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Cumulative effects of successive restorative
procedures on anterior crown fiexure:
intact versus veneered incisors

Pascal Magne, Dr Med Dent'/William H. Douglas, BDS, MS, PhD^

Objective: When successive restorative procedures (eg, porcelain veneers, interdental resin composite
restorations, and endodontic treatment] are carried out on the same tooth, significant effects on crown
flexure can be expected. Method and materials: Dentin-bonded porcelain veneers (expérimentai group)
were assessed in vitro using functionai and cyclic thermal loads. They were compared to natural teeth
(control group) with respect to 2 parameters: coronal flexure (investigated using experimental strain
gauges) and morphology of the tooth-restoration interface (scanning eiectron microscopic evaluation). For
both veneered and natural teeth, crown deformation was recorded at 5 sequential experimental steps:
intact tooth (baseiine), Ciass Mi cavities. Class ill resin composite restorations, endodontic treatment, and
endodontic restoration (without posts). Results: No significant differences in crown tiexure were found
between naturai and veneered incisors when compared across expérimentai steps. The main effect for
experimental steps was highiy significant. When averaged across ali specimens (naturai and veneered
teeth), the endodontic treatment step resulted in the highest crown flexure (1.55x the baseiine value).The
unrestored Class lii cavities and the endodontic restoration were next highest (I-SO-" and 1 28x the base-
line value, respectively). The lowest crown fiexures were found after restoration of the Class Mi cavities
(1.13x the baseline value). No measurabie microieakageor gaps were detected at the ceramic-resin,
resin-enamel, or resin-dentin interfaces (Optibond FL, Kerr). Conclusion: Each subsequent reduction in
tooth structure resulted in a substantial increase in crown fiexibility, even after restoration. Endodontic pro-
cedures were responsibie for most of the ioss in crown stiffness Extensive proximal cutting and restora-
tions seemed fo minimally affect crown fiexure. Porceiain veneers showed perfect biomimetic behavior,
because cumuiafed restoration procedures had the same effect on nafurai and veneered incisors.
(Quintessence Inf 2000;31:5-18)
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CLINICAL RELEVANCE: Successive restorative proce-
dures, especiaiiy endodontics and extensive use of resin
composite restorations, can have a negative influence on
crown flexure. Veneered incisors behave like natural teefh
because porcelain veneers allow fhe maintenance of, or
even an increase in, crown rigidity.
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Sitnulation or recovery of the biomechanics of the
original tooth by a restoration has become the pri-

mary goal of restorative dentistry.''̂  A natural tooth's
unique ability to withstand masticatory and thermal
loads during a iifetimc is the result of the structural
and physical interrelationship hetween an extremely
hard tissue (enamel) and a more pliable softer tissue
(dentin).

The recognition of this interrelationship has led to
a growing coneern about the biomeehanical response
of intact hard tissue to restorative procedures. A red
flag was raised when researchers focused their atten-
tion on the biomeehanical side effects of amalgam
restorations on posterior teeth (ie, cuspal fractures and
cracked-tooth syndromes).'-^ In response, a number of
studieŝ -"* analyzing biophysical stress artd strain have
shown that f/J restorative procedures can make the
tooth erown more deformable and {1) the tooth can
be strengthened by increasing its resistance to crown
deformation. Based on these principles, tooth rein-
forcement was obtained by some form of complete or
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Figs la and Ib Combined endodontic and restorative procedures.

Fig la The maxillary right cenital incisor is nonvital and has an
old resjn composite resloration.

