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Introduction

A ceramic material that can be used for almost all indi-
cations in the restorative prosthetic spectrum has been 
developed in the form of 3 mol% yttria-stabilized tetrago-
nal zirconia polycrystal (3Y-TZP) [1, 2]. First generation 
3Y-TZP is characterized by high strength but is also very 
opaque, which is why it is usually veneered. Comparatively 
high chipping rates of the ceramic veneer prompted a series 
of design, processing, and material improvements, which 
also included attempts to increase the translucency of the 
material. By reducing the alumina content and increasing 
the sintering temperature, a modest improvement in trans-
lucency of 3Y-TZP was achieved while retaining the exclu-
sively tetragonal crystal structure of the material [3]. The 
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Abstract
Objectives  To prospectively evaluate the wear of posterior zirconia resin-bonded fixed partial dentures (RBFPDs) with pol-
ished occlusal surfaces and their natural enamel antagonists compared to contralateral controls in an enamel-enamel contact 
over 5 years.
Materials and methods  In six patients with either an inlay- or wing-retained RBFPD made of monolithic 3 mol% yttria-
stabilized tetragonal zirconia polycrystal (3Y-TZP), wear was evaluated indirectly using baseline and annual polyvinyl silox-
ane impressions. Resulting gypsum models were digitized and aligned by unchanged surface areas. Wear was analyzed by 
depth and area. For each parameter, descriptive statistics were used to express the degree of wear observed at yearly intervals 
for each group. A linear mixed regression analysis was performed to compare the enamel opposing 3Y-TZP group and the 
enamel-enamel controls at tooth level. All statistical tests were conducted at the 5% significance level.
Results  After 5 years, the mean enamel wear depth of teeth opposing 3Y-TZP was 77 μm, compared to 54 μm for control 
teeth. No wear was observed on the 3Y-TZP RBFPDs. Maximum enamel wear depth and wear area were 229 μm and 9 mm², 
respectively, for teeth opposing 3Y-TZP, and 135 μm and 5 mm² for control teeth. Significant differences in mean enamel 
wear depth emerged after 2 years of observation.
Conclusions  Polished 3Y-TZP caused more enamel wear than natural antagonists over 5 years, but the wear remained within 
the range reported for other commonly used indirect restorative materials.
Clinical relevance  The clinical use of polished 3Y-TZP restorations appears to be justified in terms of natural antagonist wear 
behavior.
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material used in this study is part of this next generation 
of 3Y-TZP materials. Restorations made of this material 
have been used clinically successfully both monolithically 
in the posterior region and with vestibular veneers in the so 
called esthetic zone, achieving high patient satisfaction with 
the esthetics of the restorations [4]. Newer generations of 
zirconia (ZrO2) use an increase in yttria content (4 mol%/5 
mol%) and the associated partial stabilisation of the cubic 
crystal phase to increase the translucency of the material 
and thus improve esthetics, albeit at the expense of reduced 
bending strength [5].

One contributing factor to the popularity of ZrO2 as a 
restorative material is that it can be processed on a modern 
computer-aided design (CAD)/computer-aided manufactur-
ing (CAM) workflow. In combination with digital impres-
sion-taking and data transfer, further efficiencies can be 
achieved in the restorative process chain, including chair-
side fabrication [6].

Despite the mechanical and processing advantages of 
ZrO2, its abrasiveness compared to other dental restorative 
materials has been questioned since its introduction to the 
dental field. Initial misconceptions about the relationship 
between hardness and abrasiveness of ceramic restorative 
materials were later dispelled by research [7, 8]. Rather than 
absolute hardness, the final surface treatment appears to be 
the determining factor for wear on the antagonist tooth [9]. 
Malkondu et al. [7] reviewed 12 in vitro studies regarding 
intrinsic and antagonist wear and concluded that polished 
ZrO2 restorations were the most wear-favourable compared 
to glazed or veneered ZrO2 restorations. However, it is well 
known that in vitro wear tests vary widely in design and 
validity and generally mimic oral cavity properties only to 
a limited extent [10]. So-called two-body wear methods are 
usually carried out using chewing simulators with a slid-
ing phase during contact of antagonist and test specimen. 
With the Minnesota method, it is assumed that 250,000 in 
vitro load cycles with 13.35 N force magnitude correspond 
to about 1 year in vivo, whereas the Zurich method with 
1,200,000 in vitro load cycles at 49 N force magnitude is 
meant to be equivalent to 5 years of clinical wear [11]. In the 
three-body wear test (e.g. ACTA method), two contacting 
wheels with different speeds on their circumferential sur-
faces are placed in a slurry with abrasive potential. Different 
study groups use different media like millet, poppy seeds, 
or silica particles used in toothpastes making comparison of 
results from different studies difficult. In addition, the degree 
of wear also depends on the individual tooth and restoration 
morphology, which is not considered in tests with flat test 
specimens against natural teeth [10, 12]. Finally, in vitro 
tests execute in general uniaxial sliding movements and can 
only partially or inadequately simulate the complex kine-
matics during chewing in the oral cavity. This underlines the 

importance of clinical studies to generate meaningful wear 
data for restorative materials and the natural antagonist [13].

Clinical studies of ZrO2 restorations have produced 
conflicting results regarding antagonist wear due to meth-
odological differences. While one study reported less wear 
compared to enamel [14], others found more wear [15–18] 
or no significant difference [19]. Variability results from 
different evaluation methods, such as focusing only on 
occlusal contact areas (OCAs) [16], overall surface wear 
[19], or neglecting surface differentiation [15, 18]. Sample 
sizes have mostly been small (10 to 20 participants) with 
short study durations (6 months to 2 years studies) [14–19]. 
Pathan et al. included 60 participants but lacked a control 
group, unlike other studies using split-mouth designs [14].

Given the lack of data, it seemed reasonable to conduct 
a longitudinal clinical study that specifically evaluated the 
antagonist regions of interest (ROIs) over a longer period 
than previous studies to investigate the extent to which ZrO2 
restorations made of 3Y-TZP wear the natural antagonist 
over time and how these results compare to wear between 
two natural antagonists.

The aim of this study was, therefore, to prospectively 
evaluate wear of 3Y-TZP restorations and their natural 
enamel antagonists in comparison to the wear at enamel-
enamel contacts measured on a contralateral natural antago-
nist pair over a period of 5 years. To assess the differences 
in wear performance, it was hypothesized that there would 
be no statistically significant differences in wear between 
enamel antagonists, antagonists of a monolithic 3Y-TZP 
restauration and the restauration itself.

Materials and methods

The wear evaluation was planned as a secondary endpoint 
of a monocentric, prospective, randomized clinical trial 
designed to observe the clinical performance of ceramic 
inlay-retained and wing-retained resin-bonded fixed partial 
dentures (RBFPDs). The study protocol was approved by 
the local ethics committee (registration number S-083/2013) 
and pre-registered on clinicaltrials.gov (registration number 
NCT01997710).

More detailed information on the clinical and laboratory 
procedures used in the study and methodological aspects 
related to the primary objective (complication-free survival 
of RBFPDs) can be found elsewhere [20].

A total of 30 participants received either one inlay-
retained or one wing-retained 3-unit RBFPD for replace-
ment of a missing second premolar, first molar, or second 
molar, fabricated monolithically from 3Y-TZP (Cercon ht; 
DeguDent GmbH, Hanau, Germany). The material was 
individually stained (Colour Liquid Prettau; ZirkonZahn 
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GmbH, Gais, Italy) in the pre-sintered state and stained and 
glazed (Cercon stain/glaze; Dentsply Sirona) after sintering 
at 1,500 °C (Cercon heat plus; DeguDent GmbH, total sinter-
ing time: 7:35 h, sintering curve: room temperature > 22 °C/
min > 900 °C > 11 °C/min > 1,500 °C/2:25 h > allow to cool 
to 200  °C, firing chamber closed). The restorations were 
adhesively cemented (Panavia 21 TC; Kuraray Europe 
GmbH, Hattersheim am Main, Germany).

