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Influence of crown design and material on chipping-resistance
of all-ceramic molar crowns: An in vitro study

Wptyw ksztaftu i materiatu petnoceramicznych koron trzonowcow
na odpornosc na odpryskiwanie — badanie in vitro
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Abstract

Background. All-ceramic restorations have become popular and the trend is ongoing. However, the
incidence of chipping within the veneering layer has been a commonly reported failure in clinical practice.

Objectives. The aim of this in vitro study was to evaluate the effect of ceramic crown design (monolithic
vs bi-layered) and material on the chipping resistance of molar crowns submitted to compressive cyclic
loading.

Material and methods. Fifty identical epoxy resin replicas of a mandibular 15 molar with crown prepara-
tion were divided into 5 groups (n = 10) as follows: the MLD group — monolithic CAD/CAM lithium-disilicate
glass-ceramic (LDGC) crowns; 30 zirconia cores were veneered with either feldspathic porcelain by hand-lay-
ering technique (ZHL) or by heat-pressing technique (ZV/P), or with milled LDGC veneers and subsequently
fused to the cores (ZLD); 10 porcelain-fused-to-metal (PFM) crowns acted as a control group. All crowns were
cemented using Panavia® F2.0 resin cement (Kuraray Dental, Tokyo, Japan). After storage in water at 37°C for
T week, the specimens were subjected to compressive cyclic loading at the mesiobuccal cusp which was til-
ted at 30°. A load cycle of 50—450 N was used and specimens were maintained in an aqueous environment
throughout 500,000 cycles in a universal testing machine (Instron, Norwood, USA). The data was statistically
analyzed at 5% significant level with Fishers exact test and Kaplan-Meier survival analysis.

Results. Significant differences in survival rates of the specimens used in the groups (p < 0.001) were found.
Specimens of the PFM, ZHL and ZVP groups underwent failures at different stages of the 500,000 fatigue cyc-
les, while specimens of the MLD and ZLD groups survived the entire fatique test. ZHL and ZVP crowns had the
waorst chipping-resistance, while PEM crowns performed slightly better. The Kaplan-Meier test revealed signi-
ficantly higher survival rates for the MLD and ZLD specimens compared to the other 3 groups.

Conclusions. The use of LDGC as a monolithic molar crown and as a veneer over a zirconia core resulted in
superior resistance to cuspal chipping.

Key words: fatigue, crown, chipping, monolithic, posterior

Stowa kluczowe: badanie zmeczeniowe, korona, odpryski, monolityczny, tylny
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Introduction

Computer-aided design/computer-aided manufacturing
(CAD/CAM) technology enables precise milling
of crowns and fixed dental prostheses (FDP) from a vari-
ety of ceramic-based blocks including high-strength ma-
terials such as lithium-disilicate glass-ceramic (LDGC)
and zirconia.! Because of the ongoing trend toward
more esthetically-pleasing and biologically-compatible
restorations, different all-ceramic systems have been
developed.? The use of yttrium partially-stabilized zir-
conia polycrystal (Y-TZP) has gained popularity due to
the superior mechanical properties of the material such
as high flexural strength (>900 MPa) and compressive
strength (2000 MPa).? This material is capable of provid-
ing a strong framework for dental restorations which have
a reportedly low failure rate.*

Originally, the application of high-crystalline zirconia
in dental restoration was limited to substructures due to
its high opacity. Veneering is typically applied over zirco-
nia cores to provide a more natural appearance.® In such
a complex, the veneering porcelain is the weaker compo-
nent, and a high incidence of occlusal chipping of posteri-
or bi-layered crowns has been reported.”® The failure rate
observed for both tooth-supported and implant-support-
ed bi-layered zirconia crowns has varied between 3% and
50%.71° Traditionally, veneering porcelain is hand-layered
over the zirconia core, however a pressed-on veneering
technique is an alternative. It has been reported that the
pressed-on veneering technique minimizes chipping in
zirconia crowns compared to the conventional (hand-
layering) technique.!*!2