Fig 1b Endodontic procedures were loiiowed by internal bleach-
ing, replacement of the old resin resloralicn, and restoration of the
endodohtic access cavity. Despite a good esthetic result, the
effect ct such extended direct composites on crown tiexure and
tooth biomeehanies must be questioned.

partial coverage (extracoronal strengthening) at the
expense of the intact tooth substance.'"-'' Today, adhe-
sive technology has proven its efficiency in simultane-
ously reestablishing cuspal stiffness and allowing
maximum preservation of the remaining hard tissue
(intracoronal strengthening),'^-'^

The ñexural properties of anterior teeth can be stud-
ied with methods similar to those used for posterior
teeth, providing that the geometric and loading config-
urations of incisors are reproduced. A functional load
on the incisai edge was used to demonstrate that ante-
rior esthetic techniques often involve the labial and
interproximal reduction of enamel, making the tooth
crown more deformahle,'""•'" The effect of varying
enamel reductions was quantitatively determined by
the crown flexure, which can he measured under simu-
lated conditions by bonded strain gauges.'""'' These
studies demonstrated that bonded resin composite
restorations permitted the recovery of tooth stiffness,
which is not possible with amalgam restorations.

However, the physical properties of resin composites
create some limitations. One limitation is the elastic
modulus, which, for an average microfilled hybrid, can
be up to 80% lower {about 16 GPa) than the elastic
modulus of enamel (ahout 84 GPa),^^'^ The enamel
shell proves to be instrumental in the way stresses are
distributed within the crown,''^ When a more flexible
material replaces the enamel shell, only partial recovery
of crown rigidity can be expected. Studies by Reeh et
al" and by Reeh and Ross" showed a recovery of only
76% to 88% in crown stiffness after the placement of
composite restorations and composite veneers. On the
other hand, it was demonstrated that crown rigidity can

be recovered 100% when feldspathic porcelain (elastic
modulus about 70 GPa) is used as an enamel substitute,
as is the case in porcelain veneer restorations.^"

Recently, the indications for adhesive restorations
have heen significantly broadened to include
endodontically treated teeth.̂ '-^* As a result, it is not
uncommon to carry out several treatment modalities
on the same tooth, for example, endodontic treatment,
composite restorations (Figs la and lb), and veneer-
ing. Significant effects on crown flexure are expected
when restorative procedures succeed each other on
the same tooth. There have been few investigations
that have studied the combined effects of porcelain
veneers, interdental composite restorations, and roof
canal treatment on incisor biomeehanies. In the pres-
ent in vitro study, the nondestructive strain gauge
method was comhined with scanning electron
microscopy (SEM) to evaluate variations in crown
compliance and tooth-restoration interfacial proper-
ties when successive restorative procedures were car-
ried out on intact and veneered incisors.

METHOD AND MATERIALS

Fourteen freshly extracted mandibular incisors were
collected, scaled, and stored in saline solution and
0.2% azide at 4°C. Care was taken to prevent dehydra-
tion during the preparation and testing. The teeth
were mounted in a special positioning device with a
hard plaster (Vel Mix Stone, Kerr), so that the root
was embedded up to 1.0 mm below tbe facial level of
the cementoenamel junction.
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Experimental groups

The 14 specimens were randomly divided into 2
groups: (1) seven teeth were kept intact {eontrol
group, NAT); (2¡ the other 7 specimens (cxperititental
group, VEN) were prepared for a laminate veneer
restoration.

The specimens in the VEN group were prepared by
totally removing enamel from the buccal surface,
reducing 1,5 to 2.0 mm of the incisai edge and creat-
ing a moderate interdental wrapping [penetrating half
of the proximal surface). The extensive removal of
enamel and exposure of dentin does not represent a
traditional approach for veneer preparation. This risky
experimental design was chosen to create a maximum
challenge for the tooth-restoration complex.

The dentin bonding procedures (total-etch, Opti-
bond FL, Kerr) were carried out imrncdiately after the
completion ot tooth preparation and before the final
impression was taken. This special chronology allowed
the immediate atid direct curing of the dentin bonding
agent (DBA). Because the DBA appears to have a
superior potential for adhesion when applied to freshly
prepared dentin, its application is recommended imrne-
diately after the completion of tooth preparation and
before the final itnpression itself,̂ "'̂ -̂* A sttbstantial
clinical advantage is that tftis precautionary measure
protects the pulpodentinal organ and prevents sensitiv-
ity and bacterial ieakage during the provisional phase.

