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Abstract Background/purpose: Quantitative in vitro research was conducted on the learning
process of a dynamic navigation system. This study provides guidance for the promotion and
application of dynamic navigation technology in the endodontic apical surgery field.
Materials and methods: Standardized models were designed and 3D printed to form the
approach operation of endodontic apical surgery. 6 clinicians with no experience in dynamic
navigation performed the operation. The distance deviation tolerance was set as 0.6 mm,
and the angle deviation tolerance was set as 5°. Fifteen mm deep approach operation was
completed using dynamic navigation. Each operator performed 10 consecutive exercises on
the models. The positioning deviation and operation time of each operator for each practice
were recorded. Based on this, the learning curve of the dynamic navigation of every operator
was mapped. The learning difficulty of dynamic navigation was evaluated.

Results: The learning curves of all operators reached a stable level after the 7th practice,
which can ensure that the distance and angle deviations are maintained within the deviation
tolerances (0.6 mm, 5°).
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Conclusion: Operators with no experience in dynamic navigation technology need practice to
master dynamic navigation operations. For this navigation system, operators with no opera-
tional experience can master dynamic navigation operations after 7 exercises.

© 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Endodontic apical surgery is an important method to pre-
serve affected teeth."? Endodontic apical microsurgery has
a higher success rate than traditional endodontic apical
surgery and is currently widely used by dentists.> However,
the effect of endodontic apical microsurgery highly de-
pends on the surgeon’s experience, and young doctors
require a long learning process for performing endodontic
apical surgery, so they have difficulty performing complex
surgeries in their early career stages.”

As a new personalized digital medical technology, dy-
namic navigation enables real-time localization of a moving
target by measuring parameters related to the position of
the target, and correctly guides the target to its destination
along a predetermined route from the point of
departure.®”’ Studies have shown that applying dynamic
navigation in maxillofacial surgery can reduce the depen-
dence on operation experience, improve surgical precision,
and reduce the risks and difficulty of surgery.5~'°

Recently, the applications of dynamic navigation in the
stomatology field have gradually shifted from operating
room to chair-side operations."’™"® However, in applica-
tions of dynamic navigation in the same treatment, the
accuracy achieved varies widely among different stud-
jes.’* "¢ Ppossible reasons include the fact that the
anatomical structures to be localized were not standard-
ized across different studies and that the experience of
operators varied across different studies. Applications of
dynamic navigation in endodontic apical surgery are often
discussed in case reports.”” 2% Investigation of the learning
curve is of great significance for promoting the dynamic
navigation in endodontic apical surgery. However, to our
knowledge, the learning difficulty of its application in
endodontic apical surgery has not been reported, and no
research has been conducted to instruct the learning of
dynamic navigation in endodontic apical surgery.

To address the above problems, a standardized model for
accurately evaluating the dynamic navigation used in end-
odontic apical surgery was designed in this study. The learning
curve of dynamic navigation was drawn, providing a reference
for the promotion of dynamic navigation technology.

Materials and methods

Computer-aided design and 3D printing standard
models

A standardized model for evaluation of operation accuracy
using dynamic navigation in endodontic apical surgery was

designed using Rhino 7 software (McNeel, Seattle, WA,
USA). Referring to a related study, the sample size for a
single experimenter was set as 10.'® We designed a cube
that can accommodate 15 mm-deep hemispherical cavities
as simulated apical lesions with intact cortical bone in
endodontic apical surgery. Each hemispherical cavity has a
diameter of 5 mm to accommodate our chosen 4.5 mm
diameter trephine (Changsha Tiantian, Changsha, China).

The data of the model were exported in stereo-
lithography (STL) format and printed using an Objet30
Prime printer (Stratasys, Eden Prairie, MN, USA) in glossy
mode with VeroClear resin (Stratasys).

