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Abstract: Background: Recently, intraoral scanning (IOS) has been proposed as a new tool to evaluate
the accuracy of static computer-assisted implant surgery (s-CAIS); however, further research is needed
to improve the precision of IOS for full-arch impressions. The purpose of the study was to assess the
accuracy of s-CAIS in an edentulous patient either in vivo or in vitro with two different evaluation
techniques and to investigate if their results are comparable. Methods: A patient with terminal
dentition was selected and four implants were placed using s-CAIS with a bone-supported stackable
template. Segmentation used for designing a template was 3D printed, and then four implants
were placed in the model following the same protocol as for s-CAIS. The model then underwent
cone beam computed tomography (CBCT) and laboratory scanning to evaluate its accuracy. Data
were uploaded to specific software, and accuracy values were automatically generated. Results: A
statistical analysis was not attempted since all measurements were performed on the same patient and
model. When descriptively comparing the accuracy of the two methods of treatment evaluation in
the in vitro scenario, comparable results were obtained between IOS and CBCT, except for the angle.
Conclusions: As the intraoral scanning procedure in fully edentulous patients is not yet clinically
validated, utilizing CBCT can still be recommended for the accurate evaluation of computer-assisted
implant placement.

Keywords: CAD-CAM; surgery; computer-assisted; dental implants; printing; three-dimensional

1. Introduction

Digital workflow has been recently improved in dentistry, with the development of
low-dose high-resolution cone beam computed tomography (CBCT), intraoral scanners
(IOS), CAD/CAM software programs, 3D printers, and computer-assisted implant surgery
(s-CAIS) systems [1,2]. Computer-assisted implant procedures are supposed to result
in more precise implant positioning [3], and surgical templates might be fabricated in
different ways with the same level of accuracy [4]. With the constant development of
s-CAIS, several concerns have been raised about the reliability, accuracy, and precision
of templates to replicate the planned implant position [5]. This is especially important
in edentulous patients, where angulated implants should be placed in the exact planned
position to allow the corresponding screw-retained abutments (SRA) axis to correspond
to the prosthetically-oriented planning [6]. Although dental implants have proven to be
reliable devices to replace missing teeth, they are, however, not free from mechanical or
biological complications [7–9]. According to Bornstein et al. [10] and Tahmaseb et al. [11],
mucosa-, tooth-, and mini-implant–supported templates demonstrate superior accuracy in
implant placement to bone-supported guides. Carosi et al. state that computer-assisted
flapless implant placement, using mucosa-supported templates in complete-arch restora-
tions, can be considered a reliable and predictable treatment choice, despite the potential
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effects that a flapless approach could bring to the overall treatment [12]. Flapless and
fully guided implant placement has the potential to maximize efficacy outcomes, and at
the same time, minimize surgical invasiveness [13]. But in daily clinical practice, clini-
cians often face the necessity of bone reduction to place implants. Bone reduction may
be required to level the alveolar crest to create the desired bone architecture, allowing for
sufficient bone width for implant placement and ensuring adequate inter-arch restorative
space [14]. Patients can rehabilitate full arches, even when bone reduction is mandatory
because of a gummy simile or because of an irregular, or thin, bone crest [15]. The use
of computer-guided surgery to rehabilitate edentulous arches by using four dental im-
plants supporting a fixed screw-retained prosthesis could be a valid treatment option in the
short and medium term [16]. When rehabilitating the edentulous jaw with four implants,
the technique involves alveoloplasty before implant placement to provide space for the
prosthetic components and to provide a platform on which dental implants can be placed
in clinical situations where a knife-edge alveolar ridge is present [17]. As the aim of the
present study was to evaluate the in vivo and in vitro accuracy of s-CAIS in an edentulous
patient, the clinical situation was to be duplicated, and so the bone-supported template
design was chosen. Tahmaseb et al., in the systematic review, state that several studies have
provided information on the accuracy of s-CAIS, but a lack of homogeneity was found
for accuracy assessment techniques and protocols: many different surgical factors and
techniques were not standardized between the studies, which served to confound the true
accuracy of guided surgery; there were many steps within the digital workflow itself, where
there was a possibility of accumulating error, which also served to mask the real accuracy
of the technique [5]. Most studies compare CBCT data before and after implant placement.

