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Abstract

Introduction: Apicectomy is an endodontic surgical procedure prescribed for persistent
periapical pathologies when conventional root canal therapy or retreatment have failed.
Accurate intraoperative visualization of the root apex and surrounding structures remains
challenging and subject to possible errors. Augmented reality (AR) allows for the addition
of real-time digital overlays of the anatomical region, thus potentially improving surgical
precision and reducing invasiveness. The purpose of this pilot study is to describe the
application of an AR method in cases requiring apicectomy. Materials and Methods: Pa-
tients presenting with chronic persistent apical radio-translucency associated with pain
underwent AR-assisted apicectomy. Cone-beam computed tomography (CBCT) scans were
obtained preoperatively for segmentation of the target root apex and adjacent anatomical
structures. A custom visual–inertial odometry (VIO) algorithm was used to map and stabi-
lize the segmented digital 3D models on a portable device in real time, enabling an overlay
of digital guides onto the operative field. The duration of preoperative procedures, was
recorded. Postoperative pain measured by a Visual Analogue Scale (VAS), and periapical
healing assessed with radiographic evaluations, were recorded at baseline (T0) and at
6 weeks and 6 months (T1–T2) after surgery. Results: AR-assisted apicectomies were suc-
cessfully performed in all three patients without intraoperative complications. The digital
overlap procedure required an average of [1.49 ± 0.34] minutes. VAS scores decreased
significantly from T0 to T2, and patients showed radiographic evidence of progressive
periapical healing. No patient reported persistent discomfort at follow-up. Conclusion:
This preliminary pilot study indicates that AR-assisted apicectomy is feasible and may
improve intraoperative visualization with low additional surgical time. Future larger-scale
studies with control groups are needed to validate the method proposed and to quantify the
outcomes. Clinical Significance: By integrating real-time digital images of bony structures
and root morphology, AR guidance during apicectomy may offer enhanced precision for
apical resection and may decrease the risk of iatrogenic damage. The use of a visual–inertial
odometry-based AR method is a novel technique that demonstrated promising results
in terms of VAS and final outcomes, especially in anatomically challenging cases in this
preliminary pilot study.
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1. Introduction
Augmented reality (AR) is an increasingly adopted technology that superimposes dig-

ital computer-generated elements onto the real-world environment. Its usage in medicine
gained popularity for providing clinicians with enhanced 3D guiding elements during sur-
gical and operative procedures [1,2]. Recent advances in mobile devices and high-definition
visualization have led to significant advantages in the usage of AR in the dental field, with
applications including the procedures of implant planning, endodontics, and maxillofacial
interventions [3–6]. Among the category of extended realities (XRs), AR has the capacity
to merge real-time patient imaging with digitally rendered models or guides, while still
allowing the operator to see the physical operative field [7,8].

Among the field of guided surgeries, there are different alternatives such as 3D-printed
guides or robotic-driven surgeries. Previous studies investigated the use of 3D-printed
guides in guided endodontics and found that they can achieve highly precise access cavity
preparation, especially in cases of severe pulp canal obliteration. By virtually planning the
drilling path on CBCT data and fabricating custom guides, researchers reported minimal
coronal and apical deviations, resulting in a safe and predictable treatment option [9–11].
However, despite providing great advantages and redefining the golden standards, the
method requires an additional visit for the patient to produce the guide, and advanced 3D
technical skills or the support from of a specialized laboratory is needed. Also, the clinical
space needed for the 3D-printed guides is not always optimal and is difficult to measure in
advance. In posterior teeth or when patients exhibit limited mouth opening, the physical
guide may not seat properly, complicating its adaptation. The workflow usually requires
an additional visit for guide design and printing, which can add both cost and time to
the treatment process. Similarly, recently proposed robotic surgeries have been associated
with high initial costs [12–14]. Also, until now, only a few case reports are available in
the literature.

Apicectomy, which is the procedure defining root-end resection, remains a core en-
dodontic surgery for treating persistent periapical pathologies that fail to solve with con-
ventional root canal therapy or re-treatments. Despite considerable advancements in
magnification and ultrasonic instruments and, in general, in the field of endodontics, varia-
tions in root canal morphology, restricted surgical access, and the close proximity of critical
anatomic structures can complicate the procedure, leading to failure [15].

Recent studies found that three-dimensional (3D) imaging and computer-aided naviga-
tion can substantially improve therapeutic outcomes by allowing precise localization of the
root apical point [11]. However, the real usability of some different image-guided modal-
ities has been questioned, and their reliance on additional hardware or time-consuming
planning procedures can be an obstacle to routine clinical usage or urgent treatment care.

