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Abstract

Background. The accuracy of intraoral scanners (10Ss) has been widely reported. However, studies
comparing their performance under different clinical conditions are lacking.

Objectives. The aim of the present study was to compare the trueness and precision of 5 10Ss across
4 anatomically distinct models simulating common clinical conditions: edentulous; abutment; orthodontic
(fully dentate); and scanbody scenarios.

Material and methods. An in vitro study was conducted using 4 maxillary models representing different
clinical configurations. Five [0Ss (AORALSCAN 3, TRIOS 5, ViSIOScan WL, iTero Element 5D Plus, and DEXIS
IS 3800) were evaluated. Each model was scanned 10 times with each scanner, and a laboratory desktop
scanner was used as the reference for trueness. Accuracy was quantified using the root mean square (RMS)
deviation values, with a clinical acceptability threshold of 0.25 mm. Superimposition and deviation analyses
were performed using three-dimensional (3D) software, and statistical comparisons were conducted using
ANOVA and Scheffé’s post hoc test.

Results. Except for ViSIOScan WL in the scanbody model, all tested scanners demonstrated accuracy values
below 0.1 mm. Significant differences in trueness and precision were observed both between the scanners
and across the clinical scenarios (p < 0.05). Overall, AORALSCAN 3 and iTero Element 5D Plus consistently
demonstrated the best performance. The abutment and fully dentate models showed the highest accuracy,
whereas the edentulous and scanbody models exhibited greater deviations, particularly for ViSI0Scan WL
and DEXIS IS 3800.

Conclusions. Despite most |0Ss achieving accuracy below 0.1 mm, substantial variability was observed
depending on the scanner type and the anatomical context. AORALSCAN 3 and iTero Element 5D Plus con-
sistently demonstrated superior trueness and precision across most models. While the fully dentate model
showed nossignificant differences in trueness among the scanners, it, along with the abutment model, yielded
the highest overall accuracy. The edentulous and scanbody models posed greater challenges.
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« This study evaluates the accuracy of 5 intraoral scanners (IOSs) across 4 distinct clinical scenarios.
+ The trueness and precision of scanners vary significantly depending on both the device and the anatomical context.
+ Except for ViSIOScan WL in the scanbody model, all tested scanners demonstrated accuracy values below 0.1 mm,

supporting their broad clinical applicability.

+ AORALSCAN 3 and iTero Element 5D Plus consistently demonstrated superior accuracy and reproducibility.
+ The abutment and fully dentate models showed the highest accuracy, whereas the edentulous and scanbody models

were more challenging.

Introduction

The introduction of intraoral scanners (IOSs) into daily
dental practice has brought a major shift in digital work-
flows, offering a fast, non-invasive and efficient alternative
to conventional impression techniques.! Their integration
into fully digital workflows has transformed various fields,
including prosthodontics, orthodontics, implantology, and
oral surgery.?~* By eliminating the need for impression ma-
terials and physical models, IOSs offer several advantages,
including reduced chairside and laboratory time, increased
patient comfort, enhanced communication between clini-
cians and technicians, and the potential for streamlined
computer-aided design/computer-aided manufacturing
(CAD/CAM) fabrication.>>® However, the clinical reli-
ability of digital impressions still relies heavily on scan
accuracy.

According to ISO 5725-1:1994,” the accuracy of a mea-
surement method comprises trueness, defined as the
closeness of agreement between the test result and the
true value, and precision, which refers to the closeness
of agreement between repeated measurements.””8 In the
context of intraoral scanning, trueness determines how
faithfully the digital model reflects the actual geometry
of the arch or preparation, whereas precision reflects the
reproducibility of the scan when repeated under the same
conditions.

Numerous factors can influence IOS accuracy, includ-
ing the type of scanner, its underlying technology (e.g.,
confocal microscopy, triangulation, or structured light),
the operator’s experience, the scanning strategy, and, most
importantly, the clinical scenario in which the scan is per-
formed.*°-12 While excellent results have been reported
for short-span prostheses and single-tooth restorations,
challenges persist when scanning complete dental arches,
edentulous regions or implant-supported restorations,
where anatomical landmarks may be sparse or absent.>13-15

One particularly demanding situation is the edentu-
lous alveolar process, where smooth mucosal surfaces and
alack of topographic details often hinder the ability of the
scanner to capture and accurately stitch three-dimensional
(3D) data.*!° Several studies have reported a marked re-
duction in scan trueness and precision in such cases, with
root mean square (RMS) deviations significantly exceeding

acceptable thresholds.!® Anatomical features, such as pala-
tal rugae, have been proposed as useful reference struc-
tures to guide image alignment and stitching; however,
their effectiveness remains debatable. In some cases, these
structures may even introduce localized distortions due
to surface irregularities.!>%

Similarly, implant-supported prosthetic scenarios,
particularly those involving scanbodies, pose unique
challenges. The optical properties of titanium or poly-
etheretherketone (PEEK) scanbodies, potential misfit, and
soft-tissue interference may all contribute to errors in scan
alignment and interpretation.’®!° A high degree of accu-
racy is critical in these conditions, as even minor deviations
can affect the passive fit of the prosthetic superstructure,
potentially compromising osseointegration or leading to
mechanical complications.?°

Conversely, fully dentate arches, such as those typically
encountered in orthodontic cases, provide more favor-
able topography for intraoral scanning.?! The abundance
of anatomical details — cusps, fissures and contact points
— enhances the ability of the software to accurately pro-
cess and align the acquired data. As a result, such cases
are often considered ideal for IOS use. However, even in
these contexts, scanner performance can vary significantly
depending on its optical system, the image acquisition rate,
and software algorithms.1%2!