However, the lack of precision of CBCT machines represents a major issue. To date,
around 279 CBCT devices exist in the market with different technical parameters, which
makes it difficult to standardize scanning protocols [18]. According to Wanderley et al. [19],
the visualization of implant dimensional alterations varied between different CBCT devices
and scanning protocols with an increase in diameter ranging from 0.27 to 1.04 mm. Several
factors relating to the patient and clinical situation, such as blooming, might tremendously
affect the precision of CBCT scans. According to Pettersson et al. [20], the greatest errors
were as a result of patient movements, therefore, alternative nonradiologic evaluation
methods were proposed [21,22].

Bornstein et al. [10] recommended the use of digital impressions to evaluate the
accuracy of computer-assisted implant placement. The use of a digital impression to
evaluate the final position of an implant can avoid the need for a second CBCT [23]. In a
dental practice, an accurate virtual model is vital for creating a template for precise dental
implant placement and assessing treatment outcomes [24]. Hence, digital scanners obtain
greater qualitative data compared to CBCT. Based on the study by Komuro et al. [25],
it was noted that laboratory scanners had a mean shrinkage of 0.37–0.39%, while IOS
and CBCT reported mean values of 0.9–1.4% and 1.8–6.9%, respectively. Hence, digital
scanning demonstrates higher precision, seems to be less user-dependent, and reduces
radiation exposure [26].

This study aimed to evaluate the in vivo and in vitro accuracy of s-CAIS in an edentu-
lous patient with two different evaluation techniques, and investigate if both can be applied
to edentulous patients.

2. Materials and Methods
2.1. Planning and Surgery

To address the research purpose, the authors designed this study, which was conducted
at the university clinic, and was approved by the Institution review board of the Department
of Oral and Maxillo-Facial Sciences, “Sapienza” University of Rome (Ref: 038/2020). A
60-year-old male was selected to be included in this study, after attending the university
clinic for implant treatment. The patient was in good health, displaying good oral hygiene
(full mouth plaque score and full mouth bleeding score <25%), no need for guided bone
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regeneration procedures, an absence of uncontrolled systemic diseases, a nonsmoker, and
no signs of acute local inflammation at the time of implant placement. He had a failing
dentition (critical loss of attachment, nonrestorable teeth, fractured teeth, root caries) in
the mandible, with four mobile incisors that could not be used as a support for a surgical
template, which created difficulties for correct matching, and a very narrow ridge in the
frontal area. These factors predetermined the stackable bone-supported surgical template
design for this patient. Radiopaque 3D markers were attached to the existing prosthesis
to also serve as a radiographic template prior to CBCT acquisition. The denture was
further relined with soft material (GC Soft Liner) before the acquisition of the CBCT scan,
thus avoiding possible prosthesis movement and for the precise transition of the actual
soft tissue of the patient in the planning software. The first CBCT was performed on
the patient with Green 16 (Vatech, Fort Lee, NJ, USA) in standard conditions (94 kVp,
8.0 mA, 360◦ rotation, 9 s, FOV: 100 x 85, voxel size: 200µm) with the mouth closed, as
separating the arches could cause radiological template movement. A protocol described by
Storelli et al. [27] was implemented: after CBCT acquisition, an STL file of the denture was
obtained using the laboratory scanner (Straumann 7 series lab scanner, Institut Straumann
AG, Basel, Switzerland). Data obtained in digital imaging and communications in medicine
(DICOM) format were then imported into a surgical planning software (coDiagnostiX,
Institut Straumann AG). All of the acquisition parameters that could influence the accuracy
of later steps in the generation of a virtual model, such as segmentation, as described by
Shujaat et al. [28], were assessed. Data in standard tessellation language (STL) format
were imported into the software to prosthetically orient implant positions. CBCT data of
the patients in DICOM (Digital imaging and communications in medicine) format and
STL files of radiographic templates of edentulous patients were matched in the surgical
planning software. Four conical dental implants (BLT, Institut Straumann AG) with a
sandblasted/long-grit/acid-etched surface (SLActive) were planned for prosthetically-
oriented positions at 35, 32, 42, 45 sites: two 4.1 mm × 10 mm for the premolar sites
and 3.3 mm × 12 mm for the incisor sites, in accordance with the Straumann Pro Arch
protocol, which consists of dental implant and SRA (screw-retained abutment) placement
with immediate loading. A bone-supported surgical template with a stackable design was
chosen to increase the predictability of bone reduction [29], as the patient had a very narrow
ridge coronally in the frontal area, which needed to be reduced to obtain the appropriate
width for implant placement. The first part of the surgical template was bone-supported
and was designed to guide bone reduction. It was designed on the base of the segmentation
converted to the STL file. The template was stabilized to the bone with two lateral fixation
pins. The second part of the surgical template was positioned on top of the bone reduction
template and served in implant placement. Several techniques to connect two different
surgical templates are described in the literature, such as the use of magnets [30]. In the
present study, the authors describe a more cost- and time-efficient technique. The second
part of the surgical template was fixed to the first template with the locks designed on both
using the inspection window tool, and the third lateral fixation pin was stabilized either to
the first part of the stent or to the bone (Figure 1A).