Previously, a novel AR approach based on a visual–inertial odometry (VIO) algorithm
proved effective in guiding endodontic access cavities and maxillofacial interventions by
stabilizing patient-specific 3D data in real time over the surgically rigid scene [3–5]. This
technique does not require the need for physical markers, using real-time mapping of
the clinical environment to anchor the digital objects (i.e., segmented CBCT scans) to the
operative field.

Given the previous results, this study preliminarily explores the feasibility of this
method for guiding apicectomy. This report details a preliminary case series using the
same AR-based VIO approach for guided apicectomy. Specifically, we aimed to assess the
feasibility, overall procedure time, patient-perceived pain outcomes, and clinical signs over
time as well as general operator experience. Potentially, the clinical significance of having
a rapidly available system for guided interventions unlocks the possibility for minimally
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invasive guided intervention with safer clinical guidance, without an increase in timing or
costs for the patient.

2. Materials and Methods
2.1. Study Design

The present study was conducted at the Department of Dentistry, Ospedale Maggiore
Policlinico di Milano, The study adhered to the principles outlined in the Declaration of
Helsinki. All patients gave written informed consent, agreeing to the treatment procedures
and the use of their anonymized data for research purposes.

2.2. Participants and Inclusion Criteria

Three patients (two females, one male; aged 18–55 years) presenting with persistent
periapical lesions in anterior or posterior teeth were included over a recruiting period of six
months after passing the inclusion and exclusion criteria. The lesions were confirmed with
periapical radiographs and CBCT imaging. The inclusion criteria consisted of the following:

Radiographic evidence of persistent apical periodontitis despite conventional root
canal therapy. Adequate bone support and root length for apicectomy; absence of active
suppuration or signs of abscess; and no history of allergies to local anesthetics or sedation
agents used in the procedure.

Exclusion criteria included the following: patients with systemic conditions such as
diabetes, usage of pharmaceutics and patients who declined the therapy proposed, those
at risk or suspect of target tooth fracture, uncertainty of apical target, minimal apical
radio-translucency observed, adjacent implants, and low quality of the CBCT scan.

2.3. Digital Images Preparation Protocol

All patients underwent CBCT scanning to capture the target root apex and anatom-
ical landmarks. The DICOM files were segmented in Mimics 22.0 (Materialise, Leuven,
Belgium) by two expert operators with more than 5 years of experience in conducting
research in the field of CBCT segmentation. A threshold-based segmentation protocol was
performed according to the manufacturer’s instructions, isolating the apex and relevant
bony structures, according to previously described segmentation methodology [4]. The
periapical lesion was segmented with a preset threshold (Bone—Adult and Soft Tissues)
including radio-transparent and soft tissues density range. Teeth were segmented under the
corresponding HU saturation levels according to suggested thresholds (Teeth—Permanent)
and superimposed with the intra-oral scans of the patient according to rigid superimposi-
tion by the use of open-source software MeshLab 2023.12 function ICP (Iterative Closest
Point) by a previously described technique [16]. Correct superimposition was assessed
by two different operators until reaching a global superimposition precision of less than
0.1 mm, which can be extracted directly after the superimposition action performed by the
software. When superimposition was judged as satisfying, all the objects were exported
separately in the .stl (standard triangulation language) extension, while maintaining the
co-respective reciprocal position.

2.4. AR Software and Hardware

The obtained surface models (.stl format) were uploaded to a secure dedicated cloud
storage, accessible through personal encrypted credentials given to each operator.

The cloud server was remotely linked to hand-held touch screen smart device used for
the study by Apple (iPad, Apple, Cupertino, CA, USA). A custom AR software application
previously developed by the authors was installed in the device by the use of the TestFlight
app for Apple developers (Apple, Cupertino, CA, USA). The custom software integrates



Appl. Sci. 2025, 15, 12588 4 of 12

a visual–inertial odometry (VIO) algorithm and a multilayered system that allowed us to
selectively display the layers of the segmented files: for example, the operator can display
the roots and hide the crowns or keep visible the periapical lesion only [5].

The software was installed on an iPad (Pro 11, software 14.3, Apple, Cupertino, CA,
USA) portable device, integrated with dual-camera systems and a LiDAR scanner for
real-time precise mapping. By moving the device around the patient’s face, the operator
allowed the software to anchor a series of automatically generated points of interest (POIs)
to the environment [Figure 1]. Once enough POIs were established, the segmented 3D
models were manually aligned with the patient’s visible anatomy and locked in position,
maintaining alignment despite device or patient movement [Figure 2]. The operators
selected for the overlap of the digital images were previously extensively trained by the
creators of the software in 3 different 30 min sessions. The training sessions were performed
by overlapping 3d lego™ models to their physical pieces. After successful overlap was
achieved, 3D-printed versions of the IOS scans were then overlapped.

