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Abstract
Objective: To evaluate the effects of a quantitative measurement and potential diagnosis of dental caries
methodology based on fusion modeling of intraoral scanner (IOS) and cone-beam computerized
tomography (CBCT).

Materials and methods: Sixty extracted human permanent mandibular molar teeth were collected from
Tianjin Stomatological Hospital. Two independent caries detection methods were used as index tests:
assessment using fusion modeling of IOS and CBCT, visual-tactile examination with periapical
radiographic assessment using international caries detection and assessment system (ICDAS) criteria.
Histological assessment was used as the reference test. One-way ANOVA test was used for statistical
analysis.

Results: The teeth samples presented various caries stages among each groups. Fusion modeling of IOS
and CBCT gave an accuracy of 96.7% while visual-tactile examination with periapical radiographic
assessment reached 83.3% and 81.7%, respectively. Most index tests showed signi�cant correlation with
histological assessments. IOS-CBCT fusion group resulted in the highest reliability, and the highest sum
of sensitivity (SE) and speci�city (SP) (sum SE-SP: 1.60–1.84).

Conclusions: The measurement and diagnosis of dental caries methodology based on fusion modeling
of IOS and CBCT images was noninvasive and sensitive. The �ndings reported here shed new light on
dental caries detection, classi�cation, diagnosis, treatment and prevention. 

Clinical relevance: This dental caries measurement and diagnosis method offered a foundation for risk
assessment and surveillance, disease prevention and health promotion of dental caries. It could be
helpful in supporting the continuing development of caries lesion classi�cation and disease management
systems, and facilitating communication between practitioners, patients, researchers and policymakers.

Introduction
Dental caries can be de�ned as an infectious, multifactorial, transmissible process that leads to the
progressive destruction of dental hard tissues (enamel and dentine). As one of the most prevalent and
consequential oral diseases globally, it causes serious health and economic burdens throughout the
world [1, 2]. Therefore, it is very important to detect carious lesions sensitively and accurately, which can
protect dental health and reduce substantial costs [3].

Visual tactile method is a traditional and preferred route in everyday clinical practice, which is widely used
for screening and diagnosis of dental caries [4, 5]. Dentists inspect dental caries based on changes of the
colour, texture, and structure of teeth according to their experiences. Hence, it is highly subjective, and the
sensitivity and speci�city of visual tactile diagnosis can not meet the accuracy requirements [6, 7].
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X-ray radiography is an irreplaceable aid for the diagnosis of dental caries, especially hidden or
inaccessible dental caries. There are three common types of radiographs widely used in clinical practice,
which are periapical, bitewing, and panoramic X-rays [8]. Periapical and bitewing X-rays concentrate on
only one or a few teeth and can not detect the full mouth in one attempt. Panoramic X-rays can capture
the entire mouth in a single image, but it is a two-dimensional X-ray examination.

Cone-beam computerized tomography (CBCT) is a new radiographic technique which can generate three
dimensional (3-D) images of dental structures, soft tissues, and bone in the craniofacial region in a single
scan. The focused x-ray beam reduces scatter radiation, resulting in better image quality. Meanwhile, it
produces a wide variety of views and angles which can provide more complete evaluations. Thus, CBCT
has advantages such as high accuracy and low artifact, allowing for more precise treatment planning [9,
10]. Walsh et al searched several databases and studied related articles about the detection and
diagnosis of early caries. They found that CBCT showed superior sensitivity and had the potential to be
used as a reference standard in diagnostic studies of dental caries [11]. However, there were also
controversial results in this respect. Felemban et al evaluated the diagnostic accuracy of CBCT, extraoral
bitewings, and intraoral bitewings in the detection of interproximal caries. Results showed that no
signi�cant differences were found in sensitivity, speci�city, and area under the curve values among these
methods [12]. By far, the detection of dental caries with radiography was still complicated due to the
complexity of the tooth anatomy, the artifacts from restorations, etc.