There are different hypotheses for the high chipping
rates of all-ceramic restorations, including the mismatch
of coefficient of thermal expansion (CTE) between the
core and the veneer material, uneven thickness of the
porcelain veneer, and the quality of the bonded interface
between the veneer and the core material.!® Significant
CTE mismatch would potentially create stresses at the
core/veneer interface, which might cause the porcelain
veneer chipping. To enhance the overall strength of the
core/veneer complex, the veneering porcelain should
ideally have lower CTE compared to that of the core
in order to create compressive stresses during cooling
of the restoration.!* In addition to variability in CTE, the
thicknesses of the veneering porcelain and the underly-
ing core also have an impact on the chipping behavior
of the veneering porcelain. To that end, studies have sug-
gested that applying a minimum veneer thickness to en-
hance the adequate esthetic and functional needs would
increase the strength of bi-layered restorations.®> Fur-
thermore, inadequate bond strength between the ve-
neering porcelain and the zirconia core could be the ma-
jor underlying factor that causes chipping.'® Reportedly,
factors that lead to inadequate bond strength between
the zirconia core and the veneering porcelain include
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flaws in the veneering porcelain created during layering,
liner material application and variability in zirconia sur-
face preparation.”

As an alternative to zirconia cores veneered with porce-
lain, monolithic (full-contoured) crowns made of LDGC
may be employed due to their relatively high flexural
strength (360 MPa) and better translucency compared
to high crystalline zirconia. This seems to be a reliable
alternative to bi-layered zirconia-based crowns.>!® The
short-term clinical performance of monolithic crowns
after 24-month observation was reported to be promis-
ing, with a survival rate of 98—100%.'2° An in vitro study
demonstrated that bulk fracture occurred at higher load
levels for the monolithic LDGC crowns compared to
ones made of hand-layered veneers over zirconia cores
due to better stress distribution.! Alternatively, CAD/
CAM milled LDGC veneers applied over zirconia cores
increased the mechanical stability of the restoration and
seemed to be a promising alternative to minimize chip-
ping and fracture.!®

The purpose of this study was to evaluate the effects
of crown design (monolithic vs bi-layered), material and
layering technique on the chipping resistance of all-ce-
ramic molar crowns. The null hypothesis was that there is
no effect of crown design, material or layering technique
on the chipping resistance of all-ceramic crowns.

Material and methods

A ceramic crown preparation was made on an epoxy-
resin mandibular 1% molar with axial wall reduction re-
sulting in a 1 mm shoulder finishline. It was located 1 mm
above the cementoenamel junction. Occlusal surface re-
duction was at least 1.5 mm. Line angles between occlusal
and axial surfaces were prepared rounded. The prepared
tooth was used to fabricate 50 replicas using a highly filled
epoxy-resin (Viade Products Inc., Camarillo, USA). The
replicas were placed in a dentiform with adjacent teeth
on both proximal sides to simulate a clinical situation
of a molar needing crown. The materials used for crown
fabrication and cementation are listed in Table 1.

Tooth replicas were divided into 5 crown groups (n = 10)
as follows: MLD — monolithic LDGC crowns; ZHL — zir-
conia copings veneered by hand-layering technique;
ZVP — zirconia copings veneered by heat-pressing tech-
nique; ZLD —zirconia copings veneered with milled LDGC;
PFM - porcelain-fused-to-metal crowns (control group).

For the MLD group, the prepared tooth, adjacent and
opposing teeth were coated with a thin layer of optical
reflective powder (IPS Contrast Spray, Ivoclar Vivadent,
Schaan, Liechtenstein) and a CEREC 3D intra-oral scan-
ner (Sirona Dental Systems, Bensheim, Germany) was
utilized to capture optical images. A full-contour crown
was virtually-designed (CEREC 3.84, Sirona) and milled
out of an IPS e.max CAD block using a CEREC milling
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Table 1. Material properties (according to the manufacturer’s instructions data)

Material and lot

Compositions CTE (x107°)

Fabricating technique

Flexural strength (MPa)