During clinical try-in, and in some cases also after adhe-
sive cementation, all RBFPDs were adjusted in the area of 
the occlusal contacts using ceramic-specific diamond rotary 
instruments (ZR6881.314.016 and ZR8881.315.016, Gebr. 
Brasseler; Lemgo, Germany) and then polished to a high 
gloss (Zenostar polishing kit, Wieland Dental; Pforzheim, 
Germany), resulting in polished (glaze layer completely 
removed) restoration surfaces for wear evaluation.

The main inclusion criteria for wear evaluation were 
patients with both natural antagonists without crowns or 
large fillings opposing the RBFPD (enamel-3Y-TZP con-
tact) and a pair of occluding contralateral natural teeth 
(enamel-enamel contact) serving as controls. A total of 18 
participants did not meet these criteria and were excluded 
from wear measurement. An additional 3 participants 
were excluded because they were not available for the 
entire 5-year study period. In addition, 2 patients had to 
be excluded because their baseline impressions (taken 2 
weeks after RBFPD placement) were considered erroneous. 
Finally, 1 participant had to be excluded because the teeth 
were iatrogenically altered during the study period. Thus, 6 
participants were included in the wear evaluation (Table 1). 

The clinical characterization of the study participants 
included sociodemographic data, RBFPD type and location, 
and the results of a bruxism screening consisting of a self-
report of bruxism activity using the bruxing scale [21] (the 
bruxing scale results from the answers to 4 questions regard-
ing teeth clenching or grinding during the day and at night; 
each question has 5 ordinal answer options from 0 = never, 
1 = sometimes, 2 = regularly, 3 = frequently to 4 = always, as 
well as the option of not answering a question; the highest 
individual value of the 4 questions results in the bruxing 
scale), tooth wear based on the attrition score [22] (0 = no 
grinding facets, 1 = minimal wear of cusps or incisal edges, 
2 = grinding facets parallel to the normal contour, 3 = rec-
ognizable flattening of cusps or incisal edges, 4 = complete 
loss of contour and exposed dentin) assessed clinically for 
the prospective RBFPD abutments, the presence of cheek 
and/or tongue impressions, and the measurement of noc-
turnal bruxism activity using a single-use electromyogra-
phy device [23] (BiteStrip, up2dent.com pixeltown oHG; 
Pulheim-Stommeln, Germany; L = no bruxism or minor 
bruxism corresponds to up to 30 episodes within 5 h in the 
sleep laboratory, 1 = mild bruxism: corresponds to 31 to 60 
episodes within 5 h in the sleep laboratory, 2 = moderately 
severe bruxism: corresponds to 61 to 100 episodes within 
5 h in the sleep laboratory, 3 = severe bruxism: corresponds 
to more than 100 episodes within 5 h in the sleep laboratory, 
E = error: incorrect measurement, - = no muscle activity 
measurable or no skin conductivity: in 2% of the popula-
tion, the skin is not suitable for this test).

Table 1  Sociodemographic and clinical baseline data of the study participants
No. Attrition 

score
Bite 
strip

Cheek 
impressions

Tongue 
impressions

Bruxing scale
(sum score)

Age 
[years]

Sex RBFPD 
type

Teeth* examined for 
wear depending on 
contact situation
enamel- 
3Y-TZP

enamel-
enamel

1 1 2 No No 1 34.68 M W 15 25, 35
2 2 L No No 0 59.17 M W 15 25, 35
3 0 L No No 0 43.62 M W 35 15, 45
4 0 L No No 2 39.63 M I 35 15, 45
5 1 1 Yes No 0 63.71 W I 15, 16 25, 35,

26, 36
6 0 L Yes Yes 2 57.59 M W 35, 37 15, 45,

17, 47
Attrition score (0–4) [22]: 0 = no grinding facets, 1 = minimal wear of cusps or incisal edges, 2 = grinding facets parallel to the normal con-
tour, 3 = recognizable flattening of cusps or incisal edges, 4 = complete loss of contour and exposed dentin; Bite strip: Bruxism screening via 
single-use electromyography device (BiteStrip, up2dent.com pixel-town oHG; Pulheim-Stommeln, Germany) [23]: L = no bruxism or minor 
bruxism corresponds to up to 30 episodes within 5 h in the sleep laboratory, 1 = mild bruxism: corresponds to 31 to 60 episodes within 5 h in 
the sleep laboratory, 2 = moderately severe bruxism: corresponds to 61 to 100 episodes within 5 h in the sleep laboratory, 3 = severe bruxism: 
corresponds to more than 100 episodes within 5 h in the sleep laboratory, E = error: incorrect measurement, - = No muscle activity measurable 
or no skin conductivity: in 2% of the population, the skin is not suitable for this test. Bruxing scale (0–4) [21]: The bruxing scale results from 
the answers to 4 questions regarding teeth clenching or grinding during the day and at night. Each question has 5 ordinal answer options from 
0 = never, 1 = sometimes, 2 = regularly, 3 = frequently to 4 = always, as well as the option of not answering a question. The highest individual 
value of the 4 questions results in the bruxing scale. Deviating from this definition, a sum score was calculated, as no bruxing scale score > 1 
was expected due to the exclusion criteria of the underlying clinical trial. W = wing-retained RBFPD, I = inlay-retained RBFPD, *FDI notation
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with a 100 μm threshold in green, highlighting the identified 
contact areas.

Three different wear groups were defined: (1) wear of 
polished 3Y-TZP in contact with natural enamel (3Y-TZP 
RBFPD), (2) wear of natural enamel in contact with polished 
3Y-TZP (natural tooth opposing 3Y-TZP RBFPD), and (3) 
natural enamel in contact with natural enamel (occluding 
contralateral natural teeth, controls).

In a first step, teeth included in the wear evaluation were 
individually separated from each model scan. To enable 
wear evaluation, each follow-up scan was aligned with 
the baseline situation (Fig. 2). This critical process had to 
be performed manually to get the best possible result and 
was performed by a single operator (JH) after prior train-
ing. For the alignment of the baseline and follow-up scans 
(Geomagic Design X), only those surface areas that did not 
change over time were used. In consequence, these refer-
ence areas had to be iteratively identified by using a copy 
of the occlusal surface of the baseline scan (reference sur-
face) and stepwise (re-)alignment of the recall surface and 
removal of regions correlating with wear or flaws from the 
reference surface. Since during the first alignment flawed or 
worn surface regions are present and the alignment is not 
ideal, only areas showing large deviations or obvious flaws 
were removed and the alignment process repeated (Fig. 3). 
This iterative sequence of reference surface adaptation 
and realignment was repeated until all distance deviations 
between reference surface and follow-up scan were beneath 
a threshold of 20 μm. Based on a pilot study, this 20-µm 

A positive self-report of grinding or clenching on the 
bruxing scale (score > 1 in response to one of the 4 questions 
included), an attrition score > grade 2, and severe bruxism 
diagnosed by the electromyography device led to exclusion 
from the underlying clinical prognostic study of RBFPDs. 
The use of an occlusal splint was documented.

For wear evaluation, dual-phase single step polyvinyl 
siloxane impressions (Flexitime heavy tray in combination 
with Flexitime Correct Flow; Kulzer GmbH, Hanau, Ger-
many) were made at baseline and annual follow-up visits. 
Intraoral photographs with occlusal contacts marked with 
8  μm colored occlusal foil (Bausch, Cologne, Germany) 
were used as a control for the contact areas identified from 
the digitized models as well as the regions of interest (ROIs) 
identified in the subsequent wear evaluation. Models result-
ing from pouring the impressions with Type IV dental gyp-
sum (GC Fujirock EP; GC Europe NV, Leuven, Belgium) 
were digitized with a laboratory scanner (D2000; 3Shape 
A/S, Copenhagen, Denmark) using quality control soft-
ware (Convince 2015; 3Shape). Surfaces were triangulated 
homogeneously with a triangle edge length of 60 μm and 
exported as stl-files. Additionally, the models were scanned 
in maximum intercuspation. After best-fit alignment of 
each individual jaw scan with the intercuspation scan (Geo-
magic Design X; 3D Systems, Rock Hill, USA), the dis-
tances between the maxilla and mandible were graphically 
displayed as false-colour plots and the occlusal contact 
areas were associated with inter-jaw distances of less than 
100 μm. Figure 1 shows an example of a false-color plot 

Fig. 1  Graphical representation of the distances between the upper (left) and lower (right) jaw. Contact points appear green in the 100 μm toler-
ance range
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not lead to excessive reference surface adaptation as well as 
inconsistent or incorrect ROI identification.