Nowadays, there are several other methods being developed to detect dental caries, such as �uorescence,
transillumination, optical coherence tomography, and electrical conductance or impedance technologies
[13]. Salama et al investigated occlusal surface of 45 molar and 49 premolar teeth using three diagnostic
methods, which were visual examination using the International Caries Detection and Assessment
System (ICDAS-II), light �uorescence-based devices (Vista Proof iX HD smart), and �ssurotomy. Among
them, Vista Proof showed the highest level of agreement in dentine carious lesion detection with the
highest sensitivity value (95%). However, the level of agreement in enamel carious lesion detection was
very low with 48% sensitivity value [14]. The near-infrared light transillumination (NILT) method provides
noninvasive, nonionizing radiation choices. This technique has been proven to be successful as a
screening tool for the early detection of demineralized dental caries lesions and can be considered as an
adjunct to bitewing radiographs [15–17]. It can be advantageous in screening pregnant, growing
adolescent patients and in cases where multiple follow-ups are needed and ionizing radiation must be
avoided. Vanella et al summarized that NILT using light ranging from 700 to 1700nm had better optical
properties compared to conventional optical systems using light in the visible spectra. It exhibited
increased sensitivity compared to radiographs and was more suitable to identify approximal enamel
lesions [18]. However, there were also controversial reports. Alrayyes et al pointed out that the use of NILT
as a stand-alone caries detection method for interproximal primary molar surfaces was limited [19].
Stratigaki et al warned that treatment decisions should not be based on NILT alone [20]. Other methods
such as bioluminescence measurements (Calcivis imaging system, Cis) and enhanced truncated-
correlation photothermal coherence tomography (eTC-PCT) using long-wave infrared (LWIR) cameras
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were also investigated for the visualization of early caries [21, 22]. However, further studies still needed to
be explored considering about penetration depth or background noise.

Recently, the intraoral scanner (IOS) has been raised as a new caries diagnostic tool. Schlenz et al
compared three intraoral scanners to established diagnostic methods. They set µ-CT as reference.
Results showed that caries diagnostics with IOS seemed to be interesting strategies that should be
further investigated in clinical studies [23]. There were many studies investigated IOS in implant
placements. The improved accuracy of scan templates fabricated using the IOS can eliminate the
possible laboratory errors associated with the conventional technical procedures as well as reduce the
inaccuracies resulting from the image processing and segmentation of CBCT data [24]. Meanwhile, IOS
were combined with CBCT in measuring dimensional changes of bone and soft tissue surface [25].
Gómez-Polo et al merged IOS with CBCT for implant-supported complete-arch �xed dental prostheses.
They con�rmed that such methodology could improve the dimensional accuracy of IOS in edentulous
arches [26].

Our team developed a multimodal fusion method based on IOS and CBCT in dental caries detection. We
collected the IOS and CBCT images of mandibular molar teeth with various degrees of dental caries. The
3D model data format was raised by data fusion and precise registration of these images, which provided
both the surface texture features and internal voxel structure features. Quantitative measurements were
made according to the color and structure characteristics of dental caries. Such results were compared
with results from visual-tactile and histological assessments. This study hypothesized that the combined
usage of IOS and CBCT will lead to the creation of a new digital methodology for the precise diagnosis of
dental caries. The novelty in this paper lied in the development of the quantitative geometric
measurement and potential usage in diagnosis based on fusion modeling of external surface texture
obtained from IOS and internal structure information from CBCT images. The usage of such method can
be helpful in the identi�cation and diagnosis of dental caries. Schematics of the whole study were shown
in Fig. 1.

Materials And Methods

Ethics statement
Human permanent mandibular molar teeth extracted for periodontal or other therapeutic reasons at the
Tianjin Stomatological Hospital were collected for investigation. Ethical approval was obtained from the
Ethics Committee of Tianjin Stomatological Hospital (Approval Number: 20200012). All patients signed
informed consent forms.