IPS e.max Ceram (500837) nano-fluorapatite glass-ceramic manual application 90 9.5
IPS e max ZirPress (P76153) fluorapatite glass-ceramic pressing technique 110 9.8
IPS e.max CAD (R67755) lithium-disilicate glass-ceramic CAD/CAM 360 10.2-10.5
IPS e.max ZirCAD (R71099) yttrium stabilized zirconium oxide CAD/CAM 900 10.8
Argely NP Supreme (35052 03/10) Co:61%, Cr: 27%, Mo: 6%, W: 5% laser sintering technique 475 14.1
IPS d.Sign (R73590) leucite glass-ceramic manual application 80 +25 126
IPS e.max CAD crystal/connect (R66132) fusion glass-ceramic manual application 160 9.5

CTE - coefficient thermal expansion; CAD/CAM — computer-aided design and computer-aided manufacturing.

unit (Sirona). The milled crowns were then subjected to
a crystallization firing cycle in a Programat furnace (Ivo-
clar Vivadent). Glazing paste was applied to the outer sur-
faces of the crowns before placement in the furnace.

For the ZHL, ZVP and ZLD groups, replicas were digi-
tally-scanned as described above and copings were virtu-
ally-designed. Copings of a uniform thickness of 0.5 mm
were then milled from Y-TZP blocks (IPS e.max ZirCAD,
Ivoclar Vivadent) using CEREC inLab 3.84 (Sirona). The
milled copings were then subjected to final sintering in
a furnace following the manufacturer’s instructions. The
sintered copings were then assigned to 3 groups according
to the porcelain veneering technique. Ten zirconia copings
were veneered with manually-added porcelain (IPS e.max
Ceram, Ivoclar Vivodent) (ZHL), while another 10 cop-
ings were veneered with heat-pressed porcelain (IPS e.max
ZirPress, Ivoclar Vivadent) (ZVP). IPS e.max ZirLiner was
applied to establish a bonding between the veneer materi-
als and the zirconia copings. For the remaining 10 zirco-
nia copings, CAD/CAM-milled LDGC veneers (IPS e.max
CAD) were fused to the zirconia copings using a glass fu-
sion bonder (IPS e.max CAD crystall/connect) (ZLD).

For the PFM crowns, copings were virtually-designed
(CEREC 3D 3.84, Sirona) with a 0.5 mm uniform thickness.
They were then fabricated with laser-sintering technology
using a non-precious metal alloy (Argely NP Supreme,
IdentAlloy, Glastonbury, USA). The metal copings were
manually-veneered (IPS d.Sign, Ivoclar Vivadent). One
experienced dental technician fabricated all PFM crowns.

All crowns were tried-in onto their corresponding tooth
replicas in order to confirm proper seating and adequate
marginal fit. The crowns were then cemented to their rep-
licas with dual-cured resin cement (Panavia F2.0, Kuraray
Dental, Tokyo, Japan). For all metal and zirconia copings,
the intaglio surfaces were grit-etched with 50 pm alumi-
num oxide powder under 1 bar pressure for 5 s.22 For the
LDGC crowns, the intaglio surfaces were etched for 20 s
with hydrofluoric acid (IPS Ceramic Etching Gel, Ivoclar
Vivadent). The crowns were cleaned with distilled water
in an ultrasonic bath. The surfaces were then coated with
a layer of silane-coupling agent (Mono-Bond Plus, Ivoclar
Vivadent). Each crown was seated onto its corresponding
replica, excess cement was removed and Oxyguard II (Ku-

raray) was applied to cover the margins for 3 min. A 10 N
load was applied onto the occlusal surface for 15 min.
Light-curing was performed for 20 s on each of the crown
surfaces. Overall length of a specimen (tooth + crown)
was measured before and after cementation with a digi-
tal caliper to ensure complete seating of the crowns. The
specimens were then stored in distilled water at 37°C for
1 week prior to the compressive cyclic loading test.
Cyclic loading was applied to each specimen in a uni-
versal testing machine (Instron 8501, Instron, Norwood,
USA). The specimens were embedded in a special acrylic
holder to ensure that loading was applied to the mesio-
buccal (MB) cusp incline set at 30°. A testing chamber was
filled with distilled water with the specimen secured at
its center. Cyclic loading was applied using a cone shaped
indenter applied at the center of the MB incline (Fig. 1).
Each specimen was subjected to compressive cyclic load-

\
A
A
\
)
!