 

Figure 1. Registration of the POI; markerless automatic registration procedure allows for precise
dynamic overlap with the surgical scene.

2.5. Surgical Procedure

All patients were treated under local anesthesia using (4% Articaine with Adrenaline
1:100,000 or 1:50,000 for better bleeding control). The iPad device was positioned in front of
the surgical field, and the operator visualized the overlapped digital apex and root canal.
The correct overlap was checked in the six degrees of freedom by rotating the device around
the clinical scene in different projections (Figures 3 and 4). A semilunar flap was elevated
to expose the surgical site most proximal to the root’s apex according to the AR guide.
The alveolar bone was carefully removed using a low-speed round bur under copious
irrigation, guided by the superimposed 3D models. The root was resected at least 3 mm
coronal to the apex to cut the apical portion of the root, with a buccal bevel, to grant clinical
view and access. After the resection of the root, a blu methylene with a micro-brush was
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inserted into the surgery zone and over the cut root to highlight the contour of the root,
the main and accessory canal for the retrograde preparation. In the meanwhile, minimal
bone removal as well as a lack of trauma to the neighbour roots and apexes was ensured
(Figure 5). The infra bony lesion was removed carefully, and the residual root was cleaned
through courettes and an ultrasonic scaler. The retrograde preparation was carried out
with ultrasonic diamond tips and a bioceramic root-end filling material was placed. The
flap was sutured with 6–0 sutures, and a postoperative periapical rx was taken to confirm
the resection margin and retrograde filling material location.

 

Figure 2. Initial raw overlap is adjusted by the operator following the contour of the dental elements
previ-ously segmented until satisfactory visual overlap is reached.

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. Overlap of the digital elements is checked in the six degrees of freedom by changing the
orientation of the hand-held device (a). Intra-operative view with AR overlay guiding the phases of
the inter-vention (b).

 

Figure 4. Second case AR overlay.
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Figure 5. Third case, apicectomy of the 1.1.

2.6. Outcome Measures

Operative time: The total procedure time was measured from initial flap elevation to
suture placement. AR overlap time: The duration required to calibrate and lock the 3D
model onto the patient’s anatomy.

Pain assessment: Patients rated their pain levels on a Visual Analogue Scale (VAS;
0 = no pain, 10 = worst pain imaginable) at baseline (T0) and at 6 months (T2) postoperatively.

Healing: Follow-up radiographs/CBCT scans were taken at 6 weeks (T1) and at
6 months (T2) to evaluate periapical healing. Lesion size (mm) and presence of radiopaque
healing were recorded.

Complications: Any adverse events (for example: bleeding, swelling, infection, and
vascular involvement) were checked, as well as the presence of iatrogenic damage to
proximal roots of non-target teeth. The outcomes were measured according to previous
studies [17,18].

2.7. Statistical Analysis

Given the small sample size, statistical analysis was limited to descriptive measures
(mean ± standard deviation).

3. Results
All three patients completed the study without intraoperative or postoperative com-

plications. The AR overlap required an average of [1.49 ± 0.34] min [Figures 3–5]. The
overall surgical time ranged between (27 and 42) min.

Postoperative pain decreased markedly in all patients from a mean VAS score [4 ± 2]
at T0 to [1 ± 1] at T2. Radiographic examinations revealed progressive healing of the
periapical areas, with a clear reduction in lesion size in all cases [Figure 6]. None of the
patients reported persistent swelling or adverse effects. A summary of the main findings
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is presented in [Table 1], including individual case data on apex resection length, final
retrograde filling, and healing status at T2.

 

Figure 6. Radiographic follow-up showing good bone remodelling in the periapical region T0; T1; T2
(a) and T0; T2 (b), and postoperative CBCT showing effective removal of the cystic lesion of the 11
(c) at T1.
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Table 1. Summary of cases, including apex resection length, operative time, and radiographic healing
outcomes.

Patient 1 Patient 2 Patient 3

Target root 1.1 2.5 2.5

Age 18 49 55

Sex Female Male Female

VAS T0 3 4 6

VAS T2 0 0 1

Intervention time 27 37 42

Overlap time 1.10 1.72 1.65

Outcome

Full resolution, no
adiacent root

damage, apical
healing at T1

Pain resolution, no
adiacent root

damage, apical
healing at T1

Great improvement,
no adiacent root
damage, apical

healing

4. Discussion
This case series demonstrates the potential of a visual–inertial odometry (VIO)-based

AR approach for enhancing apicectomy procedures. The previous literature showed the
application of augmented reality in apicectomies, although they were in vitro studies
performed on models [19] or on animal cadavers [20]. Thus, this might be the first in vivo
application of AR for surgical apical procedures.