Sample collection and study design
The extracted teeth were cleaned of calculi and debris using an ultrasonic device (Cavitron JET Plus
Ultrasonic Scaler, Dentsply, Milford, Delaware, USA), disinfected in 2% sodium hypochlorite (NaOCl)
solution for 20 minutes, and stored in distilled water. Two independent caries detection methods were



Page 6/16

used as index tests: assessment using fusion modeling of intraoral scanner (3Shape, USA) with CBCT
(KaVo 3D eXam, USA), visual-tactile examination and periapical radiographic assessment using
international caries detection and assessment system (ICDAS) criteria. Histological assessment was
used as the reference test.

Data Collection
CBCT and IOS images were collected respectively and then fused together. First, the teeth were observed
on IOS and CBCT separately to determine whether the dental caries could be recognized. Next, IOS-CBCT
fused images were reviewed and the dental caries were labeled. The relative caries depth (the ratio of the
caries depth and the maximum depth from enamel to pulp cavity where the caries was located), the
relative caries area (the ratio of the caries area and the dental crown area), the relative caries gray value
(the ratio of the caries gray and gray scale), the relative caries volume (the ratio of the caries volume and
the dental crown volume), and the relative caries surface area (the ratio of the caries surface area and the
dental crown volume) were measured. Then, the results were compared and analyzed. Each evaluation of
IOS and CBCT visibility was performed twice with a 3-week interval by one observer for calculation of
intra-observer test reliability. The evaluation results were then compared with those results obtained from
another observer to calculate inter-observer reliability. Disagreement between the two observers was
resolved by discussion and a consensus was reached.

To evaluate the degree of tooth decay, 150 µm axial longitudinal section of each tooth was obtained and
evaluated under the polarized light microscope and the light microscope, respectively. Brie�y, specimens
were mounted on acrylic blocks for sectioning. A 150 µm mesiodistal section of the tooth specimens
were obtained using a hard tissue microtome (Leica SP1600), which were then washed with deionized
water and oriented longitudinally on glass slides. The sections were evaluated under the polarized light
microscope (Leica DM 2500 P, German) and the light microscope (Nikon ECLIPSE Ni-U, Japan),
respectively. The photographs were taken under maximum illumination at 10× magni�cation. The
decayed areas were quanti�ed with a computerized imaging system (Progres Capture Pro 2.88 software)
and the mean depth of the lesion was obtained.

Statistical analysis
The data obtained in this study was analyzed using SPSS 24.0 (SPSS Software; IBM, Armonk, NY) and
Graphpad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA). Both Levene’s test and Shapiro-Wilk’s
test were used to test the assumption of normal distribution and homogeneity of variance. If the data
was not violated of this statistical assumption, one-way ANOVA test would be used to compare the
parameters with different caries stage; otherwise, Kruskal-Wallis test would be performed. P < 0.05 was
considered statistically signi�cant.

Results
Of the 60 teeth selected in this study, 7 were sound teeth with no visible dental caries(E0, 11.7%), 11 were
caries in the outer half of enamel (E1, 18.3%), 9 were caries in the inner half of enamel including the



Page 7/16

dentine-enamel junction (E2, 15.0%), 9 were caries in the outer third of dentine (D1,15.0%), 10 were caries
in the middle third of dentine (D2, 16.7%), and 14 were caries in the inner third of dentine (D3,23.3%).

The quantitative measurement of occlusal caries based on fusion modeling of external surface texture
and internal CBCT images was performed with different stages, as shown in Fig. 2 and Table 1. There
were signi�cant differences in the relative caries depth, relative caries gray and relative caries volume
with different caries stages (P < 0.05). Meanwhile, there were no signi�cant differences in the relative
caries area and the relative caries surface area with different caries stages (P ≥ 0.05).

The trend of the relative indicators with caries stage was shown in Fig. 3. It was found that the relative
caries depth, relative caries area, relative caries volume and relative caries surface area increased with the
increase of caries stage, while, the relative caries gray decreased with the increase of caries stage.

Under the polarized light microscope, different patterns of birefringence among sound teeth and decayed
teeth were observed in each group, with black and opaque areas being related to the areas of
demineralized dental caries lesions. Demineralization patterns in triangular shape were observed in E1
gourp, and “water droplets” shapes were observed in E2 group. Under the light microscope, natural
enamel were presented as light brown colour while decayed enamel were presented as dark brown, which
were accordance with the result of the polarized light microscope (Fig. 4).

