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Abstract: The aim of this in vitro study was to systematically investigate new caries diagnostic
tools, including three intraoral scanners, and compare them to established diagnostic methods. For
a standardized analysis of occlusal and proximal caries lesions, human permanent and primary
teeth (n = 64) were embedded in models and investigated in a phantom head using six different
caries diagnostic methods: visual examination, bitewing radiography, Diagnocam (KaVo, Biberach,
Germany), Trios 4 (3Shape, Copenhagen, Denmark), iTero Element 5D (Align Technology, San José,
CA, USA), and Planmeca Emerald S (Planmeca, Helsinki, Finland). The diagnostic methods were
investigated and compared to reference µ-CT for permanent and primary teeth separately. For occlusal
caries diagnostics in permanent teeth, the best agreement to the reference (reliability) was obtained
for Planmeca Emerald S (k = 0.700), whereas in primary teeth, for visual examination (k = 0.927),
followed by Trios 4 (k = 0.579). Regarding proximal caries diagnostics, bitewing radiography, as
the gold standard, exhibited the highest agreement for permanent (k = 0.643) and primary teeth
(k = 0.871). Concerning the analysis of the diagnostic quality (sensitivity and specificity) using
receiver operating characteristic (ROC) curve analysis, comparable findings were obtained for area
under curve (AUC) values as for reliability. No diagnostic method could be identified that is generally
suitable for occlusal and proximal lesions in both dentitions. Overall, caries diagnostics with intraoral
scanners seem to be interesting tools that should be further investigated in clinical studies.

Keywords: intraoral scanners; dental caries; diagnostic techniques; digital dentistry; pediatric
dentistry; interdisciplinary study

1. Introduction

Today, intraoral scanners offer many additional applications beyond digital impression
acquisition, including the determination of tooth color, treatment simulation, and the
monitoring of tooth movement and wear [1–4]. Meanwhile, three commercially available
intraoral scanners, including Trios 4 (3Shape, Copenhagen, Denmark), iTero Element 5D
(Align Technology, San José, CA, USA), and Planmeca Emerald S (Planmeca, Helsinki,
Finland), provide caries diagnostic tools for the detection of occlusal and/or proximal
caries lesions integrated in their intraoral scanners [5]. Due to the fact that dental caries is
still the most common non-communicable disease worldwide and remains a significant
and costly public health issue [6,7], intraoral scanner-based diagnostics might help to detect
and monitor enamel caries lesions at an early stage to enable minimally invasive treatment
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options [8–10]. Furthermore, caries experience and malocclusion are related [11]. Thus, the
caries diagnostic tools involving intraoral scanners might also be useful for orthodontics,
in particular in children from lower socio-economic backgrounds.

However, non-cavitated lesions are especially difficult to diagnose, and correct di-
agnostics are crucial for an optimized treatment decision [12]. False negative findings
may result in caries lesions being detected too late, thus making minimally invasive treat-
ment methods obsolete. In contrast, false positive results may cause unnecessary invasive
treatments [13].

Several caries diagnostic methods are well described in the literature, but there is no
universal diagnostic approach that is equally effective for occlusal and proximal caries
lesions. While visual examination is highly recommended for the diagnosis of early occlusal
caries lesions, proximal lesions cannot be analyzed due to the presence of adjacent teeth.
Therefore, bitewing radiography is recommended as an adjunct to visual examination for
the early detection and monitoring of proximal caries lesions over time, as well as advanced
occlusal caries lesions in dentin [13–15].

Although bitewing radiography is described as the gold standard for proximal caries
lesions, a clear disadvantage is the use of ionizing radiation, which limits the monitoring of
caries lesions [16]. Thus, bitewing radiography is not suitable for pregnant women, and
should be carefully used in children. Furthermore, bitewing radiography is not helpful
for the detection of early occlusal caries lesions due to the superimposition of the enamel
layer [17–21].

The Diagnocam (KaVo, Biberach, Germany) was developed to provide a radiation-free
diagnostic method for caries diagnosis [22,23]. This method is used in particular for treating
children and monitoring caries lesions at short intervals owing to the absence of ionizing
radiation. Meanwhile, the Diagnocam has been established in several studies as an effective
diagnostic tool for the detection of proximal caries lesions, whereas data for occlusal caries
diagnostics are scarce. Additionally, it must be mentioned that Diagnocam is a separate
appliance that cannot be integrated into other hardware or software solutions [23–25].

In addition to the Diagnocam, with its near-infrared transillumination technique,
quantitative light-induced fluorescence (QLF), fiber-optic transillumination (FOTI), and
electrical conductance (EC) have been described in the literature for the detection of early
caries lesions [26]. However, these tools should be used to establish diagnostic methods for
caries. A combination of different caries diagnostic methods is recommended as routine
procedure before the invasive treatment of non-cavitated early caries lesions [13,21,26–29].

Considering these limitations of established caries diagnostic tools, the new intraoral
scanner-based caries diagnostic tools might be a promising enhancement. Nevertheless,
new diagnostic methods have to offer advantages without sacrificing diagnostic accu-
racy [30]. Therefore, systematic investigations are urgently needed to confirm their efficacy.

