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ABSTRACT

Objectives: To investigate the trueness of intraoral photogrammetry (IPG) technology for complete-arch implant digital impres-
sion and evaluate the effect of implant number.

Material and Methods: All data were fully anonymized in compliance with ethical standards, and a total of 30 complete-arch
patient models with 4 (n=13), 5 (n=9), or 6 (n=8) implants were selected from the archive. Digital impressions were taken with
IPG and a desktop scanner. Test and reference standard tessellation language (STL) files were superimposed using a best-fit
algorithm. For each implant position, mean linear (AX, AY, AZ axes) and angular deviations (AANGLE) and three-dimensional
(3D) Euclidean distances (AEUC) were measured as primary outcomes with a dedicated software program (Hyper Cad S, Cam
HyperMill, Open Mind Technologies) and reported as descriptive statistics. Secondary aim was to determine using linear mixed
models whether implant number affected trueness. All statistical analyses were conducted using Stata 18 (Stata Corp, College
Station) and significance was set at 0.05.

Results: A total of 30 definitive casts with 4 (n=13), 5 (n=8), and 6 (n=9) multi-unit abutment (MUA) analogs were ana-
lyzed (n =146 implant positions). The mean deviations along the X-axis were —3.97 &+ 32.8 um, while along the Y-axis, they were
—1.97 £25.03 um. For the Z-axis, a greater deviation of —33 + 34.77 um was observed. The 3D Euclidean distance deviation meas-
ured 57.22+27.41 um, and the angular deviation was 0.26° +0.19°. Statistically significant deviations were experienced for AZ,
AEUC, and AANGLE (p<0.01). Additionally, the number of implants had a statistically significant effect only on the Z-axis
deviation (p=0.03).

Conclusions: Within study limitations, IPG technology was feasible for complete-arch digital implant impression with mean
linear, angular, and 3D deviations far below the acceptable range for a passive fit. Reported IPG trueness might avoid a rigid
prototype try-in. The implant number had no influence on trueness except for Z-axis deviations. Integrating photogrammetry
with intraoral optical scanning (I0S) improved practicality, optimizing the digital workflow. Further clinical trials are needed
to confirm these findings.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Accurate recording of implant positions is essential for achiev-
ing a precise fit of complete-arch fixed dental prostheses (FDP)
[1-3]. Conventional intraoral optical scanning (IOS) has been
widely used for digital impressions, but struggles with accuracy
in complete-arch implant cases [1, 4-7]. While I0S performed
reliably for single crowns and short-span restorations [8], its ac-
curacy diminishes over larger spans due to stitching errors and
scan misalignment [1, 7]. Consequently, its use for definitive
complete-arch FDP remains controversial [9-15].

To overcome these limitations and enhance IOS accuracy in
complete-arch cases, different techniques were developed
[5, 10, 16]. However, the use of IOS impression remained contro-
versial for definitive complete-arch FDPs. While some studies
report improved accuracy with these techniques [5, 15, 17-19]
others find no significant differences or even reduced accuracy
[19-22]. Given the need for high accuracy in complete-arch im-
plant capture [23, 24], innovative technologies such as extraoral
photogrammetry (EPG) were introduced [18, 25, 26].

EPG uses stereo cameras to detect fiducial geometries on intra-
oral scan bodies (SBs), ensuring accurate three-dimensional (3D)
spatial relationships [27]. Studies have reported EPG's superior
accuracy over I0Ss, but most research has been in vitro, limit-
ing its clinical applicability [25, 28, 29]. Latest evidence in vivo
comparing I0S with EPG confirmed the latter as superior in ac-
curacy, even though further clinical trials are needed to achieve
a consensus [26]. Moreover, EPG only records implant positions,
requiring an additional IOS scan to capture soft tissue, upper
and lower arch anatomy, and their bite relationship, making the
complete-arch digital workflow complex [27, 29-31] and costly
due to the need for two different technologies to capture all the
intraoral data needed for the prosthetic process [26, 32].