Intra-observer and inter-observer error for the IOS-CBCT fused model was less than 0.44 mm while for
segmented CBCT models, the error was less than 0.97 mm. IOS-CBCT models provided statistically and
clinically acceptable accuracy for all dental caries measurements, while CBCT models showed a
tendency to underestimate measurements in the early localized enamel dental caries, although within the
limits of clinical acceptability.

Discussion
Nowadays, there are still a large percentage of human beings heavily affected by dental caries [1, 2].
Accurate and precise caries detection is essential for prevention and treatment of dental caries. There are
several methods such as visual tactile method, X-ray radiography, �uorescence, transillumination, optical
coherence tomography, and other technologies have been raised to detect dental caries [4, 5, 8, 13].
However, there are limitations and challenges of the existing dental caries detection systems, such as
false positive diagnosis can be made due to accumulation of food debris, plaque, stains, the accuracy
and reliability are highly depended on the expertise and training of the assessor, hidden caries cannot be
identi�ed in photographic images [6, 7, 27, 28]. Therefore, we raised a fusion modeling method and tested
its effects in quantitative measurement of dental caries.

Image-fusing of IOS and CBCT has been used widely in implant studies. Zhou et al introduced a method
based on surface scanning of implants. The implant position was located with the image-fusing of IOS
and CBCT after implant placement. They measured the parameter deviations obtained from intraoral
scanner and extraoral scanner, and found that there was no signi�cant difference of implant deviations. It



Page 8/16

was suggested that dental implant could be located via surface scanner with acceptable accuracy for
postoperative veri�cation [29]. Mangano et al investigated twenty-�ve studies dealing with the
construction of a 3D virtual patient using different digital devices, CBCT, face scanner (FS), IOS, and
desktop scanner (DS). Within these studies, the most frequently used matching procedure was between
CBCT and FS and CBCT and IOS/DS. They found that only 3 studies analyzed the feasibility of
superimposition of 3 different types of 3D data (CBCT + FS + IOS/DS). It seemed that the procedure of
superimposition of data from CBCT, IOS, and FS was feasible and possible to create a 3D "virtual patient"
[30]. There was another study investigated the merging digital intraoral and CBCT scans technique for
implant-supported complete-arch �xed dental prostheses (FDPs). Results showed that such methodology
can minimize possible intraoral scanning error and deliver more reliable digital impressions [26]. Another
study had also con�rmed that this technique could increase the predictability and the precision of
complete-arch rehabilitation planned by means of computer-assisted implant surgery [31]. Besides the
usage of this fused technique in implant dentistry and prosthodontics, it had also be used in periodontic
and orthodontic treatments [32, 33]. The advantages of such fusion method are numerous, like the
possibility to reduce error, reduce patient pain, and the possibility to compare the changes before and
after treatment.

Regarding caries detection and diagnosis, IOS showed high accuracy compared with CBCT. The
diagnostic value of CBCT was limited by the occurrence of beam-hardening artifacts and streaks from
restorations and implants [34]. In this study, we used the fused IOS and CBCT technique on dental caries
detection. We tested the fusion images in occlusal caries detection and found they were effective. The
reliability was consistent with those implant studies. However, further clinical investigation was still
needed to assess the feasibility of the method.

Meanwhile, there are still some issues that we need to raise here. CBCT shrinkage has been noticed by
several studies. Komuro et al found that all measurements obtained with a model scanner, IOS, and CBCT
showed shrinkage as compared to the actual values. In addition, CBCT shrinkage was largest among
three different measuring methods [35]. Jiang et al evaluated the reliability and validity of linear and
angular measurements made with miniscrews on a CBCT at two voxel sizes and compared to models
created by an IOS. They found that miniscrews in CBCT and IOS were reliable and clinical valid when
used as a reference measuring tooth movement. However, when miniscrews were involved in high
precision measurement in CBCT or IOS image, systematic error could not be avoided. Therefore, using the
same voxel size was recommended to reduce error [36]. We also noticed that data matching between
CBCT and IOS measurements required attention in regard to the reliability of this method.