Although the potential benefit of intraoral scanners in this regard is mentioned in
the literature [5], only three studies related to caries diagnostic methods have been pub-
lished. Two studies investigated an experimental caries diagnostic tool integrated in the
Trios 3 (3Shape), which is not commercially available, regarding occlusal caries diagnostics
in vitro and in vivo [31,32]. The third clinical study compared the iTero Element 5D to
established bitewing radiography showing a higher sensitivity for the detection of early
proximal caries lesions with intraoral scanners [33].

To the best of our knowledge, no study has systematically examined the new caries
diagnostic tools for all three commercially available intraoral scanners. Therefore, the
aim of this in vitro study was to investigate the three new intraoral scanner-based caries
diagnostic tools (Trios 4, iTero Element 5D, and Planmeca Emerald S) in comparison to
the established methods (visual examination, bitewing radiography, and Diagnocam). It
was hypothesized that there would be no difference between the caries diagnostic methods
and the reference method µ-CT in terms of reliability (I), sensitivity and specificity (II), and
logistic regression (III).
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2. Materials and Methods
2.1. Study Design

In this comparative in vitro study, three new intraoral scanner-based (Trios 4, iTero Ele-
ment 5D, and Planmeca Emerald S) and three established caries diagnostic methods (visual
examination, bitewing radiography, and Diagnocam) were investigated. Because no data
were available for the new intraoral scanner-based diagnostic methods, the investigation
was designed as a pilot study in the framework of a “validation study” to prepare a clinical
trial. Non-destructive micro-computed tomography (µ-CT, TomoScope XS-FOV, Werth
Messtechnik, Giessen, Germany) was used as a reference method [34–38]. The evaluation
of the occlusal and proximal caries diagnostics was carried out separately for permanent
and primary teeth.

2.2. Standardization, Calibration, and Blinding

To ensure comparable testing conditions and to obtain reproducible data according
to predefined criteria, one dentist (B.S.) performed all caries diagnostic methods [39]. In
advance of this study, experts in each field thoroughly trained the examiner. The training
included a theoretical part in which the criteria for caries diagnosis were explained. A
practical exercise was performed on a model of extracted permanent and primary teeth. For
the three new intraoral scanner-based caries diagnostic methods, two experts for intraoral
scanning (I.B. for iTero Element 5D, and M.A.S. for Trios 4 and Planmeca Emerald S)
provided instructions. A specialist in pediatric dentistry (N.S.-W.), with 20 years of clinical
experience, conducted the calibration on the three established caries diagnostic methods
(visual examination, bitewing radiography, and Diagnocam). Thus, it was possible to
determine intra-rater (consistent findings of each individual examiner) and inter-rater
reliability (different examiners arrived at consistent diagnoses) [39]. The intensity of
agreement between the examiner and instructor was, thus, nearly perfect, according to
Landis and Koch [40] (Cohen kappa coefficient (κ) > 0.81). Because of the in vitro design of
the study, it was viable that the examiner could pause for one week between each diagnostic
method. All teeth were analyzed with the respective diagnostic method only. The pause
should reduce the bias of recalling previous results. After two weeks of completing the six
caries diagnostic examinations, reference data were generated by an independent institute
(Werth Messtechnik) using micro-computed tomography (µ-CT). The µ-CT data were
analyzed by a second examiner (M.A.S.) without any knowledge of the results of the
diagnostic methods.

If provided by a manufacturer, intraoral scanners were calibrated according to the
manufacturer’s instructions before scanning. A quadrant scan was performed following
a standardized scan path, consisting of the occlusal surface, oral surfaces, and buccal
surfaces [41].

2.3. Preparation of Test Models

To enable a standardized comparison between the different caries diagnostic methods,
an experimental design along with a clinical close setup was conducted. Therefore, human
teeth (n = 64) of the permanent (n = 51) and primary (n = 13) dentitions were collected
and extracted for therapeutic reasons at the Department of Pediatric Dentistry, Giessen,
Germany, between March and May 2020, with informed consent from the patients or legal
guardians. The age of the patients ranged from 2 to 18 years. Only primary molars and
permanent premolars and molars were included in this study, while incisors, canines,
and crowned or filled teeth were excluded. The teeth revealed occlusal and/or proximal
caries lesions, as well as apparent superficial sound surfaces. After extraction, the teeth
were carefully cleaned and stored according to ISO/TS 11405 (first in 0.5% chloramine-T
trihydrate solution (Lysoform, Berlin, Germany) for seven days, followed by distilled water
for a maximum of six months with weekly water change) [42]. The study was approved by
the local ethics committee of the Medical Faculty (Reg. No. 143/09).
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Eight teeth (four in each lateral tooth area) were embedded in pink-colored acrylic
resin (Palavit G, Kulzer GmbH, Hanau, Germany) with proximal contact and mounted
in a model base (A-REEM BGR1, Frasaco GmbH, Tettnang, Germany) made of low X-ray
contrast plastic with recesses for placing digital X-ray sensors and a socket to screw the
model into a phantom head (Figure 1).
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Figure 1. Example of test model (left) and test model mounted in a phantom head (right).

2.4. Diagnostic Methods

All diagnostic methods were carried out with the respective model mounted on a
phantom head, except for bitewing radiography. The ambient lighting of 500 lx was con-
trolled using a luxmeter (LED Luxmeter HT 309, HT Instruments GmbH, Korschenbroich,
Germany) [43,44].

