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Featured Application: 3D-printed metal surgical guides offer several advantages (open-frame,
stability) over traditional resin guides. This proof-of-concept study demonstrates the feasibility
and the potential use of such guides during endodontic microsurgery procedures.

Abstract: Thanks to recent advances, printed surgical guides are now fully integrated into digital
workflows and are beneficial in terms of accuracy in endodontic microsurgery (EMS). The aim of this
study was to evaluate the accuracy of new 3D-printed surgical metal guides (SMGs) with open-frame
structures in an endodontic surgical simulation model ex vivo based on a pig jaw. Twenty-nine
roots were included. SMGs were produced using 3D implant planning software and printed using
cobalt-chrome and a laser sintering printer. The SMGs were designed to allow for surgical access at
3 mm from the apex of each root. Virtual planning and postoperative CBCT scans were compared by
analysing the apical and angular deviations. To test for deviations equal to zero, a one-sample test
was used. The differences between the virtually planned implant and the actual position of the drill
path were statistically significant for five SMGs on the eight produced guides, whereas there were
no differences for the three others. The mean apical deviation was 3.2 mm ± 1.7 using SMGs, and
the angular deviation was measured at 3.10 degrees ± 2.37. Although deviations were observed, the
results demonstrate the feasibility and the potential for such guides during EMS procedures.

Keywords: apicoectomy; 3D-printed template; cone beam computed tomography; endodontics;
guided surgery

1. Introduction

Endodontic microsurgery (EMS) is one of the treatment options for endodontically
treated teeth with unresolved periapical lesions, anatomically complex roots, and cases of
iatrogenic accidents. One major challenge during EMS is ensuring adequate visual and
instrumental access to the root apex. This is especially important in scenarios in which
lesions have not yet perforated the cortical plate.

Some studies have reported that tooth position has an influence on the success rate.
In particular, the lower molars have been reported to have a lower success rate than other
teeth due to their visual and instrumental access difficulties [1,2]. Other challenges include
avoiding the risk of complications and iatrogenic problems such as pain, swelling, bleeding,
and nerve injuries. When performing EMS, management of vital anatomic structures and
the adjacent root apex is crucial (including the inferior alveolar nerve, sinus, nasal cavity,
greater palatine artery, and mental foramen) [3]. Lastly, minimizing the size of the access
window to the apex has been correlated with better healing outcomes [4].

To improve the accuracy during EMS, surgical guides have recently been intro-
duced [5]. Surgical guides have traditionally been used in implantology since 2002 [6].
The placement of dental implants is more accurate and predictable when using a surgi-
cal guide with computer-aided design and computer-aided manufacturing (CAD-CAM)
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technologies than freehand surgery [7–9]. Thanks to advances in technologies including
stereolithography, optical scanning, cone beam computed tomography (CBCT), and 3D
printing, surgical printed guides are now fully integrated in digital workflows and have
become easy to produce [10–13].

Several case reports indicate that using 3D-printed surgical guides during EMS allows
for more accurate surgical access without the risk of damaging vital structures [1,14,15]. All
of these printed surgical guides are made of autoclavable, biocompatible resin. They cover
the teeth and gums over the entire arch or half of the arch for stability [5,16]. Although
transparent, such guides are made to be thick to compensate for fragility, which leads to
visual disturbance and a need to insert a sleeve.

To overcome these drawbacks and facilitate the sterilization process and irrigation
during surgery, surgical metal guides (SMGs) using cobalt-chrome with laser sintering
have recently been designed and introduced in dental surgery [17]. The goal is to make
guided surgery faster, easier, and more accurate [18–20]. Current concepts of removable
partial dentures (RPDs) are focused on biomechanical aspects such as stability, retention,
and mechanical resistance. To achieve these goals, RPDs are usually made with metal, and
the current metal of choice is cobalt-chrome [21,22]. This metal offers several advantages,
such as lightweight, solidity, and the possibility of performing guided surgery without
a sleeve.