Access planning

Silicone rubber impression material (HUGE, Shanghai,
China) was used to fix the alignment device into the
reserved groove on the model. Then, the model was scan-
ned with cone beam computed tomography (CBCT, New
Tom VGi, QR Corporation, Verona, ltaly; layer thickness
125 pm, FOV 8 x 8 cm, 110 kV, 4.00 mA). The CBCT data
saved in DICOM format were imported into the dynamic
navigation system (DCARER, Suzhou, China). An implant
with the same diameter as the trephine was selected in the
software for the access design.

The planned trephine position was achieved by adjusting
the implant in the sagittal and axial planes according to the
following criteria: (1) the frontmost part of the implant
reached the front of the hemisphere; (2) the angle between
the implant and the outer surface of the model was set to 90°.

The handpiece was calibrated into the dynamic naviga-
tion system (Fig. 1A). The reference plate was connected to
the model through a fixation device (Fig. 1B). The cali-
brated handpiece was used to match the model with the
CBCT data through the alignment device (Fig. 1C).

Learning process of dynamic navigation

Six endodontics residents with no experience in dynamic
navigation were selected as operators. 0.6 mm-5° was set
as the maximum distance-angle deviation tolerance. When
the screen showed that the distance or angle deviation was
greater than the set tolerance, the operators must imme-
diately stop and correct the operation (Fig. 1D and E). The
operators must stop drilling any deeper when the indicated
depth reached 0.0 mm.

According to a research on learning difficulty of dynamic
navigation,?' each operator performed 10 consecutive
learning sessions. For each operator per operation learning,
the time from the start of drilling to the completion of the
entry was recorded.
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Mesial

Distance: 0.2 mm

Figure 1

Angle: 2.9°

The surgical procedure under the dynamic navigation. (A) The handpiece was calibrated into the dynamic navigation

system through the reference plate. (a) The handpiece, (b) the reference plate. (B) The alignment device was fixed on the model
using silicone rubber impression material, the model was fixed on a table, and the reference plate was fixed on the model. (c) The
alignment device, (d) the model. (C) The calibrated handpiece was used to match the model with the CBCT data through the
alignment device. (D) The access operation under the dynamic navigation. (E) The distance and angle deviation displayed by the

dynamic navigation system.

An evaluator evaluated the effectiveness of each oper-
ator during the access operation. The evaluation index was
divided into two aspects as follows.

Positioning accuracy: The evaluator recorded the magni-
tude of the distance and angle deviation displayed by the
navigation system for every 1 mm of depth during the
operation.

Operation efficiency: The evaluator recorded the time
needed to reach the target position from the start of
drilling.

Drafting the learning curve for dynamic navigation
technology

Postoperative CBCT was performed according to the preop-
erative conditions. The DICOM data were imported into
MIMICS 21 (Materialise, Glen Burnie, MD, USA) to reconstruct

the postoperative models. The access for each approach was
fitted by an evaluator in Geomagic Control software (Geo-
magic, Morrisville, NC, USA) based on the reconstructed
models. The deviations between the planned and actual ac-
cess were evaluated. The 2D distance deviation (horizontal
projection of the distance deviation between the actual and
planned path at the deepest point), 3D distance deviation,
depth deviation, angle deviation, and initial position devia-
tion were calculated according to the previous literature.”??

The learning curves were drafted according to post-
operative analysis and intraoperative observations: (1) the
variation in the 2D distance deviation, 3D distance devia-
tion, depth deviation, angle deviation, initial position de-
viation and operation time for each operation of the 6
operators; (2) the distance and angle deviation displayed by
the navigation system in real time for every 1 mm depth
during each operation of the 6 operators.

2249



S.-M. Liu, L. Peng, Y.-J. Zhao et al.

Results

The learning curve of the variation for each index of the 6
operators is shown in Fig. 2. The 2D distance deviation, 3D
distance deviation, depth deviation, angle deviation and
operation time wusing dynamic navigation gradually
decreased with the increase of practice times and leveled
off at the end of the learning curve. After learning and
practicing on the models for endodontic apical surgery, the
accuracy exhibited by the 6 operators was close. The re-
sults showed that the 6 operators achieved smoother curves
after different numbers of practice sessions, and all oper-
ators reached smooth curves in each evaluation index after
the 7th practice session.

