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Abstract: Background: Model alignment in cases of erosive tooth wear can be challenging, and no
method has been reported to outweigh the others. Methods: Extracted human teeth were mounted
on two models and scanned at different times, from 1 h to 2 weeks, with an intraoral scanner
(3Shape TRIOS 4) before and after immersion in Monster® energy drink and tap water. The scans
were superimposed (3Shape TRIOS Patient Monitoring, Version 2.2.3.3, 3Shape A/S, Copengagen,
Denmark). Best fit, best-fit tooth comparison, reference best fit using fillings, and palatal rugae as
reference points were used for alignment. Surface profile differences were calculated in a cross-
section view. The nonparametric Bland–Altman and Kruskal–Wallis tests were used. Results: First,
statistically significant differences were marked after 4 days of immersion. The measurements
obtained after 2 weeks of immersion were statistically significantly different from the measurements
obtained at the different time points until 1 week. No statistically significant differences (p < 0.05)
were observed among the alignment methods at any time. Conclusion: In comparison to the best-fit
model, both palatal rugae and fillings can be used. The best-fit tooth comparison method is a reliable
option; however, it should be used with caution in cases of major surface loss.
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1. Introduction

Quantitative analyses of outcomes and therapeutic concepts in dental disciplines are
critical in evaluating treatment plans and possible failures. For these reasons, currently,
the superimposition of digital dental scans is frequently employed [1]. Orthodontic tooth
movement [2], the efficacy of aligner treatment [3], tooth wear monitoring [4], and even
volumetric changes following soft tissue grafting [5] are only a few of the utilities digital
technology provides us.

Erosion is one of the most typical causes of tooth wear, and it is defined as the
dissolution of dental hard tissues caused by non-bacteriogenic acids [6]. When enamel
undergoes an acid challenge, mineral loss starts in the carbonate-rich inter-prism space,
creating surface softening, subsurface softening, and eventually an etching pattern. The
latter leads to increased mechanical wear. Frequent exposure to these acids leads to
progressive teeth softening and cumulatively irreversible tissue loss [7].

Tooth wear, especially erosive wear, is becoming an increasing problem these days
as modern nutritional habits favor energy drink consumption [8]. Their highly erosive
dynamic provokes tooth surface loss, often not detected in the early stages by clinicians.

Energy drinks claim to boost concentration and physical performance and reduce
sleepiness. These characteristics, in combination with a pleasant taste, make them quite
popular among young people [9]. The caffeine and its extracts in these drinks reach
up to five times more than a cup of coffee. They may contain the amino acid taurine,
glucuronolactone, minerals, and glucose [10]. These drinks have an extrinsic acidity
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and a pH of up to 2.5 because of the quantity of carbonic acid formed by adding CO2,
which produces fizz and other acids, such as citric acid, phosphoric acid, and tartaric acid.
Therefore, the early detection and monitoring of tooth wear and quantifying the progression
of tooth wear are of increasing importance in providing appropriate patient care.

The early signs of enamel erosion consist of a smooth, silky glazed surface without
perikymata [11], which is a complex state to detect clinically and often evades detection.
To overcome this problem, many methods have been introduced for the quantitative and
qualitative assessment of tooth surface loss. These methods can be categorized as in vitro,
in vivo, or a combination of both [12]. Digital profilometry is a reliable way of measuring
wear in vitro, but the high cost and time-intensiveness inhibit its use in clinical practice [13].
Photographs and clinical indices are the main in vivo methods; however, they are considered
semi-quantitative, as they do not measure exact tissue loss, and the examiner’s subjectivity
influences the outcome [14]. In recent years, intraoral scanners (IOSs) have been used not
only as restorative but also as diagnostic tools, with the help of special software. Model
alignment/superimposition is a method for the qualitative and quantitative investigation
of hard- and soft-tissue changes.

In the past, most studies focusing on superimposition accuracy errors did not use a
fully digital workflow. Gypsum models were scanned using a laboratory scanner [15–18].
More and more studies are using directly scanned models [4,19,20]. Regardless, the su-
perimposition of two different datasets is prone to error. Also, not having a universal
metric system makes studies even harder to compare. Efforts has been made in overcoming
alignment errors; however, they still need further improvement.

Three types of model alignment are used in dentistry: the best-fit alignment, the
landmark alignment, and the reference best fit. The best-fit alignment, one of the first
methods described [21,22], is based on an iterative closest point (ICP)-matching algorithm.
In the ICP method, an iterative search of two datasets with the nearest points is performed.
After that, the algorithm is used to estimate the rigid transformation, which aligns the
models (global matching). Since the introduction of the ICP algorithm, many modifications
and updates have been published [22], with each construction company and software
using a slightly different algorithm. For example, 3Shape (3Shape A/S, Copenhagen,
Denmark) has introduced an alignment method used for tooth comparison based on the
best-fit alignment; however, this method only enables the recognition and alignment of
the teeth, not the whole scanned model (local matching). The landmark alignment is
widely used in the dental industry, especially when precision at the micrometer level is not
essential. It is a straightforward procedure fundamentally based on the operator. However,
when the points are not chosen correctly, the alignment will only partially be completed.
Lastly, the reference best-fit method aligns datasets by allowing the operator to choose the
points least likely to have changed [17,23]. It is a method that avoids alignment errors by
minimizing the number of defects of interest to be measured but introduces operator bias
when selecting the points of interest. According to a recent systematic review [24], this
method prevails over the other two previously explained methods. Reference alignment
leads to significantly lower alignment errors and more accurate measurements. By contrast,
the best-fit and landmark alignment methods may underestimate the size of defects [25].