Although the overall technique is reminiscent of existing image-guided techniques,
the advantages lie in the markerless tracking of the anatomy via LiDAR scanning and the
real-time generation of point clouds. The ability to calibrate and lock the 3D data within
seconds could potentially reduce overall chair-side time compared to other navigation or
static guide protocols, reducing the number of appointments needed, the side planning,
and the costs related to the intervention. Our findings are consistent with prior AR-guided
endodontic or maxillofacial interventions showing significant improvement in surgical
accuracy and reduced operative variability. A few technical clarifications are needed about
the system. Although we tested on expert operators specifically trained with the system, its
development might require further improvements to extend the usability to a wider range
of operators and to reduce the inevitable errors that might be present. Regarding the depth
perception of the apical portion, the AR system provides a three-dimensional alignment
in the six degrees of freedom that does not rely on the two visible planes shown in the
figures only, but the operator is free to roam their vision around the clinical scene freely in
3D. Therefore, once the digital model is stabilized, the operator can visualize the in-depth
position of the root apex by slightly changing the viewing angle of the device. This action
preserves the overlap while revealing additional spatial information. The VIO algorithm
maintains the registration through inertial and LiDAR-based distance estimation, allowing
the operator to visualize the depth of the target structure when the camera is tilted.

In this way, the technique enables a real-time understanding of the tridimensional
position of the apex, which helps to minimize unnecessary bone removal and reduces
traumaticity. The operator can therefore integrate the projected guide with natural depth
cues given by parallax movements, achieving a more comprehensive perception of the
apical anatomy.

We recorded that the alignment procedure added only a low additional time to the
total operative time (1.49 min on average), which may decrease further as the operator
gains experience and manuality with the novel system proposed. In general, according to
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our experience with the technique, the overlap obtained is very useful in the first stages
of the treatment, especially for localizing the correct entrance point. However, during the
procedure the operator might introduce new visual elements into the clinical scene, such as
the handpiece or their own hands. These elements may partially obstruct the cameras and
limit the field of view. Nevertheless, the software was specifically designed to maintain
the original overlap. Visual–inertial odometry, in fact, operates through POI generation
during the pre-surgical phase, together with the internal gyroscope of the iPad and distance
guidance provided by the LiDAR scanner. These components reduce the possibility of
disturbing the positioning of the 3D guide, which could otherwise occur if the camera
becomes completely obscured. However, during prolonged periods in which instruments
or hands cover the scene and obstruct the camera, recalibration should be considered.

The technique relies also on segmentation, a well-established methodology for digi-
talizing the CBCT-derived images. The previous literature showed great results achieved
with the use of 3D-printed guides; however, AR is immediately available and does not
require and additional patient visits [21]. Furthermore, improved intraoperative visualiza-
tion enabled by AR may provide a better preservation of surrounding bone and vascular
structures, and unlock minimally invasive procedures [22].

5. Limitations of the Study
The study was intended to show a potential preliminary feasibility study for AR-

driven apicectomies of previously failed endodontic retreatments. The scope of this study
did not include measurements of the precision or other quantitative bone measurements
of the system proposed. While a previous study assessed the precision of the system
used between 0.51 mm and 0.77 mm with a mean angular deviation of 8.5◦ for in vitro
endodontic canals mini-invasive surgical access, we could not measure the precision under
the circumstances examined. We believe that a CBCT image taken right after the surgery
for each patient, as well as a case–control design would have allowed for a more precise
measurement of the numerical outcomes, but the sample size needed as well as the concerns
due to radioprotection guidelines suggested a more cautious approach. Also, the sample
used was recruited during a period of six months but given the unpredictable flow of
patients requiring apicectomy and the rarity of endodontics failure, we maintained a
relatively small sample. Finally, although AR can provide visually improving guidance, the
success of apicectomy also depends on operator skill, flap management, and the retrograde
sealing technique.

6. Conclusions
Within the limits of this study’s design, AR-assisted apicectomy using visual–inertial

odometry showed promising results. The technique allowed for enhanced surgical visual-
ization and minimal invasiveness observed in the bone structure around the target apex as
well as good patient clinical results. Future investigations with larger samples are needed
to quantitatively assess the outcomes, and to improve the learning curve associated with
AR-assisted apical surgeries.
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