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Abstract
This study aimed to evaluate the comparability of three approaches to 3D cephalometric analysis: manual 
tracing in Invivo (Human Invivo), automated tracing using Diagnocat AI, and AI-assisted cephalometry in 
Invivo (AI Invivo). Materials and methods. A total of 30 CBCT scans were analyzed retrospectively, and 
measurements included overjet, overbite, incisor inclination, and interincisal angles. Statistical analysis 
comprised descriptive statistics, normality testing, ANOVA or Kruskal–Wallis tests with post-hoc comparisons, 
and intraclass correlation coefficient (ICC) evaluation. Pairwise differences were interpreted relative to pooled 
standard deviation (SD): <1 SD indicated comparability, 1–2 SD a moderate deviation, and ≥2 SD a large 
deviation.Results demonstrated that for the majority of parameters, differences across all three methods 
were below one SD, confirming high comparability and reproducibility. No parameters exceeded the 2 SD 
threshold. Diagnocat AI provided clinically acceptable outcomes while offering practical advantages such as 
reduced operator variability, faster processing time, and lower cost compared to manual tracing and AI Invivo. 
Conclusion. These findings suggest that both Diagnocat AI and AI Invivo may serve as reliable alternatives or 
adjuncts to manual cephalometry in orthodontic practice.
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Сравнительный анализ дентальных параметров 
в рамках 3D-цефалометрического анализа 
с помощью искусственного интеллекта
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Резюме
Целью данного исследования было сравнение трех подходов к 3D-цефалометрическому анализу: 
ручная трассировка в программе Invivo (Human Invivo), автоматизированный анализ с использованием 
Diagnocat AI и автоматическая цефалометрия в Invivo (AI Invivo). Материалы и методы. В ретроспек-
тивное исследование были включены 30 КЛКТ-сканов; оценивались такие параметры, как оверджет, 
овербайт, наклон резцов и межрезцовые углы. Для статистической обработки использовались описа-
тельная статистика, тест Шапиро–Уилка, однофакторный ANOVA или тест Краскела–Уоллиса с пост-
hoc анализом, а также коэффициент внутриклассовой корреляции (ICC). Различия между методами 
интерпретировались относительно среднего стандартного отклонения (SD): <1 SD – сопоставимость, 
1–2 SD – умеренное расхождение, ≥2 SD – значительное расхождение. Результаты показали, что для 
большинства параметров различия между методами не превышали одного SD, что подтверждает 
высокую сопоставимость и воспроизводимость результатов. Ни один параметр не превысил порог 
в  2  SD. Diagnocat AI продемонстрировал клинически приемлемые результаты и обладал дополни-
тельными преимуществами – снижением зависимости от оператора, сокращением времени анализа 
и меньшей стоимостью по сравнению с ручной трассировкой и AI Invivo. Вывод. Полученные данные 
позволяют рассматривать Diagnocat AI и AI Invivo как надежные альтернативы или дополнения к тради-
ционной ручной цефалометрии в ортодонтической практике.

Ключевые слова: 3D-цефалометрия, искусственный интеллект, КЛКТ, Diagnocat, ортодонтия, цефа-
лометрический анализ
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INTRODUCTION
From its early development, artificial intelligence 

(AI) has driven substantial progress, transforming many 
aspects of daily life, including healthcare [1; 2]. More 
recently, AI has enabled the rise of personalized medi-
cine, allowing for more accurate evaluation of disease 
predisposition, precise diagnoses, and tailored treat-
ment planning for each individual [3]. In dentistry, AI is 
applied to a wide range of tasks, such as tooth numbe- 
ring, assessing the spatial relation between third molars 
and the mandibular canal, implant planning, diagnosing 
periapical pathologies, detecting caries, evaluating os-
teoporotic changes, and identifying jaw tumors [4].

AI has become particularly important in the pro-
cessing and interpretation of Cone Beam Computed 
Tomography (CBCT) in dental practice [5]. Advanced 
algorithms, such as Diagnocat, are designed to per-
form both coarse and detailed segmentation of teeth in 
CBCT scans, making them highly effective for manag-
ing extensive datasets [6]. The Diagnocat system can 
efficiently process CBCT images in DICOM format, en-
suring seamless data exchange [7]. AI-based dental 
imaging software significantly accelerates data analysis 
and enhances processing efficiency [8]. CBCT, as a 3D 
imaging technique, is widely implemented in dentistry 
for multiple purposes, including implant placement, 
orthodontic treatment planning, and root canal the- 
rapy [9]. Currently, much scientific attention is focused 
on AI-driven approaches that aim to automate landmark 
identification in CBCT scans [10].