After the preparations were completed (including
application of the DBA), the prepared surfaces were
rubbed with an alcohol pad (to remove the inhibition
layer at the surface of the DBA), Impressions were
made with addition silicon material (Express, 3M
Dental) and poured in a vacuum-mixed improved
stone (Vel Mix Stone}.

The ceramic laminates were fabricated by using a
refractory die technique (Ducera-Lay Superfit refrac-
tory die material. Duceram) and a feldspathic porce-
lain (Creation, Klema). The final thickness of the
veneers was standardized as much as possible to
reproduce the average thickness of enamel. Measure-
ments made on mandibular incisors by Ferrari et aP'
were used as the reference fie, 0.5 to 0.6 mm for the
middle third of the crown and 0.8 to 1.0 mm in the
incisai area) (Fig 2), Figures 3a to 3c illustrate a typi-
cal prepared tooth and the corresponding veneer.

The veneers were tried on the teeth, and traditional
luting procedures were performed. This included etch-
ing the porcelain for 90 seconds with W°!o ammonium
biflnoride gel (Biodent Retentionsgel, Dentsply/
DeTrey) and etching the enamel for 30 seconds with
350/0 phosphoric acid (Ultraetch, Ultradent). The same
filled adhesive resin (Optibond, Kerr) was used again
wifh a photopolymerizing resin composite (Herculite

Fig 2 Schematic représentation (section) ot tooth specimens.
Natural (NAT¡ = contrcl: veneered (VEN) = experimental. The
strain gauge (G) was pcsitioned in the same area en both NAT
and VEN specimens, approximateiy 1 mm above the ioad area
¡L). The ceramic thici<ness of VEN specimens was standardized
to simulate facial enamei thickness, except lor incisai overiap
(about 1,5 tc 2,0 mm).

XRV Enamel A3, Kerr) as the luting agent. Before use,
the luting composite was maintained at body tempera-
ture to improve its rhéologie properties. The restora-
tions were seated with finger pressure.

After the excess luting material was removed, the
margins were covered with a glycerin jelly and the
polymerization tip was applied for 120 seconds on
each side of the tooth (palatally first and then facially).
The margins were then finished with a scalpel to
remove excess resin and with carbide finishing burs.

Experimental setup

A small depression was created 0,5 mm from the
incisai edge and centered mesiodistally on the buccal
surface of each tooth or veneer (see Fig 2). A strain
gauge (type FLG-02-11-1L, Tokyo Sokki Kenkyujo)
was bonded to each specimen, on the buccal surface
of the crown, following the longitudinal axis of the
tooth. The upper edge of the gauge backing was posi-
tioned approximately 1.0 tnm above the edge of the
incisai depression (see Fig 2). The gauges were
bonded with an acid-etch technique (surface condi-
tioning for 60 seconds with 35''/D phosphoric acid for
enamel or for 90 seconds with 10% ammonium biflu-
orideforthe ceramic).

During measurement, each test specimen was
wired into half of a Wheatstone bridge circuit,
together with an intact reference tooth to utilize the
common mode rejection. A special device allowed
standardized positioning (Eig 4) for load application
in a closed-loop servohydraulic universal testing
machine (MTS Systems). Loading was applied
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Figs 3a to 3c Fabrioation ot veneered (VEN] specirnens.

Fig 3a Facial view betöre tiie impression is Fig 3b Restoration during i;iüeilioi;. The Fig 3c Ünguai view of the restored tootii.
taimen. The laciai enamei iias been totaiiy restoration and tootii preparation are char-
removed and the exposed dentin surlace is acterized by mciderate inlerdentai wrapping
covered and proteoted by the dentin bond- and liai incisai overiap
ing agent (Optibond FL).

