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Abstract

Purpose: To evaluate accuracy, scanning time, and patient satisfaction of photogram-
metry (PG) systems for recording the 3D position of dental implants.

Material and Methods: A literature search was completed in five databases:
PubMed/Medline, Scopus, Embase, World of Science, and Cochrane. A manual search
was also conducted. Studies reporting the use of commercially available PG systems
were included. Two investigators evaluated the studies independently by applying the
Joanna Briggs Institute critical appraisal. A third examiner was consulted to resolve
any lack of consensus.

Results: A total of 14 articles were included: 3 in vivo, 6 in vitro, and 6 case report
manuscripts. One clinical study evaluated trueness, another one tested precision, and
the third one assessed impression time and patient and operator satisfaction. All the
in vitro studies evaluated the trueness and precision of a PG system. Additionally,
all the reviewed studies investigated completely edentulous conditions with multiple
implants. The number of placed implants per arch among the reviewed clinical stud-
ies varied from 4 to 8 implants, while the number of implants placed on the reference
casts included 4, 5, 6, or 8 implants. Not all the studies compared the accuracy of PG
systems with conventional impression methods, using intraoral scanners as additional
experimental groups. For the PIC system, trueness ranged from 10 to 49 um and pre-
cision ranged from 5 to 65 um. For the iCam4D system, trueness ranged from 24 to
77 um and the precision value ranged from 2 to 203 um.

Conclusions: PG systems may provide a reliable alternative for acquiring the 3D posi-
tion of dental implants. However, this conclusion should be interpreted carefully, as
one study reported a mean precision value of one PG system higher than the clinically
acceptable discrepancy. Lower scanning time and higher patient and operator satisfac-
tion have been reported when compared with conventional techniques. Further studies
are needed to increase the evidence regarding the accuracy, scanning time, and patient
and operator satisfaction of the commercially available PG systems.
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Boolean search terms for the different databases explored.

Database MeSH terms and search terms

Medline/PubMed and Cochrane

(“Photogrammetry”’[MeSH] OR “stereophotogrammetry”) AND (“implant dentistry”” OR “Dental Prosthesis”[Mesh]

OR “Implant digital impression” OR “IMPLANT DIGITAL SCAN”) AND (“Dental Impression Technique”’[Mesh]
or “implant impression” OR “conventional implant impression” OR** Coordinate measure machine” OR “Dental
laboratory scanner” OR “dental lab scanner” OR “Intraoral scanner” OR “Intraoral scanners”) AND (“Accuracy”
OR “trueness” OR “precision” OR “Patient Satisfaction”[Mesh] OR “Patient Preference”[Mesh] OR “scanning

time” OR “efficiency” OR “reliability”)

Embase and Scopus

(“Photogrammetry”’[MeSH] OR “stereophotogrammetry”) AND (“implant dentistry”” OR “Dental Prosthesis”[Mesh]

OR “Implant digital impression” OR “IMPLANT DIGITAL SCAN”) AND (“Dental Impression Technique”’[Mesh]
or “implant impression” OR “conventional implant impression” OR** Coordinate measure machine” OR “Dental
laboratory scanner” OR “dental lab scanner” OR “Intraoral scanner” OR “Intraoral scanners”) AND (“Accuracy”
OR “trueness” OR “precision” OR “Patient Satisfaction”[Mesh] OR “Patient Preference”[Mesh] OR “scanning
time” OR “efficiency” OR “reliability”) NOT MEDLINE

Photogrammetry (PG) is a technology developed to obtain
measurements by using reference points within photographs. !
PG has been widely employed in different fields such as
cartography, anthropometric data,” archeology optics,’ auto-
motive, and mining industries* PG is able to calculate
the three-dimensional (3D) position of points by analyzing
photographs taken from different angles. In dentistry, PG
technology has been adapted for capturing the 3D position
of dental implants.”®