Fig. 1. Schematic illustration of load application at the incline of the
mesiobuccal cusp
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Table 2. Number of cycles at which each specimen failed. The lowest and highest numbers of cycles at which failure occurred are marked in bold. Specimens that

reached 500,000 cycles did not fracture

B S S T TN T

8,513 500,000 2,291 500,000 40,957
2 29,240 500,000 19,347 500,000 98,984
3 1,120 500,000 9,852 500,000 49,279
4 3,514 500,000 41,191 500,000 320,712
5 1,692 500,000 2,133 500,000 1,458
6 24,009 500,000 31,467 500,000 8,504
7 13,924 500,000 47,169 500,000 17,096
8 4,484 500,000 1,282 500,000 4531
9 10,329 500,000 3,203 500,000 9,106
10 5,206 500,000 23,520 500,000 236,896

ZHL - zirconia copings veneered by hand-layering technique; MLD — monolithic LDGC crowns; ZVP - zirconia copings veneered by heat-pressing technique;
ZLD - zirconia coping veneered with milled LDGC; PFM - porcelain-fused-to-metal crowns; LDGC - lithium-disilicate glass-ceramic.

ing at 20 Hz for 500,000 cycles. Each cycle started at 50 N
and completed at 450 N. Where possible, the machine
was stopped after 250,000 cycles and the specimens were
examined under light microscope to check for the pres-
ence of cracks. If no defects were detected, 250,000 ad-
ditional cycles were applied and the specimens were then
microscopically re-inspected. When chipping or fracture
of the specimen occurred before the completion of the
cycles, the specimen was deemed a failure and the num-
ber of cycles at which the event occurred was recorded.

The data was statistically analyzed using Fisher’s exact
test. Statistical significance was set at 0.05. The log-rank
test was performed for comparing Kaplan-Meier survival
curves for the failed specimens.

Survival Functions

Groups

—TPFM
FIZHL
—MZVP
LD

0.6

049

Cum Survival

0.2

0.0

T T T T T T
00 10000000 20000000 30000000 40000000  S00000.00

Number of cycles

Fig. 2. Survival results for all groups. MLD and ZLD withstood the fatigue
test with no failures, while ZHL, ZVP and PFM crowns underwent failure at
different stages of the fatigue test

MLD - monolithic lithium-disilicate glass-ceramic crowns; ZLD - zirconia
coping veneered with milled lithium-disilicate glass-ceramic; ZHL — zirconia
copings veneered by hand-layering technique; ZVP - zirconia copings
veneered by heat-pressing technique; PFM — porcelain-fused-to-metal crowns.

Results

Monolithic LDGC crowns (MLD) and crowns made
with zirconia copings and veneered with LDGC veneers
(ZLD) survived the entire fatigue test without any fail-
ures. In contrast, all specimens in the PFM, ZHL and ZVP
groups underwent failure at different points of the cyclic
loading test (Table 2). Fisher’s exact test revealed a statis-
tically significant difference among the groups (p < 0.001).
Therefore, the null hypothesis was rejected.

Bi-layered zirconia crowns veneered either by the hand-
layering technique or the press-on technique had the worst
performance to chipping resistance. These were followed by
the PEM crowns, which all failed before the fatigue testing
was completed; however, after a number of cycles greater than
those in the ZHL and ZVP groups. The Kaplan-Meier test re-
vealed significantly higher survivability of the LDGC crowns
(MLD) and zirconia crowns veneered with milled LDGC ve-
neers as compared to the remaining 3 groups (Fig. 2).

Fig. 3. Chipping of the veneering porcelain of a specimen in the ZVP (zirconia
copings veneered by heat-pressing technique) group (cohesive failure)
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Fig. 4. Core/veneer interface delamination in a specimen in the ZHL (zirconia copings veneered by hand-layering technique) group (A) and PFM

(porcelain-fused-to-metal crowns) group (B)

Bulk fracture was not observed with any of the speci-
mens; however, cohesive failure within the veneering por-
celain was frequently observed (Fig. 3). Core/veneer in-
terface separation was observed in 2 ZHL specimens and
4 PFM specimens (Fig. 4).