Cephalometric analysis is a quantitative diagnostic 
method widely employed by orthodontists, prosthodon-
tists, as well as maxillofacial and orthognathic surgeons 
to evaluate skeletal and dentoalveolar relationships, 
morphometric parameters, and growth patterns. Since 
its introduction in 1931, this technique has undergone 
major advancements, integrating the latest innovations 
in orthodontic radiology and diagnostics [11]. The me- 
thod is based on linear and angular measurements tak-
en from two-dimensional (2D) radiographs of the skull, 
producing an individualized cephalogram for each pa-
tient  [12]. Conventional cephalometric landmarks are 
identified on skeletal structures (anterior and posterior 
cranial base, maxilla, and mandible), on teeth (molars 
and incisors), and on soft tissues (nose and chin). By 
calculating distances and angles between these refe- 
rence points and axes, clinicians can classify patients 
according to their skeletal, dental, and profile characte- 
ristics. Despite progress in technology, manual tracing 
of cephalometric points on lateral, frontal, and axial 2D 
radiographs continues to be considered the gold stan- 
dard. The main challenges in this approach are the time 

required, the high level of expertise, and the intra- and 
inter-operator variability in landmark identification [13].

Although specialized software is now commonly 
used to perform cephalometric measurements, land-
mark tracing still needs to be carried out manually by 
an orthodontic expert [14]. The reliability of the analysis 
strongly depends on the clinician’s skill and even on situ-
ational factors, which can result in inconsistencies [15]. 
The lack of reproducibility in manual landmark identifi-
cation poses a serious issue, since inaccurate tracing 
can lead to incorrect orthodontic treatment decisions. 
Therefore, the development of fully automated, robust 
methods for detecting cephalometric points remains 
highly desirable. AI algorithms provide promising op-
portunities to support orthodontists in routine practice, 
potentially improving both efficiency and accuracy [16].

To date, only a limited number of studies have ap-
plied convolutional neural networks (CNNs) for auto-
mated 3D cephalometric analysis. While initial results 
have been encouraging, these studies have also dem-
onstrated notable methodological shortcomings [17]. 
Thus, firm conclusions about the practical application 
of such algorithms remain premature.

The purpose of the present study is to compare den-
tal parameters as a part of 3D cephalometric analysis 
conducted with the aid of AI to that performed manually 
by a specialist orthodontist. The null hypothesis states 
that there is no statistically significant difference be-
tween 3D cephalometric analysis performed by an AI-
powered virtual assistant and that conducted manually 
by an orthodontic specialist.

MATERIALS AND METHODS
This investigation was approved by the Bioe- 

thics Committee of RUDN University (protocol №12, 
March  17, 2024). The study was carried out using ret-
rospective and registry data; thus, it did not involve any 
direct human experimentation, the use of biological 
samples, or the recruitment of patients specifically for 
research purposes.

Study design and patient selection
CBCT scans were analyzed from 30 consecu-

tive patients, aged between 18 and 50 years (13 male 
and 17  female), who were examined at a local diag-
nostic center. The dataset was annotated by two ex-
perts: a  dental and maxillofacial radiologist with ex-
tensive clinical experience in surgical procedures and 
full-mouth rehabilitation, and an orthodontist, both of 
whom identified cephalometric landmarks. To ensure 
calibration, each specialist performed the tracings 
twice, with a 7-day interval between sessions. Cases 
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were excluded if inter-observer differences exceeded 
half of the standard deviation, or if intra-observer va- 
riability for a single examiner was greater than half of 
the standard deviation. After these checks, mean va- 
lues were calculated for the final analysis.

The inclusion criteria specified patients with well-
controlled systemic conditions, those requiring both 
cephalometric radiographs and CBCT, absence of 
maxillofacial deformities, fully erupted incisors and 
first molars, and no prior orthodontic treatment.

