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Abstract
Background  Digital cephalometric analyses, including those assisted by artificial intelligence (AI), are widely used 
in clinical practice. Similarly, computer-assisted learning has demonstrated teaching outcomes comparable to 
those of traditional methods in orthodontic education. However, the potential application of digital and AI-assisted 
cephalometric training in the preclinical education of orthodontic students remains unexplored. Cephalometric 
analysis is a fundamental skill for orthodontic students and practitioners. Therefore, this study aimed to integrate 
digital and AI-assisted cephalometric training into preclinical orthodontic education and evaluate its educational 
effectiveness.

Methods  Forty undergraduate students were grouped into pairs to use digital cephalometric training software. The 
students’ landmarking abilities were evaluated by comparing their total scores before and after training on the same 
two lateral radiographs using digital cephalometric training software. The effectiveness of the software in improving 
landmarking accuracy was assessed objectively. Lateral radiographs of eight common patient types were selected. 
Twenty-four clinical training students from different grades used an AI-assisted cephalometric platform to analyze 
skeletal, dental, and soft tissue indicators. The accuracy of the measurements was compared among students in 
different grades.

Results  Digital cephalometric training, through real-time feedback and visual error-correction mechanisms, enabled 
students to quickly identify and correct errors in landmarking, significantly improving their accuracy. There was no 
significant difference in AI-assisted cephalometric analysis ability among students with varying levels of clinical 
experience.

Conclusions  Digital cephalometric training effectively enhances students’ landmarking accuracy in preclinical 
orthodontic education. AI-assisted cephalometry has the potential to minimize performance disparities among 
students with varying levels of clinical experience. Owing to the real-time feedback and self-directed learning features 
of digital tools, these technologies serve as valuable supplements to instructor-led training, potentially reducing 
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Introduction
The application of digital technology (DT) in modern 
dentistry has become increasingly widespread, signifi-
cantly affecting various aspects, including patient diagno-
sis, prosthetic design, clinical crown preparation, and the 
exchange and storage of patient data [1]. Implementing 
DT enhances communication efficiency and treatment 
quality and substantially improves patient experience [2]. 
However, traditional teaching methods remain dominant 
in dental education, posing challenges to the widespread 
adoption of digital learning [3]. High-quality digital train-
ing is crucial for producing graduates with advanced 
technical competencies [2]. Therefore, integrating DT 
into dental education, particularly through promoting 
and applying computer-assisted learning (CAL), is vital 
for enhancing educational quality.

With the rapid advancement of DT, its application in 
orthodontics has gradually become widespread and is 
emerging as a mainstream trend in professional develop-
ment [4]. DT is now extensively used at various stages, 
including malocclusion analysis, treatment planning, and 
the production of orthodontic appliances [5]. Technolo-
gies such as 3D scanning and 3D printing have enabled 
the creation of personalized invisible aligners and cus-
tomized archwires. Visualizing orthodontic treatment 
plans has significantly improved communication between 
clinicians and patients, reducing procedure time [6]. In 
particular, using artificial intelligence (AI) in dentistry 
has significantly improved dental imaging and ortho-
dontics [7]. AI applications in orthodontics span several 
areas, including assessing bone age, performing cepha-
lometric analysis, automatically segmenting cone-beam 
computed tomography (CBCT) images, and analyzing 
big data on tooth movement in treatment design [8].

CAL has proven to be as effective as traditional learn-
ing methods in orthodontic education related to diagno-
sis and treatment planning [9]. Additionally, integrating 
DT into graduate education significantly enhances stu-
dents’ learning satisfaction [6]. Research has investigated 
the effectiveness of digital software in teaching cephalo-
metric measurements, with findings indicating favorable 
outcomes and high acceptance [10]. However, despite the 
widespread clinical use of digital cephalometry, including 
AI-assisted cephalometric analysis [8], no studies have 
explored its potential application in preclinical education 
for orthodontic students.