Parameters such as the matching method, the region of interest selection procedure,
and the quality of the initial alignment impact the accuracy of the final alignment [23].
Registration techniques can be categorized into marker-based [23] and marker-free [26]
approaches, with the first applied mainly in full-arch implant impressions. No marker
can reliably be used in case of long-term wear monitoring, making scan registration quite
challenging, especially when stable anatomical points are required. Teeth constitute the
only hard tissue in the mouth. However, their use in the long-term monitoring of wear or
orthodontic/restorative treatments may appear questionable [23].

Palatal rugae or plicae palatinae are irregular, asymmetric ridges of connective tissue
located behind the incisive papilla [27]. They are considered the most stable anatomic
part of the oral cavity, especially the third rugae. Minor changes may occur only with the
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skeletal expansion of the maxilla during orthodontic treatment [28]. Dental restorations
also are considered as reference points for alignment. Composite resins are more durable
against erosive and/or abrasive challenges than human enamel [29], and they have already
been used as reference points in alignment protocols.

To our knowledge, no study directly compares different alignment methods with the
commercially available IOS software TRIOS Patient Monitoring by 3Shape TRIOS A/S.
This method can be used chairside in a clinical scenario. In the present study, the erosive
wear process was assessed on semi-arch models of natural teeth. Different alignment points
for the reference best fit, as well as global and local best-fit methods, were compared. The
quantification of alignment error is yet to be performed, as well as the impact this error
may subsequently have on metrics. The null hypothesis was that no statistically significant
differences would be found between the alignment methods.

2. Materials and Methods
2.1. Specimen Preparation

Fourteen human teeth (n = 14) were used for this experiment. Dental students extracted
all of them from Athens Dental School, National, and Kapodistrian University of Athens,
as all had a poor prognosis due to terminal periodontitis. These teeth were collected as
leftover biological material, and no notification to the National Ethical Committee was
required. Teeth were stored in chloramine T trihydrate 0.5% w/v for a week until use.

A semi-arch model of the upper jaw (central incisor–second molar) was digitally
modified to fit natural teeth. Two identical models were 3D-printed, and natural teeth were
then mounted using acrylic resin-Jet®, Lang Dental Inc., Wheeling, IL, USA. Each semi-
arch model resulted in having seven teeth, from the central incisor to the second molar.
Composite resin restorations (Filtek Supreme XTE 3M ESPE, 3M Seefeld, Deutschland
GmbH) were placed in three teeth of each model as follows: central incisor (IV class
distally), canine (V class labially), and second molar (II class proximally). The casts were
stored in a darkroom in a phosphate-buffered saline solution for hydration and under
steady pH (Composition: NaCl 137 mmol/L, KCl 2.7 mmol/L, Na2HPO4 10 mmol/L, and
KH2PO4 1.8 mmol/L; pH 7), at 37 ◦C until the initiation of the experiment.

2.2. Erosive Solutions and 3D Scanning

Both semi-arch models were scanned with TRIOS 4 (3Shape TRIOS A/S, Denmark)
to establish the baseline points. Afterward, they were immersed in one of two solutions:
Monster® (Monster Beverage, Corp., Corona, CA, USA) or tap water (control). Monster®,
according to its manufacturer, contains the following ingredients: carbonated water, sucrose,
glucose syrup, acid (citric acid), natural flavorings, taurine (0.4%), acidity regulator (sodium
citrate), panax ginseng root extract (0.08%), l-carnitine l-tartrate (0.04%), caffeine (0.03%),
preservatives (sorbic acid and benzoic acid), color (anthocyanins), vitamins (B2, B3, B6, and
B12), sodium chloride, D-glucuronolactone, guarana seed extract (0.002%), inositol, and
sweetener (sucralose). pH was measured at 3.48. For each designated time (1 h, 3 h, 6 h,
12 h, 1 d, 2 d, 4 d, 1 w, and 2 w), the models were removed from the solution, rinsed with
deionized water for 1 min, dried with oil-free compressed air for 20 s, and scanned by the
same operator to evaluate erosion. The models were then immersed again in the solutions.
The times for solution immersion were strictly followed. In summary, each model was
assessed at baseline and after time-controlled solution immersion. The experiment was
performed in a room with a controlled temperature of 20 ◦C.

2.3. Alignment Methods

The scanned models obtained at different times were superimposed with their baseline
using Patient Monitoring Software (3Shape TRIOS® Patient Monitoring, Version 2.2.3.3,
3Shape A/S, Copenhagen, Denmark). Best fit (global matching), best-fit tooth comparison
(local matching), fillings, and palatal rugae (reference best fit) were used as the four
alignment methods. For the first two methods, the operator did not decide on the best-fit
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alignment. In the third one, the operator manually marked the fillings by first marking
points under the “three-point alignment” in TRIOS software and then marking the whole
surface of the fillings using a brush. Similarly, for the fourth alignment method, the palatal
rugae were marked (Figure 1).
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Figure 1. Different methods of alignment were used in the current study with Patient Monitoring
Software: (a) best fit, (b) best-fit tooth comparison, (c) palatal rugae reference best fit, and (d) filling
reference best fit. For reference best-fit alignment (c,d), first, three points were set (ci,di), and then the
area was painted with a brush (cii,dii, green color).

Subsequently, each model was superimposed and compared with its baseline for all
selected times (from 1 h to 2 weeks). A cross-section tool was used for two parts of each
tooth—one mesially and one distally in a vertical direction. Four profile differences on the
buccal surface and four on the palatal rugae were then calculated for each cross-section.
In this way, sixteen measurements for each tooth, as small as 0.01 mm, were taken for the
3D models. Cross-sections were maintained for each tooth over the different time points
to make the measurements more accurate. The procedure was repeated four times so that
each alignment method’s measurements could be acquired.