Despite the growing body of evidence on 10S perfor-
mance,?>23 many available studies compare only a small
number of scanners, focus on one or two clinical scenarios,
or use simplified models that do not reflect the complex-
ity of actual oral anatomy.*?4*-2¢ Moreover, comparisons
are often based on outdated technologies that may not be
representative of current-generation 10S systems. This
limits the generalizability of the findings to everyday clini-
cal decision-making. Hence, to provide clinicians with
practical insights, broader evaluations are needed to as-
sess the performance of multiple IOSs across a wide range
of clinically relevant conditions.

Therefore, the aim of the present study was to compare
the trueness and precision of 5 modern intraoral scan-
ners (AORALSCAN 3, TRIOS 5, ViSIOScan WL, iTero
Element 5D Plus, and DEXIS IS 3800) across various clini-
cal scenarios. The operating principles and manufacturer
specifications of the scanners are presented in Table 1.



Dent Med Probl.

Table 1. Operating principles and manufacturer specifications of the scanners used

Scanner Manufacturer

structured light

AORALSCAN 3 SHINING 3D Tech

TRIOS 5 3Shape

ViSIOScan WL NewTom

iTero Element 5D Plus  Align Technology confocal imaging

DEXIS IS 3800 DEXIS

Operating principle (technology)

(non-contact scanning)

LED illumination and ScanAssist Engine
(active triangulation/structured light)

ultra-high frame rate camera and Al

(active triangulation/structured light)

CMOS sensor and LED illumination NA
(active triangulation/structured light)

Stated accuracy/precision (factory data)

NA
(stated 30% improvement in precision in comparison with the
previous model, but specific value in micrometers not disclosed)

NA
(clinical accuracy supported by studies, but specific value in
micrometers not disclosed)

20 um (accuracy)

8 um (accuracy)

(no specific value in micrometers disclosed)

LED - light-emitting diode; Al - artificial intelligence; CMOS — complementary metal-oxide semiconductor; NA — data not available.

Material and methods
Reference models and study design

Four different gypsum models were prepared to repre-
sent various clinical conditions. The 1%* model was a com-
pletely edentulous maxilla (the edentulous group). The 2"¢
model was a maxilla with 10 abutments in positions #11,
#13, #15, #16, #21, #22, #23, #24, #25, and #27 (the abut-
ment group). The distribution of the abutments reflected
areal clinical case, with its irregular pattern intentionally
preserved to better simulate realistic conditions. The 3™
model was a complete maxillary dental arch (the orth-
odontic group). The final model was a partially edentulous
maxilla with implant analogs in positions #12, #14, #16,
#22, #23, and #25 (the scanbody group).

The 5 IOSs evaluated and compared in terms of trueness
and precision were as follows: (1) AORALSCAN 3 (SHIN-
ING 3D Tech Co., Ltd., Hangzhou, China); (2) TRIOS 5
(3Shape, Copenhagen, Denmark); (3) ViSIOScan WL
(NewTom, Imola, Italy); (4) iTero Element 5D Plus (Align
Technology, Inc., Tempe, USA); and (5) DEXIS IS 3800
(DEXIS, Quakertown, USA).

The following laboratory reference scanner was used to
assess trueness: the DOF Freedom UHD desktop scanner
(DOF Inc., Seoul, South Korea).

Each gypsum model was first scanned using the in-
dustrial optical desktop scanner. Subsequently, 10 scans
of each model were acquired using each of the 5 IOSs.
Al IOSs were used under the same conditions and by the
same expert operator in digital dentistry. The operator had
more than 15 years of experience in digital workflows and
had previously performed at least 30 full-arch scans with
each of the 5 IOSs tested, ensuring comparable familiar-
ity with each device and minimizing the influence of the
learning curve. The same scanning technique was used for
each scan, and the scanning sequence was randomized to
reduce the influence of operator fatigue.

All scans were performed using a zig-zag scanning
approach with each I0S. Although each manufacturer

recommends a specific scanning protocol, the same
zig-zag strategy was intentionally applied to all IOSs
to standardize the methodology and ensure that dif-
ferences in performance reflected device characteris-
tics rather than variations in the scanning technique.
The scanning process started in the 15t quadrant (upper
right), where the scanner tip followed an arc from the
vestibular to the palatal side and then returned. The
scanner was advanced slowly to capture the teeth, the
scanbodies and the gingiva, moving from the vestibular
to the palatal side and back while crossing the occlusal
plane/the alveolar ridge.