Digital cephalometric analysis is essential for orth-
odontic students and practitioners. Therefore, exploring 
the application of digital cephalometric analysis and AI-
assisted cephalometric teaching in preclinical orthodon-
tic education can overcome the limitations of traditional 
teaching methods while effectively cultivating students’ 
digital diagnostic skills. This study aimed to integrate 
digital cephalometric analysis into preclinical orthodon-
tic education, systematically and objectively evaluate 
students’ learning outcomes using a digital teaching and 
assessment platform, and advocate for its broader adop-
tion in educational and clinical settings.

Methods
Digital cephalometric training
The instructor began by using a PowerPoint (Microsoft, 
WA, USA) presentation to explain the landmark points 
for various cephalometric analysis methods, detailing 
the clinical significance and precise positioning of each 
landmark. Subsequently, the students were trained using 
digital cephalometric software (Uceph, Chengdu, China). 
Specifically, the training software included preloaded 
lateral radiographs with predefined “correct positions” 
for various landmark points. The students used lateral 
radiographs A and B (Fig. 1) for the test. When a student 
clicked on a landmark, the system assigned a score based 
on the distance between the selected point and its “cor-
rect position,” with a score range of 0–10, wherein closer 
proximity to the correct position led to a higher score. 
After completing all the landmarks, the system automati-
cally generated a total score for the radiograph, repre-
senting the student’s initial landmarking ability.

The training function of the head-shadow measure-
ment software was then activated. When locating differ-
ent marking points on lateral radiograph C, the software 
visually indicated the “correct position” using a circle 
around the landmark. Students could adjust their land-
marks until they were close to the “correct answer.” Once 
the training was completed, the students reassessed their 
skills by relabeling lateral radiographs A and B, and a new 
total score was generated (Fig.  2). Forty undergraduate 
students from the School of Stomatology at Southern 
Medical University were divided into pairs for cepha-
lometric landmarking. Each pair measured two lateral 
radiographs, and the total scores for landmark identifi-
cation before and after training were recorded. By com-
paring the total scores before and after training, the 

educators’ workload and accelerating skill acquisition in novice orthodontic students. However, these preliminary 
findings require further multicenter validation and long-term educational assessments while also considering the 
ethical implications of these technologies.
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Fig. 2  The students’ landmarking score was recorded after the Cephalometric Landmarks Training

 

Fig. 1  The students’ landmarking score was recorded before the Cephalometric Landmarks Training
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effectiveness of the digital cephalometric training soft-
ware in improving students’ landmarking abilities was 
objectively evaluated.

AI-assisted cephalometric training
Lateral radiographs of patients receiving orthodontic 
treatment at Southern Medical University Dental Hospi-
tal in 2024 were collected. Based on the experience and 
recommendations of senior practitioners, patients were 
selected according to the following diagnoses: crowd-
ing, spacing, class III malocclusion, deep overbite, class 
II malocclusion, open bite, deep bite, bimaxillary protru-
sion, and crossbite. One patient was included for each 
diagnosis. The instructor first explained the operation 
of the AI-assisted cephalometric platform (Linkedcare, 
Shanghai, China) to the students, including how to locate 
landmarks, modify the landmark positions, and access 
measurement data for various cephalometric analysis 
methods. During the cephalometric analysis phase, 24 
students undergoing clinical training at the Stomatology 

Hospital of Southern Medical University were divided 
into three groups based on their year of training (first, 
second, and third grade). Students from different grades 
used the AI-assisted automatic landmark recognition 
feature to identify cephalometric landmarks on lateral 
radiographs of eight classic cases. The system provided 
an initial set of automatically identified landmark posi-
tions, which students reviewed and adjusted based on 
their judgment (Fig. 3). Upon completion, a comprehen-
sive analysis of skeletal, dental, and soft tissue indicators 
was performed and the results were recorded using a 
questionnaire, which was designed with standard score 
values for all answers (the questionnaire is provided in 
the Supplementary Material). After submission, the sys-
tem automatically generated specific scores for each case. 
By comparing these scores, the accuracy of the measure-
ments obtained through the AI-assisted cephalometric 
analysis was evaluated for students of different grades.