2.4. Precision Assessment

Before the main experimental procedure, one of the semi-arch models was scanned
from the same operator five times. These scans were superimposed on Patient Monitoring
Software (3Shape TRIOS® Patient Monitoring, Version 2.2.3.3, 3Shape A/S, Conpehagen,
Denmark) using best fit, best-fit tooth comparison, fillings, and palatal rugae as refer-
ence points. As explained above, sixteen measurements of surface profile differences
for each tooth were acquired. This method was selected to measure the precision of the
final measurements.

2.5. Statistics

The Kolmogorov–Smirnov test was performed to examine if the data were normally
distributed. As they did not follow a normal distribution, the nonparametric Kruskal–
Wallis test was conducted to compare the surface profile differences among the different
semi-arch models. Bonferroni correction was used to adjust significant values for multiple
tests. The Bland–Altman analysis was also performed, which quantified the difference in
agreement between measurements at 2-week intervals using a graphical method.
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The level of significance was set to a = 0.05. SPSS Statistics 26.0 (IBM Corp., Armonk,
NY, USA) was used for statistical analysis.

3. Results

The results for the different methods of alignment are shown in Table 1. First, statis-
tically significant differences were recorded at 4 d for Monster®, and the measurements
obtained at 2 w were statistically significantly different from those obtained at 4 d and
1 w. Regarding tap water, all measurements were 0.01 mm for surface loss, apart from the
measurement of the 2 w time point for tooth comparison (0.02 mm), and no statistically
significant difference was observed. No statistically significant differences were observed
between the three alignment methods at any of the time points.

Table 1. Median surface profile differences (mm) and interquartile range (IQR) at different times
(h: hour, d: day, and w: week), after immersion in Monster® and tap water. Letters a,b,c show the
statistically significant differences between the groups at different time points.

Time Monster® Tap Water

Best Fit Tooth
Comparison Fillings Palatal

Rugae Best Fit Tooth
Comparison Fillings Palatal

Rugae

1 h 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

3 h 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

6 h 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) 0.01 (0) a 0.01 (0) a

12 h 0.01 (0) a 0.01 (0) 0.01 (0) 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

1 d 0.01 (0) a 0.01 (0) a 0.01 (0.01) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

2 d 0.05 (0.02) a 0.02 (0.05) a 0.02 (0.03) a 0.01 (0.01) a 0.01 (0) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

4 d 0.13 (0.04) b 0.08 (0.07) b 0.1 (0.14) b 0.08 (0.12) b 0.01 (0) a 0.01 (0.01) a 0.01 (0) a 0.01 (0) a

1 w 0.27 (0.07) b 0.22 (0.07) b 0.24 (0.08) b 0.21 (0.1) b 0.01 (0.05) a 0.01 (0) a 0.01 (0) a 0.01 (0) a

2 w 0.62 (0.09) c 0.45 (0.2) c 0.67 (0.11) c 0.59 (0.07) c 0.01 (0.03) a 0.02 (0.02) a 0.01 (0) a 0.01 (0) a

The graphical plot of the Bland–Altman analysis is shown in Figure 2.
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Figure 2. Bland–Altman plots comparing the differences between (a) reference best fit (BF)–tooth
comparison (TC) scores with the average of TC-BF scores; (b) best fit (BF)–fillings (F) with the average
of BF-F scores; and (c) reference best fit (BF)–palatal rugae (P) with the average of BF-P scores. (Green
lines: ±SD Confidence Interval lines, Red line: mean deference line).

The Bland–Altman analyses demonstrated excellent agreement between the reference
best-fit method and the other alignment methods (p < 0.01).

After a 2-week immersion of a model, 0.62 mm, 0.45 mm, 0.67 mm, and 0.59 mm of
surface loss was observed with best fit, best-fit tooth comparison, fillings, and palatal rugae
reference best fit, respectively. The eroded teeth are visible in a visual examination, as
shown in Figure 3.
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Figure 3. One-week tooth erosion through immersion using Monster® energy drink (i), in contrast
with teeth’s appearance after two-week immersion in tap water (ii). The arrows show the teeth’s
appearance in both conditions.

Cross-section views of the 3D models at different time points superimposed with
the baseline are shown in Figure 4. In the 1-week energy drink immersion, differences
were barely observed, and all alignment methods yielded accurate results. In the 2-week
energy drink immersion, more distinct misalignment errors occurred, especially for the
tooth comparison method.
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Figure 4. Cross-sections of the second premolar after immersion in Monster® for 1 week (upper) and
2 weeks (lower): (a) best fit, (b) tooth comparison, (c) fillings, and (d) palatal rugae.

4. Discussion

The present study aimed to assess different methods and points of scan alignment
for erosive wear measurements. Based on the present results, no statistically significant
differences were found; therefore, the null hypothesis is verified.

In recent decades, growing evidence shows a considerable increase in the consumption
of potentially erosive energy drinks [30]. The global estimation of erosion indicates that
30–50% of the population suffers from tooth erosion [31], and it is expected to increase due
to increased human life expectancy, lifestyle changes, and people retaining their natural
teeth for longer. Many observational studies found an association between energy and
soft drink consumption and erosive wear severity [32–34]. Yet, only a few studies have
investigated the quantification of tooth loss due to wear [14,35,36], and none of the studies
has examined tooth loss due to energy drink consumption using intraoral scanners and
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semi-arch models. For tooth erosion to be reproduced and surface loss to be observed, in
our study, an energy drink with high erosive potential [35] was chosen. At the 2-week
time point, depending on the investigation method, surface profile loss from 0.45 mm to
0.67 mm was observed.