After final superimposition (Fig.  4), a clean demarca-
tion of wear areas (regions of interest, ROIs) was achieved 

threshold for clinical studies was the optimal value being 
small enough that meaningful wear evaluation could be 
carried out and large enough that omnipresent inaccuracies 
(impression taking, gypsum cast, scanning inaccuracies) did 

Fig. 3  Surface deviations after initial alignment of baseline and recall 
situation (left). Reference surface used for final alignment after itera-
tive removal of inaccuracies and areas of wear (right). Green areas lie 
within tolerance range of 20 μm; red: positive deviations correlating 

with impression errors, blue: negative deviations correlating with abra-
sion or model errors (e.g. fissures that flowed out differently or bubbles 
in gypsum model)

 

Fig. 2  Methodological flowchart describing working sequences from model scan to final wear measurement
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by intersecting a slightly modified baseline tooth geometry 
(-30  μm offset oriented into the tooth volume) with the 
follow-up scan (Figs.  5 and 6). Again, the -30  μm offset 
parameter (along with the 20 μm alignment threshold) was 
the smallest value at which meaningful results could be gen-
erated based on clinically obtained dental impressions.

For each ROI, a constant projection direction was defined 
by the normal vector of a plane best fitted to the offset sur-
face (representing the baseline surface orientation) within 
the respective ROI (Fig. 5). Thus, wear was always mea-
sured approximately perpendicular to the orientation of the 
baseline surface. For large ROIs with deviations in local sur-
face orientation of more than approximately 30°, the ROIs 
were subdivided into smaller, more planar ROIs (Fig. 6). In 
addition, ROIs in the marginal ridge area had to be delin-
eated because they extended into the proximal space. For 
this purpose, a boundary line was defined that was the same 
for all recalls.

Deviations between the baseline and the recall surface 
were measured orthogonally to the mean surface orientation 
(best fitted plane) at each point of the previously defined 
30 μm measurement grid. The wear measurement itself was 
performed analogously to the previously used wear analysis 
system Scan3D/Match3D (Straumann CAD/CAM, Gräfel-
ing, Germany) [24] using Matlab (Matlab, Mathworks Inc, 
Natick, USA). Wear is associated with loss of material and 
is therefore measured by negative values. The largest devia-
tion represented the maximum wear depth and the mean 
value of all measurements (weighted with the size of the 
associated projected ROI area) represented the mean wear 
depth. For wear area, the size of the projected ROI area was 
used. In this methodology, the product of (projected) wear 
area and mean wear depth equals wear volume (not evalu-
ated in this report).

Fig. 6  Clear identification of regions of interest (ROIs) associated with 
wear, delineated by the offset surface (gray) exposed above the recall 
surface (light blue). ROIs were split along cusp ridges (blue line) to 
create separate, more planar ROIs and correspondingly separate best 
fitting planes for wear measurement

 

Fig. 5  Two-dimensional scheme illustrating the wear measurement 
methodology: -30  μm offset (gray) of baseline surface (dark blue) 
shows clear intersection (red dots) with recall surface (light blue). 
Measurement direction for wear depth (red arrows) was defined by 
normal vector of best fitting plane to offset surface within respective 
ROI. Wear area projected into best-fitting plane of ROI (indicated by 
dotted line) was assessed. Wear volume (space between baseline and 
recall surface below ROI, indicated in red) can be calculated as prod-
uct of mean vertical depth and wear area

 

Fig. 4  Baseline surface (dark blue) and recall surface (light blue) in 
final alignment position. No clear regions of interest for wear measure-
ments detectable
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The maximum wear depth after 5 years was -229 ± 174 μm 
for enamel opposing 3Y-TZP and -135 ± 129 μm for enamel-
enamel controls.

The mean wear depth after 5 years for enamel opposing 
3Y-TZP was -77 ± 38 μm, whereas it was -54 ± 30 μm for 
enamel-enamel controls.

The mean wear area after 5 years was 9 ± 10 mm2 for 
enamel opposing 3Y-TZP and 5 ± 6 mm2 for enamel-enamel 
controls.

Statistical analysis of the data did not show a consis-
tently significant difference between the enamel-3Y-TZP 
group and the enamel-enamel controls but did indicate 
greater wear in the 3Y-TZP antagonists for the parameters 
maximum wear depth and mean wear depth (Table 3). This 
was reflected in statistically significantly higher values for 
the 3Y-TZP antagonists for the parameter maximum wear 
depth in years 3 and 4 (p < 0.043) and for the mean wear 
depth almost over the entire study period (p < 0.045), with 
the latter parameter failing to reach the significance thresh-
old at the 2-year recall (p = 0.051). For the parameter wear 
area the groups only significantly differed at the 3-year time 
point (p = 0.031).

In purely descriptive terms, the wear behavior between 
the groups appears to be different, especially in the first 
year, as can be seen from the almost parallel regression 
lines for the maximum wear depth (Fig.  9) and the mean 
wear depth (Fig. 10), which take the wear of the first year as 
the starting point. Their slope indicates an annual increase 
in the maximum wear depth of 28.4 μm in the enamel-3Y-
TZP group and 22.8 μm in the enamel-enamel group. The 
corresponding values for the mean wear depth are 5.4 μm 
(enamel-3Y-TZP) and 7.1 μm (enamel-enamel).

Discussion

Based on the results, the initial hypothesis was partially 
rejected, and a statistical test between wear of the 3Y-TZP 
RBFPDs and the other two study groups could not be per-
formed due to the lack of detectable wear on the ceramic 
material. When comparing the enamel opposing 3Y-TZP 
group with the enamel-enamel contact group, no consistent 
statistically significant difference could be found for the var-
ious wear criteria, but it became apparent that the 3Y-TZP 
opposing enamel group showed higher amounts of wear 
than the enamel-enamel controls. Observing the wear of the 
restoration and the wear of the antagonist plays a central 
role in the use of modern restorative materials in minimally 
invasive patient care. Accordingly, following the wide-
spread introduction of monolithic 3Y-TZP into dental prac-
tice, a series of in vitro studies were conducted on this topic 
[7, 10, 11]. Apart from the result that the polished 3Y-TZP 

For statistical analysis, tooth-based values were gener-
ated. Consequently, wear values for each tooth were derived 
from the wear values of the ROIs determined for the respec-
tive tooth. The wear area of all involved ROIs could be 
simply summed up. The maximum wear depth was the max-
imum wear depth found for all ROIs. The mean wear depth 
was calculated as sum of all mean values of the involved 
ROIs weighted with their respective wear area proportion.

The magnitude of the various wear parameters in each 
group for each recall year were described with the number 
of missing values, mean value, standard deviation, median, 
minimum, and maximum. Furthermore, box and whisker 
plots were used to graphically represent the maximum and 
mean wear depths. For each recall year, the wear parameters 
were evaluated individually using a linear mixed regression 
analysis. All models included the group (enamel-enamel vs. 
enamel-3Y-TZP) as fixed factor and the patient as random 
factor. Effect size and associated 95% confidence intervals 
and p-values were calculated. In addition, linear regression 
graphs were calculated for maximum and mean wear depths, 
showing the evolution of wear in a chronological context. 
Due to the exploratory nature of the study, all p-values were 
interpreted strictly descriptively. All statistical tests were 
conducted at the 5% significance level. All analyses were 
conducted using the statistical software R v4.3.3 (The R 
Project for Statistical Computing, www.r-project.org) and 
IBM SPSS Statistics v28 (IBM Corp, Armonk, New York, 
United States).

Results

The sociodemographic data of the study participants, the 
results of the bruxism screening, and the evaluated teeth are 
shown in Table 1. Only one participant was categorized with 
moderately severe bruxism using the portable electromy-
ography device, while the other patients had lower scores. 
None of the participants wore an occlusal splint.

Identified ROIs were consistent without exception up to 
the 4-year follow-up, i.e., a ROI at any time contained the 
ROI of the previous recall. At the 5-year follow-up, however, 
some wear areas were inconsistent, as (almost) unchanged 
surface areas for scan alignment became increasingly rare.