Fig 4 Sohematio representation (section) ot tooth specimen embedded in stone and posi-
tioned for the ioading lest.
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perpendicular fo the long axis of tbe footb, in fbe
direction of fbe lingual surface, whicb corresponds to
an extreme loading configuration for mandibuiar
incisors. A realistic biting load can be separated into a
borizontal and a vertical component. The borizontal
component induces bending, and thus would be the
major cballenge for tbe incisor.

Tbe force was controlled witb a digital function gen-
erator to allow a ramp loading from 0.50 to 3.30 lb in 4
seconds. Force-strain curves were generated, and tbe
compliance (ratio between maximum strain and maxi-
mum load) was calculated. The measurement was
repeated 5 times for each specimen and for eacb exper-
imental step. The recorded force-strain curves were lin-
ear and were reproducible during tbe repeated runs.

Experimental steps

The load measurements described above were made
for eacb of tbe 14 samples at 5 consecutive stages of
successive restorative procedures (Fig 5a), yielding
350 measurements:

1. BASELINE: "Intact" teetb, either natural (NAT;
n = 7) or veneered (VEN; n = 7).

2. CL-III: Large proximal cavities (approximately 1.5
to 2.0 mm deep and 3.0 mm high) were cut with
standardized round burs (801-016 and 801-023,
Brasseler) with a lingual access. The cavities
extended buccally above the proximal contact area
(Figs 5b to 5d). Preparations were completed with
a 1.0-mm circular bevel. For the VEN group, tbe
incisai and buccal bevels involved the ceramic
restoration.

3. CL-III REST: Eacb cavity was restored with
Optihond FL (total-etch technique) and Herculite
XRV enamel A3 as a restorative, placed in 2 incre-
ments. For tbe VEN group, an additional proce-
dure was carried out to promote adhesion to the
preexisting veneer. The beveled ceramic was first
abraded with 50-iim aluminum oxide (Microctcber,
Danville Engineering), etcbed for 60 seconds witb
35% pbosphoric acid, and silanized (Scotchprime,
3M Dental).

4. ENDO: Consecutive endodontic access prepara-
tions were fhen cut in all 14 teetb (Fig 5e). Canals
were enlarged and shaped with the sfepback tech-
nique.

5 ENDO REST: A 1-mm-thick glass-ionomer base
(Vitremer, 3M Dentai) was placed at the entrance
of tbe canal- This was followed by fbe restoration
of fbe endodontic access cavity, using the adbesive
procedures and materiais mentioned earlier. In tbis
procedure, the restorative material was placed and
cured in 1 increment.

All specimens were tben subjected fo fbermocycling
(1,000 cycles between 5°C and 55°C wifb a 30-second
dwell time). Tbis last experimental step was included
to simulate clinical aging. Cyclic mechanical loading
combined witb fhcrmocycling definitely represents tbe
best experimental design to simulate clinical aging.
Sucb a situation was indirectly reproduced in the sim-
ple design of tbe present experiment. It seems reason-
able to assume that tbe thermal variations generated a
cyclic mechanical load tbat resulted from differential
tbcrmal expansion of the luting composite (in tbe
range of 30/°C x lO"*̂ )-" when compared to feldspathic
porcelain (15.5/''C x lO"") and tootb (11/°C x lO-s).̂ '

Dye infiltration and
qualitative microscopic evaluation

At the end of the experiment, tbe teeth were subjected
to a dye infiltration test; the restored crown was
immersed in a 0.5<'.''o cresyl blue solution for 24 hours.
Tbe specimens were then horizontally sectioned with a
low-speed diamond saw blade (Isomet, Buehler). The
sectioned surfaces were immediately etched for 1.5
minutes witb 35% pbospborlc acid and replicated vAth
a polyvinyl siloxane material (Express) for tbe fahrica-
tion of gold-coated rcsln specimens.

Tbe gold-coated repbcas were analyzed under tbe
SEM for a qualitative evaluation of the dentin-resin,
ceramic-resin, and enamel-resin interfaces. Micro-
leakage evaluation was performed directly on the
specimen sections with tbe use of a cbarge-coupled
device camera (Sony DXC-15ÍA). The camera was
attacbed to a stereomicroscope (Olympus SZHIO),
and tbe resulting images were analyzed with image
analysis software (Óptimas 5.22).