The virtual bone reduction was then performed in the software and a segmentation of
the residual bone was created. To minimize factors relating to 3D printing that could affect
accuracies, such as template-to-teeth offset or sleeve-to-template offset, the calibration
matrix was 3D printed and the 3D printer and printing material were calibrated. The
surgical template was then three-dimensionally (3D) printed.

One hour before surgery, prophylactic antibiotics, 2 gr of amoxicillin (Zimox, Pfizer),
were given to the patient. The flap was raised, and the first template was positioned; os-
teotomies for pins were made and the template was fixed with lateral fixation pins. The bone
reduction was performed with the piezoelectric instrument VarioSurg (NSK/Nakanishi,
Japan). The second template for implant placement was positioned on top of the first one
and fixed with the third pin. Osteotomies were performed through the surgical template fol-
lowing the protocol derived from the software (Figure 1B). Then, the dental implants were
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inserted by properly following the manufacturer’s instructions and the surgical insertion
protocol. All implants reached a minimum insertion torque of 35 Ncm, so the SRA were
tightened to the implants at 35 Ncm with a surgical motor with torque control (SurgicPro+,
NSK/Nakanishi, Japan) (Figure 1C). Impressions were made with polyvinyl siloxane (Elite,
Zhermack), the prosthesis was finalized in the laboratory, polished, and immediate loading
was performed. The prosthesis was delivered to the patient after occlusion checking, tight-
ening the screws at 15 Ncm, and sealing the screw access holes with polytetrafluoroethylene
(PTFE) tape and a flowable composite resin. After 3 months, the temporary prosthesis was
unscrewed for the first time to check implants osteointegration, which was uneventful and
successful. The patient received a screw-retained titanium bar with resin veneering as the
definitive prosthesis. The actual follow-up period is set for 3 years.
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2.2. Time and Cost Analysis

According to the 6th EAO Consensus Conference, scientific evidence of the time and
cost involved with computer-assisted implant planning and surgery protocols is rare, and
data are reported as heterogenetic [3]. In the present study, the time and cost analyses are
as follows:

Time analysis

• Duration of planning (min) 30 min
• Duration of surgery (min) 45 min

Cost analysis

1. Preoperative fee: cost for the CBCT (€120).
2. Surgical fee: cost for implants, their surgical installation, and the clinician’s fee

(€1000 per implant).
3. Prosthetic fee: cost for all prosthetic components, their installation, the dental laboratory fee,

and the clinician’s fee (€1500 for immediate loading and €4500 for definitive prosthesis).
4. Guide fee: cost of the specific surgical template (€400) and extra components

(€20 per sleeve).
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3. Results
3.1. In Vivo Treatment Evaluation