For standardized measurement, the occlusal surface of each tooth was divided into
six areas: mesiobuccal, distobuccal, mesiocentral, distocentral, mesio-oral, and disto-
oral [1]. Therefore, six grooves were prepared and served as reference points for the grid
(Figure 2a) [45]. The proximal lesions were investigated in two areas: the mesio-proximal
and disto-proximal surfaces (Figure 2b).
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grid resulting in six areas: mesiobuccal (mb), distobuccal (db), mesiocentral (mc), distocentral (dc),
mesio-oral (mo), disto-oral (do, right). (b) Example of a tooth with mesio-proximal and disto-proximal
areas (green circles).
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2.4.1. Visual Examination

The visual examination of the teeth was carried out under standardized illumination
of the treatment unit (25,000 lx) using a dental mirror and air syringe.

The surfaces were assessed by modifying the classification according to Schaefer et al. [46].
Furthermore, beyond this, for comparison to the other diagnostic methods, sound teeth
without visually detectable caries lesions were given the numerical value (0), surfaces
with caries enamel lesions were scored using the numerical value (1), and surfaces already
exhibiting caries dentinal lesions with numerical value (2).

2.4.2. Bitewing Radiography

For digital bitewing radiography with a sensor (XIOSPLUS-Sensor 31.3 × 44.5 × 6.7 mm;
Dentsply Sirona, Bensheim, Germany), a commercial intraoral X-ray unit (Heliodent DS,
Dentsply Sirona) was used. The exposure time was 0.06 s at a cathode voltage of 60 kV and
a current of 7 mA.

The caries lesions were assessed according to Marthaler, describing four different
caries stages: D1 outer and D2 inner half are limited to caries enamel lesions and D3 outer
and D4 inner half describing caries dentinal lesions [47]. For better comparability of the
bitewing radiography data to the other diagnostic methods, the classification of Marthaler
was simplified. Sound areas without radiologically detectable caries lesions were scored
using a numerical value (0). Caries enamel lesions were marked with numerical values
(1) and caries dentinal lesions with numerical value (2). While the greatest caries pro-
gression per tooth was assessed for the evaluation of the occlusal lesions, both the mesio-
proximal and disto-proximal surfaces could be examined for proximal caries lesions. The
reason for assessing the occlusal lesion according to the greatest caries progression per
tooth and not per surface is the two-dimensionality of the bitewing radiography.

2.4.3. Diagnocam

In addition to the visual and radiological examinations, caries diagnostics were carried
out using Diagnocam (version 2.4.1.6107, KaVo). This device uses near-infrared light
transillumination and operates at a wavelength of 780 nm [13]. Similar to other diagnostic
methods, sound surfaces without caries lesions visible in the Diagnocam were given a
numerical value (0), caries enamel lesions were marked with the numerical value (1), and
surfaces showing dentinal caries with the numerical value (2).

2.4.4. Trios 4

The Trios 4 (version 20.1.4, 3Shape) uses fluorescence technology with blue-violet light
of a wavelength of 415 nm to detect fluorescence changes between sound and demineralized
tooth surfaces [32]. In this study, occlusal and proximal caries lesions were examined.
However, the manufacturer only recommends occlusal caries diagnostics.

In contrast to the Planmeca Emerald S, caries diagnostics can be performed with the
Trios 4 using the same scan tip by performing a scan of the surface in the caries mode with
the effect of an “overlay scan”.

To ensure a reproducible and standardized distance of the scan head to the teeth of one
centimeter, an individual placeholder was fabricated using non-reflective silicone (Plurasil
Putty, Pluradent AG & Co KG, Offenbach, Germany).

According to the software, initial caries lesions are highlighted in yellow in the caries
mode, while moderate to extensive lesions are displayed in red.

For comparison of the color scale to the other diagnostic methods, sound surfaces
without any color were given a numerical value (0), yellow areas that showed caries enamel
lesions were scored with the numerical value (1), and red areas that showed dentinal caries
were scored with the numerical value (2).
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2.4.5. iTero Element 5D

In addition to the Trios 4, teeth were also assessed using the iTero Element 5D (version
2.6.3.356, Align Technology). This intraoral scanner is based on near-infrared transillu-
mination (NIRI) technology. According to the manufacturer’s information, enamel that
is illuminated with light in the near-infrared range (wavelength 850 nm) appears darkly
translucent, whereas dentin or caries lesions appear less translucent and brighter [48].
Similar to Trios 4, the same scanning tip for capturing 3D images and caries diagnostics
is provided.

Align Technology provides a classification into lesion grades (0) to (3) for proximal
caries lesions: sound tissue (0), enamel lesions (1), lesions up to the enamel–dentin interface
(2), and dentin lesions that may already appear cavitated (3). For better comparability of
data to the other diagnostic methods, in this study, a distinction was made between sound
surfaces (0), enamel lesions (1), and dentin lesions (2). Although the manufacturer only
recommended proximal caries diagnosis with the iTero Element 5D, occlusal and proximal
caries lesions were examined in this study.