A new intraoral device, integrating IOS with photogrammetry
(IPG), was recently introduced. Unlike previous methods that
required separate ISBs and manual alignment, this device auto-
matically generates a single STL file that includes implant posi-
tions, jaw anatomy, and occlusion in one scan. By combining the
accuracy of photogrammetry with I0S's ability to capture soft
tissue, IPG may offer a more practical and efficient approach to
complete-arch digital implant impressions.

To the best of our knowledge, this is the first study evaluating
IPG trueness on actual patient models. The primary aim was to
assess linear, 3D, and angular deviations (trueness), while the
secondary aim was to determine whether implant number (4, 5,
or 6) affected trueness. The first null hypothesis stated that there
would be no significant difference between IPG impressions and
the reference files. The second null hypothesis stated that the
number of implants per model (4, 5, and 6) would not signifi-
cantly affect IPG trueness.

2 | Materials and Methods

American Dental Association (ADA) type IV dental stone defin-
itive casts with 4, 5, and 6 implants were randomly selected from
an existing archive of anonymized records of patients treated
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FIGURE 1 | Novel intraoral photogrammetry (IPG) device—Elite,
Shining 3D.

FIGURE 2 | IPG workflow: Surrounding implant tissue scanning.

with complete-arch FDPs. No identifiable patient information
was used, and all data were fully anonymized in compliance
with ethical standards. The archive is a collection of actual den-
tal casts, belonging to patients who had given prior consent for
their anonymized data to be used for research purposes. Peer re-
view of empirical data was conducted by an independent exam-
iner and member of the scientific committee of the University
of Rome Tor Vergata to confirm the quality of the shared data
and to confirm that the data reproduce the analytic results re-
ported in this article. Each model contained multi-unit abut-
ment (MUA) replicas (Nobel Biocare) and was scanned using
both the investigated IPG device (Elite, Shining 3D) (Figure 1)
and a high-resolution desktop scanner to achieve a test scan and
a reference scan for each model. The IPG device, as declared
by the producers, integrates IPG technology within a handheld
intraoral device equipped with two cameras: one for intraoral
surface scanning and another for photogrammetry.

The IPG scanning process included three main steps:

1. Capturing soft tissue anatomy using a scanning strategy
reported for edentulous patients’ adherent to manufactur-
er's instructions for use. (Figure 2).

2. Detecting and positioning ISBs onto MUAs with a 10Ncm
torque wrench. Proper seating was visually confirmed. The
ISBs had a hexagonal vertical shape and a multi-faceted
horizontal part with black-and-white fiducial markers for
accurate recognition (Figure 3). To ensure simultaneous
capture, ISBs of different lengths (long, medium, short)

20f9

Clinical Implant Dentistry and Related Research, 2025

85UB017 SUOLULIOD BAeRID 3|01 jdde au3 A pauienoh ae saolie WO ‘SN JO s8N oy Azeiq18ul|UO /B]1M UO (SUORIPUOD-PUE-SWBYLIOD" A3| 1M Afe.q 1 [eUI|UO//SURY) SUORIPUOD PUe SWB L 8U3 885 *[5202/50/22] U0 A%eiqi8uliuo AB|IM ed1Tgered apepisieAlun Ad 6700L PIO/TTTT OT/I0p/L00" A8 M AReiqifeuljuo//sdny wo. papeojumoq ‘€ ‘S20Z ‘80Z880LT



FIGURE 3 | Picture of IPG SBs screwed during the impression.

FIGURE4 | IPG workflow: IPG scan bodies (SB) impression.

were arranged in a radial pattern without touching each
other. The IPG software automatically identified and
matched ISBs with their digital geometry (Figure 4).

3. Aligning the digital geometry of SB to the surrounding soft
tissue, with two different scans, one for each side of the
arch. This enabled automatic merging of the anatomical
data from Step 1 with ISB positions from Step 2 (Figures 5
and 6).