Superimposition and deviation analysis

The primary outcome of this study was accuracy,
defined in terms of trueness and precision. To remove
surplus surfaces, each STL file obtained using the 5
I0Ss was imported into the 3-matic Research software,
v. 13.0.0.188 (Materialise, Leuven, Belgium) and su-
perimposed on the digital master model obtained us-
ing the industrial desktop scanner. All trimmed STL
files were then imported into the Geomagic Control X
software, v. 2018.1.1 (3D Systems, Rock Hill, USA). The
3D deviation function was used to visualize the results
using a color-coded 3D map, with yellow-to-red areas
indicating positive deviations exceeding the upper tol-
erance limit and turquoise-to-dark-blue areas indicat-
ing negative deviations exceeding the lower tolerance
limit. The tolerance range, represented in green, was
set at £0.05 mm.

Superimposition was performed using a three-point
registration approach, followed by the best-fit align-
ment function for final alignment and trueness cal-
culation. A similar procedure was used to evaluate
precision. For each scanner, the scan with the high-
est trueness was selected as the reference model. The
distances between the corresponding surface points
of the two digital models were expressed as RMS values,
representing trueness or precision, depending on the
reference model used.



Statistical analysis

The trueness and precision RMS values were expressed
as means and standard deviations (M +SD). The normal-
ity of data distribution was assessed for each group using
the Shapiro—Wilk test. As all datasets met the assumption
of normality (p > 0.05), the one-way analysis of variance
(ANOVA) was used to compare trueness and precision
among the IOSs within each group, and across groups for
each scanner. Scheffé’s method was used for post hoc mul-
tiple comparisons. Data were analyzed using IBM SPSS
Statistics, v. 25.0 (IBM Corp., Armonk, USA).

Results

Statistically significant intergroup differences (among
I0Ss within each clinical condition) and intragroup
differences (among clinical conditions for each scanner)
were assessed using ANOVA followed by post hoc
comparisons.

The RMS values for trueness across the different groups
and IOSs are presented in Table 2. To facilitate interpre-
tation, a ranking system was introduced to highlight the
relative performance of each scanner across different
models (Supplementary Table 1, available from the cor-
responding author upon request). Statistically significant
differences were found among the scanners for all model
types (p < 0.05), except for the orthodontic group (p > 0.05)
(Table 2).

In the edentulous group, AORALSCAN 3 and iTero Ele-
ment 5D Plus exhibited the highest trueness (i.e., the lowest
RMS values), with values of 0.045 +0.001 mm and 0.045
+0.003 mm, respectively. In contrast, ViSIOScan WL and
DEXIS IS 3800 showed the largest deviations in this group,
with RMS values of 0.067 mm and 0.066 mm, respectively
(Table 2, Fig. 1).

In the abutment group, iTero Element 5D Plus showed
the lowest deviation (0.030 +0.002 mm), followed by AOR-
ALSCAN 3 (0.037 £0.002 mm). In contrast, TRIOS 5 ex-
hibited the highest RMS value (0.057 £0.006 mm) (Table 2,
Fig. 2).
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In the orthodontic group, the RMS values ranged from
0.036 +0.002 mm for iTero Element 5D Plus to 0.054
+0.008 mm for ViSIOScan WL. However, no statistically sig-
nificant differences were observed between iTero Element
5D Plus and the other IOSs (p > 0.05) (Table 2, Fig. 3).

In the scanbody group, all IOSs showed higher RMS
values, particularly ViSIOScan WL (0.134 +0.006 mm),

Fig. 1. Trueness estimation in the edentulous group

Tolerance range (green color) set at £0.05 mm. AORALSCAN 3 and iTero
Element 5D Plus showed deviations greater than 0.05 mm along the
lateral alveolar borders. TRIOS 5, iTero Element 5D Plus and DEXIS IS
3800 also exhibited deviations in the central palatal region, while TRIOS
5, ViSIOScan WL and DEXIS IS 3800 showed deviations in the maxillary
tuberosity regions.

Fig. 2. Trueness estimation in the abutment group

Tolerance range (green color) set at £0.05 mm. iTero Element 5D Plus
presented slight deviations in the lateral teeth, whereas TRIOS 5 presented
positive and negative deviations in the posterior teeth.

Table 2. Comparisons of the trueness, expressed in root mean square (RMS) values [mm], of 5 intraoral scanners (I0Ss) in 4 clinical scenarios (one-way ANOVA)

AORALSCAN 3 TRIOS 5 ViSIOScanWL | iTeroElement 5D Plus | DEXIS IS 3800

‘ Edentulous 0.045 +0.001304 0.049 +0.008%¢9 0.067 £0.01112bh 0.045 £0.003"3hJ 0.066 +0.007"349J <0.001

‘ Abutment 0.037 £0.002°2 0.057 +0.006%2f 0.047 £0.001'5h 0.030 +0.002'5fhJ 0.046 £0.012' <0.05 ‘
‘ Orthodontic 0.040 +£0.004° 0.044 +£0.005° 0.054 +0.008°" 0.036 £0.002°" 0.053 +0.002° NS ‘
‘ Scanbody 0.081 £0.0053560 0.071 £0.0033>6¢f 0.134 £0.0063>6behi 0.086 £0.0083>6/h 0.088 +£0.002346/ <0.001 ‘
‘ p-value <0.05 <0.05 <0.05 <0.05 - ‘

Data presented as mean =+ standard deviation (M +SD).