RESULTS

Analysis Of data

Natural variations of teeth can strongly affect tbe
absolute strain gauge measurements. Accordingly, the
baselines used for measuring changes in crown flexure
were fbe intact and veneered incisors (wifbout proxi-
mal cavities or endodontic access). Data are presented
in terms of relative compliance (RC). Relative compli-
ance is defined as tbe crown compliance (strain/load)
in the test condition relative to the crown compliance
at baseline and is derived by dividing test strain by
baseline strain.'• '̂' Tbus, RC reflects changes in compli-
ance relative to the baseline measurement for tbe same
tooth. An increase in strain results in an increase in RC.

Tbe differences in the relative compliance were
compared by using an analysis of variance (ANOVA),
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Figs Sa to 5e Experimental conditions: opened Class III cavities (CL-III); restored Class III cav- .
ities (CL-III REST) (Herculita XRV); opened endodonlic access and preparation (ENDO);
restored endodontic access cavity (ENDO REST) (Herculite XRV).

Proximal

Proximal Lingual Pnaximai

Mill

Fig 5a Schematic representation of experimental setup, (arrows) Force application point.

r f • ^
Figs 5b to 5d Views of the same cotitrol specimen (not veneered) at step CL-

\o

; M Í . i r ': - . '['.•:. I

Fig 5e View of the same control specimen
(not veneered) at step ENDO. This last situ-
ation features restored interdental cavities-

n
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TABLE 1 Outcome of statistical tests

Comparison Factor ANOVA Post-hoc tests and significance

I. Between-subject
II. Within-subject

III. Interaction of I and II

Initial state (veneered or not) P= 0.81
Experimental step P< 5 x 1
Initial state x step P = 0.70

NAT and VEN not different
CL-lll REST < ENDO REST = CL-III < ENDO
NAT vs VEN does not vary across stages

ANOVA ^ analysis of variance: NAT = natural; VEN = veneered: CL-III REST = restored Class
CL-III = unresiofed Class III cavity; ENDO = unrestored endocfontic access cavity.

cavity: ENDO REST = restored endodonlic access cavity;

I I NAT VEN
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Fig 6 Relative compiiance results (mean ± SD) for both control
and experimental (veneered) specimens at each experimental
step.
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Fig 7 Relative compliance results for both control and experi-
mental specimens at steps ENDO and ENDO REST, (New compu-
tations using step CL-III REST as baseline,)

Specifically, a between- and within-subjects design,
where the between-tooth factor was the original state
of the tooth (NAT versus VEN), and the within-tooth
factor was the experimental stage (BASELINE versus
CL-III versus CL-III REST, etc).

After the ANOVA was used to determine the signif-
icance of the initial state (NAT or VEN), the experi-
mental stage, and the interaction of initial state and
experimental stage, the experimental stage was exam-
ined to see why it was significant. The latter was done
by using standard errors from the ANOVA and hy
applying Bonferroni's method within the experimental
step effect. During comparison of the 4 experimental
steps, 6 comparisons were made, each with a type I
error rate of 0.05/6 (0.0083). A comparison was
declared significant if P < 0.0083.

Crown flexure

Data are presented graphically in Fig 6. The results of
the statistical analysis are summarized in Table L

The mean RC increased by a factor of 1.30 after
Class III preparations. For both the NAT and VEN
groups, the parameter was back to xL13 the initial
value after placement of the composite restorations.
Similar changes were found when the endodontic

access cavity was prepared and restored: The RC
increased from 1.13 (CL-ill REST) to 1.55 and
returned to xl.28 the baseline value.