4. Exporting implant positions after the impression was com-
pleted. Since IPG software does not export proprietary ISB
geometries, implant coordinates were transferred into the
test STL file using an open export function, selecting com-
patible ISB geometries from available dental market op-
tions (Figures 7 and 8).

For reference scans, definitive casts were digitized using a
high-resolution extraoral desktop scanner (Autoscan DS-EX
Pro(H), Shining 3D), with an accuracy of 8 um declared by the
producer, as specified by the International Organization for
Standardization, 2012 (ISO) standard 12836 [33]. This scan-
ner was selected due to its high reported accuracy, stability in
controlled environments, and its frequent use as a gold stan-
dard in dental research for evaluating the trueness of intraoral
scanning methods. Moreover, a desktop scanner is the most

FIGURE 5 | IPG workflow: Merging of SB with surrounding tissues
on the left side.

-’C'.?—"vl.,‘( -

FIGURE 6 | IPG workflow: Merging of SB with surrounding tissues
on the right side.

Lt
FIGURE 7 | IPG workflow: Standard tessellation language (STL)

output of IPG SBs converted into commercially available intraoral SBs
related to the surrounding tissue anatomy.

adopted technology to digitize the master cast by the dental
laboratories and therefore we can assume that using such refer-
ence as a benchmark may enhance the translation of this study's
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FIGURES8 | IPG workflow: STL output of commercially available in-
traoral SBs alone.

outcomes to clinical reality [20, 22, 26]. The definitive casts were
scanned by a properly trained operator who performed 30 IPG
digital impressions. The scanning strategy adhered to the man-
ufacturer's guidelines and was consistent throughout all digital
scanning procedures. As the SBs were arranged radially with
their tips converging medially, the scanning process initiated at
the point of convergence of all SB tips, as illustrated in Figure 3.
At this starting point, the field of view (FOV) of the IPG scan-
ner encompassed multiple SBs simultaneously, and this allowed
the software to interrelate since the beginning all the SB coor-
dinates. Then the wand was moved radially along the multi-
faceted horizontal part of each SB up to the hexagonal vertical
portion, before returning to the center. As the system detected
the digital geometry, the dots on the surfaces turned green, as
illustrated in Figure 4.

Reference STL files were generated by scanning the same ISBs
visualized in the test scans. All digital scans were performed
under controlled conditions, with ambient lighting standard-
ized and room temperature maintained at 22°C. The scanning
environment featured a non-reflective surface on which the
casts were positioned and secured. No direct operative lighting
was used; only the ceiling light fixture provided illumination,
while external daylight was blocked to prevent light interference
[34, 35].

The test STL files (showing implant positions) were aligned to
their corresponding reference scans in a CAD (Computer Aided
Design) software program (Exocad, Align Technology) initially
using a point-based alignment by identifying corresponding
points on the surfaces (i.e., head of the SB) to bring them closer.
A best-fit algorithm was used then to refine the alignment of
the geometries, with a tolerance of 0.0l mm. Mean linear de-
viations (AX, AY, and AZ) and angular deviations (AANGLE)
were measured for each implant position using a dedicated

TABLE1 | Descriptive analysis of overall linear and angular deviations.

software program (Hyper Cad S, Cam HyperMill, Open Mind
Technologies). Negative values on the X, Y, and Z axes indi-
cated implants positioned left, downwards, and backward, re-
spectively (lateral, longitudinal, and vertical), while positive
values represented the opposite directions on each axis. The
3D deviation was calculated for each implant position using the
Euclidean distance formula (AEUC).

A sample size calculation was performed assuming Euclidean
distance (AEUC) as the primary endpoint, as it provides a com-
prehensive measure of 3D deviations by integrating linear differ-
ences across all axes. A clinically relevant effect size of 120 um
(SD: 150 um) was selected based on prior research on complete-
arch implant trueness [26] and accepted accuracy thresholds for
passive fit [36]. With a significance level of 0.05 and a test power
0f 90%, a minimum of 66 implants (1= 66) was required.