This study introduces a new 3D-printed cobalt-chrome SMG with open-frame structure
that may be used for EMS. This SMG fits around teeth, and stability is primarily achieved
with metal contacts between the teeth and the metal framework of the guide according to
current concepts of RPDs. The application of such concepts to surgical guides is new, and
to our knowledge, there are no published cases or studies evaluating this type of guide for
EMS. Before considering its clinical use, its feasibility and accuracy must be assessed. The
purpose of this study was to evaluate the accuracy of 3D-printed SMGs in comparison to
virtual planning in an endodontic surgical simulation model ex vivo using a pig jaw. To
assess the accuracy of the surgical guides, virtually planned implants were compared to
bone drilled with SMGs in terms of apical and angular deviations. The main hypothesis
was that there would be no significant statistical differences between virtually planned
implants and drill paths after surgery. The resulting information is a first step in validating
the accuracy of 3D-printed metal endodontic surgical guides.

2. Materials and Methods
2.1. Study Design

The study protocol was reviewed and approved by the Nantes School of dentistry
(IR.NU.ENDO.01). The use of pig jaws followed the school’s regulations. Mandibles
were removed from the animals and cleaned in an abattoir according to our instructions.
Only healthy samples with unimpaired teeth, gingival tissues, and alveolar mucosa were
selected. The mandibles of pigs were used. In addition to crowns of teeth, two metallic
screws were fixed in each mandible in order to serve as landmarks for matching optical
scans and radiography. The total of 29 roots included: 4 roots for mandibles 1 to 6, 3 roots
for mandible 7, and 2 roots for mandible 8. The number of roots selected depended on root
proximities, technical feasibility for the guides, and distances from the landmark screws
fixed in each mandible. The mandibles were maintained in a refrigerator with no fixatives.
Prior to laboratory use, the frozen mandibles were maintained at room temperature until
the tissues were soft and pliable. Figure 1 depicts the workflow diagram of the whole
procedure from start to finish.
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Figure 1. Workflow diagram of the study design.

2.2. Experimental Procedure

Preoperative CBCT scans of all jaws were obtained with an Orthophos XG 3D CBCT
unit (Dentsply Sirona, York, Pennsylvania, USA) with an 8 cm × 8 cm field of view
and a 0.16-mm voxel size. The parameters were 85 kV, 6 mA, and an exposure time of
14.2 s. Images were stored as Digital Imaging and Communication (DICOM) files. Optical
impressions of the teeth were taken using a CARESTREAM CS3600 scanner (Carestream,
New York, NY, USA), and data were stored as a stereolithography (STL) file. The datasets
obtained from the digital workflow were uploaded to the 3D implant planning software
3Shape Implant Studio (3 Shape, Copenhagen, Denmark). The software was used to design
a virtual template by matching the 3D surface scan and CBCT data while aligning the key
points of the crowns of the teeth.

Virtual implant planning was performed by placing four virtual implants on each side
of a pig jaw (STRAUMAN implant diameter 2.5 mm; length 12 mm or 10 mm depending on
the situation). The target was the middle of each root at 3 mm above the apex. The virtual
implants were inclined at the nearest angle of 80–90 degrees to the dental axis. The surgical
guide was designed and fabricated by laser sintering using a 3D printer (Pro X DMP
200 dental, 3D systems, Riom, France; laboratory BONGERT, La Roche sur Yon, France).
Depth control was achieved by adjusting the thickness of the guide so that when the
surgical drill (length 17 mm, diameter 1.9 mm; ASTRA TECH, Implant System EV) was
sunk into the head of the handpiece, it would access 3 mm from the apex of each root with
control of the depth to the lingual surface of the root. SMGs were printed in cobalt-chrome,
and the design followed current concepts of RPDs to increase stability (Figure 2a–c).
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Figure 2. Planification of the 3D-printed surgical metal guide. Eight virtual surgical guides were
designed using 3D implant planning software 3Shape Implant Studio. (a) Occluso-buccal and
(b) occluso-lingual views showing one example of the virtual surgical guide in yellow and the optical
scan of the mandible pig jaw in blue. (c) The different SMGs were 3D-printed in cobalt-chrome.