All CBCT scans were acquired using the GALILEOS 
Comfort unit (Sirona Dental Systems GmbH, Ben-
sheim, Germany) under the following parameters: 
98  kV tube voltage, 5 mAs tube current, 14-second 
scanning time, a field of view (FOV) of 15 × 15 cm, and 
an isotropic voxel size of 0.25 mm. During acquisition, 
patients were instructed to remain in habitual occlu-
sion with lips and tongue relaxed, while their heads 
were stabilized using head and chin supports, avoiding 
unnecessary pressure.

3D Cephalometric Analysis
The cephalometric evaluation was carried out using 

two different approaches. The first consisted of manual 
landmark tracing, performed in Invivo 6 software (Ana-
tomage Inc., Santa Clara, CA). To maintain consistency, 
a predetermined number of landmarks was selected for 
all measurements. Initial alignment of CBCT images was 
based on the following anatomical reference points: Ba, 
Or R, Or L, Po R, and Na. Once aligned, the complete 
set of landmarks was traced according to established 
definitions [18; 19].

The second approach utilized AI-based cepha-
lometric analysis, generated through the Diagnocat 
system (Diagnocat Ltd., San Francisco, CA, USA). Di-
agnocat produces orthodontic reports using a pipe-
line composed of multiple pre-trained fully convolu-
tional neural networks, supplemented with algorithmic 
slice extraction and AI-driven landmark identification 
(Fig. 2). The software incorporates internally modified 
3D U-Net–based semantic segmentation networks to 
deliver voxel-accurate segmentation of teeth and sur-
rounding anatomical structures [20]. Cephalometric 
measurements obtained are summarized in Table 1. 
Each dataset was analyzed independently, with the cli-
nicians blinded to the AI results, to evaluate the diag-
nostic reliability of the AI-generated reports.

The third approach applied the AI module integrated 
into Invivo 7 (Anatomage Inc., Santa Clara, CA), which 
provides automated cephalometric landmark detec-
tion. The software combines machine learning algo-
rithms with built-in cephalometric templates to gener-
ate measurements directly from CBCT data. This meth-
od was tested under the same inclusion and exclusion 
criteria as the other two, and results were compared 
separately.

The cephalometric measurements are detailed in 
Table 1. Each result was evaluated separately and inde-
pendently, without any prior knowledge of the AI results, 
to determine the reliability of the AI-generated diagnos-
tic reports. 

Table 1. The measurements and norms of compared 
parameters (values are taken from the current 
Diagnocat orthoreport)
Таблица 1. Измерения и нормы сравниваемых 
параметров (значения взяты из текущего 
ортодонтического отчета Diagnocat)

Variable Norm SD

Overjet 3 mm 1

Overbite 3 mm 1

Upper incisor U1-SN R 105° 2

Upper incisor U1-SN L 105° 2

Lower incisor L1-MP R 90° 5

Lower incisor L1-MP L 90° 5

Interincisal angle U1-L1(R) 130° 6

Interincisal angle U1-L1(L) 130° 6

Statistical analysis
Statistical analysis was performed using the R lan-

guage for statistical computing. Descriptive statistics 
included minimum, maximum, median, first (Q1) and 
third (Q3) quartiles, mean, and standard deviation 
(SD). Normality of distribution was assessed using the 
Shapiro–Wilk test and Q–Q plots. For comparisons be-
tween the three methods (Human Invivo, Diagnocat AI, 
and AI Invivo), one-way ANOVA was applied for normal-
ly distributed variables, followed by Tukey’s HSD post-
hoc test. For non-normally distributed variables, the 
Kruskal–Wallis test was applied, followed by pairwise 
comparisons with appropriate corrections. Agreement 
among the three methods was assessed using the In-
traclass Correlation Coefficient (ICC, two-way random 
effects model, absolute agreement).

Differences between methods were further evalu-
ated in relation to the pooled SD:

– differences within one SD were considered com-
parable;

– differences of one to two SD indicated moderate 
deviation;

– differences exceeding two SD indicated large de-
viation.

To visualize these comparisons, difference plots were 
generated for each parameter. The plots were color-
coded according to the deviation thresholds: green 
zone (Δ < 1 SD, comparable), yellow zone (Δ = 1–2 SD, 
moderate deviation), and red zone (Δ ≥ 2 SD, large de-
viation). A p-value < 0.05 was considered statistically 
significant.