In the ANOVA, the main effect on RC for the
original state of the tooth (intact versus veneered)
was not statistically significant across experimental
steps (P = 0.81). The interaction between the original
state of the tooth and the experimental stage was
also not significant (P = 0.71): Both NAT and VEN
had the same pattern across the experimental steps.
The main effect on RC for the experimental steps
was highly significant (P < lO-*). When averaged
across all samples (NAT and VEN), post hoc tests
showed that ENDO had the highest RC (1.55), CL-
III and ENDO REST were the next highest (1.30 and
1.28, respectively), and CL-III REST showed the
lowest RC (1.13).

To explore the effect of the endodontic procedures
alone (not combined with Class III restorations), addi-
tional computations were carried out using stage CL-
III REST as a baseline for measuring changes in
crown flexure. The results are presented in Fig 7 The
mean RC increased by a factor of 1.37 after endodon-
tic preparation. For both the NAT and VEN groups,
the parameter was back to xl.l3 the value of CL-III
REST after the restoration of the endodontic access.
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Figs 8a to 8e Scanning electron microscopic views of demineraiized specimen section
repiicas atter simulated aging.

Figs 8b and 8c Detaiied views of resin composite (cp:)-oeramic (cer) interlaces at the
junction between a Ciass ili restoration and veneer.

Fig ad i-Iigh magnifioation of the resin-
dentin interlace at Ihe junction between
veneer iuting composite (iut) and dentin
(d), A weli-formed, 4-iim-thick, acid-resis-
tant hybrid iayer (HL) can be seen under
the luting agent, as can extremely iong
resin fags (rt).

Fig 8e High magnification of the resin-
dentin interface at the ¡unotion between a
Class ill restoration (cpr) and dentin (d),
(rt) Resin tags.
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Fig 9 Photo macro g rap h of a veneered (VEN] specimen (originai
magnification x3) after the dye infiitration test. Due to simuiated
aging, a craok deveioped within the ceramic and propagated into
the ¡unotion between the ceramic and the Ciass lil restoration.

Fig 10 Scanning eiectron microscopic view ot a demineraiized
section repiica of a naturai (NAT] specimen. The facial enamel
clispiays muitipie craci<s.

Based on these new computations, similar statisti-
cal tests (ANOVA, between- and within-subjects
design) were used to compare the independent effeets
of proximal restorations (CL-III and CL-IIl REST)
and endodontics (ENDO and ENDO REST). The
effeet of endodontie preparation alone (1.37) appears
to be significantly higher (P = 0.0015) than the effect
of the Class HI preparations (1,30). However, this dif-
ference disappears after restoration, because both CL-
III REST and ENDO REST exhibit the same RC of
1.13fP = 0-76).

Dye infiltration and
quantitative microscopic evaluation

Despite simulated aging, no measurable microieakage
or gaps eould be detected (Fig Sa) at the ceramic-resin
(Figs 8b and 8c}, resin-enamel, or resin-dentin inter-
faces (Figs 8d and 8e). The only exception was 1 spec-
imen from the VEN group, which liad a ceramic crack
that propagated into the proximal area (Fig 9). A sig-
nificant number of minor cracks were found within
the remaining enamei of NAT specimens (Fig 10).
Similarly, 4 of the 7 veneers exhibited minor cracks,
showing a pattern very similar to that of the enamel
cracks (Figs 11a and lib).

Ail specimens showed a well-organized hybrid layer
with a thickness of 3 to 4 pm and resin tags. This
"interdiffusion zone" was always in contmutty with
the dentin underneath. No obvious differences couid
be detected among the different types of restoration
and interfaces (proximal versus endodontie versus
facial locations). Veneered specimens exhibited long
resin tags at the interface between luting composite
and dentin (see Fig 8d). They did not show a disconti-
nuity at either the dentin-resin interface or between

the precured adhesive and the luting composite. The
specific morphoiogic aspects described were very con-
sistent for ali specimens.