Fig. 3  AI-assisted cephalometric landmarking platform
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Statistical analysis
Statistics were calculated using SPSS 20.0 (IBM, Armonk, 
NY, USA) software. All the data are represented as 
mean ± standard deviation. Group comparisons were 
conducted using the paired t-test or one-way analysis of 
variance. Since multiple comparisons were not involved 
in this study, the significance level (α) was set at 0.05. 
A p-value of less than 0.05 is considered statistically 
significant.

Results
Digital cephalometric training significantly improves 
landmarking skills
The application of digital cephalometric landmark train-
ing in preclinical orthodontic education has not been 
previously explored. This study examined the use of digi-
tal cephalometric landmark training in preclinical orth-
odontic education to assess its effectiveness in enhancing 
students’ landmarking skills. CAL, which provides real-
time feedback and error correction, was used for this 
purpose. Students initially performed digital landmark-
ing, followed by practice sessions using digital software 
that provided real-time prompts to correct the “accurate 
position” of landmarks. After completing the training, 
the students underwent reassessment, and their pre- and 
post-training scores were compared. The findings indi-
cated that the average total score before training was 
154.7, which significantly increased to 174.6 after train-
ing (Fig. 4). This improvement was statistically significant 
(p < 0.001) and demonstrated that digital cephalometric 

training effectively and efficiently enhanced the students’ 
landmarking abilities.

These findings highlight the potential of digital train-
ing methods in orthodontic education. By providing 
real-time feedback and a visual error correction mecha-
nism, these methods enabled students to quickly identify 
and address deficiencies in their landmarking processes, 
potentially reducing educators’ workload and acceler-
ating skill acquisition in novice orthodontic students. 
Future research should explore the application of digi-
tal training across various educational stages and teach-
ing contexts to evaluate its long-term effectiveness and 
applicability.

AI-assisted cephalometric landmarking reduces technical 
sensitivity
The application of AI-assisted cephalometric analysis 
in preclinical orthodontic education remains underex-
plored. This study utilized AI-assisted cephalometric 
analysis to perform landmarking on lateral radiographs 
of common clinical case types and evaluated differences 
in diagnostic accuracy for skeletal, dental, and soft tissue 
indicators among students of different grades using the 
AI landmarking tool.

As illustrated in Fig.  5, the findings revealed that 
although the average score of advanced students was 
slightly higher, the differences between the three groups 
were not statistically significant (p > 0.05). Introducing 
DT, particularly the application of AI assistance, reduced 
subjective errors in diagnostic analysis and lowered 
technical sensitivity (minimizing the variation in cepha-
lometric analysis proficiency among operators with vary-
ing levels of clinical experience). Given the limitations of 

Fig. 5  AI-assisted cephalometric landmarking scores

 

Fig. 4  Cephalometric landmarks training scores
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the sample size, the results of AI-assisted cephalometric 
training should be interpreted with caution. The students’ 
primary task was to verify and adjust the landmarking 
results generated by AI, rather than starting from scratch, 
to identify and measure complex landmarks. This stream-
lined process simplified the analysis workflow, enabling 
students of different grades to achieve relatively accurate 
diagnoses, regardless of their clinical experience.

These findings suggest that AI-assisted cephalometry 
has the potential to reduce the skill gap between students 
with varying levels of expertise. This highlights the value 
of DT in helping beginners quickly acquire diagnostic 
proficiency.