The results of this study show that different operators
have different learning speeds and styles, and therefore,
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each operator has a different learning curve. Operator 1
and Operator 3 had the highest 3D distance deviations
among all operators. Operator 1 exhibited a significantly
higher maximum depth deviation than the others in the
2nd practice. However, the positioning deviations of
Operator 1 and Operator 3 decreased significantly with
the increase of practice times. For example, the 3D dis-
tance deviation of Operator 1 decreased from 0.83 mm to
0.56 mm, and that of Operator 3 decreased from 0.87 mm
to 0.50 mm. The positioning deviation of Operator 2
fluctuated greatly for the first five practices and leveled
off after the 7th practice. In addition, Operator 2’s angle
deviation was always within 3° except for that of the 2nd
operation. However, this operator spent the most time
among all operators to maintain a smaller angle deviation,
and the time was significantly higher than that of the
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Figure 2 The learning curve of the variation for each index of the 6 operators using dynamic navigation. (A) 2D distance devi-
ation, (B) Depth deviation, (C) 3D distance deviation, (D) Angle deviation, (E) Initial position deviation, (F) Operation time.

2250



Journal of Dental Sciences 19 (2024) 2247—2255

other operators. His pursuit of a smaller angle deviation
did not make his 3D distance deviation smaller than that
of the other operators. The positioning deviations of
Operator 5 and Operator 6 decreased significantly as they
continued practicing, and the curves leveled off after the
6th and 7th practice sessions. Operator 4 was the most
rapid learner and could control the 3D distance deviation
within 0.53 mm after the 4th operation. After the 7th
operation, there were no significant differences between
Operator 4 and the other operators, indicating that after
learning, different operators had similar levels of mastery
of dynamic navigation techniques.

The distance and angle deviation values displayed by the
navigation system in real time for every 1 mm of depth of
the trephine were recorded for each of the 6 operators
during each operation. The dynamic navigation learning
curve of each operator was plotted for the 1st, 3rd, 5th, 7th
and 10th practice sessions (Fig. 3). The distance and angle
deviation values displayed by the navigation system were
within the deviation tolerances (0.6 mm, 5°) after the 7th
practice. The deviation was always less than the deviation
tolerances for the 8th to 10th exercises.

As the number of exercises increased, the positioning
accuracy and operation time of the operators under dy-
namic navigation guidance were significantly optimized.
The 3D distance deviation of all operators was analyzed for
the 7th to 10th operation. One-way ANOVA was used to
conduct intergroup analysis on the 6 operators (F = 2.606,
P = 0.061 > 0.05). After the 7th exercise, the 3D distance
deviation between different operators no longer exhibited
significant differences.

Discussion

It is significant to study the learning curve of dynamic
navigation technology. Unlike static guides restricting the
direction and position of the drilling by mechanical
structures,?>~2¢ dynamic navigation relies heavily on direct
manipulation by the operator.”” Operation under dynamic
navigation guidance requires watching the screen while
performing. A stable operation with dynamic navigation
requires adequate practice to adapt to the unique oper-
ating posture and to the extra tracker weight on the
handpiece.?%%°

Previous studies have suggested a correlation between
the mastery of dynamic navigation techniques and the
number of practice sessions.?'-*%3" |t was shown that stu-
dents majoring in implantology with no experience in dy-
namic navigation exhibited significant reductions in
positioning deviation and operation time after five sessions
of training compared to their first sessions. Although the
results showed that the learning curve of the operator’s
positioning accuracy leveled off after practice, the abso-
lute value of the positioning deviation fluctuated between
1.5 mm and 2 mm.?' This positioning deviation value is
undoubtedly too large for endodontic apical surgery that
requires a root-end resection of 3 mm. This result is
because the deviation tolerance of the navigation was not
limited, and the operator adjusted the implantation di-
rection and angle only when the deviation was large. In

2251

fact, in this study, if the tolerances were set to 0.9 mm-7°
(default tolerance of system), most of the inexperienced
operators would be considered to have mastered the nav-
igation technique after 2 to 3 practices. In our preliminary
study, the influence of distance and angle deviation
tolerance on the positioning accuracy of dynamic naviga-
tion was explored using 3D-printed models, which showed
that the deviation tolerance suitable for endodontic apical
surgery using dynamic navigation was recommended to be
0.6 mm-5°.