PG may provide a digital alternative to intraoral scanners
(I0Ss) for recording the 3D position of dental implants.”
Dental literature has assessed the accuracy of complete-arch
intraoral implant scans by using IOSs reporting contradic-
tory results.””'> Additionally, operator- and patient-related
factors that can reduce the scanning accuracy of I0Ss have
been identified,'>'* such as scanning pattern,'>'® ambient
illuminance conditions,'”-'® rescanning techniques,'**" and
edentulous areas with mobile tissue and lack of anatomical
landmarks.’!>> PG systems may not be influenced by these
influencing factors due to their operating mechanism, eas-
ing the digitizing method. Furthermore, PG eliminates the
need for overlapping captured images such as those per-
formed by IOS software programs for obtaining intraoral
digital scans.> Stitching techniques have been identified as
a possible source of errors or scanning inaccuracies of 10Ss,
especially in long-span or complete-arch intraoral digital
implant scans.'3'4

PG requires the use of optical or fiducial markers that
are specific to the PG system elected.”® The optical mark-
ers usually have specific geometries that are identified by
the PG software program and used to calculate the 3D
implant position. These optical markers are placed on each
dental implant.”® Additionally, the optical markers are avail-
able in different materials, including polymer and metal.”-*
Similarly, IOSs necessitate the use of implant scan bodies
positioned on each dental implant for intraorally capturing
the 3D implant position, which after some computer-aided
design (CAD) procedures, the implant position is virtually
transferred to the definitive implant cast. Dental literature is
unclear regarding the optimal ISB design,”>> clinical scan
body height,”*?® and geometry bevel position”’ for maxi-
mizing the accuracy of intraoral digital implant scans, which

difficult the operator’s decision-making process. PG sys-
tems provide an advantage regarding optical marker selection
when compared with IOSs, as there are no multiple optical
marker designs available.

PG methods do not capture adjacent teeth or soft tissues;
therefore, an additional impression method is still needed.>°
Currently, there are different PG systems available in the mar-
ket to capture the position of the implants present in a dental
arch.”® Dental literature has analyzed the accuracy of these
PG systems. However, a systematic approach to assess the
trueness and precision, scanning time, and patient satisfaction
of the dental PG systems is needed.

The purpose of the present systematic review was to evalu-
ate the accuracy (trueness and precision), scanning time, and
patient satisfaction of the commercially available photogram-
metry systems that record the 3D position of implants. The
null hypothesis was that there would be no significant differ-
ence in the trueness and precision, scanning time, and patient
satisfaction of the commercially available PG systems com-
pared with conventional impression methods and intraoral
digital implant scans.

MATERIALS AND METHODS

A systematic literature search was completed by using
five different databases: PubMed/Medline, Scopus, Embase,
World of Science, and Cochrane. The search was based on a
PICO question composed of the following terms: P (problem
or population), which included the use of photogramme-
try or stereophotogrammetry technology; I (intervention),
which comprised implant dentistry, implant digital scans and
dental prosthesis (MeSH term); C (comparison), that com-
prehended the analogic and digital impression techniques:
“dental impression technique” (MeSH), implant impression,
conventional implant impression, and intraoral digital scans;
and other devices frequently employed to obtain reference
models, such as coordinate measure machine (CMM) or den-
tal laboratory scanner; and O (outcome), that involved the
accuracy (trueness and precision), scanning time, and patient
satisfaction (MeSH term) or preference (Table 1). The search
was completed in March 2023.
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Items for the Joanna Briggs Institute critical appraisal checklist for quasi-experimental studies (non-randomized experimental studies).

Question

Answer

1 Is it clear in the study what is the ‘cause’ and what is the ‘effect’ (i.e., there is no confusion about

which variable comes first)?

2 Were the participants included in any comparisons similar?

Yes, No, Unclear, or Not applicable

3 Were the participants included in any comparisons receiving similar treatment/care, other than the

exposure or intervention of interest?

4 Was there a control group?
5 Were there multiple measurements of the outcome both pre- and post-the intervention/exposure?
6 Was follow up complete and if not, were differences between groups in terms of their follow up

adequately described and analyzed?

7 Were the outcomes of participants included in any comparisons measured in the same way?
8 Were outcomes measured in a reliable way?
9 Was appropriate statistical analysis used?