2.4.6. Planmeca Emerald S

In contrast to the Trios 4 and iTero Element 5D, the Planmeca Emerald S (version
6.0.1.812, Planmeca) requires a separate scan tip for caries diagnostics, or a “cariosity tip”,
provided by the manufacturer for occlusal and proximal caries diagnostics. Planmeca
Emerald S uses near-infrared technology, also found in the Diagnocam and the iTero
Element 5D. In contrast to these, Planmeca utilizes a shorter wavelength of 727 nm. The
manufacturer does not classify the lesion grades for either proximal or occlusal lesions.
Therefore, the lesion was scored as follows: absence of a translucent spot (0), caries lesions
limited to the enamel (1), and lesions in the dentin (2).

2.5. Reference Dataset

After completion of the six diagnostic methods, the reference datasets were gener-
ated by an independent institute (Werth Messtechnik) using micro-computed tomography
(µ-CT, TomoScope XS-FOV, Werth Messtechnik). The exposure time was 250 ms with
1200 exposures at 360◦ at a voltage of 130 kV and a power of 100 W. An average resolution
of 2950 × 2230 pixels was selected, and the models were scanned in a standardized manner
with 2950 slices from the root tip to the occlusal surface. µ-CT provided a structural resolu-
tion of 50 µm voxel size and captured a measurement volume of 90 mm height/diameter
and a diameter/height of 120 mm.

Raw data were edited to the area of interest using the corresponding software Win-
Werth 3D-Grafik (Werth Messtechnik) and imported into the 3D imaging software Image
J (v1.53e, Wayne Rasband, National Institute of Health, Bethesda, MD, USA). First, the
quantitative measurement of the caries depth was carried out according to the caries
extension (CE) index described by Kühnisch et al. [49]. Subsequently, the numerical values
were classified into the semi-quantitative classification of Marthaler [47], which was already
used for the “bitewing radiography” diagnostic method. Finally, for comparison with the
six investigated diagnostic methods, sound areas without detectable caries lesions on µ-CT
were scored with the numerical value (0), D1 and D2 lesions were summarized as enamel
lesions (1), and areas with D3 and D4 lesions were scored as dentinal lesions (2).

2.6. Statistical Analysis

IBM SPSS Statistics (version 27, IBM, Armonk, NY, USA) was used for the statisti-
cal analysis.

Given that this was the design of a pilot study in the preparation of a clinical trial, no
sample size calculation was possible in advance. However, a post hoc precision analysis
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for each caries diagnostic method was performed according to the following formula of
Schwarze [50]:

precision [ε] =

√
z2 ∗ P ∗ Q

n
z = 1.96 by alpha error of 5%;
P = measured sensitivity or specificity;
Q = 1-sensitivity or 1-specificity;
n = total number of sound areas or total number of areas with caries lesions.
The results are presented in the Appendix A (Table A1).

2.6.1. Reliability

For each caries diagnostic method, agreement with the reference method µ-CT was
calculated using Cohen’s kappa (k). [40] The values of sound (0), enamel lesion (1), and
dentinal lesion (2) were assumed to be nominally scaled categorical variables.

2.6.2. Sensitivity and Specificity

To analyze the diagnostic quality of each method, the sensitivity, specificity, and area
under curve (AUC) values were determined using receiver operating characteristic (ROC)
curve analysis. Therefore, two thresholds were investigated:

- Threshold I: sound (0) versus overall caries (pooled data of enamel (1) and dentin caries (2));
- Threshold II: pooled data of sound (0) and enamel caries (1) versus dentin caries (2).

The higher the AUC values, the better the diagnostic quality [51].

2.6.3. Logistic Regression

To investigate the deviation of each diagnostic method from the reference method µ-CT,
logistic regression was performed. Therefore, the GENLIN-MIXED procedure was applied,
and models were calculated with robust standard errors. To calculate the deviations of each
diagnostic method in comparison to the reference method µ-CT, 0 (no deviation between
reference and diagnostic method) and 1 (deviation) were defined as dependent variables.

3. Results
3.1. Reliability

For occlusal caries diagnostics in permanent teeth, the best agreement of all inves-
tigated diagnostic methods with the reference µ-CT was achieved using the Planmeca
Emerald S, which displayed considerable agreement (k = 0.700). Moderate agreement
was demonstrated for visual examination (k = 0.512), Diagnocam (k = 0.500), and Trios
4 (k = 0.431). Only sufficient agreement could be shown for iTero Element 5D (k = 0.366)
and bitewing radiography (k = 0.297).

However, for proximal surfaces in permanent teeth, the gold standard bitewing radio-
graphy still exhibited the highest agreement with the reference µ-CT (k = 0.643), followed
by the Planmeca Emerald S (k = 0.451) with moderate agreement. The iTero Element 5D
(k = 0.379), the Diagnocam (k = 0.318), and visual examination (k = 0.252) showed sufficient
agreement. The Trios 4 achieved the lowest agreement (k = 0.179).

In contrast to the findings for permanent teeth, visual examination presented a near-
perfect agreement with the reference µ-CT (k = 0.927) for the diagnosis of occlusal caries in
primary teeth. Moderate agreement was demonstrated for the Trios 4 (k = 0.579), bitewing
radiography (k = 0.471), and Diagnocam (k = 0.469). The Planmeca Emerald S (k = 0.402)
and iTero Element 5D (k = 0.324) showed sufficient agreement.