During the operation, the deviation tolerances were set
as 0.6 mm-5°. It has been indicated that the positioning
accuracy using dynamic navigation decreases as the drilling
depth increases.*> And a drilling depth of 5—15 mm can
cover that of posterior tooth endodontic apical surgery.*>
Thus, a drilling depth of 15 mm was chosen to simulate
one of the most difficult clinical situations. When an
operator could maintain the positioning deviation within
deviation tolerances (0.6 mm-5°) throughout the 15 mm
drilling depth, and could continuously maintain this devia-
tion in the three following experiments, the operator was
considered to have initially mastered the dynamic
navigation-guided operation on the models for endodontic
apical surgery. The results showed that after the 7th
practice, all operators were able to keep their deviations
within the tolerance, as was the case in the subsequent
three practices, and no significant differences were found
between these operators and the skilled operators in our
previous study.>?

In this study, the actual postoperative trephine path was
fitted in Geomagic Control software. The positioning ac-
curacy was analyzed by comparing the deviation of the
actual path with the planned path. 2D distance deviation,
3D distance deviation, depth deviation, angle deviation and
initial position deviation were used as evaluation indexes.
This is a commonly used method in the field of endodontic
research on dynamic navigation.®%2

Each evaluation index has a corresponding practical
clinical significance. For dynamic navigation-guided end-
odontic apical microsurgery, a smaller 2D distance devia-
tion indicates a smaller positioning deviation in the
proximal and distal directions, reducing the risk of
damaging important anatomical structures such as adjacent
tooth roots or mandibular canals. A smaller depth deviation
indicates a smaller deviation in the penetration depth in
the buccal and lingual directions, reducing the risk of
damage to the palatal bone plate or injury to the maxillary
sinus and reducing damage to healthy tissues during the
surgical process. A smaller 3D distance deviation and angle
deviation indicate that the surgical process is more accu-
rate in locating and removing the root end and closer to the
surgical target of vertically removing the root end by 3 mm.
A smaller initial position deviation indicates a smaller
positioning deviation on the bone surface, allowing the
operator to accurately plan the surgical path and avoid
mental foramen or uneven bone tissue on the surface of the
buccal bone plate.

The learning curve for dynamic navigation was divided
into two aspects in this study: intraoperative observation,
which is deviation displayed by the dynamic navigation
software, and postoperative analysis, which is deviation
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Figure 3 Influence of learning times on the positioning accuracy of different drilling depths under the guidance of dynamic
navigation. (A1, A2) Distance and angle deviation for operator 1, (B1, B2) Distance and angle deviation for operator 2, (C1, C2)
Distance and angle deviation for operator 3, (D1, D2) Distance and angle deviation for operator 4, (E1, E2) Distance and angle
deviation for operator 5, (F1, F2) Distance and angle deviation for operator 6.

analyzed according to CBCT data. The actual deviation First, there were errors in the CBCT process. Previous
from postoperative analysis is often greater than the de- studies indicated that there was a deviation between CBCT
viation displayed by the dynamic navigation software dur- reconstructed data and real data, and the magnitude of the
ing the operation for the following reasons. deviation was related to the imaging range of CBCT.>* The
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Figure 3

deviation of CBCT data impacts the positioning results.
Second, there were errors in the calibration and registra-
tion process of the dynamic navigation technology, which

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Drilling depth(mm)

F2 = 1stpractice
7th practice

e 3rd practice - 5th practice
e 1 Oth practice == == tolerance

(continued).