Statistically significant intragroup differences (among clinical conditions for each scanner): " edentulous vs. abutment; 2 edentulous vs. orthodontic;

3 edentulous vs. scanbody; 4 abutment vs. orthodontic; > abutment vs. scanbody; ® orthodontic vs. scanbody. Statistically significant intergroup differences
(@among 10Ss within each clinical condition): 2 AORALSCAN 3 vs. TRIOS 5; ® AORALSCAN 3 vs. ViSIOScan WL; € AORALSCAN 3 vs. iTero Element 5D Plus;

d AORALSCAN 3 vs. DEXIS IS 3800; © TRIOS 5 vs. ViSIOScan WL; f TRIOS 5 vs. iTero Element 5D Plus; 9 TRIOS 5 vs. DEXIS IS 3800; M ViSIOScan WL vs. iTero
Element 5D Plus; "ViSIOScan WL vs. DEXIS IS 3800; iTero Element 5D Plus vs. DEXIS IS 3800. * statistically significant; NS — non-significant.
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which performed significantly worse than all the other
IOSs (p < 0.001). The lowest RMS value was recorded for
TRIOS 5 (0.071 +0.003 mm) (Table 2, Fig. 4).

The RMS values for precision are summarized in Table 3.
Statistically significant differences were observed among
the IOSs in the edentulous, abutment and orthodontic
groups (p < 0.05) (Fig. 5-7), but not in the scanbody group
(p > 0.05) (Fig. 8). Overall, AORALSCAN 3 and iTero El-
ement 5D Plus consistently exhibited higher precision
across the different models.

Fig. 3. Trueness estimation in the orthodontic group

Tolerance range (green color) set at + 0.05 mm. Positive deviations were
observed in the posterior regions of the models scanned with ViSIOScan
WL and DEXIS IS 3800, whereas negative deviations were observed in the
posterior region of the model scanned with TRIOS 5.

Fig. 4. Trueness estimation in the scanbody group

Tolerance range (green color) set at £0.05 mm. ViSIOScan WL and DEXIS

IS 3800 exhibited the greatest deviations, as indicated by the blue and yellow
areas across the scanned models. iTero Element 5D Plus showed small
positive deviations in the posterior regions and around the lateral scanbodies.

For the edentulous model, AORALSCAN 3 exhibited the
lowest RMS value (0.018 +0.002 mm), followed by iTero El-
ement 5D Plus (0.023 +£0.001 mm), whereas DEXIS IS 3800
showed the highest RMS value (0.076 +0.004 mm). In both
the abutment and orthodontic groups, the highest preci-
sion was observed for AORALSCAN 3 (0.016 £0.001 mm)
and iTero Element 5D Plus (0.014 +0.004 mm), respec-
tively. These values were significantly lower than those ob-
tained with ViSIOScan WL and DEXIS IS 3800 (p < 0.05).

Fig. 5. Precision estimation in the edentulous group

Tolerance range (green color) set at £0.05 mm. ViSIOScan WL and TRIOS

5 exhibited deviations in the posterior palatal region. In addition, the
models scanned with ViSIOScan WL and DEXIS IS 3800 showed deviations
in the central palatal region.

Fig. 6. Precision estimation in the abutment group

Tolerance range (green color) set at £0.05 mm. All models presented
deviations within the green range.

Table 3. Comparisons of the precision, expressed in root mean square (RMS) values [mm], of 5 intraoral scanners (I0Ss) in 4 clinical scenarios (one-way ANOVA)

AORALSCAN 3 TRIOS 5 ViSIOScan WL iTero Element 5D Plus DEXIS IS 3800
Edentulous 0.076 +0.004'299ii <0.001

0.018 £0.00232b4 0.054 +0.008 239

0.052 +0.007%3bhi

0.023 £0.00134"/

| Abutment 0016 £0,00155 0021 £0,00415¢9 0.040 +0,007b¢h 0024 £0.0105M 0.042 +0,0181599) <005

| Orthodontic 0019 £0.0045b¢ 0019 £0,00126¢9 0036 £0.010%5¢h 0014 £0.004 0.040 £0,0062692i <005 \
| Scanbody 0.066 +0.002355 0.056 +0,00256 0.063 +0.026° 0068 +0.019%55 0070 £0,003% NS
| pvalue <005 NS <005 NS - |

Data presented as M £5D.

Statistically significant intragroup differences (among clinical conditions for each scanner): ' edentulous vs. abutment; 2 edentulous vs. orthodontic;

3 edentulous vs. scanbody;  abutment vs. orthodontic; * abutment vs. scanbody; ¢ orthodontic vs. scanbody. Statistically significant intergroup differences
(among 10Ss within each clinical condition): # AORALSCAN 3 vs. TRIOS 5;® AORALSCAN 3 vs. ViSIOScan WL; < AORALSCAN 3 vs. iTero Element 5D Plus;

4 AORALSCAN 3 vs. DEXIS IS 3800; ¢ TRIOS 5 vs. ViSIOScan WL; FTRIOS 5 vs. iTero Element 5D Plus; 9 TRIOS 5 vs. DEXIS IS 3800; " ViSIOScan WL vs. iTero
Element 5D Plus; ' ViSIOScan WL vs. DEXIS IS 3800;/ iTero Element 5D Plus vs. DEXIS IS 3800. * statistically significant; NS — non-significant.