Discussion

Ceramic materials are prone to slow crack growth dur-
ing cyclic loading in an aqueous environment. The com-
bination of a moist environment and stresses during func-
tioning increases the potential for crack propagation and
reduces the load required for failure.?® The test used in the
present study was performed while the specimens were
maintained under water in order to counteract heat build-
up at the point of contact due to friction, and to keep the
test conditions clinically-relevant. The load cycle selected
(50-450 N) is within the range of occlusal biting forces
encountered in the posterior region.** Considering that
2,700 chewing cycles per day are reported as the average
for a young adult, this would add up to 1 million cycles per
year.®> However, since not every chewing cycle is as active
as the one selected in the present study, it was suggest-
ed that the total number of cycles should be divided by
a factor ranging from 5 to 20.2° Thus, 500,000 load cycles
equate to 5—-10 years of functioning. Based on this, it may
be assumed that monolithic molar crowns made of LDGC
and bi-layered molar crowns made of zirconia cores ve-
neered with LDGC veneers would be expected to resist
cuspal chipping from 5 to 10 years under the mechanical
conditions of the oral environment. However, this finding
must be interpreted with caution since posterior teeth are
subjected to a variety of forces during functioning, and
not only compressive ones. This includes shear forces that
occur during lateral excursions of the mandible, which are

an integral component of the chewing cycle. In addition,
there are other factors in the oral environment that may
influence the performance of ceramic restorations such as
temperature and pH fluctuations, enzymatic challenges,
and muscular volume. Combined, these factors may re-
sult in a shorter survival term to cuspal chipping; howev-
er, only further research can determine their exact effect.
The incidence of veneering porcelain chipping or de-
lamination in a bi-layered zirconia crown has been re-
ported as a major complication in the dental literature.!*?”
Two reasons that could explain this incidence are core
thickness and design. In the present study, the metal and
zirconia coping were designed with even thickness. This
results in an uneven porcelain veneer layer when anatom-
ical features of the occlusal surface were recreated during
the fabrication of the veneer. For a thick porcelain layer
supported by zirconia coping with low thermal diffusivity,
there is a higher risk of buildup of residual tensile stresses
within the veneering porcelain layer.?® Such stresses may
promote crack propagation, and hence increase the ve-
neering porcelain susceptibility to undergo chipping.
Both types of bi-layered zirconia crowns veneered with
hand-layered veneering porcelain and pressed porcelain
veneer failed prematurely at a comparable mean number
of load cycles. This may be due to inadvertent inclusion
of voids within the veneering porcelain during fabrica-
tion; however, this would be less likely to happen in the
case of heat-pressed veneer. It may also be due to the
low bond strength between the zirconia and the veneer-
ing porcelain.!'?° Preis et al. observed outstanding frac-
ture resistance of heat-pressed porcelain because of the
improvement in the microstructure of the material.?
In agreement with the findings of the present study, Sta-
warczyk et al. found a slightly better or similar fracture re-
sistance when comparing press-on and manually-layered
veneering porcelain irrespective of the material used.”
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The fact that 1 experienced technician applied the
porcelain may have maintained the incidence of voids
within the manually-layered veneering porcelain at the
same level. However, the variability in CTE between the
veneering porcelain and zirconia has a detrimental effect
on the bond strength and strongly influences the resis-
tance ability of the veneering porcelain to chipping.'? Ide-
ally, the veneering porcelain should have a slightly lower
CTE than that of the zirconia core in order to create slight
compressive stresses within the veneering layer. These
stresses might increase the bond strength between zirco-
nia and the veneering porcelain.!* Accordingly, the CTE
mismatch between the veneering porcelain and zirconia
coping used in the present study (Table 1) resulted in the
optimal bonding between the 2 structures; however, this
was not enough for the crowns to adequately resist cuspal
chipping under conditions of fatigue testing.

In the present study it was observed that porcelain-ve-
neered zirconia crowns are more susceptible to chipping
than PFM crowns, and both were less resistant to mechanical
fatigue than zirconia crowns veneered with LDGC veneers.
This result is in agreement with findings reported in sev-
eral clinical studies that compared the longevity of zirconia-
based and PFM crowns.®?” The similarity of the mechanical
properties and composition of the 2 veneering materials, IPS
e.max Ceram and ZirPress, could explain their comparable
chipping behavior. In contrast, the void-free and stronger
veneering material (LDGC) resisted chipping in CAD-on
crowns for the entire length of the mechanical fatigue test.