The titles and abstracts of the selected articles were ana-
lyzed for the inclusion criteria that comprised clinical or in
vitro studies evaluating the trueness or precision, scanning
time, and patient satisfaction of digital scans employing pho-
togrammetry systems; and case report articles that described
the use of a commercially available photogrammetry sys-
tem for digitally recording the 3D implant position. The
exclusion criteria included studies that used non-commercial
photogrammetry systems/systems not available for clinical
use. The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines were followed for
the performance of the present systematic review.*"

In the second phase of the review process, all the full-
text articles that complied with the inclusion criteria were
examined by two calibrated reviewers (M.G.-P. and M.R.-L.).
The examiners collected the data into structured tables. Dis-
crepancies were resolved by consensus and a third examiner
(R.O.) was consulted.

With respect to the selection of articles through reviewing
their titles and abstracts, there was a significant agreement
between the two reviewers (Cohen’s Kappa = 0.93, p <
0.001). With respect to the selection of articles through
reviewing the full text, there also was a significant agreement
between the two reviewers (Cohen’s Kappa = 1, p < 0.001).

The quality of the included manuscripts was assessed
by the same two examiners by applying the Joanna
Briggs Institute (JBI) Critical Appraisal Checklist for Quasi-
Experimental Studies (non-randomized experimental studies)
(Table 2).3! The two examiners discussed their findings to
come to a consensus on the quality of the investigations.
When there was a disagreement between the two reviewers,
a third examiner was consulted to resolve the disagreement
(Figure 1).

RESULTS

The search strategy yielded 23 studies: 13 articles from
PubMed/Medline, 10 from Scopus, 0 from Embase, and 0

from Cochrane. Seven additional articles were included by
manual search. After the analysis of title and abstract, 9 arti-
cles were excluded. The 9 excluded studies were classified
as “non-photogrammetry” studies. One duplicate article was
identified and eliminated. In the full-text assessment phase,
5 additional manuscripts were considered ineligible for using
non-commercialized photogrammetry systems.

A total of 15 articles were included in the present system-
atic review (Tables 3 and 4).32%2 The selected studies
were classified based on the type of investigation:*’ 3 in
vivo studies,>*%*? 6 in vitro experiments,’ -3 and 6 case
reports.”*%*!" Although there are 4 PG systems currently
available in the market, only 2 of these PG systems were
identified among the reviewed studies namely the PIC Sys-
tem from PIC Dental and ICam 4D from Imetric (Table 5).
Two in vivo’>® and 4 in vitro studies”***-" evaluated the
PIC system, while 2 in vitro®** and 1 in vivo study>> used
the ICam 4D system. Additionally, all 6 case reports recorded
implant positions using the PIC system.>%-33 !

Six case report publications were identified.>0-3%!
Among all the reviewed case report studies, 3 of them
described implant placement with immediate loading with
an implant-supported interim prosthesis.>*>*’ The other 3
studies described conventional loading protocols.®%*! Addi-
tionally, all of the reviewed case reports employed the same
PG system (PIC system from PIC dental) combined with an
irreversible hydrocolloid conventional impression technique
for capturing the soft tissues and adjacent teeth.

Among the reviewed studies, only 3 clinical studies
analyzed the performance of the PG systems. One clinical
study’? evaluated impression time, patient and operator sat-
isfaction, implant success, prosthesis survival, and marginal
bone loss, but not accuracy. Completely edentulous patients
(maxillary, mandibular, or both arches) were selected.’? The
other 2 in vivo studies assessed precision, but not trueness>0;
or trueness, but not the precision of the PG system tested.*”
The study assessing precision was performed on a completely
edentulous patient using both maxillary and mandibular
arches.’® Meanwhile, the clinical study analyzing trueness
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FIGURE 1 PRISMA flowchart of article . | |
selection through the several stages of the study. [ Identification of studies via database search ]
Studies identified from
§ database searching (n=30) Records removed before
®© PubMed: 13 screening:
g.g Scopus: 10 > Duplicate records removed
e Embase: 0 (n=1)
3 Cochrane: 0
- Hand search: 7
~— l
Records screened Records excluded (not
(n=29) —»| photogrammetry articles)
PubMed: 13 (n =9)
Scopus: 9
Embase: 0
Cochrane: 0
Hand search: 7
g
c
8
O
%]
Reports assessed for eligibility
(n =20) e
Reports excluded:
Not commercialized
photogrammetry system (n =5)

Studies included in review
(n=15)

TABLE 5 Commercially available photogrammetry systems for recording 3D implant positions.