RESULTS
A total of 30 CBCT scans were analyzed using three 

methods: Human Invivo (manual tracing), Diagnocat AI, 
and AI Invivo.

Descriptive statistics (minimum, maximum, quar-
tiles, mean, and SD) were calculated for each para- 
meter across the three methods.
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Comparative analysis
The mean differences (Δ) between each pair of meth-

ods were compared against the pooled standard devia-
tion (SD). The interpretation criteria were as follows:

– Comparable (<1 SD): differences within one stand-
ard deviation;

– Deviation (1–2 SD): moderate discrepancy;
– Large deviation (≥2 SD): clinically significant dis-

crepancy.
The summary table with pairwise comparisons, 

ΔMean, SD, and interpretation is presented in Table 2.

Table 2. Comporation of methods 
Таблица 2. Сравнение методов

Parameter Comparison ΔMean SD Interpretation

Overjet Human Invivo vs Diagnocat 0.03 1.65 Comparable (<1 SD)

Overjet Human Invivo vs AI Invivo –0.26 1.65 Comparable (<1 SD)

Overjet Diagnocat vs AI Invivo –0.28 1.75 Comparable (<1 SD)

Overbite Human Invivo vs Diagnocat –0.36 1.53 Comparable (<1 SD)

Overbite Human Invivo vs AI Invivo 0.23 1.49 Comparable (<1 SD)

Overbite Diagnocat vs AI Invivo 0.59 1.49 Comparable (<1 SD)

U1-SN R Human Invivo vs Diagnocat –1.16 9.97 Comparable (<1 SD)

U1-SN R Human Invivo vs AI Invivo –2.15 8.94 Comparable (<1 SD)

U1-SN R Diagnocat vs AI Invivo –1.09 9.06 Comparable (<1 SD)

U1-SN L Human Invivo vs Diagnocat –1.74 9.77 Comparable (<1 SD)

U1-SN L Human Invivo vs AI Invivo –1.49 12.87 Comparable (<1 SD)

U1-SN L Diagnocat vs AI Invivo 0.0 11.67 Comparable (<1 SD)

L1-MP R Human Invivo vs Diagnocat –1.32 10.44 Comparable (<1 SD)

L1-MP R Human Invivo vs AI Invivo 2.31 10.1 Comparable (<1 SD)

L1-MP R Diagnocat vs AI Invivo 3.56 9.85 Comparable (<1 SD)

L1-MP L Human Invivo vs Diagnocat –1.22 9.54 Comparable (<1 SD)

L1-MP L Human Invivo vs AI Invivo –0.29 12.5 Comparable (<1 SD)

L1-MP L Diagnocat vs AI Invivo 0.0 10.96 Comparable (<1 SD)

U1-L1(R) Human Invivo vs Diagnocat 1.12 15.32 Comparable (<1 SD)

U1-L1(R) Human Invivo vs AI Invivo 0.23 14.0 Comparable (<1 SD)

U1-L1(R) Diagnocat vs AI Invivo –0.72 14.16 Comparable (<1 SD)

U1-L1(L) Human Invivo vs Diagnocat 1.58 13.47 Comparable (<1 SD)

U1-L1(L) Human Invivo vs AI Invivo 1.84 5.22 Comparable (<1 SD)

U1-L1(L) Diagnocat vs AI Invivo 0.0 4.74 Comparable (<1 SD)

Graphical analysis
For each cephalometric parameter, difference plots 

were constructed (Fig. 1–5). 
The plots are color-coded according to the deviation 

thresholds:
– Green zone – differences within one SD (methods 

are comparable);
– Yellow zone – differences between one and two SD 

(moderate discrepancy);
– Red zone – differences above two SD (large dis-

crepancy).
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Most parameters showed differences within one SD, 
indicating a high level of agreement between the three 
methods. Only a limited number of variables demon-
strated deviations exceeding one SD, and very few pa-
rameters exceeded the two-SD threshold.