Fig. 7. Precision estimation in the orthodontic group

The tolerance range (green color) set at +£0.05 mm. All models presented
deviations within the green range, with the exception of DEXIS IS 3800,
showing a little blue area near a second molar.

Fig. 8. Precision estimation in the scanbody group

Tolerance range (green color) set at £0.05 mm. All models presented
deviations within the green range, with the exception of ViSIOScan WL,
showing a little yellow area in the posterior side of the model.

In the scanbody group, all IOSs showed higher RMS values,
with no statistically significant differences among them
(range: 0.056—0.070 mm; p > 0.05) (Table 3).

Both for trueness and precision, pairwise comparisons
revealed statistically significant differences between spe-
cific scanners and conditions, as indicated in Tables 2
and 3.

Discussion

The present in vitro investigation aimed to evaluate the
trueness and precision of 5 IOSs across 4 clinically relevant
scenarios: edentulous arches; dentate models with abut-
ments; fully dentate orthodontic models; and implant-
supported scanbodies. The findings revealed significant
differences in scanner performance depending on both the
device and the clinical context, although most deviations
remained below 0.1 mm. These results provide insights
into the clinical applicability of different IOSs and high-
light the importance of scenario-specific evaluation when
selecting a digital impression device.

A. Polizzi et al. Trueness and precision of intraoral scanners

One of the most relevant findings was the variation in
both trueness and precision according to the anatomical
features of the scanned models. The orthodontic model,
representing a fully dentate arch, consistently yielded the
best performance across all IOSs. This was expected, as
previous studies have shown that the presence of well-
defined anatomical landmarks, such as cusps, incisal edges
and interproximal contacts, facilitates the alignment and
stitching of digital scan images.*!2 These findings are con-
sistent with those of Braian and Wennerberg, who also
reported higher accuracy in dentate models than in eden-
tulous models.?”

The convergence of trueness among the scanners based
on different optical principles (confocal microscopy and
triangulation) in the fully dentate model is a noteworthy
finding of the present study. This suggests that, in ideal,
low-complexity scanning scenarios, the influence of the
fundamental hardware may be partly offset by sophis-
ticated software processing and algorithms designed to
compensate for error accumulation.?® Therefore, in routine
orthodontic and simple restorative applications, operator
proficiency and software refinement may be more decisive
factors in determining scanning performance than the
underlying optical technology alone.

In contrast, edentulous models, particularly those with
flat mucosal surfaces and few anatomical landmarks,
represented the most challenging scanning scenario. All
devices exhibited reduced accuracy under these condi-
tions, although the measured values remained within the
accepted clinical threshold. The lack of distinct reference
points may impair the image-matching algorithms of IOSs,
leading to increased cumulative error during scanning.
These results are consistent with previous findings indicat-
ing that IOS accuracy decreases in the absence of teeth,
as fewer morphological features are available for software
alignment.*30-32

Interestingly, this observation partially contrasts with
the findings of Zarone et al., who reported that scans
of smooth edentulous typodonts exhibited higher true-
ness than those of typodonts with wrinkled surfaces, which
may introduce localized distortions.* However, their study
focused on a single scanner and specific scanning tech-
niques, whereas the present study evaluated multiple IOSs
across a broader range of clinical scenarios. Furthermore,
in the present study, the RMS values were used to quantify
geometric deviations and assess trueness, whereas the cor-
responding SD values described variability across repeated
scans and were used to assess precision. Thus, the RMS
values reflect the magnitude of geometric deviation, while
the SD values characterize the consistency of scanning
performance across repeated acquisitions.

One of the most clinically sensitive applications of intra-
oral scanning is the acquisition of implant scanbody data,
as even minor deviations may result in the misfit of pros-
thetic components, increased mechanical stress, or bio-
logical complications.?’ In the present study, the scanbody
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model yielded the highest RMS values for trueness with
several scanners, particularly ViSIOScan WL and DEXIS
IS 3800. ViSIOScan WL exhibited the greatest deviation in
this group, with an RMS value of 0.134 mm. Such a devia-
tion may be clinically concerning, particularly in the fab-
rication of long-span restorations, where accurate implant
position transfer is essential to achieving a passive fit of the
superstructure. Inaccuracies in implant position transfer
may increase stress at the implant—abutment interface,
potentially contributing to screw loosening, abutment
fracture, or biological complications, such as marginal
bone loss.3+35 These findings highlight the optical and
mechanical challenges associated with scanbody scanning,
particularly those related to scanbody geometry, surface
reflectivity, and potential micromovements during image
acquisition. 1826

Previous studies have emphasised that the optical prop-
erties of scanbodies, which are often made of reflective or
semi-transparent materials like titanium or PEEK, may af-
fect light-based acquisition methods.?3¢ In addition, factors
such as the accuracy of the scanbody—implant interface,
material composition, surface condition, and geometric
design may influence scanning trueness and precision.?”38
In the present study, all tested IOSs except ViSIOScan WL
achieved trueness RMS values below 0.1 mm in the scan-
body model. Nevertheless, differences in performance were
observed among the devices, highlighting the importance
of scanner selection for implant workflows.