On the night before surgery, the bones were thawed slowly at 4 ◦C and then maintained
at room temperature. The cheek muscles were retracted to improve visual and instrumental
access. Using a sterile no. 15 blade, an intrasulcular incision was extended across 1–2 teeth
mesially and distally from the study tooth. This was followed by a vertical release incision
mesially. A full-thickness mucoperiosteal flap was then created to expose the bone, and
the guides were placed over the occlusal surface of the teeth. Guided osteotomy was
performed using a 1.9 mm-diameter, 17 mm-long drill and irrigated with water. The drill
speed was 10,000 RPM, and the procedure was performed using a pecking motion until the
drill stopped (Figure 3a–d).
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Figure 3. Guided surgery using SMG on pig jaw mandible. (a) The adjustment was checked in order
to control the stability of the SMG. (b) After flap resection, the SMG was placed over the occlusal
surface of the teeth. (c) The drill was driven through the metal sleeve until it reached the determined
stop. (d) The final situation shows four drilled paths through the bone.
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2.3. Measurement Procedure

After guided surgery, postoperative CBCT scans were taken of each side of the pig
jaw with the same settings as the preoperative scans. Using the software BlueSkyPlan
4 (BlueSkyBio, Libertyville, IL, USA), the drill path was automatically segmented via a
slice-by-slice method and transformed into a three-dimensional virtual model. As a next
step, STL files of the drill path and initial planning were superimposed using 3Shape
Implant Studio by aligning the crowns of each tooth. The CBCT analysis used a specific
algorithm to minimize the relative distance according to an interactive process of the files
matching, guaranteeing accurate and repeatable overlaying. Following the alignment
process, a mean error value was calculated using the distance of the points between the
two surfaces (from the STL and the DICOM files), which were considered acceptable when
less than 0.1–0.15 mm.

To compare the result of the osteotomy with the plan in terms of the deviation of the
principal axes, the deviation of each drill path created with the SMGs and initial planning
was measured in 3 dimensions. To calculate the Euclidean distances, the following formula
was used: √

x2 + y2 + z2

where x, y, and z are the sagittal, coronal, and axial distances between the end of the drill
path created with the SMGs and the end of the preplanned virtual implant, respectively
(Figure 4a–e). The angular deviation was defined as the angle closed by the principal axes
of the aligned models in degrees. All measurements were repeated three times.
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Figure 4. Determination of the measurement deviation calculation and angular deviation at the
level of the apex. (a) The preoperative 3D reconstruction of the pig jaw shows the virtual implants
in direction of the targeted root apices. (b) The illustration shows the calculation of the apical
deviation of the tip of the virtual implant in comparison with the actual drilled path. (c) Sagittal view,
(d) coronal view, and (e) axial view of the superposition between the virtual planned implant (green)
and the actual drill path (orange).The green circle represents the implant’s safety zone. The blue line
shows the main axis of the implant. The dark green line represents the panoramic curve.
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2.4. Statistical Analysis

Statistical calculations were performed using statistical software (GraphPad Prism,
San Diego, CA, USA). To test for deviation equal to zero, a one-sample t test was used.
Deviations were summarized using the mean, minimum, maximum, median, and standard
deviation and the corresponding 95% confidence interval (CI). All tests were 2-sided, and
p = 0.05 was considered statistically significant.