Concerning the caries diagnostics of proximal surfaces in primary teeth, bitewing
radiography showed almost perfect agreement (k = 0.871), and thus the best agreement
with the reference µ-CT compared to all other diagnostic methods. A moderate agreement
(k = 0.532) was demonstrated for visual examination, and all three Trios 4 (k = 0.400), iTero
Element 5D (k = 0.302, Planmeca Emerald S (k = 0.290), and the Diagnocam (k = 0.212)
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achieved sufficient agreement. The reliability with values of kappa (k) are displayed in
Figure 3.
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3.2. Sensitivity and Specificity

For threshold I (sound (0)) versus overall caries (pooled data of enamel (1) and dentin
caries (2)), the sensitivity and specificity for the occlusal caries diagnosis in permanent teeth
showed comparable results for iTero Element 5D and Trios 4, whereby Trios 4 demonstrated
slightly better sensitivity and specificity values. Both intraoral scanners revealed a higher
percentage of false positive than false negative diagnoses. Planmeca Emerald S exhibited
the highest sensitivity, the second-highest specificity, and the highest AUC. Moreover, in
terms of false negative diagnoses, Planmeca Emerald S was superior to all other diagnostic
methods investigated. High sensitivity values were also found for Diagnocam, and the
highest specificity was observed for visual examination.

For proximal caries diagnostics of permanent teeth, Trios 4 and iTero Element 5D
showed the same sensitivity, whereby the specificity of iTero Element 5D was higher. With
regard to the AUC, the Planmeca Emerald S was superior to all other diagnostic methods.
The highest specificity values were found for bitewing radiography, whereas the lowest
values for sensitivity were observed for visual examination. Diagnocam could demonstrate
the highest sensitivity values.

AUC values for IOS caries diagnostic methods in permanent teeth ranged between
0.7 and >0.8 and were classified as acceptable to excellent according to Hosmer et al. [51],
except for Trios 4 in proximal lesions (Table 1 and Figure 4).
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Table 1. Caries diagnostic methods regarding sensitivity, specificity, and area under curve (AUC)
values with receiver operating characteristic (ROC) curve analysis for threshold I (sound (0)) versus
overall caries (pooled data of enamel (1) and dentin caries (2)).

Permanent Teeth Primary Teeth

Region of
Interest Diagnostic Methods Sensitivity Specificicy AUC Sensitivity Specificicy AUC

Occlusal
Surfaces

Visual Examination 0.660 0.991 0.825 0.929 1.000 0.964
Bitewing Radiography 0.592 0.730 0.661 1.000 0.500 0.750

Diagnocam 0.921 0.626 0.774 0.857 0.611 0.734
Trios 4 0.806 0.704 0.755 0.952 0.806 0.879

iTero Element 5D 0.759 0.670 0.714 0.738 0.639 0.688
Planmeca Emerald S 0.963 0.774 0.869 0.762 0.639 0.700

Proximal
Surfaces

Visual Examination 0.227 0.750 0.601 0.600 0.909 0.755
Bitewing Radiography 0.591 1.000 0.795 1.000 1.000 1.000

Diagnocam 0.818 0.712 0.765 0.600 0.455 0.527
Trios 4 0.545 0.738 0.641 0.667 0.909 0.788

iTero Element 5D 0.545 0.900 0.723 0.400 0.909 0.655
Planmeca Emerald S 0.727 0.900 0.814 0.667 0.636 0.652
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As in the case of reliability, the diagnostic methods also differed in the analysis of
sensitivity and specificity between the permanent and primary teeth. For occlusal caries
diagnostics in primary teeth, Trios 4 presented a high sensitivity comparable to visual
examination and a low number of false positive and false negative diagnoses compared
to other diagnostic methods. Planmeca Emerald S and iTero Element 5D showed the
same results for specificity and the same percentage of false positive diagnoses, whereby
Planmeca Emerald revealed better results in terms of sensitivity and the number of false
negative diagnoses. Bitewing radiography showed the highest sensitivity, followed by
visual examination showing slightly lower sensitivity.

For the detection of proximal caries lesions in primary teeth, Trios 4 showed com-
parable specificity with Planmeca Emerald as well as a high percentage of false positive
diagnoses, which was only higher for bitewing radiography.

For iTero Element 5D, the lowest sensitivity and the highest number of false negative
diagnoses for all diagnostic methods were detected on the proximal surfaces of primary
teeth. Visual examination showed results similar to those of the Trios 4. Both methods are
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characterized by high specificity and low sensitivity. In addition, both methods had a lower
percentage of false positive than false negative diagnoses.

Comparable findings could be shown in primary teeth for occlusal and proximal
lesions with AUC values between 0.7 and > 0.8 (Table 1 and Figure 5).
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Regarding threshold II (pooled data of sound (0) and enamel caries (1) versus dentin
caries (2)), our data revealed, for occlusal caries diagnosis in permanent teeth, comparable
results to threshold I, showing that Planmeca Emerald S also exhibited the highest sen-
sitivity and highest AUC value. Furthermore, Diagnocam showed high sensitivity and
AUC values. For proximal caries diagnostics of permanent teeth, bitewing radiography
demonstrated superior data compared to threshold I. Planmeca Emerald S only showed
a specificity of 0.6 following Diagnocam (0.7), but nevertheless both diagnostic methods
have comparable AUC values of 0.7, indicating an acceptable diagnostic quality.

