
and inter-observer readings were almost perfect (ICC 
= 1). ME significantly differed between methods 
(P = 0.022). The mean ME was 4.7% for dry CBCT, 
8.8% for dry MSCT, 2.3% for sucrose CBCT, and 
6.6% for sucrose MSCT. Findings indicate that CBCT 
is a reliable tool for implant-planning measurements. 
Significant radiation dose reduction is achievable 
with low-dose MSCT without major significant loss 
of measurement accuracy [23]. Additionally, the 
level of experience with CBCT images and software 
may have significantly impacted inter-examiner 
reliability [30]. According to Lagravere et al. [30], 
variations in landmark identification greater than 1.0 
mm are considered clinically significant. The clinical 
relevance of such variations also depends on the size 
of the structure being assessed and the magnitude 
of the change being measured. In this study, some 
measurements, particularly those assessed by different 
examiners, exhibited variations exceeding this 
threshold.
Successful implant treatment outcomes should 
incorporate a detailed planning phase with images 
of diagnostic quality. Assessing bone quantity and 
quality and identifying vital structures will maximize 
the long-term success of implants [48]. A voxel size 
of 0.3 to 0.4 mm is ideal for CBCT imaging data of 
acceptable diagnostic quality. Implant survival rates 
have shown to be higher in cases of partial and full 
edentulism for implants and their restorations [49]. 
The encouraging clinical results of implants have 
led to increased implant indications in partially 
edentulous individuals for rehabilitation [49]. Long-
term outcomes seem to be a concern for clinicians due 
to biological, prosthetic, and esthetical complications 
[48].

CONCLUSIONS

To conclude, the study found that while 3D Slicer 
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offered superior image quality, Dolphin Imaging 
excelled in voxel-based superimposition. Both 
methods demonstrated high examiner reproducibility 
for linear and volumetric measurements, with 
intraclass correlation coefficients above 0.8 and low 
coefficients of variation, highlighting their reliability 
and consistency. Specifically, 3D Slicer achieved 
excellent overall inter-examiner agreement for all 
variables (intraclass correlation coefficient ≥ 0.80), 
with no significant differences compared to Dolphin 
Imaging. Variations in results were attributed to 
differences in landmark interpretation, individual 
anatomical variations, and examiner experience 
with cone-beam computed tomography images and 
software, aligning with findings from other studies.
The measurements showed strong agreement between 
examiners (intraclass correlation coefficient > 0.80), 
with significant reliability and reproducibility. This 
methodology is well-suited as a standard for precise 
linear measurement analysis of osseous structures 
around implants. With careful landmark selection and 
appropriate measurement tools, this approach can 
provide clear and accurate information essential for 
precise diagnosis.
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