Descriptive statistics were calculated for AX (um), AY (um), AZ
(um), AEUC (um) and AANGLE (°). To evaluate whether the
deviations from the reference were statistically significantly dif-
ferent, a series of linear mixed models (random intercept) were
fitted. Marginal plots were generated to illustrate mean devia-
tions with 95% confidence intervals. Additional linear mixed
models (random intercept) were used to examine the effect of
implant number on the overall trueness. All statistical analyses
were conducted using Stata 18 (Stata Corp, College Station).

3 | Results

Thirty definitive casts of complete-arch implant patients with six
(n=9), five (n=38), and four (n=13) MUA implant replicas were
analyzed (n =146 implant positions). Deviations for each ISB were
evaluated along the X, Y; and Z axes, as well as in 3D Euclidean
distance and angular deviations. The descriptive analysis results,
both overall and stratified by implant number, were presented
in Tables 1 and 2. These results indicate relatively small devia-
tions along the X (-3.97+32.8um) and Y (-1.97+25.03um) axes,
whereas the Z-axis exhibited larger deviations (—33+34.77 um).
The mean 3D linear deviation (AEUC) was 57.22+27.41 um,
and the mean angular deviation was 0.26°+0.19°. Across all
definitive casts, the Z-axis (vertical) consistently expressed the
highest deviations compared to the Y (lateral) and X axes. The de-
viations between the IPG and the desktop scanner were analyzed
using predictive margins with 95% confidence intervals (CIs), as
shown in Table 3 and Figure 9. Statistically significant differences
were observed in Z-axis deviations(AZ), AEUC, and AANGLE
(p<0.01). When trueness was stratified by implant number (4, 5,

Mean Standard deviation Range (min-max) 75 percentile
AX (um) -3.97 32.8 —85.62-71.11 19.34
AY (um) -1.97 25.03 —81.10-56.17 15.71
AZ (um) -33.3 34.77 —136.50-33.39 -0.87
AEUC (um) 57.22 27.41 5.50-138.00 73.73
AAngle (°) 0.26 0.19 0.01-1.00 0.33
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TABLE 2 | Descriptive analysis stratified by implant number.

Mean (standard deviation)

Model AX (um) AY (um) AZ (pm) AEUC (pm) AAngle

41 1.1 (32.6) —-0.9(24.1) 31.3 (34.9) 55.1 (27.7) 0.27 (0.18)
5 —5.6(33.8) —0.8 (27.0) 19.6 (28.9) 50.8 (22.0) 0.27 (0.20)
61 -8.1(32.1) —3.4(24.7) 45.4 (34.7) 63.9 (29.5) 0.25(0.18)

TABLE 3 | Deviations from reference per variables: p values.

AX AY AZ AEUC AAngle

p 0.13 0.39 <0.01 <0.01 <0.01

and 6 implants), only Z-axis deviations showed statistically signifi-
cant differences (p =0.03), indicating a potential impact of implant
number on vertical trueness (Figure 10 and Table 4).

4 | Discussion

The present in vitro study investigated real patient definitive
casts for the trueness of a novel complete-arch implant digital
impression technology that integrates photogrammetry and
optical surface scanning within a handheld intraoral device.
The IPG system captured all impressions without errors, using
Al-driven software to detect and recognize coded ISBs, thereby
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integrating implant coordinates with surface optical scanning.
A key limitation of this study was its in vitro design, which does
not fully replicate clinical conditions such as the presence of
oral fluids, anatomic interference (tongue, cheeks, lips), lack of
keratinized tissue, patient-specific anatomical variations, and
movement [37]. However, unlike studies using a single arti-
ficial dental cast, this research was conducted on real patient
definitive casts with varying implant numbers, positions, and
angulations, potentially enhancing clinical relevance. Another
limitation might be related to the use of a certified desktop scan-
ner as the reference, though extraoral optical scanning is widely
regarded as superior to IOS due to the controlled environment
and advanced optical systems, and it is used as a standard labo-
ratory procedure for digitizing dental casts and for CAD-CAM
(Computer Aided Manufacturing) fabrication of complete-arch
FDPs [22, 26].