Discussion
This study aimed to integrate digital cephalometric anal-
ysis into preclinical orthodontic education and systemati-
cally evaluate student learning outcomes using a digital 
teaching and assessment platform. The findings demon-
strated that digital cephalometric training significantly 
and rapidly improved students’ landmark accuracy. In 
the AI-assisted cephalometric analysis, there was no sig-
nificant difference in the accuracy of students in different 
grades, which highlights the positive application value of 
digital cephalometric training and AI-assisted cephalo-
metric measurement in the preclinical education of orth-
odontic students.

Conventional preclinical cephalometric training 
involves several steps. First, instructors presented theo-
retical concepts through slide-based lectures. Subse-
quently, they conducted landmarking exercises using 
either prerecorded videos or live demonstrations on 
specially prepared paper templates [11]. Students then 
practiced independently, and their assignments were 
graded by the instructor. This traditional approach is 
widely employed in many dental education institutions 
and has been proven effective in preclinical training [12]. 
However, this method has certain significant limitations. 
First, traditional training requires substantial human 
resources and a single instructor is often responsible for 
supervising multiple students. Additionally, the grad-
ing process requires considerable time, which further 
increases the teaching workload. Second, traditional 
assessment methods often lack objectivity and consis-
tency. Because grading relies on an instructor’s per-
sonal judgment, significant variability may occur in the 
evaluation of the same task by different instructors [12]. 
This variability is influenced by factors such as instruc-
tor experience, evaluation criteria, and subjective biases 
[3]. Studies have revealed that internal consistency of the 
traditional evaluation methods does not reach the mini-
mum acceptable standard. Additionally, the consistency 
between the raters is significantly lower than the internal 
consistency of the raters. Even the same instructor may 

assign inconsistent grades to the same assignment at dif-
ferent times [13]. Lastly, owing to limited teaching time, 
instructors often struggle to provide timely and detailed 
feedback on each student’s work. This lack of feedback 
can leave students without clear guidance for improve-
ment and may lead to disagreements between students 
and instructors regarding grading outcomes [12]. With-
out real-time feedback, students frequently struggle to 
identify their deficiencies during landmarking exercises 
and are unable to adjust their techniques promptly, which 
can adversely impact their learning outcomes.

Image quality issues affect the judgment of ortho-
dontists who lack experience in cephalometric analy-
sis. In contrast, fully automated software significantly 
reduces the errors caused by subjective bias during land-
mark identification [14]. Additionally, digital software 
improves image clarity by dynamically adjusting the gray-
scale and contrast of radiographs, making details that are 
difficult to discern on printed paper more visible [10]. 
Automated measurement can improve work efficiency; 
the required time is only half that time of manual land-
marking [15]. Studies have revealed that digital auto-
matic measurement methods are more efficient and less 
time-consuming, while offering accuracy comparable to 
or better than manual methods [10]. However, research 
has shown that AI-automated cephalometric tracing can 
be slower and less accurate than human operators with 
respect to specific measurements, suggesting that its 
reliability varies depending on the context and variables 
assessed [16]. This underscores the importance of train-
ing students to critically evaluate AI output, as demon-
strated in our study. Furthermore, digital systems enable 
students to engage in repeated practice until the desired 
proficiency is achieved. The inclusion of real-time feed-
back minimizes the need for one-on-one instruction 
and fosters self-directed learning among students. Digi-
tal teaching methods can enhance student learning 
efficiency and effectively reduce the workload of educa-
tors [17], aligning with the findings of our study. It was 
observed that due to the immediate feedback capability 
of digital tools and their support for independent learn-
ing, students’ performance in landmark identification 
tasks improved rapidly, potentially alleviating teachers’ 
workload. This underscores the value of digital tools in 
modern orthodontic education.