Polarized light microscope observation is a sensitive dental caries detection technique that can show
changes in tooth structure through direct visualization of birefringence. The sound tooth show bright in
polarization, while areas with mineral loss or decays appear opaque and dark. Lesion area measurement
of enamel caries using polarized light microscopy might be underestimated due to different immersion
media [37]. Goncalves et al. used polarized light microscopy to qualitatively evaluate the remineralization
effects on demineralized dentine and got reasonable results [38]. Cai et al. evaluated the remineralizing
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effects of �uoride varnishes containing calcium phosphate on arti�cial root caries lesions with adjunctive
application of proanthocyanidin with birefringence, elemental composition, mechanical properties and
mineral density measurements [39]. These are generally effective. However, there are some shortcomings
of this method regarding the amount of demineralization and different structures of dentine sclerosis,
translucent area, dentinal dead tracts and secondary dentine. Therefore, we need to be cautious when
using polarized light microscopy.

There are some limitations in this study. We collected 60 mandibular molar teeth with occlusal caries,
which sample size was small. However, our goal was to evaluate the effects of the quantitative
measurement of dental caries methodology, and the �ndings by far fully supported our hypothesis. A
larger clinical study to verify these results is planned for the near future. Another concern is that this
study is based on fusion modeling of IOS and CBCT examinations. However, CBCT is not the
conventional dental caries examination options. Therefore, it can only be used when CBCT is taken for
other purposes in current states [11]. With the promotion and popularization of CBCT in dental �eld, it
might become a standard diagnostic tool in future.

Conclusion
Taken together, this study developed a method of quantitative geometric measurement and accurate
diagnosis based on fusion modeling of external surface texture obtained from IOS and internal CBCT
images. The method was noninvasive, simple and sensitive, which might be a promising strategy in
dental caries detection.

Declarations
Author Contributions

Huiru Zou and Hongpeng Wang raised the conception of this work and critically revised manuscript.
Xiaoli Lian and Lanrui Zhang contributed to the design, acquisition and analysis. Lin Shen contributed to
the design, analysis and interpretation. Guanhua Wang, Xiaohua Dai, Lei Han, Xin Lin, Yanmei Dai and
Jianda Han contributed to the design and acquisition. All authors gave �nal approval and agree to be
accountable for all aspects of the work.

Funding

This work was supported by the National Key R&D Program of China (Grant No. 2019YFB1311804),
Technology Research and Development Program of Tianjin (Grant No. 20YFZCSY00830,
18ZXZNGX00340), National O�ce for Education Sciences 2018 Planning Project of 13th Five-Year
Scienti�c Research (Grant No. FIB180534), Ministry of Education of the People’s Republic of China (Grant
No. HBKC212037), Science and Technology Project of Tianjin Health Commission (Grant No. ZD20016),
Tianjin Key Medical Discipline(Specialty) Construction Project (2021-516), and Key Laboratory of
Bioactive Materials, Ministry of Education (NKBM-2019-001).



Page 10/16

Ethics Approval and Consent to Participate statement

The informed consent obtained from study participants was written. Ethical approval was obtained from
the Ethics Committee of Tianjin Stomatological Hospital (Approval Number: 20200012). All patients
signed informed consent forms.

Con�ict of Interests

None declared.

References
1. Wen PYF, Chen MX, Zhong YJ, Dong QQ, Wong HM (2022). Global burden and inequality of dental

caries, 1990 to 2019. J Dent Res.101(4):392–399. https://doi.org/10.1177/00220345211056247

2. Peres MA, Macpherson LMD, Weyant RJ, Daly B, Venturelli R, Mathur MR, Listl S, Celeste RK,
Guarnizo-Herreño CC, Kearns C, Benzian H, Allison P, Watt RG(2019). Oral diseases: a global public
health challenge. Lancet. 394(10194):249–260. https://doi.org/10.1016/S0140-6736(19)31146-8