In the present study, cohesive failure occurred within
the veneering layer in all crowns in the ZVP group. This
indicates the presence of adequate bonding at the inter-
face between zirconia coping and the porcelain veneer.
Fischer et al. stated that porcelain chipping takes place
within the porcelain layer rather than at the porcelain/
zirconia interface.3! Adhesive fracture is less often ob-
served in zirconia bi-layered restorations, and in the pres-
ent study it was observed with in 2 crowns in the ZHL
group.” On the other hand, PFM crowns showed higher
chipping resistance compared to zirconia-based ones, and
the fracture took place at the metal core/veneer interface
in almost half of the specimens. However, PFM crowns
resisted chipping a little better than the crowns belonging
to the 2 bi-layered zirconia groups (ZHL and ZVP).

LDGC material with a flexural strength of 360 MPa
increased the chipping resistance of monolithic and bi-
layered crowns compared to bi-layered ceramic crowns
in which the veneering porcelain had a much less flex-
ural strength of only 100 MPa.?!8 In a recent study that
compared the chipping behavior of manually-veneered
zirconia crowns with CAD-on veneered ones under ther-
mocycling and chewing simulation for 1.2 million cycles,
88% of the manually-veneered zirconia crowns failed dur-
ing the chewing simulation, test while no failures were
observed in the CAD-on crowns.!® Generally, this is in
agreement with the findings of the present study.

M. Alsarani, et al. Chipping-resistance of all-ceramic molar crowns

In the present study, monolithic LDGC crowns showed
higher cuspal chipping resistance compared to crowns
belonging to the ZHL, ZVP and PFM groups. This is in
agreement with findings reported by Guess et al., in spite
of variations in the test design.?' The superior chipping
resistance of monolithic LDGC crowns may be attrib-
uted to a number of factors. The e.max CAD blocks are
manufactured under ideal manufacturing conditions,
including operating in a vacuum, which results in mini-
mizing the formation of voids or flaws. In addition, their
microstructure includes fine grain lithium disilicate,
which results in superior homogeneity.?! Furthermore,
the monolithic configuration of LDGC crowns elimi-
nated the interface between coping and veneer, which
is the weak link in the bi-layered complex, where many
failure modes are located.®? In a short-term clinical trial
study, monolithic LDGC crowns (e.max CAD) showed
successful outcomes with no technical complications
such as occlusal chipping or fracture.?

Some of the limitations of the present study include
lack of periodontal ligament simulation in the specimens.
The specimens were rigidly attached to resin bases. This
would not allow any mobility during the cyclic load-
ing test. Having a simulated periodontal ligament in the
specimen could have acted as a cushion and resulted in
better stress distribution. In addition, the cyclic loading
test was performed at a relatively high frequency (20 Hz)
compared to what would be expected to occur in the oral
environment, and indeed in comparison to the 1-2 Hz
reported in other studies. However, Zahran et al. inves-
tigated the fatigue resistance of 2 all-ceramic crown sys-
tems where the compressive load cycles ranged from 50 N
to 600 N at 20 Hz, and their results were comparable to
those reported in other studies, where a lower cycle fre-
quency was followed.?® Therefore, perhaps the relatively
higher cycle frequency followed in the present study had
little or no effect on the outcome.

Conclusions

Within the limitations of the present in vitro study,
crown chipping occurred with all specimens of the bi-lay-
ered crown groups: zirconia copings veneered with manu-
ally-added porcelain, zirconia copings veneered with heat-
pressed porcelain and PFM crowns. All monolithic LDGC
crowns and zirconia crowns veneered with LDGC veneers
survived the entire 500,000-cycle compressive fatigue test
without any failures. Therefore, it is concluded that the
latter 2 types of all-ceramic crowns would be expected to
perform clinically better in terms of resistance to chipping
and fracture under occlusal loads of mastication.

For bi-layered crowns, core material (zirconia vs metal)
had an effect on the resistance of the crowns to cuspal
chipping, with metal copings providing better resistance
to cuspal chipping.
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