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Abstract Background/purpose: Zirconia crowns (ZrC) without veneering porcelain have
become an effective alternative in clinical practice. Monolithic zirconia restorations fabri-
cated by the dry milling method do not have acceptable clinical properties. This study evalu-
ated the periodontal qualities of three-dimensional printed ZrC using the modified United
States Public Health Service (USPHS) criteria.
Materials and methods: A total of 15 patients who required dental crowns were recruited, and
all 15 teeth were restored with digital 3D-printed ZrC. All crowns were assessed at the time of
crown placement and 2, 6, and 24 weeks post-placement. Clinical parameters, including pla-
que index, gingival index, probing depth, crown marginal integrity, and attrition of the antag-
onist’s teeth, were evaluated and recorded.
Results: According to the Modified California Dental Association quality evaluation system,
100% of the crowns received satisfactory grades. Despite the significant increase in plaque in-
dex and gingival index at two weeks post-ZrC placement, there was no deterioration in probing
depth. Moreover, there was discard usage of ZrC on the antagonist’s teeth at 24 weeks post-
treatment. Of the 15 crowns, one tooth had to be extracted due to a vertical root fracture.
Overall, the digital 3D-printed crowns showed no adverse effects on periodontal tissues after
24 weeks of follow-up.
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Conclusion: The 3D-printed ZrC showed no periodontal problems. It can serve as an alternative
for patients, particularly those with high esthetic expectations.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Metal-ceramic crowns have been the gold standard for
prostheses for more than 50 years due to their high me-
chanical strength.1 The opacity of the metal, on the other
hand, may be revealed over time near the gingival margin
and affect patient aesthetics. As patients currently have
increasing aesthetic demands, all-ceramic crowns are
becoming more popular as they mimic the appearance of
natural-looking prosthetic restorations. In 1990, zirconia
was introduced as a superior option because it provides
additional mechanical properties while still maintaining the
visual benefits of all ceramic crowns.1e7 The addition of
yttria to zirconia, known as yttria-stabilized tetragonal
zirconia polycrystals (Y-TZPs), has strong mechanical
properties of 1200 HV hardness, 900e1200 MPa flexural
strength, and fracture toughness of 6e8 MPa m1/2.7

Zirconia restorations can be fabricated by CAD-CAM
technology or 3-D printing techniques. One may order the
material in a laboratory or in a milling center and be self-
produced chair-side in the office. The zirconia restoration
success is dependent on the marginal fit. Poor marginal
adaptation of zirconia restoration causes microleakage,
easy plaque retention and induced secondary caries, pulp
infection, periodontal problems, and alveolar bone loss.8,9

The comparisons of zirconia copings and ceramic restora-
tions shows higher accuracy for zirconia copings.10 The ZrC
fabrication showed a clinically acceptable marginal
discrepancy range between the CAD-CAM CEREC in the LAB
system and the LAVA system milling center.11 When
comparing the trueness and precision of 3D-printed versus
milled monolithic zirconia crowns (MZCs), it was shown that
milled MZCs had a statistically higher trueness than 3D-
printed ones, and both were compatible with clinical use.12

Reviewing the literature, most studies discussed the 3D
printing of zirconia in vitro.13e16 There have been fewer
reports of periodontal effects of 3D printing zirconia crowns
in vivo. The aim of this study was to evaluate the clinical
performance of zirconia crowns fabricated by selective
laser melting (SLM) on posterior teeth restorations.
Table 1 The tooth distribution of the tested 3D-printed
crowns.

Regions Maxilla Mandible

First premolar 3 1
Second premolar 2 1
First molar 1 2
Second molar 1 4
Materials and methods

Study protocol

The study protocol was approved by the Ethics and Clinical
Trials Committee of Chung Shan Medical University Hospital
(Taiwan) (registration number: 212250-028-F-008-1). Pa-
tients were provided with complete information about the
study protocol, procedures, follow-up visits, potential risks,
and alternative treatment options before obtaining
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informed consent. The subjects could leave the trial at any
time for any reason. The patient authorized the use of
personal medical records (including pictures and measure-
ment data) for research purposes, and the personal data
will never be connected in any manner.

Sample selection criteria

A total of 15 patients (7 males and 8 females) were selected
at Chung-Shan Medical University Dental Hospital (Taiwan)
from March 2021 to July 2022 who needed dental crowns for
the premolars or molars. The age of the subjects ranged
from 23 to 66 years old with an average age of 44 years old.
All received 3D-printed ZrC (n Z 15) were fabricated by
selective laser melting technology from Taiwan Innovative
Biomedical company (TIB Co., Kaohsiung, Taiwan).