Regarding precision, 3Shape manufacturers provide an uncertainty limit of around
50 µm. The larger the scan model is, the more significant the errors that are expected. In a
study [37] with a similar protocol and semi-arch models, the precision measurement was
calculated to be +/−10 µm. Additionally, our control group (tap water) measurements
were around 0.01 µm, not zero. This is a number within the uncertainty threshold and
agrees with the findings of another study [38].

Studies have shown relatively low progression in patients with physiological wear,
with reported annual tissue loss of 11–29 µm [17,39]. In the case of pathological tooth
wear, the surface loss was estimated between 68 and 140 µm per year [40], while patients
suffering from erosion had a median of 36.5 µm over six months [41], all beyond the
software’s uncertainty threshold.

No landmark alignment was investigated in the current study as this method had the
lowest accuracy compared to the other two methods in terms of translation and angular
errors. This also resulted in a statistically significant higher positive gain error [26].

The mean translation error resulting from the comparison between the original dataset
and the realigned one was calculated to be 130 µm for the best-fit alignment and 22 µm for
the reference best-fit alignment. The angular error was also estimated to be 0.56◦ for the
best-fit alignment and 0.26◦ for the reference best-fit alignment [26]. Perfect realignment is
challenging, and software and techniques are constantly developing.

In our study, two different sequences were used. Tooth comparison is an automatic
selection method based on a local approach, namely tooth-to-tooth alignment where each
tooth is used as a reference and a comparison is performed at the tooth level; thus, each
tooth is aligned and compared separately, but all teeth are simultaneously shown on Patient
Monitoring. The best-fit alignment and manual filling/palatal rugae selection methods are
based on a global approach, with the best fit considered the reference standard for scan
superimposition [21]. It involves jaw-to-jaw alignment and compares all scanned surfaces
and teeth simultaneously. According to the literature [42], scanner inaccuracies signifi-
cantly affect the methods using the global approach. Our results revealed no difference
between the methods. Yet, fillings were distributed evenly, and palatal rugae comprised a
relatively large part of the model, and this may be the reason why no statistically significant
differences were observed between the two methods in the early stages. As erosive wear
progressed with time, the opposite phenomenon was observed. The greater the surface
defect was, the more inaccurate the best-fit alignment would be. As two scans of the same
tooth are aligned at different time points, the software assumes that the geometries are
equal. Thus, in case of significant defects, especially in the best-fit local approach option, the
software may move the geometries to compensate for the deviation; therefore, an average
superimposition occurs. In this way, even if a buccal “gain” is observed after an erosive
challenge, a considerably more significant surface loss will be marked palatally. This is con-
firmed based on our results, as shown in Figure 4. No statistically significant difference in
surface loss was found, which may be due to average superimposition. On the other hand,
in cases of major surface losses, the best-fit global approach qualitatively yielded better
results than the tooth comparison method, which is likely because a large part of the jaw
incurs no damage from the energy drink, even though no statistically significant differences
were observed. Another study [43] using the best-fit–tooth comparison option showed that
the factor defect area was also significantly associated with inaccurate measurements.

No statistically significant differences were observed between the best fit, tooth com-
parison, palatal rugae, and fillings. Yet, the reported surface loss for Monster® after 2 weeks
for the best-fit method was 0.62 mm, whereas this value was 0.45 mm for tooth comparison,
0.67 mm for fillings, and 0.59 mm for palatal rugae. The tooth comparison model calculated
smaller tooth loss than the other three methods (0.22 mm difference in measurements
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with fillings). As shown in Table 1, the interquartile range also increased in the tooth
comparison model, which may be due to larger misalignment errors, as explained in the
previous paragraph. Even though no statistically significant difference was observed, not
all methods were found to be equally useful in a clinical scenario of wear monitoring with
major surface loss.

In cases of long-time monitoring, a filling may undergo erosive/abrasive wear [44]
and/or enzymatic catabolism [45]. The degradation of composite resins is in direct relation
with the storage solution [46]. It is shown that the pH of the immersion solution can
accelerate the erosive wear of polymers. Many factors can influence the behavior of
restorative materials in acidic conditions [47,48]. Many studies have shown that Coca-Cola
or Coca-Cola-like beverages are among the most aggressive erosive agents. Composite
resin’s degradation in low pH solutions is due to hydrolytic degradation [49]. The first
stage in erosive degradation is water absorption, which can further infiltrate the resin
matrix at the interface with fillers or other defects, compromising their reinforcing effects.
Also, factors like the cross-linked nature of the resin matrix and the solvent sorption uptake
directly affect composite resin degradation [50]. Previous studies showed that the increase
in composite resin roughness in acidic solutions is probably due to their softening surface,
which leads to the leaching of the resin components and the displacement of the filler
particles [51]. It has been confirmed that, due to erosion, the softened zone of the tooth’s
enamel is quite susceptible to mechanical forces, which otherwise only have a minor effect
on the native enamel’s surface. Previous studies also showed a direct correlation between
the size of the filler and the amount of material loss [52]. The shape of the fillers can also
influence the resistance of the composite resin to abrasive challenges. In our study, we
used Filtek Supreme XTE) with a matrix composed of bis-GMA, UDMA, TEGDMA, and
bis-EMA(6) resins. Zirconia fillers of 4 to 11 nm and silica fillers of 20 nm were incorporated.

In terms of palatal rugae as a reference point, on the other hand, its prominent structure
makes it clinically detectable. Its mobility level is relatively low due to its high collagen
content. However, small changes may be observed, primarily in cases of age growth and
orthodontic treatments involving maxilla expansion. On the other hand, there are no data
regarding moisture and dimensional change after pressure. Our protocol involved the use
of 3D-printed palatal rugae, which may have some limitations in clinical practice. Attention
must be paid to choosing the proper reference points to reach clinically accurate conclusions.