For the in vivo evaluation of the DICOM-to-DICOM matching protocol, the accuracy
assessment technique was applied, which consists of evaluating the matching of the plan-
ning dataset with the surgery results dataset. The patient received a second CBCT scan
after the implant placement and delivery of the final prosthesis to perform an accuracy
analysis (Figure 1D). The same CBCT device was used to obtain more qualitative data since
the registration accuracy of implant planning software is significantly influenced by the
preprocessing of imported data [31]. The area of interest (mandible) was segmented from
the CBCT scan, which allowed for more qualitative matching. Data in DICOM format
were inserted into the treatment evaluation tool of coDiagnostiX, and the matching of the
preoperative and postoperative CBCT scans was performed (Figure 2A).
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The limitation of the DICOM-to-DICOM protocol might be the discrepancy between
the CBCT scans. To minimize this influence, the same CBCT device was used, and matching
was performed in multiple areas with clearly visible anatomical structures following the
recommended protocol of the treatment evaluation tool. Each implant was aligned in the
preoperative and postoperative CBCT, and accuracy values were automatically generated
by the software (Figure 2B). The 3D, distal, vestibular, and apical deviations were recorded
on the coronal (base) and apical (tip) points of the implants, as well as angular deviations.
The results are reported in Table 1.

Table 1. Accuracy analysis with postoperative CBCT.

Tooth
Position Angle 3D Offset

(Base)
Distal
(Base)

Vestibular
(Base)

Apical
(Base)

3D Offset
(Tip)

Distal
(Tip)

Vestibular
(Tip)

Apical
(Tip)

35 2.4 2.55 −2.14 0.93 −1.03 2.21 −1.73 0.93 −1.02
32 5.3 2.61 −1.86 0.61 −1.72 3.47 −2.98 0.62 −1.67
42 2.3 2.07 0.79 1.11 −1.55 1.77 0.5 0.72 −1.54
45 2.8 1.32 0.49 1.23 −0.02 1.01 0.65 0.78 −0.01
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3.2. In Vitro Treatment Evaluation

In the in vitro evaluation, it was possible to apply both DICOM-to-DICOM and
DICOM-to-STL matching protocols of the accuracy assessment techniques. Segmenta-
tion used for designing the bone-supported template was converted into an STL file and 3D
printed with a Phrozen Sonic 4K printer, utilizing a mixture of a radiopaque polymer Den-
tal RO (HARZ Labs) (60%) and transparent polymer Dental Clear (HARZ Labs) (40%) to
reproduce the mandible not fully radiopaque and of a similar bone density. Four implants,
identical to those placed in vivo, were inserted into the 3D-printed model of the mandible.
The same protocol for s-CAIS and the same surgical template was used (Figure 3A).
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A CBCT of the model was then performed (Figure 3B) followed by its matching with
the preoperative CBCT (Figure 3C) to obtain data for the accuracy analysis of implant place-
ment. Each implant was aligned in the preoperative and postoperative CBCT (Figure 3D).
Accuracy values were automatically generated by the software (Figure 3E) and the results
are reported in Table 2.

Table 2. Accuracy analysis with postoperative CBCT of the model.

Tooth
Position Angle 3D Offset

(Base)
Distal
(Base)

Vestibular
(Base)

Apical
(Base)

3D Offset
(Tip)

Distal
(Tip)

Vestibular
(Tip)

Apical
(Tip)

35 0 0.22 0.22 0 0.06 0.22 0.22 0 0.06
32 1.6 0.79 0.78 0.13 0.09 0.81 0.78 −0.19 0.1
42 4 0.74 −0.39 −0.63 0.03 1.37 0 −1.37 0.06
45 1.6 0.5 −0.11 −0.38 −0.3 0.51 0.17 −0.38 −0.3

Four scan bodies were tightened onto the implants inserted in the model (Figure 4A),
and a lab scanner (Straumann 7 series lab scanner, Institut Straumann AG) was used to
obtain data in STL format.
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The STL file with the scan bodies was uploaded to the software and matched with the
preoperative planning CBCT (Figure 4B). Each implant was matched in the preoperative
CBCT and STL file by simply clicking on the top of the corresponding scan body. The
matching was performed automatically compared to the CBCT method, otherwise, where
it was performed manually by matching the anatomy of the implant, it became a user-
dependent technique. Accuracy values were automatically generated by the software
(Figure 4C) and the results are reported in Table 3.