Studies indicate that digital intraoral scanning allows 
students with limited clinical experience to produce 
models of comparable quality to those created using 
traditional alginate impressions. These findings high-
light the potential value of introducing DT early in den-
tal hygiene education [18]. Our study demonstrated 
that digital cephalometric analysis significantly reduced 
landmarking errors among students in different grades. 
Both advanced and junior students can make relatively 
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accurate diagnoses using this technology. These findings 
suggest that digital systems reduce technical sensitivity, 
allowing inexperienced students and less experienced 
orthodontists to achieve relatively precise measurements 
with AI assistance. This highlights the potential of DT to 
support beginners in rapidly gaining proficiency. Such 
advantages not only enhance educational outcomes but 
also allow orthodontic students and early-career practi-
tioners to allocate more time to treatment planning and 
monitoring, thereby improving treatment efficiency. 
Additionally, owing to the superior image analysis accu-
racy of AI compared to that of less experienced den-
tal practitioners [19], AI-assisted teledentistry enables 
easy sharing of patient data, remote monitoring of orth-
odontic treatment progress, evaluation of treatment 
outcomes, and timely provision of consultation [5, 20]. 
Our findings suggest that digital teaching methods sup-
port novice orthodontic students in rapidly improving 
their cephalometric skills, with potential clinical value in 
remote dental consultations.

Given the numerous advantages of digital analysis plat-
forms, the feasibility of adopting online digital education 
and remote learning in orthodontic courses warrants fur-
ther investigation. Currently, most dental training insti-
tutions employ teacher-centered instructional models. 
However, traditional teaching methods often encourage 
rote memorization, resulting in suboptimal learning out-
comes [21]. During the coronavirus disease 2019 pan-
demic, many dental training institutions experimented 
with online teaching formats. Although the number of 
participants in online dental prosthodontics courses 
has significantly increased, studies have revealed lower 
student progress and course completion rates [22]. The 
correlation between remote learning and poor academic 
performance has raised concerns among academics and 
educational regulators regarding the quality of remote 
education [23]. Studies indicate that while both stu-
dents and instructors exhibit a high level of acceptance 
of online teaching models, traditional foundational den-
tal education remains a cornerstone of the curriculum 
[24]. Balancing the proportion of online digital education 
with hands-on practical training has therefore become 
a critical challenge in dental education. A consensus 
among many studies suggests that combining traditional 
methods with CAL is more effective in enhancing den-
tal skills [25]. Specifically, educators are encouraged to 
adopt a hybrid teaching strategy: face-to-face instruction 
should be prioritized for the development of practical 
skills, while theoretical content can be delivered through 
remote education [26]. This leverages the strengths of tra-
ditional teaching while taking full advantage of the con-
venience and flexibility of digital education. It provides 
students with a more comprehensive learning experience, 

ultimately enhancing their overall competence in dental 
practice.

From the instructors’ perspective, while DT offers 
convenience to students, it may lead to a lack of deep 
understanding of key concepts, such as the definitions of 
measurements and their clinical significance. In contrast, 
traditional measurement methods not only enhance stu-
dents’ hands-on skills but also reinforce their retention 
of relevant knowledge [10]. Additionally, some educa-
tors have expressed concerns about the high initial costs 
associated with creating digital learning materials, which 
remain a significant barrier to the widespread adoption 
of digital teaching methods [27]. From the students’ per-
spective, they generally recognize the advantages of AI 
tools in terms of diagnostic speed, objectivity, and reduc-
ing misdiagnosis rates. They also acknowledge the indis-
pensable role of AI tools in dental practice and advocate 
the inclusion of AI-related courses in dental education 
[28, 29]. However, students disagree with the idea that 
AI can replace dentists and prefer that instructors assess 
their technical skills [3, 30]. Students value recording 
lectures and clinical procedures, acknowledging that 
personalized guidance and feedback from instructors 
cannot be entirely replaced by digital simulators. Instruc-
tors are responsible for imparting knowledge and skills, 
playing a crucial role in transmitting experiential insights 
and serving as professional role models through their 
clinical expertise and behavior. This direct guidance and 
influence is essential for students’ development, under-
scoring the significant responsibility educators bear in 
shaping the next generation of dentists [31]. Most stu-
dents acknowledge that traditional teaching methods 
remain indispensable for cultivating critical thinking and 
self-assessment skills. These abilities are fundamental to 
the educational process and are essential for the effective 
application of knowledge in daily clinical practice. Rely-
ing solely on DT may not adequately fulfill these needs 
[13]; therefore, a teaching approach combining DT with 
traditional methods is essential. This model balances the 
convenience of technology with the depth of traditional 
instruction, providing students with a comprehensive 
and well-rounded learning experience.