There was no measurable wear of the 3Y-TZP RBFPDs 
in contact with enamel even after 5 years, so this contact 
group was not included in the statistics.

The results for the variables maximum wear depth, mean 
wear depth, and wear area for years 1 to 5 are listed in 
Table 2 and graphically presented in Fig. 7 for maximum 
wear depth and in Fig. 8 for mean wear depth.
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Recall Teeth Variables Enamel-Enamel Enamel-3Y-TZP
[years] n (n = 16) (n = 8)
1 24 Maximum wear depth [µm]

N 16 8
Mean (SD) -44 (74) -119 (163)
Median (IQR) -15 (-23, -15) -52 (-111, -39)
Range -305, -15 -508, -15
Mean wear depth [µm]
N 16 6
Mean (SD) -23 (16) -57 (41)
Median (IQR) -15 (-21, -15) -39 (-72, -34)
Range -67, -15 -121, -15
Wear area [mm²]
N 4 7
Mean (SD) 4.3 (6.3) 2.0 (3.6)
Median (IQR) 1.5 (0.8, 5.0) 0.2 (0.1, 1.8)
Range 0.4, 13.7 0.1, 10.0

2 24 Maximum wear depth [µm]
N 16 8
Mean (SD) -74 (83) -148 (157)
Median (IQR) -49 (-85, -15) -89 (-169, -64)
Range -348, -15 -510, -15
Mean wear depth [µm]
N 16 8
Mean (SD) -39 (22) -59 (34)
Median (IQR) -36 (-49, -15) -46 (-76, -40)
Range -82, -15 -126, -15
Wear area [mm²]
N 11 7
Mean (SD) 3.6 (5.9) 3.5 (4.9)
Median (IQR) 0.9 (0.3, 3.0) 1.9 (0.7, 3.2)
Range 0.1, 18.3 0.2, 14.1

3 24 Maximum wear depth [µm]
N 16 8
Mean (SD) -64 (51) -196 (164)
Median (IQR) -51 (-85, -15) -127 (-291, -77)
Range -197, -15 -507, -48
Mean wear depth [µm]
N 16 8
Mean (SD) -36 (17) -68 (35)
Median (IQR) -38 (-48, -15) -58 (-74, -43)
Range -67, -15 -133, -38
Wear area [mm²]
N 11 8
Mean (SD) 2.3 (2.4) 6.0 (6.8)
Median (IQR) 1.1 (0.6, 3.1) 2.5 (1.2, 9.9)
Range 0.1, 6.7 0.3, 18.5

4 24 Maximum wear depth [µm]
N 16 8
Mean (SD) -120 (133) -212 (175)
Median (IQR) -77 (-120, -42) -133 (-353, -103)
Range -487, -15 -511, -15
Mean wear depth [µm]
N 16 8

Table 2  Summary of maximum wear depth, mean wear depth, and wear area at 1 to 5 years for the enamel-enamel controls and the enamel oppos-
ing 3Y-TZP. In contrast to the number of teeth evaluated for each group (n), N gives the total number of teeth for which the respective wear data 
was available
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Fig. 7  Grouped box and whisker plot for maximum wear depth over time

 

Recall Teeth Variables Enamel-Enamel Enamel-3Y-TZP
[years] n (n = 16) (n = 8)

Mean (SD) -48 (26) -73 (39)
Median (IQR) -47 (-58, -33) -68 (-82, -55)
Range -104, -15 -142, -15
Wear area [mm²]
N 12 7
Mean (SD) 4.2 (4.6) 8.8 (9.4)
Median (IQR) 2.6 (1.5, 4.3) 4.1 (1.5, 15.4)
Range 0.3, 15.6 0.6, 22.9

5 24 Maximum wear depth [µm]
N 16 8
Mean (SD) -135 (129) -229 (174)
Median (IQR) -84 (-161, -47) -162 (-378, -102)
Range -393, -15 -520, -48
Mean wear depth [µm]
N 16 8
Mean (SD) -54 (30) -77 (38)
Median (IQR) 48 (-56, -40) -65 (-94, -51)
Range -127, -15 -146, -37
Wear area [mm²]
N 14 8
Mean (SD) 5 (6) 9 (10)
Median (IQR) 4 (1, 6) 4 (2, 17)
Range 0, 21 0, 24

SD = Standard deviation, IQR = Interquartile range

Table 2  (continued) 
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Table 3  Annual comparison between enamel-enamel controls and enamel opposing 3Y-TZP using linear-mixed regression analysis
Maximum wear depth [µm] Mean wear depth [µm] Wear area [mm²]

Recall Estimate 95% CI p-Value Estimate 95% CI p-Value Estimate 95% CI p-Value
1 -75 -174, 24 0.130 -34 -58, -10 0.008 -2.3 -8.9, 4.4 0.500
2 -73 -174, 28 0.150 -19 -39, 0.13 0.051 -0.14 -5.8, 5.5 > 0,900
3 -132 -205, -59 0.001 -32 -48, -16 < 0,001 4.5 0.49, 8.5 0.031
4 -92 -181, -3.3 0.043 -25 -48, -2.6 0.031 5.0 -1.5, 11 0.120
5 -94 -189, 2.1 0.055 -23 -46, -0.61 0.045 4.0 -2.5, 10 0.200

Fig. 9  Regression lines for maximum wear depth over time (blue: enamel-enamel group; gray: enamel-3Y-TZP group). With 1-year recall as start-
ing point (time measured as Recall -1), constant gives maximum wear depth at 1-year recall and regression coefficient represents annual increase

 

Fig. 8  Grouped box and whisker plot for mean wear depth over time
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become more significant as the number of cases increases. 
Therefore, it is important to note that the enamel opposing 
3Y-TZP group had higher wear values than the enamel-
enamel control group at each observation time. This differ-
ence in wear was particularly large in the first year, which 
supports the theory of a so-called running-in wear period 
and is in agreement with the findings of Lambrechts et al. 
[31], Mehl et al. [32], and Esquivel-Upshaw et al. [33], who 
also described increased early antagonist wear in their stud-
ies. Over the remaining study period (years 2 to 5), a linear 
increase in mean wear depth was observed in both groups.

In a recent systematic review by Mao et al. [34], the 
enamel wear of various dental ceramic systems was investi-
gated with follow-up periods of up to 24 months. Based on 
the included studies, lithium disilicate ceramic (mean wear 
depth: 5  μm) was considered superior to 3Y-TZP (mean 
wear depth: 40 μm) in terms of antagonist wear behavior, 
and metal-ceramic systems (mean wear depth: 83 μm) were 
considered inferior to 3Y-TZP, regardless of ZrO2 surface 
treatment. It was also concluded that a polished 3Y-TZP 
surface (mean wear depth: 39 μm) caused less antagonis-
tic enamel wear than a glazed surface (mean wear depth: 
63 μm). In their discussion, the authors also addressed the 
common finding of other studies [35–38] that antagonistic 
3Y-TZP has been reported to cause less enamel wear than 
feldspathic porcelain. Considering that the results of Mao 
et al. were limited to periods of up to 24 months, the results 
of the present study, with a mean wear depth of the natu-
ral antagonist of 77 μm after 5 years, indicate that polished 

surface behaves most favourably towards the antagonist, 
these studies were unable to provide information about the 
actual clinical wear of 3Y-TZP and its antagonists.

For this reason, in vivo studies have been performed in 
the past to evaluate clinical wear over periods of 12 to 24 
months [14, 15, 17, 19, 25, 26]. Considering that the sur-
vival probabilities of monolithic 3Y-TZP restorations are 
very promising [2, 20], the aim of this study was to inves-
tigate the wear behavior of these restorations over a longer 
period of time, exceeding 2 years.