Table 3. Accuracy analysis with STL file of the printed and scanned mandible with implants and scan
body inserted.

Tooth
Position Angle 3D Offset

(Base)
Distal
(Base)

Vestibular
(Base)

Apical
(Base)

3D Offset
(Tip)

Distal
(Tip)

Vestibular
(Tip)

Apical
(Tip)

35 3.1 0.13 −0.07 0.08 0.06 0.47 −0.02 −0.46 0.08
32 3.2 0.71 0.17 0.38 0.57 0.83 0.55 −0.18 0.59
42 5.1 0.62 −0.35 0.06 0.51 1.1 0 −0.95 0.55
45 4.1 0.4 −0.18 0.08 0.35 0.64 0.43 −0.28 0.38

4. Discussion

This study aimed to evaluate the in vivo and in vitro accuracy of s-CAIS in an eden-
tulous patient using two different evaluation techniques and to investigate if both can be
applied to edentulous patients.

When evaluating the accuracy of s-CAIS, the most assessed parameters are angular
deviation, and deviation at the entry point and the apex of the implant. In the clinical part
of the experiment, a maximum angular deviation of 5.3◦ was noticed at implant site 32,
while in the in vitro CBCT evaluation, the maximum angle of deviation was 4◦ at implant
site 42, and 5.1◦ at the same site with the STL assessment. Deviations between the planned
and achieved implant positions should be expected because of inaccuracies in the various
procedures during template design and manufacturing [32,33]. At the same time, the use
of such an individualized template allows appropriate bone reduction for obtaining a
predictable surgery and prosthetic stage [34].

The limitations of the study were related to the fact that during implant placement,
several clinical factors can affect the accuracy of final treatment and some of them (different
bone density guiding the osteotomy, different possible fit of a bone-supported template,
stability, and fixation of the template) are missing in the in vitro part of the experiment.
In this clinical report, the treatment evaluation was affected by the DICOM-to-DICOM
matching procedure, as well as possible errors during CBCT acquisition. On the contrary,
in the in vitro part of the study, dental implants seemed to be placed more accurately with
the initial planning.



Appl. Sci. 2023, 13, 1185 8 of 12

However, several inaccuracies might also occur in the in vitro analysis due to several
factors relating to data acquisition and the subsequent 3D printing of the model. According
to Zhou et al. [33], different types of errors might arise during image acquisition and data
processing. There is a correlation between the dataset volume extracted from the CBCT
and the CBCT resolution, as reported by Schnutenhaus [35]. Evaluating the results, the
explanation for this is that when the CBCTs were created with a resolution of 0.2 voxels,
a matching precision greater than 0.2 mm is not achievable. This error might have been
doubled when printing the exported DICOM dataset of the mandible. Hence, volume
shrinkage could be noticed at the matching stage. According to Shujaat et al. [36], there is
also some inaccuracy due to 3D printing procedures. The 3D printer used in the present
study had a precision of 35 µm, according to the manufacturer. Several parameters must
be considered before choosing a 3D printer, such as the processing software, the type of
3D printer, mechanical characteristics, as well as properties of the printing material [37].
In fact, several factors were controlled as best as possible by standardizing the treatment
planning and production parameters to increase the accuracy of the 3D printing so that
they had a minor overall effect on the results.

The other issue to consider is the difference in bone density, which appeared to be
denser than the real bone, and this was related to the use of radiopaque resin. In fact,
adequate bone density was achieved by utilizing a mixture of radiopaque and transparent
polymers. Additionally, when performing a CBCT scan of the printed model, a higher
blooming effect was noticed around the implants compared to implants placed in the
patient, which could also affect the implant matching procedure. Presently, no clinical
evidence exists which relates to the optimal CBCT scanning settings for reducing the
influence of metal artifacts [38].

