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ABSTRACT: Successful orthopedic orthodontic 

treatment depends on accurately assessing skeletal 

growth. Cervical vertebral maturation (CVM), 

evaluated through lateral cephalometric 

radiographs, is a widely used and practical method. 

Artificial intelligence (AI) has emerged as a 

promising tool to automate this process with high 

precision. This study analyzes recent advances in 

AI applications for CVM assessment, highlighting 

clinical uses, benefits, and limitations. A literature 

review was conducted in PubMed, Scopus, and 

EBSCO (2020–2025), including 11 studies that 

applied AI to assess CVM on lateral skull 

radiographs. Convolutional neural networks 

(CNNs) were the most frequently used models, 

achieving accuracies exceeding 90% in advanced 

stages such as CS5 and CS6. In contrast, 

performance decreased in intermediate stages like 

CS2 and CS3. Several studies reported high 

agreement between AI models and human expert 

assessments, supporting their clinical applicability. 

However, methodological limitations were noted, 

such as limited population diversity, lack of 

external validation, and the predominant use of 

two-dimensional imaging. AI is shaping up to be an 

effective and complementary tool for CVM 

assessment, offering speed, precision, and 

diagnostic standardization. Nevertheless, 

multicenter studies with diverse populations and 

rigorous clinical validation are required to support 

its widespread implementation. 

Keywords: Artificial intelligence; cervical 

maturation; vertebral cervical skeletal maturation. 

 

I. INTRODUCTION 
One of the key determinants for the 

success of orthodontic therapy, especially in 

orthopedic treatments, is the proper 

synchronization of treatment according to the 

patient's craniofacial growth and development. The 

optimal timing for initiating orthopedic 

interventions is closely related to the periods of 

accelerated growth in each individual, which allow 

for significant contributions to the correction of 

dentofacial skeletal discrepancies [1]. 

There are various methods to assess 

skeletal maturation, as it is not consistent 

throughout its stages. An effective and reliable 

method should accurately determine the peak of 

mandibular growth, avoid additional radiation 

exposure, be easy to store, provide consistent 

interpretation across evaluators, and be useful in 

predicting the timing of the growth peak. Hand-

wrist radiography and the analysis of cervical 

vertebrae through lateral cephalometric radiographs 

are commonly used methods for tracking growth 

changes. The analysis of cervical vertebral 

maturation is especially convenient for clinicians, 

as it does not require additional imaging and fulfills 

the criteria for a reliable and effective method. This 

analysis is conducted using lateral cephalometric 

radiographs—routinely taken during orthodontic 

treatment—and evaluates the morphology of 

cervical vertebral bodies at different growth stages, 

which allows anticipation of the pubertal growth 

peak[2]. 

In recent years, artificial intelligence (AI), 

particularly machine learning, has seen rapid 

development, positioning itself as a promising 

technology in the field of health sciences. These 

technologies have the potential to strengthen 

healthcare systems by automating and enhancing 

the analysis of medical records and imaging, 

thereby reducing human error and delivering faster, 

more consistent, and more reliable results and 

diagnoses[3]. 

In orthodontics, AI has shown promising 

outcomes, supporting clinicians in diagnosis and 

decision-making in various situations, such as tooth 

extraction planning, skeletal maturation 

assessment, cephalometric analysis, and prediction 

of post-treatment facial changes [4]. AI-assisted 

evaluation of skeletal maturation is based on the 

analysis of cervical vertebrae and has demonstrated 

varying success rates among different studies. 

Nonetheless, its use appears promising, as AI can 
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analyze radiographs with high precision, 

identifying patterns and features that may be 

difficult for clinicians to detect[5].  

The aim of this article is to analyze the 

current advances and applications of artificial 

intelligence in the assessment of cervical vertebral 

maturation in patients undergoing orthopedic 

treatment, based on a critical review of the 

available scientific literature, with emphasis on 

identifying its benefits, limitations, and future 

prospects. 

 

II. MATERIALS AND METHODS 
Search Strategy 

A literature search was conducted in the PubMed, 

Scopus, and EBSCO databases using the following 

search terms: 

(―artificial intelligence‖ OR ―machine learning‖) 

AND (―cervical maturation‖ OR ―cervical vertebral 

maturation‖ OR ―skeletal maturation‖). 