The patient inclusion criteria were as follows: 1) pa-
tients aged �20 years old, 2) patients who required a pre-
molar or molar crown restoration, and 3) patients with no
history of allergies to medications or materials. The patient
exclusion criteria were as follows: 1) untreated paraf-
unction, such as TMJ disorder or sleep bruxism, 2) systemic
disease, including hypertension or diabetes, 3) periodontal
problems, 4) history of allergy to medications or materials,
and 5) pregnancy.

Tooth preparation

All restorative procedures were performed by the same
dentist, including preparation of abutment teeth, digita-
lization, temporization, and cementation. The tooth dis-
tribution for 3D-printed ZrC is shown in Table 1. For tooth
preparation, 1.5e2.0 mm of the occlusal surface was
removed. The axial surface was reduced 1.0e1.5 mm with
circumferential deep chamfer margins located sub-
gingivally and axial wall taper degrees of 6e10�. A 3Shape
TRIOS 3(3Shape A/S Co., Copenhagen, Denmark) intraoral
scanner was used to scan directly on the patient’s mouth
to produce digital impressions. The scanning digital data
were sent to the TIB company for fabricating 3D-printed
ZrC (Fig. 1).
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Figure 1 (A) The 3D printing resin model with crown preparation at the first molar. (B) The 3D-printed zirconia crowns fit on the
prepared first molar. (C) The patient’s maxilla right first molar showed a mesio-occlusal-disto composite restoration. (D) The status
of the patient’s maxilla right first molar placed a 3D-printed zirconia crown after 24 weeks. The periodontal tissue showed normal
structure without inflammation.
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The prepared teeth were protected by temporary
restoration with Tokuso Curefast (Tokuyama Co., Tokyo,
Japan) and cemented with eugenol-free temporary dental
cement (Freegenol, GC International Co., Tokyo, Japan).
After 2e3 weeks of temporization, interim crowns were
removed, and ZrC was cemented with self-adhesive resin
cement (RelyX U200, 3 M ESPE Co., Seefeld, Germany)
(Table 2).

Study variables

The study variables were recorded: 1) age, 2) sex, 3) type
of tooth (premolar or molar), 4) region of the tooth
(maxillary or mandible), 5) condition of the antagonist
tooth (natural tooth or types of restoration), 6) complica-
tions (mechanical or biological), 7) evolution of survival
parameters (marginal adaptation, color match, marginal
discoloration, crown margin integrity, anatomic form, gross
Table 2 Materials used in the crown preparation procedures.

Procedure Material Pro

Impression Vinyl Polysiloxane Ep
Temporary crown fabrication Autopolymerizing resin TO
Temporary crown

cementation
Eugenol free luting cement FR

Zirconia crown cementation Self adhesive resin cement Re

Retraction cord Treated with aluminum
sulfate

SilT

Disclosing agents Erythrosine TR
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fracture, and surface texture), 8) evolution of periodontal
parameters (plaque index (PI), gingival index (GI), probing
depth (PD), and 9) attrition grade of the antagonist tooth.

All crowns were assessed at the time of crown place-
ment at 0 weeks (baseline) and 2 weeks, 6 weeks, and 24
weeks. The 3D-printed zirconia crowns were rated ac-
cording to the modified California Dental Association
(modified CDA criteria) quality evaluation system to assess
marginal adaptation, color match, marginal discoloration,
crown margin integrity, anatomic form, gross fracture, and
surface texture. Each item was rated A (Excellent) in case
of no problem, B (Acceptable) in case of minor problems,
and C (Failure) in case of major complications. A crown
score of A or B indicated success, whereas a score of C
indicated failure.

Periodontal parameters such as plaque index, gingival
index, and probing depth were evaluated in the following
way: (1) PI, the amount and thickness of plaque were rated
prietary Name Company

xress XT Putty Soft 3M ESPE, Seefeld, Germany

KUSO CUREFAST Tokuyama Co. Tokyo, Japan

EEGENOL TEMPORARY PACK GC International Co., Tokyo,

Japan

lyX U200 3M ESPE, Seefeld, Germany

Co.

rax AS Pascal, Safco Dental Supply

LLC., Buffalo Grove, IL, USA

ACE DentaKit Co., Belmont,

CA USA



Table 3 Quality of zirconia crowns based on the Modified
California Dental Association (CDA) criteria.