IOS procedures today are widely integrated with s-CAIS. Implant rehabilitations
planned utilizing intraoral digital impressions showed similar results when compared to
conventional impressions and model scans. A digital impression may be a viable option for
the rehabilitation of partially edentulous patients when computer-guided template-assisted
implant placement is used [39]. The application of IOS in edentulous patients is currently
still limited. Wismeijer et al. [40] stated that the accuracy of digital impressions is negatively
influenced by an increase in the inter-implant distance in edentulous situations. When
considering the accuracy of full-arch impressions for long-span prostheses, conventional
impression methods remain the gold standard, since the IOS error rises with the increase
in the edentulous scanning area [41]. Further research needs to be conducted to improve
the precision and trueness of IOS for full-arch scanning [28]. For this reason, IOS was not
used in the clinical part of the study and cannot be recommended yet for clinical use with
edentulous patients. Furthermore, Komuro et al. [25] recommended the use of laboratory
scanners as they provide more precise data compared to IOS. The STL file exported from
the segmentation and STL file of the printed and scanned mandible with implants and
scan body inserted were imported into Geomagic Studio 2013 (3D Systems, USA) (an
open-source software for processing, editing, and comparing 3D triangular meshes) and
aligned using the fine alignment algorithm (Figure 5).

As described by Nulty [42], this kind of software allows for the generation of a
colorimetric map of the deviation across the surface of the STL mesh compared to the
master STL, quantified at specific points. The colour map indicates deviation inward (blue)
or outward (red), while green indicates minimal deviation. The same colour deviation scale
was utilized to illustrate the minimum and maximum deviations for each comparison. The
colour scale ranged from a maximum and minimum deviation of +200 (outward/red) to
−200 µm (inward/blue). In the present study, the overall trueness was 27 µm. Thus, the
accuracy of the 3D printing did not seem to significantly affect the results.

In a study comparing two treatment evaluation methods available using the same
surgical planning software, Skjerven et al. [43] stated that accuracy measurements per-
formed via IOS provided comparable results to those obtained by CBCT. However, in the
abovementioned study, tooth-supported templates were used, which are more precise than
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mucosa- or bone-supported templates in edentulous patients [44], and IOS in partially
edentulous patients in this study could be performed. Hence, single-unit crowns were
manufactured based on IOS; multiple implants in fixed partial denture reconstructions
were rehabilitated based on conventional impressions. To the best of the authors’ knowl-
edge, there are no studies in the literature reporting data comparing IOS-to-DICOM and
DICOM-to-DICOM treatment evaluation methods in edentulous patients.
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Statistical analysis was not attempted since all measurements were performed with
the same patient and model. However, when descriptively comparing the accuracy of
the two methods of treatment evaluation in the in vitro scenario, we obtained comparable
results, except for the angle.

For future research, it would be beneficial to access the data from the dynamic naviga-
tion of edentulous patients. Dynamic systems discussed in the Jung et al. [45] systematic
review provided greater accuracy than static systems; this difference might be explained
by the fact that static template-based systems are more often used clinically rather than in
preclinical models, which have provided better accuracy. According to Wei et al. [46] the
accuracy of dynamic computer-aided implant surgery reaches a clinically acceptable range
and has potential for clinical usage, but more patient-centered outcomes and socioeconomic
benefits should be reported. As for today, the scientific data on dynamic navigation in
literature is scarce. Few studies are reporting on dynamic navigation and its application in
edentulous patients [47]. Future research should be oriented towards utilizing dynamic
navigation surgery in edentulism and reporting data for its accuracy.

5. Conclusions

When descriptively comparing the accuracy of the two methods of treatment evalu-
ation in the in vitro scenario, comparable results were obtained between IOS and CBCT,
except for the angle.

As intraoral scanning procedures in fully edentulous patients are not yet clinically
validated, utilizing CBCT can still be recommended for the accurate evaluation of computer-
assisted implant placement.
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