The search was complemented by a backward 

review of the references cited in the selected 

articles to identify additional relevant literature. 

 

Inclusion and Exclusion Criteria 

Primary studies and systematic reviews published 

between 2020 and 2025, in English or Spanish, 

with full-text access were included.  

 

The following types of studies were considered: 

 Systematic reviews and meta-analyses 

 Randomized clinical trials 

 Observational studies 

 Scoping reviews directly addressing the use of 

AI in the assessment of cervical skeletal 

maturation 

 

The following were excluded: 

 Narrative reviews, letters to the editor, and 

case reports 

 In vitro or animal studies 

 Research focusing exclusively on hand or wrist 

bone age 

 Articles outside the defined time frame 

 

Selection and Data Extraction Process 

Three reviewers independently assessed 

the titles, abstracts, and full texts according to the 

established criteria. From the included articles, the 

following data were extracted: year, study type, 

type of AI used, population evaluated, validation 

methodology, and main findings. 

 

Article Selection 

The literature search yielded a total of 128 

articles from the selected databases. After 

removing 8 duplicates, 15 articles remained for title 

and abstract screening. Of these, 14 were selected 

for full-text review. Finally, 11 articles were 

included in this review as they met all the inclusion 

and exclusion criteria. 

 

III. RESULTS 
A total of 11 articles published between 

2020 and 2025 were included. These studies 

evaluated the effectiveness of various artificial 

intelligence (AI) models in assessing cervical 

vertebral maturation (CVM) using lateral 

cephalometric radiographs. Most studies focused 

on supervised learning models, highlighting the use 

of convolutional neural networks (CNN), support 

vector machines (SVM), decision trees (DT), and 

artificial neural networks (ANN)[6]. 

The reported diagnostic accuracy varied 

widely depending on the model type and 

methodology used. Studies employing pre-trained 

CNNs reported accuracy rates above 90% in 

classifying CVM stages, particularly in later stages 

such as CS6[7]. Models based on SVM and ANN 

also showed notable results, reaching accuracies of 

up to 77.4% [8,9]. Overall, the models were more 

accurate in detecting late stages (CS5–CS6), 

whereas performance was lower in early stages like 

CS2 and CS3 [6,10]. 

In studies assessing agreement between AI 

models and human evaluators, a high level of 

concordance was observed. For example, Zhou et 

al. reported a correlation index of up to 98%, with a 

mean localization error between AI and human 

examiners of 0.35 ± 0.09 mm [11]. Another study 

showed that AI was more accurate in detecting the 

post-pubertal growth peak stage than in early stages 

[12]. 

 

Using consensus-based datasets with high 

inter- and intra-observer agreement improved 

model performance, particularly in generalizing to 

unseen test sets [8]. Additionally, the use of data 

augmentation techniques, morphometric feature 

selection, and stacking models significantly 

enhanced accuracy, reaching up to 99.5% in some 

3D approaches based on vertebral ratios [13]. 

In the systematic review and meta-

analysis by Sadeghi et al., AI models achieved a 

sensitivity of up to 0.87 and a specificity of 0.97 

for stage CS1, while the lowest performance was 

reported for CS3 (sensitivity of 0.64)[14]. 

Lastly, the review by Rana et al. 

confirmed that machine learning techniques applied 

to cervical maturation assessment yield diagnostic 

accuracies ranging from 60% to over 90%, with 
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satisfactory levels of agreement compared to 

human experts[15]. 

Several authors agreed on the need to 

expand databases and ensure balanced distribution 

by sex and maturation stage to improve model 

generalizability [10,16]. The limited inclusion of 

diverse populations and the lack of external 

validations were also noted in some studies[15]. 

Beyond clinical orthodontic use, some studies 

highlighted the potential of these models in 

forensic contexts for age estimation with high 

precision[9]. 

 

IV. DISCUSSION 
The integration of artificial intelligence 

(AI) in the evaluation of cervical maturation has 

made significant progress in recent years, 

particularly in orthodontic settings where accurate 

identification of the pubertal growth peak is crucial 

for therapeutic success. Analysis of the 11 included 

studies reveals that machine learning-based tools, 

particularly convolutional neural networks (CNNs), 

offer promising performance, with accuracy levels 

exceeding 90% in most cases[7,10,14]. 