Manufacturer PG system Optical markers Characteristics of the optical markers

Imetric iCam4D iCamBodies Rectangular shape. Back with white dots marker
Oxo Oxo Fit Oxo markers White with grey geometry markers

PIC Dental PIC System PIC Transfers Flag shape marker. Back with white dots marker.

S.LN. Dental USA MicronMapper

MicronMapper scan bodies

Cylindrical shape, with a bevel in the occlusal surface. White
with black geometry markers

Abbreviation: PG, photogrammetry.

included 14 completely edentulous patients.*> Additionally,
all the reviewed in vitro studies used completely edentulous
maxillary casts,”%33%37 except one in vitro investiga-
tion that selected a completely edentulous mandibular
cast.®

Accuracy was assessed differently among the included
clinical and laboratory studies. Research methodology dis-
crepancies have been found including the number of
implants, impression level, impression methods that were
compared with the PG systems evaluation methods, and
reference measurements. A meta-analysis of the collected
accuracy data was not feasible due to the heterogeneity of
the data.

Number of implants

The included studies described the use of PG systems for
capturing implant positions of varying numbers of implants.
In the in vivo studies, the number of implants varied from
4 to 8 per arch.’>3%%2 In the in vitro research, the defini-
tive reference implant casts employed among the studies
included four,’” five,” six,”#**3* and eight’® implants per
cast. Four case reports described the treatment workflow
for fabricating implant-supported prostheses on completely-
edentulous arches with four,*! six,® seven*’ or eight implants
placed by using a PG system for capturing the 3D implant
position.”” The remaining 2 case reports described the
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treatment workflow on partially edentulous patients with 3
implants (one in the anterior’ and the other in the poste-
rior region) for fabricating implant-supported fixed dental
prostheses, by using a PG technology to record implant
position.*®

Your smile. Our specialty’

Impression level

Considering the impression level where the PG markers,
conventional implant impression abutments, or implant scan
bodies were connected, two different methodologies were
identified among the included studies: abutment- or implant-
level impression. Two in vivo studies’”>° and 1 in vitro
study>* did not use implant abutments; therefore, the impres-
sion abutments and implant scan bodies were placed directly
into the dental implants or implant analogs. In contrast, the
rest of the in vitro studies’”-®3*3%37 and 1 clinical study*’
were performed at the implant abutment level. One in vitro
study>* discussed the selection of implant impression level
aiming to facilitate the accuracy analysis using a coordi-
nate measurement machine (CMM) with a tactile gauge
for obtaining the Euclidean reference values (inter-implant
distances and angulations).

Impression methods compared with PG
systems

Conventional impression methods are still considered today
the gold standard for fabricating definitive implant casts.
However, not all the reviewed studies compared the PG
system tested with conventional impression methods. Some
studies included conventional impressions as the control
group,’%3335:37 while other studies selected one or more
10Ss%3*37 as additional experimental groups.

Evaluation methods

Three different measurement methods for assessing accu-
racy have been described among the reviewed studies namely
(1) linear and angular Euclidean distances,**%*> (2) linear
and angular discrepancies for x-, y-, z-axis and 3D dis-
crepancies per implant,”® and (3) root mean square (RMS)
error calculation.333537 Additionally, measurements were
performed on the virtual definitive implant casts’-%33-33-3742
or on Ackerman bars designs.*3¢

Reference measurements

Among the 6 in vitro studies included in this systematic
review, %3337 two different types of digitizing devices were
used to obtain the reference measurements: a CMM’-%** or
an extraoral laboratory scanner.’*?>*? The in vivo study that
assessed the precision of a PG did not employ any reference

device, as it just evaluated precision, not trueness.’® The in
vivo study that analyzed the trueness of a PG system used
the definitive implant cast obtained by using a conventional
impression technique with the splinting of the impression
copings as a reference.*”