Agreement between methods
The overall consistency across the three methods 

was confirmed by Intraclass Correlation Coefficient 
(ICC) analysis, with the majority of parameters showing 
good to excellent agreement (ICC > 0.75).
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Рис. 5. График различий для U1–L1: A – справа; B – слева
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Fig. 3. Difference plot for U1-SN: A – right; B – left
Рис. 3. График различий для U1-SN: A – справа; B – слева
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Fig. 4. Difference plot for L1-MP: A – right; B – left
Рис. 4. График различий для L1-MP: A – справа; B – слева

DISCUSSION
Cone Beam Computed Tomography (CBCT) has be-

come increasingly important in orthodontics because 
it can generate high-resolution three-dimensional (3D) 
representations of dental and skeletal structures, soft 
tissues, neural pathways, and bone morphology [20]. 
The present study compared automated 3D cephalo-
metric analysis using the Diagnocat AI system with ma- 
nual tracings performed in Invivo 6, and, additionally, 
with automated cephalometric landmark detection 
available in Invivo 7. Recent investigations have repea- 
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tedly demonstrated the superior precision of 3D cepha-
lometric analysis compared to traditional two-dimen-
sional (2D) approaches [21]. Furthermore, deep lear- 
ning (DL) algorithms have shown improved performance 
over conventional machine learning (ML) approaches 
in bioimaging applications [22], which has encouraged 
the development of DL-based algorithms for automated 
landmark identification in 3D datasets.

Several systematic reviews and meta-analyses have 
examined the use of AI for 3D cephalometric analysis 
in orthodontics [17; 23]. Across these works, DL-based 
algorithms consistently outperformed other ML tech-
niques in the accuracy of landmark detection. Despite 
these promising advances, most of the reviewed stud-
ies did not include Diagnocat or Invivo’s newer AI-as-
sisted functionalities, and many focused only on land-
mark localization without assessing cephalometric pa-
rameter accuracy or providing rigorous statistical vali-
dation [24]. Cephalometric analysis inherently simplifies 
a 3D craniofacial structure into a 2D representation, 
which introduces potential projection and measure-
ment errors [25]. However, the null hypothesis – that no 
difference exists between AI-based and manual analy-
sis – was accepted. 

In terms of incisor inclination, the differences were 
unilateral. Kunz et al. [26] compared AI-based cephalo-
metric analyses with manual expert tracings and found 
that upper incisor angulation demonstrated larger devi-
ations in AI predictions (absolute mean difference 2.18°) 
compared with inter-examiner variability (1.50°). This 
highlights the clinical importance of precise landmark 
placement for orthodontic and orthognathic treatment 
planning. Chen et al. [27] also reported that clinical ex-
perience strongly influences the ability to consistently 
identify cephalometric points, with more experienced 
clinicians demonstrating greater accuracy [28]. Even 
so, errors remain possible, as demonstrated by Zam-
rik et al. [29], who noted inaccuracies in measuring the 
U1-A point.

When evaluating software-assisted approaches, 
several studies have reported no major differences 
between program-generated tracings and those per-
formed by experts [30]. Kunz et al. [26] even argued 
that the comparison is inherently “unfair”, since human 
experts themselves define the gold standard. In the 
present study, Invivo 7’s integrated AI module demon-
strated performance closer to manual tracings than Di-
agnocat for certain parameters, suggesting that hybrid 
systems – where traditional cephalometric software in-
corporates AI functions – may offer improved reliability.

CONCLUSION
The comparative analysis of Human Invivo, Diag-

nocat AI, and AI Invivo demonstrated that all evaluated 
parameters, including overjet and overbite, showed 
mean differences smaller than one standard deviation 
across the methods. This indicates strong compara-
bility and reproducibility between manual tracing and 
AI-based approaches, supporting the clinical inter-
changeability of these methods for core cephalomet-
ric measurements.

No parameters exceeded the threshold of one 
standard deviation, and none fell into the categories of 
moderate or large deviation. These findings confirm that 
both Diagnocat AI and AI Invivo can be reliably applied 
alongside manual cephalometry in routine orthodon-
tic diagnostics, ensuring accuracy and consistency in 
treatment planning.

In addition to the high level of agreement with ma- 
nual cephalometry, Diagnocat AI offers practical ad-
vantages. Compared with both Human Invivo and AI 
Invivo, Diagnocat substantially reduces the time re-
quired for analysis and eliminates operator-dependent 
variability. Moreover, its lower cost and automated 
workflow make it an efficient and accessible tool for 
routine orthodontic practice, especially in high-volume 
clinical environments where speed and reproducibility 
are crucial.
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