Most models used in the evaluated studies 

relied on pre-trained CNNs or architectures 

designed for automatic segmentation. These 

models proved especially effective in classifying 

advanced maturation stages (CS5 and CS6), where 

morphological differences between vertebrae are 

more distinct [11]. In this regard, Seo et al. and 

Kazimierczak et al. reported accuracies greater than 

90% and high F1-scores, suggesting that these 

models may be particularly useful for confirming 

the completion of pubertal growth and for planning 

definitive orthodontic treatment [7,10]. 

However, intermediate stages (CS2 and 

CS3) posed greater challenges for the models, as 

noted by Sadeghi et al., who reported a sensitivity 

of 0.64 for CS3. This weakness is related to the 

subtle morphological changes in these phases, 

which can lead to errors by both human evaluators 

and AI algorithms. This finding underscores the 

importance of using data augmentation strategies, 

refined segmentation, and three-dimensional 

morphometric modeling to improve discrimination 

in early stages [14,15]. 

Several studies validated their models by 

comparing their performance to expert clinical 

judgment. Zhou et al. reported an intraclass 

correlation coefficient of 0.98 and a mean 

localization error of less than 0.4 mm, highlighting 

the strong agreement between AI and clinical 

observation [11]. Similarly, other authors 

emphasized that training on databases with high 

inter-observer concordance enhances model 

robustness, which is essential for clinical 

implementation [10,14]. 

Automating CVM analysis using AI not 

only reduces evaluation time but also decreases the 

subjectivity and variability inherent to manual 

analysis. This could have a direct impact on the 

standardization of orthodontic diagnostics and on 

therapeutic decision-making based on more 

reproducible criteria[7,9]. 

Despite these advances, certain 

methodological limitations must be considered. 

Many studies used local or private datasets with 

moderate sample sizes and limited ethnic or age 

diversity, restricting the generalizability of the 

models. Furthermore, some studies lacked external 

validation, which is key to determining the real 

clinical applicability of these tools[6]. In their 

systematic review, Rana et al. pointed out the lack 

of methodological uniformity as a significant 

barrier to building strong evidence in this field 

[15]. 

It is also important to note that most 

current models have been trained on 2D images. 

Although they have demonstrated high 

performance, the use of 3D models could further 

enhance sensitivity and specificity, particularly in 

intermediate or atypical stages. The evolution 

toward 3D analysis systems and their integration 

with other clinical and anthropometric variables 

represents a challenge for researchers [11,16]. 

Beyond orthodontic applications, some 

authors have proposed using these models in 

forensic contexts, as tools for estimating the age of 

undocumented individuals, which broadens the 

potential impact of these technologies. Moreover, 

incorporating AI into clinical digital platforms 

could enable the development of real-time 

diagnostic support systems, facilitating decision-

making even in settings with limited access to 

specialists[7,12,15]. 

Future research in this area should focus 

on multicenter validations using heterogeneous 

data, performance evaluation in clinically relevant 

subgroups, integration with other diagnostic 

modalities, and the assessment of real clinical 

impact[14,15]. 

 

V. CONCLUSION 
Artificial intelligence has emerged as a 

promising complementary tool for the evaluation of 

cervical vertebral maturation, offering greater 

accuracy, speed, and standardization in orthodontic 

diagnosis compared to traditional methods. 

Machine learning techniques—particularly 

convolutional neural networks—have demonstrated 

high concordance with expert evaluators and strong 
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capabilities in identifying advanced maturation 

stages, which is especially relevant for planning 

orthopedic treatments in orthodontics. 

However, significant challenges remain 

regarding methodological standardization, 

algorithm generalizability across different 

populations, and effective integration into daily 

clinical practice. Further multicenter studies with 

large and diverse samples are needed to assess not 

only diagnostic accuracy, but also clinical 

applicability, cost-effectiveness, and practitioner 

acceptance to establish the true utility of these 

technologies. 

Ultimately, the findings of this review 

support the use of artificial intelligence as a 

valuable aid in the evaluation of cervical vertebral 

maturation, with potential applications not only in 

orthodontics but also in interdisciplinary fields 

such as forensic medicine and teledentistry. 

Continued research with rigorous methodology and 

clinical validation will be essential to fully expand 

its diagnostic potential. 
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