Among other relevant findings, the dual evaluation
of trueness and precision in the present study provides
a deeper understanding of IOS performance. While true-
ness reflects the accuracy of a scan compared with a refer-
ence model, precision reveals the consistency of repeated
scans under identical conditions."”8 These two metrics do
not always correlate. For example, a scanner may exhibit
high trueness (i.e., the scan is close to the reference), but
low precision (i.e., high variability across repeated scans),
which could undermine its clinical reliability, particu-
larly in workflows involving multiple scans or the merging
of scans acquired during different sessions.

According to the present findings, AORALSCAN 3
and iTero Element 5D Plus demonstrated excellent true-
ness and precision across the different models, suggest-
ing robust performance. In contrast, ViSIOScan WL and
DEXIS IS 3800 exhibited greater deviations, particularly
in edentulous and implant-related scenarios. Our results
also highlighted specific scenarios in which high trueness
coexisted with low precision, as observed with the TRIOS
5 scanner in the abutment group. This finding is important
to consider, as it suggests that, although the mean devia-
tion of the scanner from the reference standard may be
relatively low (high trueness), individual scans may show
considerable variability (low precision). These differences
may be particularly relevant in complex rehabilitations
or full-arch workflows, where reproducibility is essential
for achieving prosthetic accuracy and fit. Importantly,

the present findings support the notion that no single IOS
performs optimally under all conditions, reinforcing the
importance of selecting a scanner according to the specific
clinical indication.

Limitations

This study has several limitations that should be ac-
knowledged. First, as an in vitro study, the experimental
environment does not fully replicate complex intraoral
conditions, such as the presence of saliva, patient move-
ment, soft tissue dynamics, or the natural reflectivity
of wet enamel. Furthermore, the use of gypsum mod-
els, although standard practice in in vitro comparisons,
provides a high-contrast, non-reflective surface that
may simplify the scanning task compared with natural
dentition. Second, our protocol relied on a single, highly
experienced operator to minimize random error and im-
prove consistency. Consequently, the results do not ac-
count for inter-operator variability or the learning curve
associated with less experienced users, both of which
may affect clinical outcomes. Other real-world variables,
such as scanning time, were not measured, although this
is a relevant factor in clinical efficiency. Furthermore,
some devices may have been disadvantaged by the zig-
zag scanning approach applied to all IOSs, as the specific
scanning protocols recommended by each manufacturer
were not taken into account. Finally, the deviation analy-
sis was performed using a single, standardized best-fit
alignment procedure in the evaluation software. Differ-
ent alignment strategies could potentially yield slightly
different deviation values. Future research should focus
on in vivo validation, particularly in complex scenarios
involving edentulous and implant patients, while also
investigating how factors such as operator variability,
different scanning strategies, and integration with CAD/
CAM workflows influence the reported accuracy.

Conclusions

AORALSCAN 3 and iTero Element 5D Plus consistently
demonstrated the highest accuracy and reproducibility.
Although no significant differences in trueness were ob-
served among the scanners in the fully dentate models,
these models, together with the abutment models, yielded
the highest overall accuracy. Scanbody and edentulous
models posed greater challenges. Although modern I0Ss
generally achieved trueness and precision RMS values
below 0.1 mm, understanding their limitations in specific
clinical scenarios is essential for optimizing treatment
outcomes. These results were obtained under standard-
ized in vitro conditions and require further validation
through clinical investigations, particularly in vivo stud-
ies, to better establish their applicability in routine clini-
cal practice.



Ethics approval and consent to participate
Not applicable.
Data availability

The datasets supporting the findings of the current study
are available from the corresponding author on reasonable
request.

Consent for publication
Not applicable.

Use of Al and Al-assisted technologies
Not applicable.

ORCID iDs

Alessandro Polizzi @ https://orcid.org/0000-0001-6717-8899
Pietro Venezia @ https://orcid.org/0000-0001-9849-8342
Sara Serra @ https://orcid.org/0009-0002-1008-9531
Giuseppe Pizzo © https://orcid.org/0000-0001-8119-4924
Andrea Blasi @ https://orcid.org/0000-0003-4791-8794
Matgorzata Pihut @© https://orcid.org/0000-0002-0239-4328
Gaetano Isola @ https://orcid.org/0000-0003-4267-6992

References

1. Ting-Shu S, Jian S. Intraoral digital impression technique: A review.
J Prosthodont. 2015;24(4):313-321. doi:10.1111/jopr.12218

2. Zimmermann M, Mehl A, M6rmann WH, Reich S. Intraoral scanning
systems — current overview. Int J Comput Dent. 2015;18(2):101-129.
PMID:26110925.