The clinical implications of these findings suggested that IPG
technology may enhance the predictability of complete-arch
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FIGURE9 | Deviations from the gold standard per variable: Mean and 95% confidence intervals.
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FIGURE 10 | Effect of the number of implants on overall accuracy.

TABLE 4 | Effect of the number of implants on overall accuracy: p
values.

AX AY AZ AEUC AAngle

p 0.32 0.84 0.03 0.20 0.85

implant FDP by providing highly accurate digital impressions.
Therefore, arigid prototype try-in might be avoided before manu-
facturing a definitive prosthesis if the reported outcomes remain
consistent in an in vivo context. The IPG trueness may facilitate
the CAD-CAM production of a passive fit screw-retained FDP,
reducing the need for manual adjustments and streamlining the
overall prosthesis fabrication process. Additionally, the ability to
improve the digital workflow may enhance treatment efficiency,
leading to shorter treatment times and fewer clinical visits, ul-
timately benefiting both patients and clinicians. Furthermore,
the IPG scanning protocol closely mirrored the traditional I0S
wand movements along the dental arch, thus minimizing the
need for a steep learning curve.

To the best of the authors’ knowledge, this is the first study as-
sessing the trueness of IPG-based complete-arch implant digi-
tal impressions on actual patient models using a statistically
powered sample size calculation. Based on the results, the first
null hypothesis was rejected, as IPG deviations in the Z-axis,
AEUC, and AANGLE were significantly different from the
reference (p<0.01). However, despite statistical significance,
these deviations (AZ —33.3+34.77, AEUC 57.22+27.41 um, and
AANGLE 0.26° +0.19°) remained well below the clinically ac-
ceptable thresholds for passive fit (150pum and 1°) [36]. Even in
extreme cases, deviations did not exceed these limits (Table 1).
The second null hypothesis was partially rejected, as implant
number influenced only the Z-axis deviations (p=0.03), with no

significant effect on AX, AY, AEUC, or AANGLE. Recently, IPG
accuracy was investigated and compared with EPG [38] and IOS
[39]. Revilla-Leon et al. (2025) measured the Euclidean linear
distance among the SBs reporting a lower mean linear devia-
tion of 27+5um and a similar mean angular discrepancy of
0.27°+0.02° between IPG and the desktop scanner reference
file, compared to our findings. This more favorable linear devi-
ation may be attributed to differences in research methodology,
as the previous study examined a single artificial model with
only one implant configuration. In contrast, the present study
assessed IPG trueness across 30 real complete-arch cases, incor-
porating variations in soft tissue anatomy, implant number, po-
sitions, and angulations. As a result, the higher Euclidean mean
deviation reported in this study may be more reliably translated
to clinical settings compared to in vitro studies conducted on a
single artificial cast with a fixed implant configuration.

Brakoc et al. (2025) assessed the accuracy of IPG as distance
standard deviation, integrated distance, and integrated absolute
distance, with IPG reporting the highest accuracy in all mea-
sured parameters compared to conventional IOS technologies.

Available studies on EPG vary significantly in methodology and
reported outcomes. The EPG scanners were investigated using
as reference various technologies such as laboratory and in-
dustrial optical scanners, and coordinate measuring machines
(CMM), leading to a broad range of recorded deviations.

Additionally, different study parameters were analyzed, such
as 3D, linear, and angular deviations, root mean square (RMS)
values, and inter-implant distances. Nevertheless, comparisons
with EPG systems revealed that IPG exhibited lower deviations
along the X and Y axes but slightly higher deviations (by approx-
imately 10 um) along the Z-axis compared to in vitro EPG [25].
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IPG's 3D and angular deviations were slightly higher than EPG
in vitro (AEUC=33.42+7.71 um, AANGLE =0.24° +0.04°) but
lower than conventional in vivo EPG (AEUC=87.6 +74.2um,
AANGLE =0.38°£0.29°) [26]. These findings highlighted the
importance of evaluating new technologies under both in vitro
and in vivo conditions, given that patient variability may impact
outcomes. However, the present study was conducted on real
patient implant models, with different characteristics, and such
variability may have penalized the IPG outcomes with respect to
EPG in vitro studies conducted on a single model. Furthermore,
IPG showed higher trueness compared to 10S, which exhibited
larger mean and extreme deviations in vitro and in vivo [26, 40].