Ideally, the registration technique must be non-invasive, not time-consuming, auto-
matic, and straightforward. In recent years, significant advances have been made in this
field. Yet, perfect alignment is difficult to obtain, as no perfect point of alignment has been
introduced in cases of long-term monitoring. This study has some limitations. First, we only
evaluated the performance of TRIOS 4 and the accompanying TRIOS Patient Monitoring
Software. Other software packages may result in better or worse alignment accuracy. To
date, only a few studies have compared different software for alignment [53,54], and none
included 3Shape TRIOS Patient Monitoring. Second, only two semi-arch models were in-
vestigated; a future study with a larger sample would be of interest. We also used semi-arch
models, not full-arch ones; in a clinical scenario of wear, a full-arch scan is undoubtedly
essential. Using a full-arch scan allows for a more balanced distribution of reference points;
however, more significant inaccuracies are expected as the scanning area is doubled.

Progressive tooth wear with severe exposure to dentine is a restorative drawback for
patients, especially for young patients who want to maintain as much tooth structure as
possible. Changes in patients’ lifestyles and the restorative processes needed are challenging
for dental practitioners, as a holistic rehabilitation program is unquestionable [55]. Early
diagnosis is of utmost importance, as it gives dentists the opportunity to implement only
non-operative preventive programs. Diagnostic windows for detecting qualitative change
in study models, clinical indices, clinical photographs, and intraoral scans range from
18 months to 2 years [56]. Commercial tooth wear analysis software will likely override
the need to record a clinical wear index if you take intraoral scans. However, documenting
a clinical index is prudent until then or if working with an analog workflow. Different
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software programs exist for the quantitative measurement of tooth wear, with intraoral
scans potentially diagnosing active wear in six months. However, current problems with
scan registration accuracy and measurement limit their diagnostic potential.

5. Conclusions

The surface loss of semi-arch models was measured with intraoral scan software. Dif-
ferent methods and reference points were used, and according to our results, no statistically
significant differences were found. Still, in cases of large defects, choosing the most suitable
scan alignment method and measurement metric is of high importance for proper diagnosis
and monitoring.

Author Contributions: Conceptualization, C.R. and N.L.; methodology, C.R. and N.L.; formal analy-
sis and investigation, C.R. and N.L.; writing—original draft preparation: N.L.; writing—review and
editing, C.R. and S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from the Specific Account for Research Grant (ELKE) and
the National and Kapodistrian University of Athens.

Informed Consent Statement: No applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the company 3Shape TRIOS A/S for providing the
intraoral scanner.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Becker, K.; Wilmes, B.; Grandjean, C.; Drescher, D. Impact of manual control point selection accuracy on automated surface

matching of digital dental models. Clin. Oral Investig. 2018, 22, 801–810. [CrossRef] [PubMed]
2. Ashmore, J.L.; Kurland, B.F.; King, G.J.; Wheeler, T.T.; Ghafari, J.; Ramsay, D.S. A 3-dimensional analysis of molar movement

during headgear treatment. Am. J. Orthod. Dentofac. Orthop. 2002, 121, 18–29; discussion 29–30. [CrossRef] [PubMed]
3. Zhang, X.J.; He, L.; Guo, H.M.; Tian, J.; Bai, Y.X.; Li, S. Integrated three-dimensional digital assessment of accuracy of anterior

tooth movement using clear aligners. Korean J. Orthod. 2015, 45, 275–281. [CrossRef] [PubMed]
4. Schlenz, M.A.; Schlenz, M.B.; Wöstmann, B.; Jungert, A.; Ganss, C. Intraoral scanner-based monitoring of tooth wear in young

adults: 12-month results. Clin. Oral Investig. 2022, 26, 1869–1878. [CrossRef] [PubMed]
5. Rebele, S.F.; Zuhr, O.; Schneider, D.; Jung, R.E.; Hürzeler, M.B. Tunnel technique with connective tissue graft versus coronally

advanced flap with enamel matrix derivative for root coverage: A RCT using 3D digital measuring methods. Part II. Volumetric
studies on healing dynamics and gingival dimensions. J. Clin. Periodontol. 2014, 41, 593–603. [CrossRef] [PubMed]

6. Carvalho, T.S.; Colon, P.; Ganss, C.; Huysmans, M.C.; Lussi, A.; Schlueter, N.; Schmalz, G.; Shellis, R.P.; Tveit, A.B.; Wiegand, A.
Consensus report of the European Federation of Conservative Dentistry: Erosive tooth wear-diagnosis and management. Clin.
Oral Investig. 2015, 19, 1557–1561. [CrossRef]

7. Warreth, A.; Abuhijleh, E.; Almaghribi, M.A.; Mahwal, G.; Ashawish, A. Tooth surface loss: A review of literature. Saudi Dent. J.
2020, 32, 53–60. [CrossRef]

8. Alsunni, A.A. Energy Drink Consumption: Beneficial and Adverse Health Effects. Int. J. Health Sci. 2015, 9, 468–474. [CrossRef]
9. Ghozayel, M.; Ghaddar, A.; Farhat, G.; Nasreddine, L.; Kara, J.; Jomaa, L. Energy drinks consumption and perceptions among

University Students in Beirut, Lebanon: A mixed methods approach. PLoS ONE 2020, 15, e0232199. [CrossRef]
10. Alford, C.; Cox, H.; Wescott, R. The effects of red bull energy drink on human performance and mood. Amino Acids 2001, 21,

139–150. [CrossRef] [PubMed]
11. Lussi, A.; Jaeggi, T.; Zero, D. The role of diet in the aetiology of dental erosion. Caries Res. 2004, 38 (Suppl. S1), 34–44. [CrossRef]
12. Joshi, M.; Joshi, N.; Kathariya, R.; Angadi, P.; Raikar, S. Techniques to Evaluate Dental Erosion: A Systematic Review of Literature.