3. Cheng L, Zhang L, Yue L, Ling J, Fan M, Yang D, Huang Z, Niu Y, Liu J, Zhao J, Li Y, Guo B, Chen Z,
Zhou X(2022). Expert consensus on dental caries management. Int J Oral Sci. 14(1):17.
https://doi.org/10.1038/s41368-022-00167-3

4. Sadasiva K, Kumar KS, Rayar S, Shamini S, Unnikrishnan M, Kandaswamy D(2019). Evaluation of
the e�cacy of visual, tactile method, caries detector dye, and laser �uorescence in removal of dental
caries and con�rmation by culture and polymerase chain reaction: An in vivo study. J Pharm
Bioallied Sci. 11(Suppl 2):S146-S150. https://doi.org/10.4103/JPBS.JPBS_279_18

5. Frencken JE, Giacaman RA, Leal SC(2020). An assessment of three contemporary dental caries
epidemiological instruments: a critical review. Br Dent J. 228(1):25–31.
https://doi.org/10.1038/s41415-019-1081-1

�. Senneby A, Neilands J, Svensäter G, Axtelius B, Rohlin M(2019). Threshold values affect predictive
accuracy of caries risk assessment. Acta Odontol Scand.77(4):315–327.
https://doi.org/10.1080/00016357.2018.1564838

7. Macey R, Walsh T, Riley P, Glenny AM, Worthington HV, O'Malley L, Clarkson JE, Ricketts D(2021).
Visual or visual-tactile examination to detect and inform the diagnosis of enamel caries. Cochrane
Database Syst Rev. 6(6):CD014546. https://doi.org/10.1002/14651858.CD014546

�. Lian L, Zhu T, Zhu F, Zhu H(2021). Deep learning for caries detection and classi�cation. Diagnostics
(Basel). 11(9):1672. https://doi.org/10.3390/diagnostics11091672

9. Abdinian M, Ghaiour M(2018). Effect of �ltration and slice thickness of cone-beam computed
tomography images on occlusal caries detection: An ex vivo study. J Dent (Tehran). 15(5):283–293.

10. Waldeck S, VON Falck C, Chapot R, Brockmann M, Overhoff D(2021). Determination of cochlear duct
length with 3D versus two-dimensional methods: A retrospective clinical study of imaging by



Page 11/16

computed tomography and cone beam computed tomography. In Vivo. 35(6):3339–3344.
https://doi.org/10.21873/invivo.12631

11. Walsh T, Macey R, Riley P, Glenny AM, Schwendicke F, Worthington HV, Clarkson JE, Ricketts D, Su TL,
Sengupta A(2021). Imaging modalities to inform the detection and diagnosis of early caries.
Cochrane Database Syst Rev. 3(3):CD014545. https://doi.org/10.1002/14651858.CD014545

12. Felemban OM, Loo CY, Ramesh A(2020). Accuracy of cone-beam computed tomography and
extraoral bitewings compared to intraoral bitewings in detection of interproximal caries. J Contemp
Dent Pract. 21(12):1361–1367.

13. Walsh T, Macey R, Ricketts D, Carrasco Labra A, Worthington H, Sutton AJ, Freeman S, Glenny AM,
Riley P, Clarkson J, Cerullo E(2022). Enamel caries detection and diagnosis: An analysis of
systematic reviews. J Dent Res. 101(3):261–269. https://doi.org/10.1177/00220345211042795

14. Salama M, Hassanein O, Shaalan O, Yassen A(2022). Clinical effectiveness of high de�nition
�uorescence camera in detection of initial occlusal caries. J Clin Exp Dent. 14(2):e177-e184.
https://doi.org/10.4317/jced.59185

15. Vinothkumar TS(2021). Application of near-infrared light transillumination in restorative dentistry: A
review. J Contemp Dent Pract. 22(11):1355–1361.