were the systematic errors of the dynamic navigation
technology itself, affecting the positioning deviation of the
dynamic navigation technology.'??2:3%3¢ Third, there were
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errors in the operation process. The trephine vibrates in the
process of drilling into the models. The tracking device of
the navigation system can track only the real-time position
of the end of the handpiece. The continuous vibration of
the top of the trephine makes the actual drilling position
and angle different from those of the situation without vi-
bration. Furthermore, the guidance of dynamic navigation
lagged behind the operation. After the deviation exceeded
the allowable range, the operator needed to capture the
change information and stop the operation, while the di-
rection and position deviation of the trephine were outside
the tolerance before the operation was stopped. The
common results of these three errors caused the actual
drilling error to be larger than the positioning deviation
value displayed by the navigation.

In conclusion, the goal of this study was to guide the pro-
motion of dynamic navigation techniques in endodontic apical
surgery. The learning difficulty and the learning curve of dy-
namic navigation in endodontic apical surgery were explored
for the first time. The results suggested that operators without
experience in dynamic navigation must practice to master
dynamic navigation operations. For this navigation system,
those without experience can master dynamic navigation
operations after 7 exercises under the conditions of this study.
Dynamic navigation technology still has some shortcomings,
such as the need to wear special devices to take CBCT, the
heavier weight of the handpiece with the tracker, and the
complex operation process. In the future, dynamic navigation
should be continuously improved, including lightweight and
simplified upgrades to optimize the operating experience, and
evaluation of the dynamic navigation in clinical applications
should also be conducted.

Declaration of competing interest

The authors declare no conflicts of interest associated with
this manuscript.

Acknowledgments

The study was supported by both Peking University School
and Hospital of Stomatology grant (PKUSSNKP-202119) and
Hygiene and Health Development Scientific Research
Fostering Plan of Haidian District Beijing (HP2023-12-
509003).

References

1. Setzer FC, Kratchman SI. Present status and future directions:
surgical endodontics. Int Endod J 2022;55:1020—58.

2. Kohli MR, Berenji H, Setzer FC, Lee SM, Karabucak B.
Outcome of endodontic surgery: a meta-analysis of the
literature-part 3: comparison of endodontic microsurgical
techniques with 2 different root-end filling materials. J Endod
2018;44:923-31.

3. Floratos S, Kim S. Modern endodontic microsurgery concepts.
Dent Clin North Am 2017;61:81—91.

4. Curtis DM, VanderWeele RA, Ray JJ, Wealleans JA. Clinician-
centered outcomes assessment of retreatment and endodontic
microsurgery using cone-beam computed tomographic volu-
metric analysis. J Endod 2018;44:1251—6.

5. Aldahmash SA, Price JB, Mostoufi B, et al. Real-time 3-
dimensional dynamic navigation system in endodontic micro-
surgery: a cadaver study. J Endod 2022;48:922—9.

6. CecchettiF, DiGirolamo M, Ippolito DG, Baggi L. Computer-guided
implant surgery: analysis of dynamic navigation systems and
digital accuracy. J Biol Regul Homeost Agents 2020;34:9—17.

7. Wu BZ, Ma FF, Sun F. Analysis of the accuracy of a dynamic
navigation system when performing dental implant surgery
with transcrestal sinus floor elevation: a pilot study. J Dent Sci
2023;18:1747-55.

8. Jain SD, Carrico CK, Bermanis I, Rehil S. Intraosseous anesthesia
using dynamic navigation technology. J Endod 2020;46:1894—900.

9. Torres A, Boelen G, Lambrechts P, Pedano MS, Jacobs R. Dy-
namic navigation: a laboratory study on the accuracy and po-
tential use of guided root canal treatment. Int Endod J 2021;
54:1659—67.