J. Clin. Diagn. Res. 2016, 10, ZE01–ZE07. [CrossRef]
13. Chadwick, R.; Mitchell, H.; Cameron, I.; Hunter, B.; Tulley, M. Development of a novel system for assessing tooth and restoration

wear. J. Dent. 1997, 25, 41–47. [CrossRef]
14. Dixon, B.; Sharif, M.O.; Ahmed, F.; Smith, A.B.; Seymour, D.; Brunton, P.A. Evaluation of the basic erosive wear examination

(BEWE) for use in general dental practice. Br. Dent. J. 2012, 213, E4. [CrossRef] [PubMed]
15. Tantbirojn, D.; Pintado, M.R.; Versluis, A.; Dunn, C.; Delong, R. Quantitative analysis of tooth surface loss associated with

gastroesophageal reflux disease: A longitudinal clinical study. J. Am. Dent. Assoc. 2012, 143, 278–285. [CrossRef]

https://doi.org/10.1007/s00784-017-2155-6
https://www.ncbi.nlm.nih.gov/pubmed/28681247
https://doi.org/10.1067/mod.2002.120687
https://www.ncbi.nlm.nih.gov/pubmed/11786867
https://doi.org/10.4041/kjod.2015.45.6.275
https://www.ncbi.nlm.nih.gov/pubmed/26629473
https://doi.org/10.1007/s00784-021-04162-6
https://www.ncbi.nlm.nih.gov/pubmed/34498100
https://doi.org/10.1111/jcpe.12254
https://www.ncbi.nlm.nih.gov/pubmed/24708338
https://doi.org/10.1007/s00784-015-1511-7
https://doi.org/10.1016/j.sdentj.2019.09.004
https://doi.org/10.12816/0031237
https://doi.org/10.1371/journal.pone.0232199
https://doi.org/10.1007/s007260170021
https://www.ncbi.nlm.nih.gov/pubmed/11665810
https://doi.org/10.1159/000074360
https://doi.org/10.7860/JCDR/2016/17996.8634
https://doi.org/10.1016/0300-5712(95)00122-0
https://doi.org/10.1038/sj.bdj.2012.670
https://www.ncbi.nlm.nih.gov/pubmed/22878338
https://doi.org/10.14219/jada.archive.2012.0153


Dent. J. 2024, 12, 34 11 of 12

16. Chadwick, R.G.; Mitchell, H.L.; Manton, S.L.; Ward, S.; Ogston, S.; Brown, R. Maxillary incisor palatal erosion: No correlation
with dietary variables? J. Clin. Pediatr. Dent. 2005, 29, 157–163. [CrossRef] [PubMed]

17. Pintado, M.R.; Anderson, G.C.; DeLong, R.; Douglas, W.H. Variation in tooth wear in young adults over a two-year period. J.
Prosthet. Dent. 1997, 77, 313–320. [CrossRef]

18. Rodriguez, J.M.; Austin, R.S.; Bartlett, D.W. A method to evaluate profilometric tooth wear measurements. Dent. Mater. 2012, 28,
245–251. [CrossRef]

19. Schlenz, M.A.; Schlenz, M.B.; Wöstmann, B.; Glatt, A.S.; Ganss, C. Intraoral scanner-based monitoring of tooth wear in young
adults: 24-month results. Clin. Oral Investig. 2023, 27, 2775–2785. [CrossRef] [PubMed]

20. Witecy, C.; Ganss, C.; Wöstmann, B.; Schlenz, M.B.; Schlenz, M.A. Monitoring of Erosive Tooth Wear with Intraoral Scanners
In vitro. Caries Res. 2021, 55, 215–224. [CrossRef]

21. Besl, P.; McKay, H.D. A method for registration of 3-D shapes. IEEE Trans. Pattern Anal. Mach. Intell. 1992, 14, 239–256. [CrossRef]
22. Park, S.Y.; Subbarao, M. A fast point-to-tangent plane technique for multi-view registration. In Proceedings of the Fourth

International Conference on 3-D Digital Imaging and Modeling, Banff, AB, Canada, 6–10 October 2003; 3DIM 2003, Proceedings.
23. Howard, M.A., 3rd; Dobbs, M.B.; Simonson, T.M.; LaVelle, W.E.; Granner, M.A. A noninvasive, reattachable skull fiducial marker

system. Technical note. J. Neurosurg. 1995, 83, 372–376. [CrossRef]
24. Wulfman, C.; Koenig, V.; Mainjot, A.K. Wear measurement of dental tissues and materials in clinical studies: A systematic review.

Dent. Mater. 2018, 34, 825–850. [CrossRef] [PubMed]
25. O’Toole, S.; Osnes, C.; Bartlett, D.; Keeling, A. Investigation into the accuracy and measurement methods of sequential 3D dental

scan alignment. Dent. Mater. 2019, 35, 495–500. [CrossRef] [PubMed]
26. Hoffmann, J.; Westendorff, C.; Leitner, C.; Bartz, D.; Reinert, S. Validation of 3D-laser surface registration for image-guided

cranio-maxillofacial surgery. J. Craniomaxillofac. Surg. 2005, 33, 13–18. [CrossRef] [PubMed]
27. Chong, J.A.; Mohamed, A.M.F.S.; Pau, A. Morphological patterns of the palatal rugae: A review. J. Oral Biosci. 2020, 62, 249–259.