Accuracy values reported

Among the studies that used conventional impression meth-
ods as the control group, varying accuracy values were
reported with a trueness value ranging from 12 to 165 um and
with a precision value ranging from 7 to 103 pm.”-833:33.37

The accuracy of the PG systems tested varied among
the reviewed studies.”®3*74> Among the in vitro stud-
ies, for the PIC system, the trueness value ranged from
10 to 49 um and the precision value ranged from 5 to
65 um;®343337 for the iCam4D system, the trueness value
ranged from 24 to 77 um and the precision value ranged from
2 to 203 um.”*? One in vivo study analyzed the trueness
of the iCam4D system, reporting a mean trueness value of
70 um,** while another in vivo study assessed the precision
of the PIC system reporting a maximum precision value of
108 um.*°

Scanning time/patient satisfaction results

One clinical study®” evaluated impression time, patient and
operator satisfaction, implant success, prosthesis survival,
and marginal bone loss. Authors reported less time for
impression and greater patient and dentist satisfaction when
using the PG technique when compared with conventional
impression methods. Additionally, results revealed no differ-
ences in implant survival, marginal bone loss, or prosthesis
survival after 1 year of follow-up.

Quality assessment

Case report studies could not be assessed using the JBI Crit-
ical Appraisal Checklist for Quasi-Experimental studies. For
the remaining included studies, questions 2, 5, and 6 of the
JBI Critical Appraisal Checklist for Quasi-Experimental were
not applicable to the studies reviewed. The risk of bias analy-
sis showed a 100% low risk of bias in all included articles for
questions 1, 3, 4,7, 8, and 9.

DISCUSSION

The purpose of the present systematic review was to eval-
uate accuracy, scanning time, and patient satisfaction with
the commercially available PG systems for recording the 3D
position of placed implants. Only 8 included articles (6 in
vitro”-8:33-33:37 and 2 in vivo3©+?) assessed the trueness and/or
precision of these PG systems. Additionally, only 1 clinical
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study reported the scanning time and patient satisfaction of
the PG system tested.’”

Although there are four different PG systems available
in the market, only two of them have been tested in the
included studies. This may be explained by the different time
development and market implementation of the different PG
systems.

Among the reviewed studies, only 3 clinical studies were
found.’>*® One clinical study evaluated the precision of a
PG system (PIC system from PIC Dental),*® another the
trueness of a PG system (iCam4D from Imetric),*” and
the third investigation®” considered other factors such as
scanning time or patient and operator preferences. The
maximum precision value reported in the described clinical
study was 108 um, which was reported as a better precision
value than the other experimental group (IOSs); however,
the authors did not include conventional impression methods
as a control group.’® The mean trueness value (70 um)
reported in the clinical study*> could be considered within
the clinically acceptable discrepancy.*** Therefore, clinical
data analyzing the accuracy of these two PG systems is very
limited, which compromises the generalization of the results
reported.

A total of 2 in vitro studies assessing the accuracy of
the iCam4D system, reported different accuracy values.”
Revilla-Ledn et al.” reported a trueness + precision of 77 +
203 um, where trueness and precision were significantly
lower than the conventional and IOSs tested (iTero Element;
Align Technologies and TRIOS3; 3Shape A/S). Ma et al.*”
reported a trueness +precision of 24 + 2 um, where trueness
and precision values were statistically better than the conven-
tional and IOS tested (TRIOS3; 3Shape A/S). The disparities
in the results between both studies could be explained by the
different research methodologies (implant abutment analog
positions on the reference casts, data acquisition techniques,
method for obtaining the reference measurements, and accu-
racy measurement method). Additional studies evaluating the
accuracy of the iCam4D system are needed.