For the above-mentioned shorter periods of time, the 
mean wear depth for enamel opposing 3Y-TZP was found 
in a range of 16 μm to 127 μm after 1 year [14, 15, 18, 25–
29], which was comparable to 57 μm in this study. For the 
same observation period 23 μm were found for the enamel-
enamel controls in this study, which also concurs with find-
ings from the literature of 13 μm to 61 μm [15, 18, 25–28]. 
Also for a longer observation period of 2 years, the amount 
of wear observed here (59 μm for enamel opposing 3Y-TZP 
and 39 μm for enamel-enamel controls) is within the range 
found in other studies, as shown by comparison with Stober 
et al. [30] who reported 46 μm for enamel opposing 3Y-TZP 
and 19 μm to 26 μm for the enamel-enamel controls.

The 5-year results presented in this study showed no 
consistent statistically significant difference between the 
enamel opposing 3Y-TZP group and the enamel-enamel 
control group. However, due to the small number of study 
participants and the high variance of individual values in 
some of them, it can be expected that this difference will 

Fig. 10  Regression lines for mean wear depth over time (blue: enamel-enamel group; gray: enamel-3Y-TZP group). With 1-year recall as starting 
point (time measured as Recall -1), constant gives mean wear depth at 1-year recall and regression coefficient represents annual increase
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scanning and classic impression taking, wear is typically 
evaluated on a single tooth basis [32, 41] as done in this 
investigation to achieve best possible alignment. In addi-
tion, meaningful alignment has to be based on unchanged 
surface areas. This is a critical aspect for wear evaluation 
because suboptimal alignment can change the calculated 
wear values significantly. In this study, the finding of the 
reference surface areas was done manually in an iterative 
process. In future, AI tools may help to further automize 
wear evaluation. A new aspect of the current approach is the 
automatic ROI detection which is in contrast to the previ-
ously used method [32] using manual ROI selection. If no 
ROI definition takes place, only the maximum wear depth 
can be defined unambiguously, while mean wear or wear 
area cannot be given in a meaningful way [41, 42].

In the previous wear evaluations used by the authors [32, 
48], wear was measured in vertical direction. As long as 
the worn surfaces were placed rather horizontally in the 3D 
scanner, this method makes sense. Problems arise, however, 
for inclined or curved surfaces: For geometric reasons, the 
measurement error then exceeds 15% from an angle of 30° 
from the normal vector. Therefore, one ROI-specific mea-
surement direction was used, and ROIs were subdivided if 
surface orientation of the baseline scan varied by more than 
30°. To omit a change in measurement direction for any ROI 
over time, the measurement direction was only determined 
based on the last recall and used for all preceding recalls. 
Other wear evaluations just using surface to surface distance 
measurement in CAD or quality control software [41, 42] 
face the problem that distances are measured perpendicular 
to the target surface (recall surface!). In consequence, mea-
surement directions at any given position along the worn 
tooth surface can change significantly from one recall to the 
next, especially if the worn surface shows regions with high 
curvature.

When comparing deviations of digitized gypsum casts 
based on polyvinyl siloxane impressions with a reference 
model in vitro [49], both trueness and precision were < 6 
to 11 μm on a single tooth level. This already includes the 
manufacturer’s specified accuracy of < 8  μm of the labo-
ratory scanner (D2000, 3Shape A/S). During wear evalu-
ation, two such flawed cast scans must be aligned on a 
single tooth basis and deviation of < 10 to 20 μm will occur 
even for regions showing no changes. With in vitro wear 
measurements, reliable ROI detection could be performed 
with an offset surface at 20 μm distance from the baseline 
surface. Lohbauer and Reich [19] for example described 
in their in vivo study all measurements lower than 25 μm 
as artifacts. Especially when working with digitized data 
on a single tooth level, intraoral scans may be an alterna-
tive to classic impression taking in future studies. Witecy 
et al. [50] describe the error for in vitro intraoral scanning 

3Y-TZP appears to perform very well clinically in a longer-
term view. This is an important finding. Since initial studies 
on the prognosis of monolithic restorations made of 3Y-TZP 
have shown that the use of the material is associated with 
comparatively low technical complication rates and that 
thin (minimally invasive) restorations with acceptable 
esthetics can be fabricated from the material [4], it can be 
assumed that monolithic 3Y-TZP will be increasingly used 
in the future, at least in the posterior region. The results of 
the present study therefore appear to support the clinical 
applicability of the restorative material, also regarding its 
antagonistic wear behavior over a longer period of time.

Methodologically, this study used the indirect method of 
wear measurement by means of a precision impression and 
a gypsum model, which was subsequently digitized. This 
is a well-established method used in all the in vivo studies 
mentioned before [14–19, 25, 26, 28, 33, 39]. When taking 
conventional impressions, the impression material inevita-
bly tears in the area of FPD pontics and proximal spaces (if 
not blocked out) during removal. This was also the case in 
the present study, which is why the ROIs in marginal ridge 
areas had to be demarcated manually.

However, the accuracy of conventional impressions is 
not dependent on the surface being modelled. Clinical expe-
rience has shown that scanning high gloss polished zirconia 
is difficult and sometimes scanning powder is required. With 
a powder thickness of 20 μm to 40 μm [25] it is not practical 
to examine wear after scanning with powder. Nevertheless, 
it is done [40–42]. However, scanning technology is con-
stantly evolving. Meanwhile, Schlenz et al. [43, 44] have 
shown in both an in vitro [43] and an in vivo [44] study that 
intraoral scanners can be superior to conventional impres-
sions, particularly in imaging proximal spaces. The ability 
to accurately record such areas appears to be advantageous, 
as they are then available as unaltered areas for a matching 
process. In this context, the study of Schlenz et al. [45] did 
not use scan powder but just dried the teeth.

Schlenz et al. [45], Marro et al. [46] and Bronkhorst et al. 
[42] investigated the wear of enamel-enamel contacts over 
periods of 2 to 5 years using the superimposition of intra-
oral scans. While Schlenz et al. [45] found lower maximum 
wear depth after 2 years, Marro et al. [46] and Bronkhorst 
et al. [42] found higher mean wear depth after 2 and 5 years 
compared to the findings in this study. Esquivel-Upshaw et 
al. [47], on the other hand, examined 3Y-TZP restorations 
and their antagonists for wear using intraoral scans over a 
12-month period and came up with a mean 3Y-TZP antago-
nist wear value of 55  μm. This result is within the range 
of the previously highlighted other in vivo studies and this 
study [14, 15, 18, 25, 26, 28, 33, 39].

Since inaccuracies in digitized dental arches tend to 
increase with longer spans for both techniques, intraoral 
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this method can compensate those individual effects in com-
parison to a literature control group.

However, it is also known, that in addition to individual 
differences in the development of wear, inter-individual dif-
ferences also play a major role in the development of wear 
and tear. Schierz et al. [52] showed for a German study pop-
ulation of 836 people that the factors position of the teeth 
in the dental arch, age, jaw, and sex influenced the level of 
tooth wear in a descending order. Of particular importance 
was that a more anterior position of the tooth is associated 
with more wear. Due to our small patient population, such 
inter-individual differences could not be considered, which 
is reflected in the large variances of the individual measured 
values at the different measurement times. Viewed longitu-
dinally, however, these inter-individual differences are the 
same for each measurement time point and are therefore of 
minor relevance for the longitudinal assessment in terms of 
wear development. However, it should be noted that this 
study was purely exploratory and was conducted as part of 
a pilot study. It therefore provides an indication of the range 
of possible values for the wear parameters of interest. The 
information obtained may be useful in a future confirmatory 
analysis.

Finally, the number of patients excluded show how fre-
quently a wide variety of restorative materials act as antag-
onists in the patient’s mouth. Wear behaviour of different 
restauration materials as antagonists to each other has hardly 
been investigated, at least in vivo. This leads to another 
limitation of this study and simultaneously highlights the 
need for future research. The results are for 3Y-TZP, which 
means that they cannot be automatically extrapolated to the 
new (partially cubic) zirconia materials.