AI tools have limitations. On one hand, their accuracy 
is influenced by factors such as the choice of AI model, 
the clarity of radiographs, and the quality of training 
data, which can compromise diagnostic precision and 
potentially pose a risk to patient safety [32]. On the other 
hand, the integration of AI in dentistry continues to raise 
ethical concerns related to patient privacy and data secu-
rity [19]. These limitations highlight the need for contin-
ued research to optimize the application of digital tools 
in both education and clinical practice. Despite these 
issues, a North American study revealed that 56.1% of 
orthodontic program directors had already implemented 
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or planned to integrate AI-related teaching into their 
curricula [33]. Researchers generally agree that human 
expertise remains irreplaceable, particularly in areas 
such as empathy, ethical considerations, and the ability 
to interpret complex information that AI may not fully 
understand [28]. The current consensus is that AI will 
serve as a complementary tool to clinical expertise and 
skills, rather than a replacement [19].

This study included student cohorts spanning different 
educational levels, from undergraduate preclinical stages 
to postgraduate clinical practice, which significantly 
enhanced the diversity and reliability of the findings. 
To our knowledge, this is the first study to explore the 
application of digital cephalometric landmarking train-
ing, and AI-assisted cephalometric analysis in preclinical 
education. We aimed to advance and refine orthodontic 
education through digital innovations that align with 
contemporary developments, and offer a modernized 
teaching model for orthodontic training. This study had 
some limitations. First, considering that we only col-
lected data from currently enrolled clinical training stu-
dents, the sample size was relatively small. As a result, 
the findings from AI-assisted cephalometric training 
may lack statistical power. Therefore, the results should 
be interpreted with caution, and the sample size should 
be increased in future studies to enhance the represen-
tativeness and generalizability of the findings. Second, 
the lack of strict requirements for student measurement 
time may have led to performance bias among individual 
students, including cases of underachievement or over-
achievement, potentially affecting the accuracy of the 
findings. Third, the study provides limited insight into 
students’ attitudes toward the integration of digital tech-
nologies into the curriculum, failing to fully assess their 
acceptance of these tools and their impacts on learning 
outcomes. This may partially hinder a comprehensive 
evaluation of the advantages and disadvantages of digi-
tal technologies in orthodontic education. Future plans 
include exploring a hybrid model that combines AI-gen-
erated feedback with personalized instructor guidance. 
Multicenter validation will be conducted to assess the 
generalizability of the findings. A long-term educational 
outcome evaluation framework will be designed to track 
student progress and assess skill retention and clini-
cal translation during clinical internships. Emphasis will 
be placed on ensuring that students have a solid under-
standing of the ethical considerations related to digital 
technologies and AI, ensuring their safe and responsible 
use.

Conclusion
Digital cephalometric training effectively enhances stu-
dents’ landmarking accuracy in preclinical orthodontic 
education. AI-assisted cephalometric has the potential 

to minimize performance disparities among students 
with varying levels of clinical experience. Owing to the 
real-time feedback and self-directed learning features 
of digital tools, these technologies serve as a valuable 
supplement to instructor-led training, potentially reduc-
ing educators’ workload and accelerating skill acquisi-
tion in novice orthodontic students. This highlights the 
positive application value of digital cephalometric train-
ing and AI-assisted cephalometric measurement in the 
preclinical education of orthodontic students. How-
ever, these preliminary findings require further multi-
center validation and long-term educational assessments 
while also considering the ethical implications of these 
technologies.
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