10. Mezger U, Jendrewski C, Bartels M. Navigation in surgery.
Langenbeck’s Arch Surg 2013;398:501—14.

11. Somogyi-Ganss E, Holmes HI, Jokstad A. Accuracy of a novel
prototype dynamic computer-assisted surgery system. Clin
Oral Implants Res 2015;26:882—90.

12. Panchal N, Mahmood L, Retana A, Emery R. Dynamic navigation
for dental implant surgery. Oral Maxillofac Surg Clin N Am
2019;31:539—47.

13. Kuo PJ, Lin CY, Hung TF, Chiu HC, Kuo HY. A novel application
of dynamic guided navigation system in immediate implant
placement. J Dent Sci 2022;17:354—60.

14. Gambarini G, Galli M, Morese A, et al. Precision of dynamic nav-
igation to perform endodontic ultraconservative access cavities:
a preliminary in vitro analysis. J Endod 2020;46:1286—90.

15. Jonaityte EM, Bilvinaite G, Drukteinis S, Torres A. Accuracy of
dynamic navigation for non-surgical endodontic treatment: a
systematic review. J Clin Med 2022;11:3441.

16. Janabi A, Tordik PA, Griffin IL, et al. Accuracy and efficiency of
3-dimensional dynamic navigation system for removal of fiber
post from root canal-treated teeth. J Endod 2021;47:1453—60.

17. Gambarini G, Galli M, Stefanelli LV, et al. Endodontic micro-
surgery using dynamic navigation system: a case report. J
Endod 2019;45:1397—1402.e6.

18. Chen C, Zhang R, Zhang W, et al. Analysis of the accuracy of a
dynamic navigation system in endodontic microsurgery: a
prospective case series study. J Dent 2023;134:104534.

19. Fu W, Chen C, Bian Z, Meng L. Endodontic microsurgery of
posterior teeth with the assistance of dynamic navigation
technology: a report of three cases. J Endod 2022;48:
943-50.

20. LuYJ, Chiu LH, Tsai LY, Fang CY. Dynamic navigation optimizes
endodontic microsurgery in an anatomically challenging area. J
Dent Sci 2022;17:580—2.

21. Xu Z, Zhou L, Zheng M, et al. The effect of implant surgery
experience on the learning curve of a dynamic navigation
system: an in vitro study. BMC Oral Health 2023;23:89.

22. Jain SD, Carrico CK, Bermanis I. 3-dimensional accuracy of
dynamic navigation technology in locating calcified canals. J
Endod 2020;46:839—45.

23. Connert T, Zehnder MS, Weiger R, Kiihl S, Krastl G. Microguided
endodontics: accuracy of a miniaturized technique for apically
extended access cavity preparation in anterior teeth. J Endod
2017;43:787—-90.

24. Lara-Mendes STO, Barbosa CDFM, Machado VC, Santa-Rosa CC.
A new approach for minimally invasive access to severely
calcified anterior teeth using the guided endodontics tech-
nique. J Endod 2018;44:1578—82.

25. Ahn SY, Kim NH, Kim S, Karabucak B, Kim E. Computer-aided
design/computer-aided manufacturing-guided endodontic
surgery: guided osteotomy and apex localization in a mandib-
ular molar with a thick buccal bone plate. J Endod 2018;44:
665—70.

2254


http://refhub.elsevier.com/S1991-7902(24)00053-9/sref1
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref1
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref1
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref2
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref3
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref3
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref3
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref4
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref4
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref4
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref4
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref4
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref5
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref5
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref5
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref5
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref6
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref6
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref6
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref6
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref7
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref7
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref7
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref7
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref7
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref8
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref8
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref8
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref9
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref9
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref9
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref9
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref9
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref10
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref10
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref10
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref11
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref11
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref11
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref11
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref12
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref12
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref12
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref12
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref13
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref13
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref13
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref13
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref14
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref14
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref14
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref14
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref15
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref15
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref15
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref16
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref16
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref16
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref16
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref17
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref17
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref17
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref17
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref18
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref18
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref18
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref19
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref19
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref19
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref19
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref19
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref20
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref20
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref20
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref20
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref21
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref21
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref21
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref22
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref22
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref22
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref22
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref23
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref23
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref23
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref23
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref23
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref24
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref24
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref24
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref24
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref24
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref25

Journal of Dental Sciences 19 (2024) 2247—2255

26.