Conclusion

Antagonistic wear of polished 3Y-TZP restorations was 
higher than that of control teeth over a 5-year observation 
period, but within the range reported for other commonly 
used indirect restorative materials.
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as 10 μm to 15 μm per scan. If scan powder must be used, 
however, this easily multiplies. When working with clini-
cal data, impression accuracy is a little bit worse than that 
found in vitro and a 30 μm offset value had to be chosen 
for reliable ROI detection. Surface deviations outside the 
ROIs were interpreted as random deviations or artifacts and 
therefore excluded from evaluation. This blind spot for wear 
smaller than 30 μm seems acceptable [19] and the alignment 
accuracy of this study was at least as accurate as reported 
in previous studies. Regarding the inaccuracies of classic 
precision impressions as well as intraoral scanning, it is at 
least questionable how accurate numbers below 30 μm in 
other studies are. On this behalf it also is not surprising, that 
this study was not able to measure any wear of the 3Y-TZP 
RBFPDs. Nevertheless, after 1 year Selvaraj et al. [18] and 
Tang et al. [25] managed to determine mean wear depth of 
3Y-TZP of 13 μm to 27 μm. Stober et al. [17] found 14 μm 
of mean wear depth of 3Y-TZP after two years. Those num-
bers are all slightly under the detection threshold of the 
present study. The observed problem of decreasing align-
ment accuracy over time leading to sporadic inconsisten-
cies in detected wear areas after 5 years, can be attributed 
to (small) changes of the entire tooth surface (e.g., erosion, 
tooth brushing). Thus, one is faced with the problem that 
reliable reference surfaces are associated with increasing 
inaccuracies or are no longer available after a very long 
observation time. For further investigation, regarding the 
decreasing reference surface areas over time, the question 
can certainly be raised as to what extent wear measurements 
can be relied on for longer observation periods.

The study has several other limitations. No ex vivo rough-
ness measurements were performed to provide a quantifi-
able result of the roughness achieved on the surfaces under 
evaluation. The study protocol, however, required a smooth, 
high-gloss surface comparable to enamel after occlusal 
adjustment. This was confirmed by two independent clini-
cal evaluators who assigned an FDI score of 1 (clinically 
excellent/very good) to the restorations in the study for the 
criterion of surface lustre and texture after placement [51].

Despite the long observation period, this study was cer-
tainly limited by the small number of patients. This is a gen-
eral problem of in vivo wear examination. All studies using 
a split-mouth design need natural enamel controls in one 
half of the mouth and an enamel surfaced tooth opposing 
the investigated material in the other half of the mouth. Con-
sequently, a large number of patients has to be excluded, 
because they cannot match this criterion. However, this is 
the only study design suitable for in vivo wear measure-
ment. A central role in the genesis of individual wear are 
habit, diet, and musculature activity [12]. This differs from 
patient to patient. By being limited to smaller numbers of 
study participants in a clinical trial versus in vitro studies 

1 3

Page 13 of 15     15 



Clinical Oral Investigations           (2025) 29:15 

11.	 Heintze SD (2006) How to qualify and validate wear simulation 
devices and methods. Dent Mater 22:712–734. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​0​1​6​/​j​.​d​e​n​t​a​l​.​2​0​0​6​.​0​2​.​0​0​2​​​​​​​

12.	 Heintze SD, Cavalleri A, Forjanic M, Zellweger G, Rousson V 
(2008) Wear of ceramic and antagonist–a systematic evaluation 
of influencing factors in vitro. Dent Mater 24:433–449. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​d​e​n​t​a​l​.​2​0​0​7​.​0​6​.​0​1​6​​​​​​​

13.	 Heintze SD, Reichl FX, Hickel R (2019) Wear of dental materi-
als: clinical significance and laboratory wear simulation methods 
-A review. Dent Mater J 38:343–353. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​4​0​1​2​/​d​m​j​
.​2​0​1​8​-​1​4​0​​​​​​​

14.	 Pathan MS, Kheur MG, Patankar AH, Kheur SM (2019) Assess-
ment of Antagonist Enamel wear and clinical performance of 
full-contour monolithic Zirconia crowns: one-year results of a 
prospective study. J Prosthodont 28:e411–e416. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​1​1​1​/​j​o​p​r​.​1​2​9​6​0​​​​​​​

15.	 Mundhe K, Jain V, Pruthi G, Shah N (2015) Clinical study to 
evaluate the wear of natural enamel antagonist to zirconia and 
metal ceramic crowns. J Prosthet Dent 114:358–363. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​1​6​/​j​.​p​r​o​s​d​e​n​t​.​2​0​1​5​.​0​3​.​0​0​1​​​​​​​

16.	 Stober T, Bermejo JL, Rammelsberg P, Schmitter M (2014) 
Enamel wear caused by monolithic zirconia crowns after 6 
months of clinical use. J Oral Rehabil 41:314–322. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​1​1​1​/​j​o​o​r​.​1​2​1​3​9​​​​​​​

17.	 Stober T, Bermejo JL, Schwindling FS, Schmitter M (2016) Clin-
ical assessment of enamel wear caused by monolithic zirconia 
crowns. J Oral Rehabil 43:621–629. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​o​o​r​
.​1​2​4​0​9​​​​​​​

18.	 Selvaraj U, Koli DK, Jain V, Nanda A (2021) Evaluation of the 
wear of glazed and polished zirconia crowns and the opposing 
natural teeth: a clinical pilot study. J Prosthet Dent 126:52–57. 
https:/​/doi.or​g/10.10​16/j.​prosdent.2020.04.007

19.	 Lohbauer U, Reich S (2017) Antagonist wear of monolithic zirco-
nia crowns after 2 years. Clin Oral Investig 21:1165–1172. https:/​
/doi.or​g/10.10​07/s0​0784-016-1872-6

20.	 Bömicke W, Rathmann F, Pilz M, Bermejo JL, Waldecker M, 
Ohlmann B, Rammelsberg P, Zenthöfer A (2021) Clinical perfor-
mance of posterior inlay-retained and Wing-retained monolithic 
Zirconia Resin-Bonded fixed partial dentures: Stage one results 
of a Randomized Controlled Trial. J Prosthodont 30:384–393. 
https:/​/doi.or​g/10.11​11/jo​pr.13258

21.	 van der Meulen MJ, Lobbezoo F, Aartman IH, Naeije M (2006) 
Self-reported oral parafunctions and pain intensity in temporo-
mandibular disorder patients. J Orofac Pain 20:31–35

22.	 Seligman DA, Pullinger AG (2006) Dental attrition models pre-
dicting temporomandibular joint disease or masticatory muscle 
pain versus asymptomatic controls. J Oral Rehabil 33:789–799. 
https:/​/doi.or​g/10.11​11/j.​1365-2842.2006.01650.x

23.	 Shochat T, Gavish A, Arons E, Hadas N, Molotsky A, Lavie P, 
Oksenberg A (2007) Validation of the BiteStrip screener for sleep 
bruxism. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 
104:e32–e39. https:/​/doi.or​g/10.10​16/j.​tripleo.2007.03.009

24.	 Stober T, Heuschmid N, Zellweger G, Rousson V, Rues S, Hein-
tze SD (2014) Comparability of clinical wear measurements by 
optical 3D laser scanning in two different centers. Dent Mater 
30:499–506. https:/​/doi.or​g/10.10​16/j.​dental.2014.02.001

25.	 Tang Z, Zhao X, Wang H (2021) Quantitative analysis on the 
wear of monolithic zirconia crowns on antagonist teeth. BMC 
Oral Health 21:94. https:/​/doi.or​g/10.11​86/s1​2903-021-01452-z

26.	 Deval P, Tembhurne J, Gangurde A, Chauhan M, Jaiswal N, 
Tiwari DK (2021) A clinical comparative evaluation of the wear 
of Enamel Antagonist to Monolithic Zirconia and Metal-Ceramic 
crowns. Int J Prosthodont 34:744–751. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​6​0​7​/​i​
j​p​.​6​5​9​8​​​​​​​

27.	 Esquivel-Upshaw JF, Kim MJ, Hsu SM, Abdulhameed N, Jenkins 
R, Neal D, Ren F, Clark AE (2018) Randomized clinical study of 

can be made available upon reasoned request to the corresponding 
author.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

1.	 Schmitter M, Mussotter K, Rammelsberg P, Gabbert O, Ohlmann 
B (2012) Clinical performance of long-span zirconia frameworks 
for fixed dental prostheses: 5-year results. J Oral Rehabil 39:552–
557. https:/​/doi.or​g/10.11​11/j.​1365-2842.2012.02311.x