Different strategies have been proposed to improve I0OS accu-
racy, such as artificial landmarks, splinting of ISBs, horizontally
designed ISBs, and CAD-designed auxiliary splinting devices,
yet extreme deviations persist, suggesting the need of use of try-
ins before final prosthesis superstructure fabrication [17, 40-43].
All these strategies were developed to create a scanning route
for the IOS digital impression that may facilitate the multiple 3D
stitching procedure. For the same reason, IPG coded SBs were
designed with a vertical hexagonal and a rectangular multi-
faceted horizontal part. SBs were positioned to figure out a radial
geometry without touching each other to ensure the simultane-
ous capture of multiple SB surfaces during the scanning, facili-
tating the detection of coded fiducial geometries and their match
with the soft tissue anatomy of the edentulous patient. The IPG
system integrates photogrammetry directly into an IOS device,
facilitating implant coordinate acquisition and surface scanning
in a single workflow. Unlike conventional EPG digital impres-
sions, which capture only implant coordinates without intraoral
soft tissue data, IPG consolidates all relevant information into a
single dataset, improving CAD/CAM workflows for immediate
prosthesis fabrication. Traditionally, a second impression, either
through direct or indirect digitalization, was required to merge
implant positions with the surrounding soft tissues and create a
complete digital master model.

By integrating both IOS and photogrammetry into a single de-
vice, IPG eliminates the need for multiple technologies, poten-
tially reducing overall equipment costs and simplifying clinical
workflows. This dual functionality may lead to fewer patient
visits, decreased chairside time, and reduced material consump-
tion, improving cost-efficiency while maintaining accuracy.
Additionally, as the world's first device to employ both digital
impression technologies, IPG provides versatility for both eden-
tate and edentulous cases, further enhancing its practicality in
clinical settings.

Additionally, IPG allows open-format export, making it com-
patible with various implant ISB geometries from major manu-
facturers. Although the use of real patient dental casts supports
cautious generalization, further clinical trials are needed to val-
idate IPG's in vivo performance.

5 | Conclusion
Within study limitations, IPG technology was feasible for

complete-arch digital implant impression with mean linear, an-
gular, and 3D deviations far below the acceptable range for a

passive fit. Implant number had no influence on trueness except
for Z-axis deviations. Integrating photogrammetry with IOS
improved practicality, optimizing the digital workflow. Further
clinical trials are needed to confirm these findings.

Within the limitations of this in vitro study, intraoral pho-
togrammetry was feasible for complete-arch implant digital
impressions:

« IPG linear deviations along the X and Y axes were lower
than conventional EPG deviations reported in previous
in vitro and in vivo studies.

« Mean 3D linear (AEUC) and angular (AANGLE) deviations
were far below the accepted thresholds for passive fit of
complete-arch FDPs.

« The reported IPG trueness might avoid a rigid prototype
try-in.

« Among all investigated variables, implant number had no
influence on trueness except for Z-axis deviations.

« IPG technology, combining IOS and photogrammetry, op-
timizes the digital workflow for complete-arch implant
impressions, potentially enhancing treatment efficiency by
reducing treatment time and clinical visits, benefiting both
patients and clinicians.

« The IPG scanning protocol closely mirrored the traditional
I0S wand movements along the dental arch, thus minimiz-
ing the need for a steep learning curve.

« While real patient models allow for some generalization,
further clinical trials are needed to better assess the clinical
performance and reliability of this novel complete-arch dig-
ital impression technology.
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