1�. Wang F, Su C, Yang C, von den Hoff JW, Bian Z, Meng L(2022). Validity of near-infrared light
transillumination for the assessment of proximal caries in permanent teeth. Aust Dent J. 67(1):46–
54. https://doi.org/10.1111/adj.12880

17. Metzger Z, Colson DG, Bown P, Weihard T, Baresel I, Nolting T(2022). Re�ected near-infrared light
versus bite-wing radiography for the detection of proximal caries: A multicenter prospective clinical
study conducted in private practices. J Dent. 116:103861.
https://doi.org/10.1016/j.jdent.2021.103861

1�. Vanella V, Castagnola R, Marigo L, Grande NM, Plotino G(2021). A comparison of near-infrared
imaging with other diagnostic tools for dental caries. Minerva Dent Oral Sci. 70(5):214–222.
https://doi.org/10.23736/S2724-6329.21.04527-7

19. Alrayyes S, Horn A, Kratunova E, Koerber A(2021). Evaluation of a near-infrared light
transillumination device for caries detection in interproximal primary molar surfaces. J Dent Child
(Chic). 88(3):180–186.

20. Stratigaki E, Jost FN, Kühnisch J, Litzenburger F, Lussi A, Neuhaus KW(2020). Clinical validation of
near-infrared light transillumination for early proximal caries detection using a composite reference
standard. J Dent. 103S:100025. https://doi.org/10.1016/j.jjodo.2020.100025

21. Jablonski-Momeni A, Jablonski B, Heinzel-Gutenbrunner M, Korbmacher-Steiner H(2022). Agreement
of bioluminescence measurements and visual assessment in monitoring occlusal surfaces of
permanent teeth. J Clin Med. 11(2):464. https://doi.org/10.3390/jcm11020464

22. Thapa D, Welch R, Dabas RP, Salimi M, Tavakolian P, Sivagurunathan K, Ngai K, Huang B, Finer Y,
Abrams S, Mandelis A, Tabatabaei N(2022). Comparison of long-wave and mid-wave infrared



Page 12/16

imaging modalities for photothermal coherence tomography of human teeth. IEEE Trans Biomed
Eng. https://doi.org/10.1109/TBME.2022.3153209

23. Schlenz MA, Schupp B, Schmidt A, Wöstmann B, Baresel I, Krämer N, Schulz-Weidner N(2022). New
caries diagnostic tools in intraoral scanners: A comparative in vitro study to established methods in
permanent and primary teeth. Sensors (Basel). 22(6):2156. https://doi.org/10.3390/s22062156

24. Elkhadem AH, Osman RB(2022). In�uence of different fabrication techniques on the accuracy of
radiographic scan templates in cases of full-arch computer-guided implant placement: An in vitro
study. Int J Oral Maxillofac Implants. 37(1):30–37. https://doi.org/10.11607/jomi.9084

25. Kijartorn P, Wongpairojpanich J, Thammarakcharoen F, Suwanprateeb J, Buranawat B(2022). Clinical
evaluation of 3D printed nano-porous hydroxyapatite bone graft for alveolar ridge preservation: A
randomized controlled trial. J Dent Sci. 17(1):194–203. https://doi.org/10.1016/j.jds.2021.05.003

2�. Gómez-Polo M, Ballesteros J, Padilla PP, Pulido PP, Revilla-León M, Ortega R(2021). Merging intraoral
scans and CBCT: a novel technique for improving the accuracy of 3D digital models for implant-
supported complete-arch �xed dental prostheses. Int J Comput Dent. 24(2):117–123.

27. Pontes LRA, Lara JS, Novaes TF, Freitas JG, Gimenez T, Moro BLP, Maia HCM, Imparato JCP, Braga
MM, Raggio DP, Mendes FM; CARDEC collaborative group(2021). Negligible therapeutic impact,
false-positives, overdiagnosis and lead-time are the reasons why radiographs bring more harm than
bene�ts in the caries diagnosis of preschool children. BMC Oral Health. 21(1):168.
https://doi.org/10.1186/s12903-021-01528-w

2�. Macey R, Walsh T, Riley P, Hogan R, Glenny AM, Worthington HV, Clarkson JE, Ricketts D(2021).
Transillumination and optical coherence tomography for the detection and diagnosis of enamel
caries. Cochrane Database Syst Rev. 1(1):CD013855. https://doi.org/10.1002/14651858.CD013855