Success Success Failure

Excellence Acceptable Unacceptable
Modified CDA
criteria

(A) (B) (C)

Marginal adaptation
O Week 14 0 0
2 weeks 13 1 0
6 weeks 12 2 0
24 weeks 12 2 0

Color match
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0

Marginal discoloration
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0

Corwin margin integrity
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0

Automatic form
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0

Gross fracture
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0
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on a scale of 0e3, with 0 indicating no plaque on the
gingival margin, 1 indicating fine film of plaque that can be
seen using a probe, 2 indicating moderate plaque on the
gingival margin, and 3 indicating abundant plaque on the
gingival margin. (2) GI, a periodontal probe, was gently
inserted 1 mm below the gingival margin and slid along the
margin to observe any gingival bleeding. The result was
rated on a scale of 0e3, with 0 indicating healthy gingiva, 1
indicating mild gingival inflammation and no bleeding on
probing, 2 indicating moderate gingival inflammation, and 3
indicating severe gingival inflammation and tendency for
spontaneous bleeding. (3) PDs, the gingival pocket depth of
abutment tooth at 6 gingival sites (mesiobuccal, mid-
buccal, distobuccal, mesiolingual, mid-lingual, and dis-
tolingual), were measured. The average value was rated on
a scale of 0e3, with 0 indicating healthy gingiva with a
probing depth <3 mm, 1 indicating mild gingivitis with a
probing depth <4 mm, 2 indicating moderate gingivitis with
a probing depth 4e5 mm, and 3 indicating severe gingivitis
with a probing depth >6 mm. (4) The attrition grades were
evaluated in the following way: 0 indicated no enamel
wear, 1 indicated only enamel wear, 2 indicated mild
dentin wear, 3 indicated severe dentin wear, and 4 indi-
cated pulp exposure.

After crown placement, follow-up visits were performed
at 0 weeks, 2 weeks, 6 weeks, and 24 weeks. Data were
collected by a single examiner.

Statistical analysis

The data were analyzed with JMP� 16.0 (Student Edition
16.0 for Mac OX, SAS Institute, Cary, NC, USA). Descriptive
analysis was performed for evaluation of the crown resto-
rations according to the modified CDA criteria. The Wil-
coxon signed-rank test was used to compare differences in
periodontal parameters at various follow-up time points.
The level of significance was set at 0.05.
Surface texture
O Week 14 0 0
2 weeks 14 0 0
6 weeks 14 0 0
24 weeks 14 0 0

Each item was rated A (Excellent) in case of no problem, B
(Acceptable) in case of minor problems, and C (Failure) in case
of major complications.
Results

In total, 15 3D-printed ZrC were produced by the SLM ma-
chine. Seven (47%) crowns were placed in the maxilla, and 8
(53%) were placed in the mandible (Table 1). All patients
were successfully followed for 24 weeks. Only 1 patient was
excluded due to a vertical root fracture at the 6th week.

Evaluation of survival parameters

According to the modified CDA quality evaluation system,
with the exception of two crowns that were rated as
acceptable for marginal adaptation from the 2nd to 24th
week, all other crowns were evaluated as excellent for
color match, marginal discoloration, crown margin integ-
rity, anatomic form, gross fracture, and surface texture
after placement (Fig. 1). Crowns with excellent and
acceptable rates were considered successful. The results in
a success rate of 100% (Table 3).

Survival parameters such as marginal adaptation, color
match, marginal discoloration, crown margin integrity,
anatomic form, gross fracture, and surface texture were
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not significantly different at the different time points
(P > 0.05) (Table 4).

Evaluation of periodontal parameters

The 3D-printed ZrC periodontal analyzed parameters are
shown in Fig. 2. The results of periodontal parameter
comparisons are shown in Table 5. The PI and GI score at
the abutment teeth were significantly increased (P < 0.05)
after 2 weeks. There were significant deteriorations in both
PI and GI in patients during the follow-up after crown
placement (all P < 0.05). However, there was no statisti-
cally significant difference in GI score between 0 and 24



Table 4 Quality assessment of the ZrC at 0 weeks, 2 weeks, 6 weeks, and 24 weeks.

0 week 2 weeks 6 weeks 24 weeks

A B C A B C A B C A B C

Marginal adaptation 100% 0 0 92.9% 7.1% 0 85.8% 14.2% 0 85.8% 14.2% 0
Color match 100% 0 0 100% 0 0 100% 0 0 100% 0 0
Marginal discoloration 100% 0 0 100% 0 0 100% 0 0 100% 0 0
Crown margin integrity 100% 0 0 100% 0 0 100% 0 0 100% 0 0
Anatomy from 100% 0 0 100% 0 0 100% 0 0 100% 0 0
Gross fracture 100% 0 0 100% 0 0 100% 0 0 100% 0 0
Surface texture 100% 0 0 100% 0 0 100% 0 0 100% 0 0

Each item was rated A (Excellent) in case of no problem, B (Acceptable) in case of minor problems, and C (Failure) in case of major
complications.
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weeks (P > 0.05). The 3D-printed ZrC showed good peri-
odontal status (Fig. 2 A, B, C).