[CrossRef] [PubMed]
28. Kratzsch, H.; Opitz, C. Investigations on the palatal rugae pattern in cleft patients. Part. II: Changes in the distances from the

palatal rugae to maxillary points. J. Orofac. Orthop. 2000, 61, 421–431. [CrossRef] [PubMed]
29. Yu, H.; Wegehaupt, F.J.; Wiegand, A.; Roos, M.; Attin, T.; Buchalla, W. Erosion and abrasion of tooth-colored restorative materials

and human enamel. J. Dent. 2009, 37, 913–922. [CrossRef] [PubMed]
30. Tahmassebi, J.F.; Duggal, M.S.; Malik-Kotru, G.; Curzon, M.E. Soft drinks and dental health: A review of the current literature. J.

Dent. 2006, 34, 2–11. [CrossRef] [PubMed]
31. Schlueter, N.; Luka, B. Erosive tooth wear—A review on global prevalence and on its prevalence in risk groups. Br. Dent. J. 2018,

22, 364–370. [CrossRef]
32. Jarvinen, V.K.; Rytomaa, I.I.; Heinonen, O.P. Risk factors in dental erosion. J. Dent. Res. 1991, 70, 942–947. [CrossRef]
33. Dugmore, C.R.; Rock, W.P. A multifactorial analysis of factors associated with dental erosion. Br. Dent. J. 2004, 196, 283–286.

[CrossRef]
34. Al-Malik, M.I.; Holt, R.D.; Bedi, R. The relationship between erosion, caries and rampant caries and dietary habits in preschool

children in Saudi Arabia. Int. J. Paediatr. Dent. 2001, 11, 430–439. [CrossRef] [PubMed]
35. Silva, J.G.; Martins, J.P.; de Sousa, E.B.; Fernandes, N.L.; Meira, I.A.; Sampaio, F.C.; de Oliveira, A.F.; Pereira, A.M. Influence of

energy drinks on enamel erosion: In vitro study using different assessment techniques. J. Clin. Exp. Dent. 2021, 13, e1076–e1082.
[CrossRef]

36. Bronkhorst, H.; Bronkhorst, E.; Kalaykova, S.; Pereira-Cenci, T.; Huysmans, M.C.; Loomans, B. Inter- and intra-variability in tooth
wear progression at surface-, tooth- and patient-level over a period of three years: A cohort study.: Inter- and intra-variation in
tooth wear progression. J. Dent. 2023, 138, 104693. [CrossRef] [PubMed]

37. Michou, S.; Vannahme, C.; Ekstrand, K.R.; Benetti, A.R. Detecting early erosive tooth wear using an intraoral scanner system. J.
Dent. 2020, 100, 103445. [CrossRef]

38. Kouri, V.; Moldovani, D.; Papazoglou, E. Accuracy of Direct Composite Veneers via Injectable Resin Composite and Silicone
Matrices in Comparison to Diagnostic Wax-Up. J. Funct. Biomater. 2023, 14, 32. [CrossRef]

39. Lambrechts, P.; Braem, M.; Vuylsteke-Wauters, M.; Vanherle, G. Quantitative in vivo wear of human enamel. J. Dent. Res. 1989,
68, 1752–1754. [CrossRef] [PubMed]

40. Al-Omiri, M.K.; Harb, R.; Abu Hammad, O.A.; Lamey, P.J.; Lynch, E.; Clifford, T.J. Quantification of tooth wear: Conventional vs
new method using toolmakers microscope and a three-dimensional measuring technique. J. Dent. 2010, 38, 560–568. [CrossRef]
[PubMed]

41. Bartlett, D.W.; Blunt, L.; Smith, B.G. Measurement of tooth wear in patients with palatal erosion. Br. Dent. J. 1997, 182, 179–184.
[CrossRef]

42. Schmalzl, J.; Róth, I.; Borbély, J.; Hermann, P.; Vecsei, B. The impact of software updates on accuracy of intraoral scanners. BMC
Oral Health 2023, 15, 219. [CrossRef] [PubMed]

43. Gimenez-Gonzalez, B.; Setyo, C.; Picaza, M.G.; Tribst, J.P.M. Effect of defect size and tooth anatomy in the measurements of a 3D
patient monitoring tool. Heliyon 2022, 8, e12103. [CrossRef] [PubMed]

44. Mulic, A.; Ruud, A.; Stenhagen, I.R.; Bruzell, E.; Tulek, A. Deterioration of direct restorative materials under erosive conditions
with impact of abrasion and attrition in vitro. Biomater. Investig. Dent. 2023, 10, 2202211. [CrossRef] [PubMed]

https://doi.org/10.17796/jcpd.29.2.g413861067g2g884
https://www.ncbi.nlm.nih.gov/pubmed/15719922
https://doi.org/10.1016/S0022-3913(97)70189-6
https://doi.org/10.1016/j.dental.2011.10.002
https://doi.org/10.1007/s00784-023-04858-x
https://www.ncbi.nlm.nih.gov/pubmed/36625960
https://doi.org/10.1159/000514666
https://doi.org/10.1109/34.121791
https://doi.org/10.3171/jns.1995.83.2.0372
https://doi.org/10.1016/j.dental.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29627079
https://doi.org/10.1016/j.dental.2019.01.012
https://www.ncbi.nlm.nih.gov/pubmed/30683418
https://doi.org/10.1016/j.jcms.2004.10.001
https://www.ncbi.nlm.nih.gov/pubmed/15694144
https://doi.org/10.1016/j.job.2020.06.003
https://www.ncbi.nlm.nih.gov/pubmed/32619633
https://doi.org/10.1007/PL00001910
https://www.ncbi.nlm.nih.gov/pubmed/11126017
https://doi.org/10.1016/j.jdent.2009.07.006
https://www.ncbi.nlm.nih.gov/pubmed/19674824
https://doi.org/10.1016/j.jdent.2004.11.006
https://www.ncbi.nlm.nih.gov/pubmed/16157439
https://doi.org/10.1038/sj.bdj.2018.167
https://doi.org/10.1177/00220345910700060601
https://doi.org/10.1038/sj.bdj.4811041
https://doi.org/10.1046/j.0960-7439.2001.00308.x
https://www.ncbi.nlm.nih.gov/pubmed/11759103
https://doi.org/10.4317/jced.57788
https://doi.org/10.1016/j.jdent.2023.104693
https://www.ncbi.nlm.nih.gov/pubmed/37683799
https://doi.org/10.1016/j.jdent.2020.103445
https://doi.org/10.3390/jfb14010032
https://doi.org/10.1177/00220345890680120601
https://www.ncbi.nlm.nih.gov/pubmed/2600255
https://doi.org/10.1016/j.jdent.2010.03.016
https://www.ncbi.nlm.nih.gov/pubmed/20381575
https://doi.org/10.1038/sj.bdj.4809338
https://doi.org/10.1186/s12903-023-02926-y
https://www.ncbi.nlm.nih.gov/pubmed/37061664
https://doi.org/10.1016/j.heliyon.2022.e12103
https://www.ncbi.nlm.nih.gov/pubmed/36561666
https://doi.org/10.1080/26415275.2023.2202211
https://www.ncbi.nlm.nih.gov/pubmed/37313433