29. Zhou M, Zhou H, Li SY, Geng YM(2020). Dental implant location via surface scanner: a pilot study.
BMC Oral Health. 20(1):306. https://doi.org/10.1186/s12903-020-01297-y

30. Mangano C, Luongo F, Migliario M, Mortellaro C, Mangano FG(2018). Combining intraoral scans,
cone beam computed tomography and face scans: The virtual patient. J Craniofac Surg.
29(8):2241–2246. https://doi.org/10.1097/SCS.0000000000004485

31. Carosi P, Ferrigno N, De Renzi G, Laureti M(2020). Digital work�ow to merge an intraoral scan and
CBCT of edentulous maxilla: A technical report. J Prosthodont. 29(8):730–732.
https://doi.org/10.1111/jopr.13221

32. Icen M, Orhan K, Şeker Ç, Geduk G, Cakmak Özlü F, Cengiz Mİ(2020). Comparison of CBCT with
different voxel sizes and intraoral scanner for detection of periodontal defects: an in vitro study.
Dentomaxillofac Radiol. 49(5):20190197. https://doi.org/10.1259/dmfr.20190197

33. Impellizzeri A, Horodynski M, De Stefano A, Palaia G, Polimeni A, Romeo U, Guercio-Monaco E,
Galluccio G(2020). CBCT and intra-oral scanner: The advantages of 3D technologies in orthodontic
treatment. Int J Environ Res Public Health. 17(24):9428. https://doi.org/10.3390/ijerph17249428

34. Isman O, Aktan AM, Ertas ET(2020). Evaluating the effects of orthodontic materials, �eld of view, and
artifact reduction mode on accuracy of CBCT-based caries detection. Clin Oral Investig. 24(7):2487–



Page 13/16

2496. https://doi.org/10.1007/s00784-019-03112-7

35. Komuro A, Yamada Y, Uesugi S, Terashima H, Kimura M, Kishimoto H, Iida T, Sakamoto K, Okuda K,
Kusano K, Baba S, Sakamoto T(2021). Accuracy and dimensional reproducibility by model scanning,
intraoral scanning, and CBCT imaging for digital implant dentistry. Int J Implant Dent. 7(1):63.
https://doi.org/10.1186/s40729-021-00343-w

3�. Jiang Y, Chen G(2019). Reliability and validity of miniscrews as references in cone-beam computed
tomography and intraoral scanner digital models: study on goat heads. BMC Oral Health. 19(1):259.
https://doi.org/10.1186/s12903-019-0952-9

37. De Medeiros RC, Soares JD, De Sousa FB(2012). Natural enamel caries in polarized light microscopy:
differences in histopathological features derived from a qualitative versus a quantitative approach to
interpret enamel birefringence. J Microsc. 246(2):177–89. https://doi.org/10.1111/j.1365-
2818.2012.03609.x

3�. Gonçalves RS, Scaffa PMC, Giacomini MC, Vidal CMP, Honório HM, Wang L(2018). Sodium
trimetaphosphate as a novel strategy for matrix metalloproteinase inhibition and dentin
remineralization. Caries Res. 52(3):189–198. https://doi.org/10.1159/000484486

39. Cai J, Burrow MF, Manton DJ, Hardiman R, Palamara JEA(2021). Remineralising effects of �uoride
varnishes containing calcium phosphate on arti�cial root caries lesions with adjunctive application
of proanthocyanidin. Dent Mater. 37(1):143–157. https://doi.org/10.1016/j.dental.2020.10.021

Table
Table 1 is available in the Supplementary Files section.

Figures

Figure 1



Page 14/16

Legend not included with this version.

Figure 2

Legend not included with this version.



Page 15/16

Figure 3

Legend not included with this version.



Page 16/16

Figure 4

Legend not included with this version.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Table1.jpg

https://assets.researchsquare.com/files/rs-1625034/v1/c2110109713ee4cddc62662d.jpg