Evaluation of antagonist tooth attrition

There was no significant attrition found in the wear of the
antagonist teeth at different follow-up time points
(Fig. 2D).

Discussion

In the present study, despite the marginal adaptation of
one crown and two crowns, they were graded as acceptable
at the 2nd and 6th weeks, respectively. Overall, the sur-
vival parameters of all crowns resulted in a 100% success
rate. Therefore, the 3D-printed ZrC had adequate clinical
qualities. The 3D-printed ZrC survival rate results were
similar to those of other studies.12
Figure 2 The analytic periodontal parameters of the 3D-printed z
depth. (D) Attrition grade.
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The marginal adaptation of 3D-printed ZrC is influenced
by several factors, such as fabrication method, material
composition of zirconia crowns, finishing line design, ac-
curacy of the scanner, and cement type. The present study
showed that 3D-printed ZrC had a 100% success rate.

One study demonstrated that the 3D additive technique
had better margin quality compared to those fabricated by
subtractive milling soft-machined blanks,17 while another
study showed that both had similar accuracy.6 Schriwer
et al. found that the production method and material
composition of monolithic ZrC affected internal fit, crown
margin quality, and load at the crown fracture.18 Schmitz
et al. found that monolithic lithium disilicate crowns with
knife-edged margins yielded clinical outcomes similar to
other margin designs, and knife-edged crowns were prone
to large chipping.19 Mangano et al. compared 12 intraoral
scanners (IOS) and found that statistically significant dif-
ferences in trueness were found among the intraoral
scanners.20 The digital impression of the crown was directly
irconia crown. (A) Plaque index. (B) Gingival index. (C) Probing



Table 5 Clinical assessment of plaque index, ginvial
index, probing depth, and attrition grade.

Abutment teeth

0 1 2 3 P-value

Plaque index
0 week 14 0 0 0
2 weeks 8 6 0 0 0.031*
6 weeks 4 10 0 0 0.002*
24 weeks 5 8 1 0 0.004*

Gingival index
0 week 14 0 0 0
2 weeks 8 6 0 0 0.031*
6 weeks 8 6 0 0 0.031*
24 weeks 9 5 0 0 0.062

Probing index
0 week 14 0 0 0
2 weeks 11 3 0 0 0.050
6 weeks 9 5 0 0 0.125
24 weeks 10 4 0 0 0.125

Antagonist teeth

0 1 2 3 P-value

Attrition grade
0 week 2 0 1 0 1.000
2 weeks 2 0 1 0 1.000
6 weeks 2 0 1 0 1.000
24 weeks 2 0 1 0 1.000
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scanned from the patient’s mouth in the present study.
Digital duplication is more accurate from the direct oral
scan method than from the indirect model scan method. It
is suggested that better marginal adaptation may be
attributed to a deep chamfer margin design, such as knife-
edged crowns in the present study.6

The preparation of the margin, contour, and emergence
profile of the prosthesis can influence the periodontal
response to the prosthesis. The rough and irregular surfaces
of restorative materials can affect biofilm formation for
bacterial colonization. Conventional CAD/CAM zirconia all-
ceramic crown restoration is more favorable to the health of
periodontal tissues.21 Successful restorative materials with
accurate marginal and internal fit are essential to maintain
longevity.22 As reported, zirconium did not affect soft
periodontal tissues or stimulate the protective mechanisms
of the periodontium, and ZrC showed less microbial adhe-
sion than the base metal crown.23,24 In the present study,
3D-printed ZrC showed similar periodontal characteristics.

In the present study, PI and GI were significantly
increased after 2 weeks. On the other hand, probing depth
did not differ between different time periods. However,
this finding was not in line with other previous studies,
which found a stable PI score during the whole observation
period.1,4 A patient’s unstable PI score may have been due
to improper oral hygiene during the observation period.
Patient compliance with good hygiene was also essential for
ZrC survival.

In the present study, there was one incidence of vertical
root fracture in one of the abutment teeth over the course
of the 24-week follow-up. A possible explanation for this
720
case might be that the tooth became fragile after receiving
root canal therapy, and the 3D ZrC was at the high occlusal
pressure posterior region.

The limitations of this pilot study were that the sample
size was small, and the observation period was short. It
would be more conducive to having more participants,
stricter oral hygiene regimes, and a longer follow-up period
in future research.

It is concluded that the 3D-printed ZrC showed no
detectable adverse effects on the periodontal tissues, and
antagonist tooth attrition was invisible. It could serve as an
alternative to patients, particularly those with high
esthetic expectations.
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