3. Results

A total of 29 implants were planned, and eight SMGs were printed. A summary of
the deviation in each case is presented in Table 1. The mean differences between planned
and actual positions of the drill path were significantly different for the outcome apical
deviation (p < 0.05). The differences between the virtually planned implant and the actual
position of the drill path were statistically significant for SMGs 1, 2, 3, 4, and 5, whereas
there was no difference for SMGs 6, 7, and 8. The mean apical deviation was 3.2 mm ± 1.7
using SMGs.

Table 1. Statistic summary of the deviation between the planned and the actual paths for each of the
3D-printed surgical metal guides.

n Apical Deviation

Mean Min Max Median SD 95% CI LL 95% CI UL p

SMG 1 4 2.38 1.55 3.11 2.43 0.77 1.55 3.11 0.0087
SMG 2 4 4.90 2.67 6.38 5.28 1.66 2.67 6.38 0.0097
SMG 3 4 4.24 2.46 6.58 3.95 1.72 2.46 6.58 0.016
SMG 4 4 4.85 3.8 5.67 4.97 0.92 3.08 5.67 0.0019
SMG 5 4 3.75 2.65 5.87 3.24 1.51 2.65 5.87 0.0156
SMG 6 4 1.25 0.77 2.56 0.83 0.87 0.77 2.56 0.0646
SMG 7 3 1.99 1.2 3.14 1.6 1.01 1.23 3.14 0.076
SMG 8 2 1.86 1.24 2.47 1.86 0.86 1.24 2.47 0.2025
Total 29 3.28 0.77 6.58 2.97 1.76 2.61 3.95 <0.001

The apical deviations between the preoperatively planned and actual drill paths are expressed with mean,
minimum, maximum, median, and standard deviation for each 3D metal guide (in millimeters). SMG: 3D-printed
surgical metal guides; n, number of virtual implant planned; min, minimum; max, maximum; med, median;
SD, standard deviation; LL: lower level, UL: upper level.

The mean deviation in the sagittal plane was 1.59 ± 1.43 mm (median: 1.46, min: 0.33,
max: 6.26; t(7) = 3.741, p = 0.0073). In the frontal plane, the mean deviation was 2.00 ± 1.28 mm
(median: 1.93, min: 0.00, max: 5.10; t(7) = 5.902, p = 0.0006). In the axial plane, the mean
deviation was 1.37 ± 1.15 (median: 0.90, min: 0.20, max: 4.30; t(7) = 4.114, p = 0.0045).

The angular deviation (in degrees) between the estimated and realized holes with
the 3D-printed surgical guide was 3.10 degrees ±2.37 (median: 2.79 min: 0.08, max: 10.69;
t(7) = 6.824, p = 0.0002).

4. Discussion

Guided endodontic microsurgery is becoming recognized as more accurate than
freehand surgery [5,16]. Guides evolve to best adapt to the clinical situation and are being
improved with technical developments. The present study has proposed a new design for a
printed SMG, and its accuracy was evaluated using a model ex vivo. Two parameters were
assessed: the accuracy of the most apical point of the drill path and the angular deviation.
These two parameters are often chosen in studies because they are easily identifiable and
present reliable information concerning the assessment of the difference between the actual
results and virtual planning.

The angular deviation is an important parameter because it determines the root-
end resection and whether all of the accessory canals can be resected [23]. Using SMGs,
the angular deviation was 3.1 ± 1.3 degrees. Data related to the angular deviation are
very scarce. Only one study has reported an overall angulation of 3.95 degrees (95% CI:
2.1–5.9 degrees) using a trephination guide for endodontic surgery [14]. This result is in
accordance with our results.
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Of note, the angular deviation has been evaluated in multiple implantology studies.
Pettersson et al. compared the deviation between the position of virtually planned implants
and the position of implants placed with a printed surgical guide in a human cadaver [24].
The mean angular deviation of the mandible was 2.26 degrees (range: 0.24–11.74 degrees;
95% CI: 2.01). Younes et al. reported a mean angular deviation of 2.30 ± 0.92 degrees [7].
Benheke et al. analysed the factors influencing the accuracy of a printed surgical guide for
implant placement and reported a mean angular deviation of 2.25 degrees (0.07–5.82 degrees)
for the mandible [25].