In primary teeth for occlusal lesions regarding sensitivity, bitewing radiography was
superior to all other diagnostic methods, with Planmeca Emerald S demonstrating the
highest sensitivity of all IOS. AUC values for IOS could be demonstrated at 0.7–0.8, showing
excellent diagnostic quality for Trios 4, with an AUC value of 0.8, but demonstrating visual
examination to be the superior diagnostic method, with an AUC value of approximately 1.0.
For the detection of proximal lesions in primary teeth, bitewing radiography showed the
highest sensitivity, followed by visual examination. All other diagnostic methods, including
IOS, revealed worse values regarding sensitivity (Table 2 and Figures 6 and 7).

3.3. Logistic Regression

Data from all caries diagnostic methods were compared to the reference µ-CT. For
occlusal caries diagnostics in permanent teeth, visual examination showed the lowest mean
deviation on sound surfaces (1 ± 9.3%). On surfaces with caries, the Planmeca Emerald S
revealed the lowest mean deviation (5 ± 21.7%).

With regard to the diagnosis of proximal caries in permanent teeth, all diagnostic
methods presented the highest mean deviation for enamel lesions, except for the Trios 4 and
iTero Element 5D.

Concerning the diagnosis of occlusal caries in primary teeth, visual examination
showed the lowest mean deviation (0 ± 0.0%) on sound surfaces. On surfaces with caries,
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bitewing radiography presented the lowest mean deviation (0 ± 0.0%) from the reference
method µ-CT.

Except for Diagnocam, all diagnostic methods for proximal lesions in primary teeth
revealed the greatest mean deviation on surfaces with enamel caries. The lowest mean
deviation on sound surfaces (0 ± 0.0%) and on surfaces with dentinal caries (8 ± 28.9%)
was demonstrated for bitewing radiography.

The descriptive results, including correlation to the reference method µ-CT for all
caries diagnostic methods in permanent and primary teeth, are presented in the Appendix A
(Table A2).

Figure 8 shows an example of all caries diagnostic methods used in this study.

Table 2. Caries diagnostic methods regarding sensitivity, specificity, and area under curve (AUC)
values with receiver operating characteristic (ROC) curve analysis for threshold II (sound/enamel
caries versus dentin caries).

Permanent Teeth Primary Teeth

Region of
Interest Diagnostic Methods Sensitivity Specificicy AUC Sensitivity Specificicy AUC

Occlusal
Surfaces

Visual Examination 0.500 0.973 0.736 0.974 1.000 0.987

Bitewing Radiography 0.738 0.707 0.722 1.000 0.462 0.731

Diagnocam 0.877 0.707 0.792 0.846 0.744 0.795

Trios 4 0.648 0.886 0.767 0.667 1.000 0.833

iTero Element 5D 0.680 0.826 0.753 0.590 0.769 0.679

Planmeca Emerald S 0.951 0.810 0.880 0.718 0.744 0.731

Proximal
Surfaces

Visual Examination 0.222 0.978 0.600 0.750 1.000 0.875

Bitewing Radiography 0.778 0.989 0.884 0.917 0.929 0.923

Diagnocam 0.667 0.806 0.737 0.500 0.786 0.643

Trios 4 0.222 0.968 0.595 0.417 1.000 0.708

iTero Element 5D 0.222 0.946 0.584 0.333 1.000 0.667

Planmeca Emerald S 0.556 0.914 0.735 0.583 0.714 0.649
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Figure 8. Example of all investigated caries diagnostic methods: visual examination (a), bitewing
radiography (b), Diagnocam (c), Trios 4 (d), iTero Element 5D (e), Planmeca Emerald S (f), and µ-CT
reference (g); green line shows plane of µ-CT, green circle marks caries lesion in sectional image.

4. Discussion

In clinical practice, the detection of non-cavitated caries is challenging [13]. Further-
more, the monitoring of initial proximal lesions in the enamel is difficult only by visual
examination without ionizing radiation [33]. Therefore, additional caries diagnostic tools in-
tegrated into the commercially available intraoral scanners might be a promising alternative
to the currently established methods.

Current studies have demonstrated a wide variation in routine caries diagnosis [16,17].
Even when using established criteria for reporting, divergent clinical findings are re-
ported [18]. Therefore, the training and calibration of obvious pathological findings was
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conducted in advance of this study. Only one examiner investigated all six diagnostic
methods. Following Michou et al. [31] and Metzger et al. [33], only posterior teeth were an-
alyzed without restoration. In addition to permanent teeth, primary molars were included
in the present study as well. The caries diagnostic tools for intraoral scanners require light
transmission or fluorescence technology. This is the reason that caries diagnosis in restored
teeth may not be possible [52]. Thus, intraoral scanners for caries diagnostics could be a
viable diagnostic alternative, especially in pediatric dentistry. Since a different hard tissue
structure is described in primary and permanent teeth [53,54], we decided to investigate
both dentitions in this study. To obtain basic information about the performance of caries
diagnostics with intraoral scanners for occlusal and proximal caries lesions, each method
was systematically analyzed separately. However, the authors are aware of the fact that, in a
clinical setting, a combination of different methods are often applied and are recommended
before invasive treatment of non-cavitated early caries lesions [12,20,25–27].

Currently, high-resolution µ-CT is an established alternative as a reference method
for occlusal and proximal caries lesions instead of histology, which always requires the
sectioning of teeth for investigation [37,38]. This bears the risk that the full extent of the
lesion is not detected, as the teeth are not examined in total, but only in suspicious caries
areas. In particular, non-cavitated lesions may be overlooked. Technically, sectioning can
cause damage to the teeth [55,56], leading to the possibility of falsified results.