3. Imburgia M, Logozzo S, Hauschild U, Veronesi G, Mangano C,
Mangano FG. Accuracy of four intraoral scanners in oral implantology:
A comparative in vitro study. BMC Oral Health. 2017;17(1):92.
doi:10.1186/512903-017-0383-4.

4. Mangano F, Gandolfi A, Luongo G, Logozzo S. Intraoral scanners
in dentistry: A review of the current literature. BMC Oral Health.
2017;17(1):149. d0i:10.1186/512903-017-0442-x

5. Yuzbasioglu E, Kurt H, Turunc R, Bilir H. Comparison of digital
and conventional impression techniques: Evaluation of patients’
perception, treatment comfort, effectiveness and clinical outcomes.
BMC Oral Health. 2014;14:10. d0i:10.1186/1472-6831-14-10

6. Burhardt L, Livas C, Kerdijk W, Van der Meer WJ, Ren Y. Treatment
comfort, time perception, and preference for conventional and
digital impression techniques: A comparative study in young
patients. Am J Orthod Dentofacial Orthop. 2016;150(2):261-267.
doi:10.1016/j.ajod0.2015.12.027

7. International Organization for Standardization (ISO). ISO 5725-1:1994:
Accuracy (trueness and precision) of measurement methods
and results. Part 1: General principles and definitions. Geneva,
Switzerland: ISO; 1994.

8. Sim JY, Jang Y, Kim WC, Kim HY, Lee DH, Kim JH. Comparing
the accuracy (trueness and precision) of models of fixed den-
tal prostheses fabricated by digital and conventional workflows.
J Prosthodont Res. 2019;63(1):25-30. doi:10.1016/j.jpor.2018.02.002

9. Logozzo S, Zanetti EM, Franceschini G, Kilpela A, Makynen A. Recent
advances in dental optics - Part I: 3D intraoral scanners for restorative
dentistry. Opt Lasers Eng. 2014;54:203-221. doi:10.1016/j.optlas-
eng.2013.07.017

10. Patzelt SB, Emmanouilidi A, Stampf S, Strub JR, Att W. Accuracy
of full-arch scans using intraoral scanners. Clin Oral Investig.
2014;18(6):1687-1694. d0i:10.1007/s00784-013-1132-y

11. Abduo J, Elseyoufi M. Accuracy of intraoral scanners: A systematic
review of influencing factors. Eur J Prosthodont Restor Dent.
2018;26(3):101-121. d0i:10.1922/EJPRD_01752Abduo21

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

A. Polizzi et al. Trueness and precision of intraoral scanners

. Kim JE, Amelya A, Shin Y, Shim JS. Accuracy of intraoral digital

impressions using an artificial landmark. J Prosthet Dent.
2017;117(6):755-761. d0i:10.1016/j.prosdent.2016.09.016

. Wismeijer D, Mans R, Van Genuchten M, Reijers HA. Patients’

preferences when comparing analogue implant impressions using
a polyetherimpression material versus digital impressions (Intraoral
Scan) of dental implants. Clin Oral Implants Res. 2014;25(10):1113-1118.
doi:10.1111/cIr.12234

. Sakornwimon N, Leevailoj C. Clinical marginal fit of zirconia crowns

and patients’ preferences forimpression techniques using intraoral
digital scanner versus polyvinyl siloxane material. J Prosthet Dent.
2017;118(3):386-391. d0i:10.1016/j.prosdent.2016.10.019

. Chochlidakis KM, Papaspyridakos P, Geminiani A, Chen CJ,

Feng 1J, Ercoli C. Digital versus conventional impressions for fixed
prosthodontics: A systematic review and meta-analysis. J Prosthet
Dent. 2016;116(2):184-190. e12. doi:10.1016/j.prosdent.2015.12.017

. Bohner L, Gamba DD, Hanisch M, et al. Accuracy of digital technologies

for the scanning of facial, skeletal, and intraoral tissues: A systematic
review. J Prosthet Dent. 2019;121(2):246-251. doi:10.1016/j.pros-
dent.2018.01.015

Gan N, Xiong Y, Jiao T. Accuracy of intraoral digital impressions for
whole upper jaws, including full dentitions and palatal soft tissues.
PloS One. 2016;11(7):e0158800. doi:10.1371/journal.pone.0158800

. Pachiou A, Zervou E, Tsirogiannis P, Sykaras N, Tortopidis D, Kourtis S.

Characteristics of intraoral scan bodies and their influence on
impression accuracy: A systematic review. J Esthet Restor Dent.
2023;35(8):1205-1217. doi:10.1111/jerd.13074

. Wan Q, Limpuangthip N, Mon Hlaing NH, Hahn S, Lee JH, Lee SJ.