27.

28.

29.

30.

31.

Peng L, Zhao J, Wang ZH, Sun YC, Liang YH. Accuracy of root-
end resection using a digital guide in endodontic surgery: an
in vitro study. J Dent Sci 2021;16:45—50.

Wang F, Wang Q, Zhang J. Role of dynamic navigation systems
in enhancing the accuracy of implant placement: a systematic
review and meta-analysis of clinical studies. J Oral Maxillofac
Surg 2021;79:2061—70.

Geo TD, Saxena P, Gupta S. Static vs. dynamic navigation for
endodontic microsurgery - a comparative review. J Oral Biol
Craniofacial Res 2022;12:410—2.

Zhan Y, Wang M, Cheng X, Li Y, Shi X, Liu F. Evaluation of a
dynamic navigation system for training students in dental
implant placement. J Dent Educ 2021;85:120—7.

Wang X, Liu L, Guan M, Liu Q, Zhao T, Li H. The accuracy and
learning curve of active and passive dynamic navigation-guided
dental implant surgery: an in vitro study. J Dent 2022;124:
104240.

Golob Deeb J, Bencharit S, Carrico CK, et al. Exploring training
dental implant placement using computer-guided implant

32.

34.

35.

36.

2255

navigation system for predoctoral students: a pilot study. Eur J
Dent Educ 2019;23:415—23.

Liu SM, Zhao YJ, Wang XY, Wang ZH. In vitro evaluation of
positioning accuracy of trephine bur at different depths by
dynamic navigation. J Peking Univ (Heal Sci) 2022;54:146—52.

. Kang SH, Kim BS, Kim Y. Proximity of posterior teeth to the

maxillary sinus and buccal bone thickness: a biometric
assessment using cone-beam computed tomography. J Endod
2015;41:1839—46.

Baumgaertel S, Palomo JM, Palomo L, Hans MG. Reliability
and accuracy of cone-beam computed tomography dental
measurements. Am J Orthod Dentofacial Orthop 2009;136:
19-25.

Luebbers HT, Messmer P, Obwegeser JA, et al. Comparison of
different registration methods for surgical navigation in cranio-
maxillofacial surgery. J Cranio-Maxillo-Fac Surg 2008;36:
109—16.

Grunert P, Darabi K, Espinosa J, Filippi R. Computer-aided
navigation in neurosurgery. Neurosurg Rev 2003;26:73—99.


http://refhub.elsevier.com/S1991-7902(24)00053-9/sref26
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref26
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref26
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref26
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref27
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref27
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref27
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref27
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref27
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref28
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref28
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref28
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref28
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref29
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref29
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref29
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref29
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref30
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref30
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref30
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref30
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref31
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref31
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref31
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref31
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref31
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref32
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref32
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref32
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref32
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref33
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref33
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref33
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref33
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref33
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref34
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref34
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref34
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref34
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref34
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref35
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref35
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref35
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref35
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref35
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref36
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref36
http://refhub.elsevier.com/S1991-7902(24)00053-9/sref36

	The learning curve of a dynamic navigation system used in endodontic apical surgery
	Introduction
	Materials and methods
	Computer-aided design and 3D printing standard models
	Access planning
	Learning process of dynamic navigation
	Drafting the learning curve for dynamic navigation technology

	Results
	Discussion
	Declaration of competing interest
	Acknowledgments
	References