2.	 Zenthöfer A, Ohlmann B, Rammelsberg P, Bömicke W (2015) 
Performance of zirconia ceramic cantilever fixed dental prosthe-
ses: 3-year results from a prospective, randomized, controlled 
pilot study. J Prosthet Dent 114:34–39. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​
.​p​r​o​s​d​e​n​t​.​2​0​1​5​.​0​2​.​0​0​6​​​​​​​

3.	 Tong H, Tanaka CB, Kaizer MR, Zhang Y (2016) Characteriza-
tion of three commercial Y-TZP ceramics produced for their high-
translucency, high-strength and high-surface area. Ceram Int 
42:1077–1085. https:/​/doi.or​g/10.10​16/j.​ceramint.2015.09.033

4.	 Waldecker M, Behnisch R, Rammelsberg P, Bömicke W (2022) 
Five-year clinical performance of monolithic and partially 
veneered zirconia single crowns-a prospective observational 
study. J Prosthodont Res 66:339–345. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​2​1​8​6​/​j​p​
r​.​J​P​R​_​D​_​2​1​_​0​0​0​2​4​​​​​​​

5.	 Zhang Y, Lawn BR (2018) Novel zirconia materials in Dentistry. 
J Dent Res 97:140–147. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​7​7​/​0​0​2​2​0​3​4​5​1​7​7​3​7​
4​8​3​​​​​​​

6.	 Liu H, Inokoshi M, Xu K, Tonprasong W, Minakuchi S, Van 
Meerbeek B, Vleugels J, Zhang F (2023) Does speed-sintering 
affect the optical and mechanical properties of yttria-stabilized 
zirconia? A systematic review and meta-analysis of in-vitro stud-
ies. Jpn Dent Sci Rev 59:312–328. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​d​s​r​.​
2​0​2​3​.​0​8​.​0​0​7​​​​​​​

7.	 Malkondu Ö, Tinastepe N, Akan E, Kazazoglu E (2016) An over-
view of monolithic zirconia in dentistry. Biotechnol Biotechnol 
Equip 30:644–652. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​8​0​/​1​3​1​0​2​8​1​8​.​2​0​1​6​.​1​1​7​7​
4​7​0​​​​​​​

8.	 Seghi RR, Rosenstiel SF, Bauer P (1991) Abrasion of human 
enamel by different dental ceramics in vitro. J Dent Res 70:221–
225. https:/​/doi.or​g/10.11​77/00​220345910700031301

9.	 Oh WS, Delong R, Anusavice KJ (2002) Factors affecting enamel 
and ceramic wear: a literature review. J Prosthet Dent 87:451–
459. https:/​/doi.or​g/10.10​67/mp​r.2002.123851

10.	 Hmaidouch R, Weigl P (2013) Tooth wear against ceramic crowns 
in posterior region: a systematic literature review. Int J Oral Sci 
5:183–190. https:/​/doi.or​g/10.10​38/ij​os.2013.73

1 3

   15   Page 14 of 15

https://doi.org/10.1016/j.dental.2006.02.002
https://doi.org/10.1016/j.dental.2006.02.002
https://doi.org/10.1016/j.dental.2007.06.016
https://doi.org/10.1016/j.dental.2007.06.016
https://doi.org/10.4012/dmj.2018-140
https://doi.org/10.4012/dmj.2018-140
https://doi.org/10.1111/jopr.12960
https://doi.org/10.1111/jopr.12960
https://doi.org/10.1016/j.prosdent.2015.03.001
https://doi.org/10.1016/j.prosdent.2015.03.001
https://doi.org/10.1111/joor.12139
https://doi.org/10.1111/joor.12139
https://doi.org/10.1111/joor.12409
https://doi.org/10.1111/joor.12409
https://doi.org/10.1016/j.prosdent.2020.04.007
https://doi.org/10.1007/s00784-016-1872-6
https://doi.org/10.1007/s00784-016-1872-6
https://doi.org/10.1111/jopr.13258
https://doi.org/10.1111/j.1365-2842.2006.01650.x
https://doi.org/10.1016/j.tripleo.2007.03.009
https://doi.org/10.1016/j.dental.2014.02.001
https://doi.org/10.1186/s12903-021-01452-z
https://doi.org/10.11607/ijp.6598
https://doi.org/10.11607/ijp.6598
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-2842.2012.02311.x
https://doi.org/10.1016/j.prosdent.2015.02.006
https://doi.org/10.1016/j.prosdent.2015.02.006
https://doi.org/10.1016/j.ceramint.2015.09.033
https://doi.org/10.2186/jpr.JPR_D_21_00024
https://doi.org/10.2186/jpr.JPR_D_21_00024
https://doi.org/10.1177/0022034517737483
https://doi.org/10.1177/0022034517737483
https://doi.org/10.1016/j.jdsr.2023.08.007
https://doi.org/10.1016/j.jdsr.2023.08.007
https://doi.org/10.1080/13102818.2016.1177470
https://doi.org/10.1080/13102818.2016.1177470
https://doi.org/10.1177/00220345910700031301
https://doi.org/10.1067/mpr.2002.123851
https://doi.org/10.1038/ijos.2013.73


Clinical Oral Investigations           (2025) 29:15 

41.	 Ning K, Bronkhorst E, Bremers A, Bronkhorst H, van der Meer 
W, Yang F, Leeuwenburgh S, Loomans B (2021) Wear behavior 
of a microhybrid composite vs. a nanocomposite in the treatment 
of severe tooth wear patients: a 5-year clinical study. Dent Mater 
37:1819–1827. https:/​/doi.or​g/10.10​16/j.​dental.2021.09.011

42.	 Bronkhorst H, Bronkhorst E, Kalaykova S, van der Meer W, 
Huysmans MC, Loomans B (2022) Precision of in Vivo Quanti-
tative Tooth Wear Measurement using Intra-oral scans. J Vis Exp 
doi. https://doi.org/10.3791/63680

43.	 Schlenz MA, Schmidt A, Wöstmann B, Ruf S, Klaus K (2019) In 
vitro comparison of analog versus digital impressions of the peri-
odontally compromised dentition focused on interdental areas. Int 
J Comput Dent 22:131–138

44.	 Schlenz MA, Schubert V, Schmidt A, Wöstmann B, Ruf S, Klaus 
K (2020) Digital versus Conventional Impression taking focus-
ing on interdental areas: a clinical trial. Int J Environ Res Public 
Health 17. https:/​/doi.or​g/10.33​90/ij​erph17134725

45.	 Schlenz MA, Schlenz MB, Wöstmann B, Glatt AS, Ganss C 
(2023) Intraoral scanner-based monitoring of tooth wear in young 
adults: 24-month results. Clin Oral Investig 27:2775–2785. 
https:/​/doi.or​g/10.10​07/s0​0784-023-04858-x

46.	 Marro F, Jacquet W, Martens L, Keeling A, Bartlett D, O’Toole S 
(2020) Quantifying increased rates of erosive tooth wear progres-
sion in the early permanent dentition. J Dent 93:103282. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​d​e​n​t​.​2​0​2​0​.​1​0​3​2​8​2​​​​​​​

47.	 Esquivel-Upshaw JF, Hsu SM, Bohorquez AC, Abdulhameed 
N, Scheiffele GW, Kim M, Neal D, Chai J, Ren F (2020) Novel 
methodology for measuring intraoral wear in enamel and dental 
restorative materials. Clin Exp Dent Res 6:677–685. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​0​2​/​c​r​e​2​.​3​2​2​​​​​​​

48.	 Stober T, Heuschmid N, Zellweger G, Rousson V, Rues S, Hein-
tze SD (2014) Comparability of clinical wear measurements by 
optical 3D laser scanning in two different centers. Dent Mater 
30:499–506. https:/​/doi.or​g/10.10​16/j.​dental.2014.02.001

49.	 Waldecker M, Rues S, Rammelsberg P, Bömicke W (2024) 
Dimensional accuracy of Novel Vinyl Polysiloxane compared 
with Polyether impression materials: an in Vitro Study. Mater 
(Basel) 17. https:/​/doi.or​g/10.33​90/ma​17174221