Enhancing scanning accuracy of digital implant scans: A systematic
review on application methods of scan bodies. J Prosthet Dent.
2024;132(5):898.e1-898.€9. d0i:10.1016/j.prosdent.2024.06.010
Mukhopadhyay P, Khalikar A, Wankhade S, Deogade S, Shende R. The
passive fit concept - a review of methods to achieve and evaluate in
multiple unit implant supported screw retained prosthesis. J Dent
Oral Sci. 2021;3(2):1-7. doi:10.37191/Mapsci-2582-3736-3(2)-083
Saccomanno S, Saran S, Vanella V, Mastrapasqua RF, Raffaelli L,
Levrini L. The potential of digital impression in orthodontics. Dent J
(Basel). 2022;10(8):147. d0i:10.3390/dj10080147

Emam M, Ghanem L, Abdel Sadek HM. Effect of different intraoral
scanners and post-space depths on the trueness of digital
impressions. Dent Med Probl. 2024;61(4):577-584. doi:10.17219/
dmp/162573

Farag EAA, Rizk A, Ashraf R, Emad Eldin F. Effect of the scanner
type on the marginal gap and internal fit of two monolithic CAD/
CAM esthetic crown materials: An in vitro study. Dent Med Probl.
2025;62(6):1131-1137. d0i:10.17219/dmp/185895

SiqueiraR, GalliM, Chen Z, et al. Intraoral scanning reduces procedure
time and improves patient comfort in fixed prosthodontics
and implant dentistry: A systematic review. Clin Oral Investig.
2021;25(12):6517-6531. doi:10.1007/s00784-021-04157-3

Vitai V, Németh A, Sélyom E, et al. Evaluation of the accuracy
of intraoral scanners for complete-arch scanning: a systematic review
and network meta-analysis. J Dent. 2023;137:104636. doi:10.1016/j.
jdent.2023.104636

Gehrke P, Rashidpour M, Sader R, Weigl P. A systematic review
of factors impacting intraoral scanning accuracy in implant dentistry
with emphasis on scan bodies. Int J Implant Dent. 2024;10(1):20.
doi:10.1186/540729-024-00543-0

Braian M, Wennerberg A. Trueness and precision of 5 intraoral
scanners for scanning edentulous and dentate complete-arch
mandibular casts: A comparative in vitro study. J Prosthet Dent.
2019;122(2):129-136.e2. doi:10.1016/j.prosdent.2018.10.007
Schmalzl J, Réth |, Borbély J, Hermann P, Vecsei B. The impact
of software updates on accuracy of intraoral scanners. BVC Oral
Health. 2023;23(1):219. d0i:10.1186/512903-023-02926-y

Tao C, Zhao YJ, Sun YC, Heng MD, Xie QF, Pan SX. Accuracy of intraoral
scanning of edentulous jaws with and without resin markers. Chin
JDent Res. 2020;23(4):265-271. d0i:10.3290/j.cjdr.n 867887

Kontis P, Guth JF, Schubert O, Keul C. Accuracy of intraoral scans
of edentulous jaws with different generations of intraoral scanners
compared to laboratory scans.JAdv Prosthodont. 2021;13(5):316-326.
doi:10.4047/jap.2021.13.5.316



Dent Med Probl.

3

32.

33.

34.

35.

36.

37.

38.

Sorrentino R, Ruggiero G, Leone R, Ferrari M, Zarone F. Area accuracy
gradient and artificial markers: A three-dimensional analysis of the
accuracy of 10S scans on the completely edentulous upper jaw.
J Osseointegration. 2021;13(Suppl 4):5257-5264. doi:10.23805/
J0.2021.13.504.1

Patzelt SB, Vonau S, Stampf S, Att W. Assessing the feasibility
and accuracy of digitizing edentulous jaws. J Am Dent Assoc.
2013;144(8):914-920. doi:10.14219/jada.archive.2013.0209

Zarone F, Ruggiero G, Ferrari M, Mangano F, Joda T, Sorrentino R.
Comparison of different intraoral scanning techniques on
the completely edentulous maxilla: An in vitro 3-dimensional
comparative analysis. J Prosthet Dent. 2020;124(6):762.e1-762.e8.
doi:10.1016/j.prosdent.2020.07.017

Pan Y, Tsoi JKH, Lam WYH, Pow EHN. Implant framework misfit:
A systematic review on assessment methods and clinical
complications. Clin Implant Dent Relat Res. 2021;23(2):244-258.
doi:10.1111/cid.12968

Katsoulis J, Takeichi T, Gaviria AS, Peter L, Katsoulis K. Misfit
of implant prostheses and itsimpact on clinical outcomes. Definition,
assessment and a systematic review of the literature. Eur J Oral
Implantol. 2017;10(Suppl 1):121-138. PMID:28944373.

Najeeb S, Zafar MS, Khurshid Z, Siddiqui F. Applications
of polyetheretherketone (PEEK) in oral implantology and
prosthodontics. J Prosthodont Res. 2016;60(1):12-19. doi:10.1016/j.
jpor.2015.10.001

Mizumoto RM, Yilmaz B. Intraoral scan bodies in implant dentistry:
A systematic review. J Prosthet Dent. 2018;120(3):343-352.
doi:10.1016/j.prosdent.2017.10.029

Mizumoto RM, Yilmaz B, McGlumphy Jr. EA, Seidt J, Johnston WM.
Accuracy of different digital scanning techniques and scan bodies
for complete-arch implant-supported prostheses. J Prosthet Dent.
2020;123(1):96-104. doi:10.1016/j.prosdent.2019.01.003



	_Hlk209789339