Four in vitro studies assessed the accuracy of the PIC
System;®3433:37 3 of these studies compared the accu-
racy of the PIC system with conventional impression
techniques,ms*37 while 1 of them did not include a con-
ventional implant impression method.*® Revilla Leén et al.®
reported a trueness =precision of 20 + 25 um for the
PG system, Sallorenzo and Gémez-Polo** reported a true-
ness +precision of 20 + 32 um, Kosago et al.*> reported
a trueness + precision of 49 + 5 um, and Tohme et al.’’
reported a trueness +precision of 88 + 2 um. All the stud-
ies reported accuracy values that can be considered within
the clinically acceptable discrepancy.*** The reported accu-
racy discrepancies among these studies may be explained
by variations in the research protocol (implant abutment
analog positions on the reference casts, data acquisition tech-
niques, method for obtaining the reference measurements,
and accuracy measurement method).

Discrepancies in the research methodologies can be iden-
tified among the reviewed studies such as measurement

ACP

methods for assessing accuracy and different impression
methods tested. The International Organization for Standard-
ization provides a method for standardizing the accuracy
evaluation by adding markers in a cast, followed by per-
forming specific inter-landmark measurements.*® However,
this method may not assist in the evaluation of implant
position accuracy of definitive implant casts obtained by
different impression methods, including PG systems. There-
fore, there is no agreement on the recommended method
to assess accuracy. Additionally, the two main impression
methods (conventional and digital: I0S, and PG tech-
niques) were not always considered in all the included
studies, which may represent a limitation of these stud-
ies, as conventional impression methods are still considered
the gold standard method for fabricating definitive implant
casts.

All the studies identified the need to use an additional
impression method for recording the soft tissue information
and adjacent teeth such as conventional impression methods
or I0Ss.> #3742 PG systems only capture the 3D position of
the placed implants.”®3>*? The understanding of the work-
flow for capturing implant position, soft tissue information,
adjacent teeth in the case of partially edentulism, and antag-
onist dentition is fundamental for the proper execution and
implementation of the PG technology.

The unique randomized clinical study that evaluated
impression time and patient and operator satisfaction
involved 8 participants with completely edentulous arches
and 66 placed implants.?” The results showed that the PG sys-
tem (PIC system; PIC Dental) needed less data acquisition
time and resulted in greater patient and operator satisfac-
tion than the conventional splinted impression technique.’”
Additional studies are needed to further evaluate scanning
time and operator/patient satisfaction when using these PG
systems.

Dental literature has analyzed the factors that can
influence the accuracy of conventional implant impres-
sion methods.*748 Similarly, different studies have iden-
tified different factors that can impact intraoral scanning
accuracy.'>'* However, there is no information if the accu-
racy of the PG systems can be impacted by different
variables such as the design, wear, or torque displacement
of the PG markers. Important design differences can be
noted among the optical markers needed to capture the 3D
implant position among these PG systems, but to the best
knowledge of the authors, no study has assessed this factor
yet.

Additional studies evaluating the accuracy, scanning time,
patient/operator perception and operator satisfaction, and the
influence of factors such as environmental or intraoral con-
ditions on the outcomes of these PG systems are needed.
Furthermore, all the research articles assessing the accuracy
of PG systems were performed on completely edentulous
arches with varying numbers of dental implants; therefore,
additional information is needed regarding the accuracy of the
PG systems in partially edentulous conditions with varying
numbers and locations of placed implants.
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CONCLUSIONS

Among the four commercially available PG systems, only
two of them (PIC system from PIC Dental and iCam4D from
Imetric) have been analyzed among the reviewed studies. Fur-
ther studies are needed to increase the evidence regarding the
accuracy, scanning time, and patient and operator satisfaction
of the commercially available PG systems.

The accuracy of the two PG systems for complete-arch
implant scans varied among the clinical and laboratory stud-
ies. For the PIC system, trueness ranged from 10 to 49 um
and precision ranged from 5 to 65 um. For the iCam4D sys-
tem, trueness ranged from 24 to 77 um and the precision value
ranged from 2 to 203 um. These two PG systems may provide
areliable alternative for acquiring implant position. However,
this conclusion should be interpreted carefully, as one study
reported the mean precision value of one PG system higher
than the clinically acceptable discrepancy.

Lower scanning time and higher patient and operator
satisfaction have been reported when compared with the
splinted conventional impression technique. However, only
one study assessed these variables. Additional studies are
needed to further evaluate scanning time and operator/patient
satisfaction.
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