The overall mean deviation between the most apical points planned and those per-
formed with the surgical guide were superior to previous studies performed using human
mandibles and resin guides. Pinsky et al. found a mean deviation of 0.79 ± 0.33 mm [5] and
Ackerman et al. obtained a mean deviation of 1.47 ± 0.75 mm for the same parameters [16].
These results may be explained because of the variation between the different SMGs. Three
out eight of the different SMGs did not express any statistical difference between the most
apical points planned and those performed with the surgical guide, whereas the others
expressed quite high values. One explanation for the variation could be that several drill
paths (up to four) were achieved with the same guide to maximize the number of roots in
the study to be compared. Schelbert et al. observed that multiple implants placed with the
same guide showed higher mean deviations than single implants [26]. This has also been
observed by Widmann et al. in 2006 [27].

Previous studies have used preoperative and postoperative CBCT scan datasets to
measure angular deviation [16,28]. However, a limitation exists in this protocol because all
software has an internal error which is different from the real measurement. CBCT scan
datasets may differ due to different orientations of objects. In our study, a specific guide was
created to correctly position the jaws. A “scan body” of the implant placed in the drilled
path could have been used to allow for the addition of scan datasets. However, this method
requires the body scans to be stable in the drilled path. The distance measurements were
manually calculated by two blinded observers (an endodontist and a general practitioner
familiar with the software). Although this methodology was based on a preliminary study,
this may have led to small errors in the calculations. The use of computer software to auto-
matically calculate the deviation between planned and performed drill path by registering
preoperative and postoperative CBCT scans may be relevant for future studies [29].

Nowadays, most guide systems are using resin 3D-printed surgical guides with metal
sleeves for drill guidance. However, these resin 3D-printed surgical guides have some
limitations. Common issues reported with surgical guides are lack of fit and stability,
limited irrigation possibilities, and the lack of visibility due to the intrinsic volume of
the guide [30,31]. Today, there are alternatives to this approach for 3D-printed surgical
guides or guided surgery systems [17,32]. Thanks to the development of the relevant
technology, in particular for partial denture removal due to a need to improve precision
and the satisfaction of patients, the cost of such guides recently decreased to be comparable
with resin guides. The advantage of the SMG is the open frame that allows visibility and
irrigation while maintaining stability.

Interestingly, SMGs offer the advantage to potentially eliminate the sleeves. The
presence of the sleeve, in fact, forces the surgeon to use long drills available only in surgical
kits specifically dedicated to guided surgery. Tallarico et al. showed that surgical guides
without metallic sleeves were more accurate than a conventional guide with a metallic
sleeve [18]. Although sleeves were used in this study, one of the advantages of a metal
guide is that it is possible to use it without a sleeve, thus avoiding this bias [17]. The next
step will be to design, produce, and assess SMGs without sleeves.

This study was a proof of concept using a simple ex vivo model. Although the model
did not fully replicate conditions in vivo (pig teeth are larger than human teeth and tooth
shapes decrease the stability of the guide), this ex vivo model offers advantages. The
bone density of a young pig jaw is similar to that of a human mandible [33]. According to
Behneke et al., this is a crucial factor when assessing the accuracy of a surgical guide [25].
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This simulation model is easy to handle and cost-effective, and different experiments
may be performed (CBCT, histology) because repeated freeze-thaw cycles do not alter
the bone [34].

5. Conclusions

To the best of our knowledge, this study is the first to consider the use of 3D-printed
surgical metal guides from the perspective of EMS applications. Before translation to
human therapy, further studies should be conducted to determine their predictability
and to compare with traditional resin guides. This proof-of-concept study demonstrates
its feasibility in an ex vivo model and suggests the potential for such guides during
EMS procedures.
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