Dent. J. 2024, 12, 34 12 of 12

45. Finer, Y.; Santerre, J.P. Biodegradation of a dental composite by esterases: Dependence on enzyme concentration and specificity. J.
Biomater. Sci. Polym. Ed. 2003, 14, 837–849. [CrossRef] [PubMed]

46. Nica, I.; Iovan, G.; Ghiorghe, A.; Stoleriu, S.; Pancu, G.; Andrian, S. Chemical Corrosion of Nano-filled Composite Resins in
Various Solutions. Mater. Plast. 2014, 3, 282–285.

47. Han, L.; Okamoto, A.; Fukushima, M.; Okiji, T. Evaluation of flowable resin composite surfaces eroded by acidic and alcoholic
drinks. Dent. Mater. J. 2008, 27, 455–465. [CrossRef]

48. Lee, Y.K.; Powers, J.M. Discoloration of dental resin composites after immersion in a series of organic and chemical solutions. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2005, 73, 361–367. [CrossRef]

49. Yap, A.U.J.; Chew, C.L.; Ong, L.F.K.L.; Teoh, S.H. Environmental damage and occlusal contact area wear of composite restoratives.
J. Oral Rehabil. 2002, 29, 87–97. [CrossRef] [PubMed]

50. Stoleriu, S.; Andrian, S.; Pancu, G.; Nica, I.; Munteanu, A.; Balan, A.; Iovan, G. The effect of erosion and abrasion on surface
properties of composite resin. IOP Conf. Ser. Mater. Sci. Eng. 2016, 133, 012056. [CrossRef]

51. Abu-Bakr, N.H.; Han, L.; Okamoto, A.; Iwaku, M. Effect of Alcoholic and Low-pH Soft Drinks on Fluoride Release from
Compomer. J. Esthet. Restor. Dent. 2000, 12, 97–104. [CrossRef]

52. Elfakhri, F.; Alkahtani, R.; Li, C.; Khaliq, J. Influence of filler characteristics on the performance of dental composites: A
comprehensive review. Ceram. Int. 2022, 48, 27280–27294. [CrossRef]

53. O’Toole, S.; Osnes, C.; Bartlett, D.; Keeling, A. Investigation into the validity of WearCompare, a purpose-built software to
quantify erosive tooth wear progression. Dent. Mater. 2019, 35, 1408–1414. [CrossRef] [PubMed]

54. O’Toole, S.; Bartlett, D.; Keeling, A.; McBride, J.; Bernabe, E.; Crins, L.; Loomans, B. Influence of Scanner Precision and Analysis
Software in Quantifying Three-Dimensional Intraoral Changes: Two-Factor Factorial Experimental Design. J. Med. Internet Res.
2020, 22, e17150. [CrossRef] [PubMed]

55. Hardan, L.; Mancino, D.; Bourgi, R.; Cuevas-Suárez, C.E.; Lukomska-Szymanska, M.; Zarow, M.; Jakubowicz, N.; Zamarripa-
Calderón, J.E.; Kafa, L.; Etienne, O.; et al. Treatment of Tooth Wear Using Direct or Indirect Restorations: A Systematic Review of
Clinical Studies. Bioengineering 2022, 9, 346. [CrossRef]

56. Bartlett, D.; O’Toole, S. Tooth Wear: Best Evidence Consensus Statement. J. Prosthodont. 2020, 30, 20–25. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1163/156856203768366558
https://www.ncbi.nlm.nih.gov/pubmed/14533861
https://doi.org/10.4012/dmj.27.455
https://doi.org/10.1002/jbm.b.30216
https://doi.org/10.1046/j.1365-2842.2002.00797.x
https://www.ncbi.nlm.nih.gov/pubmed/11844037
https://doi.org/10.1088/1757-899X/133/1/012056
https://doi.org/10.1111/j.1708-8240.2000.tb00206.x
https://doi.org/10.1016/j.ceramint.2022.06.314
https://doi.org/10.1016/j.dental.2019.07.023
https://www.ncbi.nlm.nih.gov/pubmed/31402133
https://doi.org/10.2196/17150
https://www.ncbi.nlm.nih.gov/pubmed/33245280
https://doi.org/10.3390/bioengineering9080346
https://doi.org/10.1111/jopr.13312

	Introduction 
	Materials and Methods 
	Specimen Preparation 
	Erosive Solutions and 3D Scanning 
	Alignment Methods 
	Precision Assessment 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