50.	 Witecy C, Ganss C, Wöstmann B, Schlenz MB, Schlenz MA 
(2021) Monitoring of erosive tooth wear with Intraoral scan-
ners in vitro. Caries Res 55:215–224. https:/​/doi.or​g/10.11​59/00​
0514666

51.	 Hickel R, Mesinger S, Opdam N, Loomans B, Frankenberger 
R, Cadenaro M, Burgess J, Peschke A, Heintze SD, Kühnisch 
J (2023) Revised FDI criteria for evaluating direct and indirect 
dental restorations-recommendations for its clinical use, interpre-
tation, and reporting. Clin Oral Investig 27:2573–2592. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​7​8​4​-​0​2​2​-​0​4​8​1​4​-​1​​​​​​​

52.	 Schierz O, Dommel S, Hirsch C, Reissmann DR (2014) Occlusal 
tooth wear in the general population of Germany: effects of age, 
sex, and location of teeth. J Prosthet Dent 112:465–471. ​h​t​t​​​​p​​s​:​​/​​/​d​​​
o​​i​.​o​​r​g​​/​​1​0​.​1​0​1​6​/​j​.​p​r​o​s​d​e​n​t​.​2​0​1​3​.​1​2​.​0​0​5​​​​​​​

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

wear of enamel antagonists against polished monolithic zirconia 
crowns. J Dent 68:19–27. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​d​e​n​t​.​2​0​1​7​.​1​0​
.​0​0​5​​​​​​​

28.	 Nazirkar GS, Patil SV, Shelke PP, Mahagaonkar P (2020) Com-
parative evaluation of natural enamel wear against polished 
yitrium tetragonal zirconia and polished lithium disilicate - an in 
vivo study. J Indian Prosthodont Soc 20:83–89. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​4​1​0​3​/​j​i​p​s​.​j​i​p​s​_​2​1​8​_​1​9​​​​​​​

29.	 Cardelli P, Manobianco FP, Serafini N, Murmura G, Beuer F 
(2016) Full-Arch, Implant-supported monolithic Zirconia reha-
bilitations: pilot clinical evaluation of wear against Natural or 
Composite Teeth. J Prosthodont 25:629–633. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​1​1​1​/​j​o​p​r​.​1​2​3​7​4​​​​​​​

30.	 Stober T, Bermejo JL, Schwindling FS, Schmitter M (2016) Clin-
ical assessment of enamel wear caused by monolithic zirconia 
crowns. J Rehabil 43:621–629. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​o​o​r​.​1​2​4​0​
9​​​​​​​

31.	 Lambrechts P, Braem M, Vuylsteke-Wauters M, Vanherle G 
(1989) Quantitative in vivo wear of human enamel. J Dent Res 
68:1752–1754. https:/​/doi.or​g/10.11​77/00​220345890680120601

32.	 Mehl A, Gloger W, Kunzelmann KH, Hickel R (1997) A new 
optical 3-D device for the detection of wear. J Dent Res 76:1799–
1807. https:/​/doi.or​g/10.11​77/00​220345970760111201

33.	 Esquivel-Upshaw JF, Kim MJ, Hsu SM, Abdulhameed N, Jenkins 
R, Neal D, Ren F, Clark AE (2018) Randomized clinical study of 
wear of enamel antagonists against polished monolithic zirconia 
crowns. J Dent 68:19–27. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​d​e​n​t​.​2​0​1​7​.​1​0​
.​0​0​5​​​​​​​

34.	 Mao Z, Beuer F, Hey J, Schmidt F, Sorensen JA, Prause E (2024) 
Antagonist enamel tooth wear produced by different dental 
ceramic systems: a systematic review and network meta-analysis 
of controlled clinical trials. J Dent 142:104832. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​0​1​6​/​j​.​j​d​e​n​t​.​2​0​2​4​.​1​0​4​8​3​2​​​​​​​

35.	 Sripetchdanond J, Leevailoj C (2014) Wear of human enamel 
opposing monolithic zirconia, glass ceramic, and composite 
resin: an in vitro study. J Prosthet Dent 112:1141–1150. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​p​r​o​s​d​e​n​t​.​2​0​1​4​.​0​5​.​0​0​6​​​​​​​

36.	 Jung YS, Lee JW, Choi YJ, Ahn JS, Shin SW, Huh JB (2010) A 
study on the in-vitro wear of the natural tooth structure by oppos-
ing zirconia or dental porcelain. J Adv Prosthodont 2:111–115. 
https:/​/doi.or​g/10.40​47/ja​p.2010.2.3.111

37.	 Amer R, Kurklu D, Kateeb E, Seghi RR (2014) Three-body wear 
potential of dental yttrium-stabilized zirconia ceramic after grind-
ing, polishing, and glazing treatments. J Prosthet Dent 112:1151–
1155. https:/​/doi.or​g/10.10​16/j.​prosdent.2013.12.021

38.	 Kim MJ, Oh SH, Kim JH, Ju SW, Seo DG, Jun SH, Ahn JS, Ryu 
JJ (2012) Wear evaluation of the human enamel opposing differ-
ent Y-TZP dental ceramics and other porcelains. J Dent 40:979–
988. https:/​/doi.or​g/10.10​16/j.​jdent.2012.08.004

39.	 Cardelli P, Manobianco FP, Serafini N, Murmura G, Beuer F 
(2016) Full-Arch, Implant-supported monolithic Zirconia reha-
bilitations: pilot clinical evaluation of wear against Natural or 
Composite Teeth. J Prosthodont 25:629–633. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​1​1​1​/​j​o​p​r​.​1​2​3​7​4​​​​​​​

40.	 Aladag A, Oguz D, Comlekoglu ME, Akan E (2019) In vivo wear 
determination of novel CAD/CAM ceramic crowns by using 3D 
alignment. J Adv Prosthodont 11:120–127. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​4​0​4​
7​/​j​a​p​.​2​0​1​9​.​1​1​.​2​.​1​2​0​​​​​​​

1 3

Page 15 of 15     15 

https://doi.org/10.1016/j.dental.2021.09.011
https://doi.org/10.3791/63680
https://doi.org/10.3390/ijerph17134725
https://doi.org/10.1007/s00784-023-04858-x
https://doi.org/10.1016/j.jdent.2020.103282
https://doi.org/10.1016/j.jdent.2020.103282
https://doi.org/10.1002/cre2.322
https://doi.org/10.1002/cre2.322
https://doi.org/10.1016/j.dental.2014.02.001
https://doi.org/10.3390/ma17174221
https://doi.org/10.1159/000514666
https://doi.org/10.1159/000514666
https://doi.org/10.1007/s00784-022-04814-1
https://doi.org/10.1007/s00784-022-04814-1
https://doi.org/10.1016/j.prosdent.2013.12.005
https://doi.org/10.1016/j.prosdent.2013.12.005
https://doi.org/10.1016/j.jdent.2017.10.005
https://doi.org/10.1016/j.jdent.2017.10.005
https://doi.org/10.4103/jips.jips_218_19
https://doi.org/10.4103/jips.jips_218_19
https://doi.org/10.1111/jopr.12374
https://doi.org/10.1111/jopr.12374
https://doi.org/10.1111/joor.12409
https://doi.org/10.1111/joor.12409
https://doi.org/10.1177/00220345890680120601
https://doi.org/10.1177/00220345970760111201
https://doi.org/10.1016/j.jdent.2017.10.005
https://doi.org/10.1016/j.jdent.2017.10.005
https://doi.org/10.1016/j.jdent.2024.104832
https://doi.org/10.1016/j.jdent.2024.104832
https://doi.org/10.1016/j.prosdent.2014.05.006
https://doi.org/10.1016/j.prosdent.2014.05.006
https://doi.org/10.4047/jap.2010.2.3.111
https://doi.org/10.1016/j.prosdent.2013.12.021
https://doi.org/10.1016/j.jdent.2012.08.004
https://doi.org/10.1111/jopr.12374
https://doi.org/10.1111/jopr.12374
https://doi.org/10.4047/jap.2019.11.2.120
https://doi.org/10.4047/jap.2019.11.2.120

	﻿Prospective clinical study of enamel wear caused by monolithic zirconia resin-bonded inlay-retained and wing-retained fixed partial dentures over 5 years
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