The potential of the Planmeca Emerald S in caries diagnostics for permanent teeth was
clearly demonstrated in our study. Planmeca Emerald S demonstrated superior results for
occlusal caries diagnostics in permanent dentition compared to the established gold stan-
dard visual examination. Even though the gold standard bitewing radiography exhibited
the best results for proximal caries diagnostics in permanent dentition, Planmeca Emerald
S showed comparable results to bitewing radiography. This aspect could be presented
for both evaluated thresholds, with the fact that bitewing radiography was superior in
threshold II, but nevertheless Planmeca Emerald S proved to show an acceptable AUC
value, meaning it is an acceptable diagnostic tool.

However, different results were found among permanent and primary teeth. For the
diagnosis of occlusal caries lesions in primary dentition, the gold standard visual exam-
ination exhibited the best results, showing the highest AUC value followed by Trios 4.
Therefore, the Trios 4 might also be a viable supplementary caries diagnostic method in
addition to visual examination, especially on occlusal surfaces of the primary dentition.
Furthermore, the visualization of caries lesions on the screen may increase the patients’
treatment acceptance for invasive interventions, if necessary. This aspect could also be
confirmed for Trios 4 in both thresholds, whereby in threshold II, Trios 4 was even consid-
ered to be superior to threshold I. Regarding the diagnosis of proximal lesions in primary
teeth, bitewing radiography was still shown to be indispensable for treatment decisions
and should be a permanent part of the diagnostic process, which can be underlined by
both results regarding threshold I and II, showing low AUC values for all other examined
caries methods.

Furthermore, the Trios 4 showed higher AUC values on occlusal surfaces compared
to the proximal surfaces of the permanent dentition. This can be explained by the current
scan tip, which, according to the manufacturer, only allows the detection of occlusal caries.
Therefore, the results of proximal caries diagnostics must be interpreted carefully.

In the study by Michou et al. [31], the “f4 function” on occlusal surfaces of the per-
manent dentition, with a sum of sensitivity and specificity of 160–184% (depending on
the degree of lesion), showed the best overall performance. All the functions investigated
for the Trios 3-based prototype with caries diagnosis performed well. These results are in
accordance with our data for occlusal caries diagnostics using Trios 4 in permanent teeth,
showing an acceptable AUC value.

In contrast to Trios 4, Align Technology released the iTero Element 5D only for proximal
surfaces and provided a classification for caries lesions. Therefore, the results of occlusal
caries diagnostics must also be interpreted with care. This guideline was confirmed in our
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study, in which the iTero Element 5D showed better specificity values and greater reliability
on proximal surfaces (SP = 90%) than occlusal surfaces (SP = 67%) in the permanent
dentition. Metzger et al. [33] also investigated the caries diagnostic function on proximal
surfaces of the permanent dentition in their clinical study, showing similar results for caries
lesions in the enamel (SE = 51.6%, SP = 90.4%) compared with those in our study (SE = 55%,
SP = 90%). While the Cohen’s kappa value was lower than in the present study, according
to the classification of Landis and Koch [40], these data have to be interpreted as sufficient.
Although a direct comparison of the results remains difficult, the reliability determined by
Metzger et al. is similar to our findings [33].

For the Planmeca Emerald S, the highest AUC value of all examination methods could
be determined on occlusal surfaces (0.87) in the permanent dentition. We hypothesize that
the better results of Planmeca Emerald S compared to iTero Element 5D and Diagnocam
can be explained by the different wavelengths applied. Although the three methods are all
based on the same functional principle of near-infrared transillumination, the Planmeca
Emerald uses the lowest wavelength (727 nm), followed by Diagnocam (780 nm) and iTero
Element 5D (850 nm). In this study, the reliability is inversely related to the wavelength of
near-infrared transillumination.

Overall, the results of the present study demonstrated that none of the diagnostic
methods can be universally applied to occlusal and proximal surfaces in both dentitions.
However, the Planmeca Emerald 5 and Trios 4 seem to be suitable tools for clinical practice.
The use of the Trios 4 as a basic instrument, which only needs to be supplemented by bitew-
ing radiographs in the case of unclear findings, would be desirable, particularly in pediatric
patients. Among children and adolescents, for whom regular bitewing radiographs may be
contraindicated with regard to X-ray exposure, a radiation-free intraoral scan could be an
additional helpful tool for routine dental examinations.

Concerning the limitations of this study, we have to point out that the intraoral
scanners is a light optical system. Therefore, the detection of subgingival caries lesions and
teeth with restorations with secondary caries is not possible. Thus, the application field is
limited in these cases. Furthermore, regarding enamel caries, all the examined diagnostic
methods may have an increased error rate. For clinical practice, it would be interesting to
measure the required time for each caries diagnostic method. However, we decided not to
investigate this aspect because results might be misleading due to the in vitro study design
in a phantom head without any saliva, movement, and patient-specific influencing factors.
Importantly, the results of the diagnostics of dentin caries should be interpreted with care
because of the low number of lesions.

For a useful implementation of caries diagnostics with intraoral scanners in routine
patient care, it would be desirable if the intraoral scanner software would automatically
mark conspicuous areas in the intraoral scan with the help of artificial intelligence. This
has already been described in the field of reporting radiographs [57], clinical photos [58],
or NIRI images [59]. Finally, these results must be clarified by a prospective clinical trial,
which is in preparation.

5. Conclusions

Within the limitations of this in vitro study, no universal diagnostic method could be
identified in general as suitable for occlusal and proximal caries diagnostics in both dentitions.

- Planmeca Emerald S demonstrated better results for occlusal caries diagnostics in
permanent dentition compared to established gold standard visual examination.

- For diagnosis of occlusal caries lesions in primary dentition, the gold standard visual
examination exhibited the best results.

- Concerning proximal caries lesions, the gold standard bitewing radiography is still not
substitutable, but in permanent dentition, Planmeca Emerald S showed even better
results regarding AUC value than radiography.

Overall, caries diagnostics with intraoral scanners seems to be an interesting tool that
should be further investigated in clinical studies.
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Appendix A

Table A1. Precision of sensitivity and specificity in permanent and primary teeth for the different
diagnostic methods (respective gold standard diagnostic method is highlighted in bold typography).

Region of Interest Diagnostic Methods
Precision (ε)

For Sensitivity (%) For Specificity (%)

Permanent Teeth

Occlusal Surfaces

Visual Examination ±7 ±2
Bitewing Radiography ±7 ±8

Diagnocam ±4 ±9
Trios 4 ±6 ±8

iTero Element 5D ±6 ±9
Planmeca Emerald S ±3 ±8

Proximal Surfaces

Visual Examination ±18 ±3
Bitewing Radiography ±21 ±0

Diagnocam ±16 ±10
Trios 4 ±21 ±10

iTero Element 5D ±21 ±7
Planmeca Emerald S ±19 ±7

Primary Teeth

Occlusal Surfaces

Visual Examination ±8 ±0
Bitewing Radiography ±0 ±16

Diagnocam ±10 ±16
Trios 4 ±7 ±13

iTero Element 5D ±13 ±16
Planmeca Emerald S ±13 ±16

Proximal Surfaces

Visual Examination ±25 ±17
Bitewing Radiography ±0 ±0

Diagnocam ±25 ±29
Trios 4 ±24 ±17

iTero Element 5D ±25 ±17
Planmeca Emerald S ±24 ±28
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Table A2. Deviations (%) of all methods from the reference method µ-CT on occlusal and proximal
surfaces of permanent and primary teeth for the different diagnostic methods.

Permanent Teeth Primary Teeth

Region of
Interst

Diagnostic
Methods

µ-CT
Groups Mean (%) SD (%) N Mean (%) SD (%) N

Occlusal
Surfaces

Visual
Examination

Sound (0) 1 9.3 115 0 0 36
Enamel lesion (1) 51 50.4 69 67 57.7 3
Dentinal lesion (2) 50 50.2 122 3 16.0 39

Bitewing
Radiography

Sound (0) 27 44.6 115 50 50.7 36
Enamel lesion (1) 100 0.0 69 100 0 3
Dentinal lesion (2) 26 44.2 122 0 0 39

Diagnocam
Sound (0) 37 48.6 115 39 49.4 36

Enamel lesion (1) 58 49.7 69 100 0 3
Dentinal lesion (2) 12 33.0 122 15 36.6 39

Trios 4
Sound (0) 30 45.8 115 19 40.1 36

Enamel lesion (1) 55 50.1 69 33 57.7 3
Dentinal lesion (2) 35 48.0 122 33 47.8 39

iTero Element 5D
Sound (0) 33 47.2 115 36 48.7 36

Enamel lesion (1) 71 45.7 69 67 57.7 3
Dentinal lesion (2) 32 46.8 122 41 49.8 39

Planmeca
Emerald S

Sound (0) 23 42.0 115 36 48.7 36
Enamel lesion (1) 39 49.2 69 67 57.7 3
Dentinal lesion (2) 5 21.7 122 28 45.6 39

Proximal
Surfaces

Visual
Examination

Sound (0) 3 15.7 80 9 30.2 11
Enamel lesion (1) 85 37.6 13 100 0 3
Dentinal lesion (2) 78 44.1 9 25 45.2 12

Bitewing
Radiography

Sound (0) 0 0 80 0 0 11
Enamel lesion (1) 69 48.0 13 33 57.7 3
Dentinal lesion (2) 22 44.1 9 8 28.9 12

Diagnocam
Sound (0) 29 45.5 80 55 52.2 11

Enamel lesion (1) 62 50.6 13 33 57.7 3
Dentinal lesion (2) 33 50.0 9 50 52.2 12

Trios 4
Sound (0) 26 44.3 80 9 30.2 11

Enamel lesion (1) 62 50.6 13 67 57.7 3
Dentinal lesion (2) 78 44.1 9 58 51.5 12

iTero Element 5D
Sound (0) 10 30.2 80 9 30.2 11

Enamel lesion (1) 54 51.9 13 67 57.7 3
Dentinal lesion (2) 78 44.1 9 67 49.2 12

Planmeca
Emerald S

Sound (0) 10 30.2 80 36 50.5 11
Enamel lesion (1) 69 48.0 13 67 57.7 3
Dentinal lesion (2) 44 52.7 9 42 51.5 12
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