DISCUSSION

Intertooth variation is reduced when a series of restor-
ative procedures are evaluated sequentialiy, using tbe
unaltered tooth as its own control. This method allows
smaller sample sizes that yield statistical significance.
As demonstrated by Reeh et al," destructive tests,
such as loading to failure, can fail to show statistically
significant differences. On the other hand, strain gauge
data provide much greater insight into the perfor-
mance of both tooth and restorative materials.

Effect of tissue removal

Each subsequent reduction in tooth structure {CL-III
and ENDO) resulted in a substantial increase in crown
flexibility. The type of cavity preparation led to differ-
ences in tbe loss of tooth stiffness. Combined with the
data of 2 similar studies,'-^" the results of the present
analysis yield significant informaticn on the effect of dif-
ferent tissue reductions on anterior crown flexure (Fig
12), Substantial reduction of facial enamel (ie, veneer
preparation) or endodontie access cavities is more
likely to affect crown rigidity than is the interdental
reduction of enamel or Class Iil cavities. Considering
that extensive proximal eavities were carried out in the
present trial, it can be concluded that extensive proxi-
mal preparation seems to minimally affect crown flex-
ure. The greater effect of endodontie access preparation
could he related to the fact that hard tissue is removed
from a more critical location of the tooth.

Quintessence International 13
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Fig 11a (ieft) Scanning eleclron micro-
scopic view of a demineralized specimen
section replica at the junction between the
(aciai enamei (en) and a Class ili compos-
ite (cpr). (NAT) Naturai specimen.

Fig l i b (right) Scanning electron micro-
scopic view of a demineraiized specimen
section fepiica at tiie ¡unction between the
faciai ceramic (cer) veneer and a Class III
composite (cpr¡. (VEN) Veneered speci-
men. Tiie similarity of enamel and ceramic
cracks stiown in Figs 11 a and U b i s strii<-

Hard tissue removai frcm incisors

Fig 12 Reiative compiiance results tcr natural incisors afier removai of coronal tissues. 'Results o) study
by Magne and Douglas.™ "Results of study by Magne et al ' (Other data are trom ttie present study.)
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m
Fig 13 Simpiified 3-dimensional linite-eiement analysis (stress aiong tine z-axis) simuiating the
experimental setup The tooth is schematized as a circuiar cross-sectioned cantilever beam (A).
Constant lead is applied verticaily at the upper end ot the beam (gray arrow}. Ihe reiative com-
piiance (RC) ot beams A, B, and 0 were caiculated from ttie average strain recorded at 3
seiected tinite-eiement nodes Beam A was used as tne baseline (RC = 1 00) Materiai removed
from the sides of beam A (situation ot beam B) has a iimited effect on stress and strain distribu-
tion (RC= 1.07) The same amount of material remcved Irom the upper and lower sides cf beam
A (situation ol beam C] has a significant efleof on stress and strain distribution (RC = 1.26].

This point can be made clearer if the tooth is con-
sidered as a cantilever beam. The simple and
schematic 3-dimensional finite-element model shown
in Fig 13 illustrates that removing the same amount of
material can have a very different effect on the flexibil-
ity and stress distribution within the beam. Stress dis-
tribution is not affected when the material is removed
from the lateral sides of the beam ("proximally"],
whereas a signifieant increase in flexibility and stress
eoncentration occtirs when the material is removed
from the tipper and lower sides of the beam ("facially"
and "palatally"). It would seem that the same principle
applies to the teeth in the present expérimentai setup
because, by design, most mechanical events occur in
the buccolingual plane.

However, the behavior of anterior teeth must be
differentiated from the behavior of posterior teeth. In
a similar study on posterior teeth, Reeh et al'" showed
the negligible effect of endodontic procedures (5%
reduction in crown stiffness) and the dramatic effect
of proximal tooth preparation (SÔ /o reduction in
crown stiffness with a mesio-oeclusodistal prepara-
tion). On posterior teeth, the loss of marginal ridge
integrity is the most important contribution to the loss
of tooth strength. Sueh conclusions cannot be
extended to the anterior dentition, because of the dif-
ferent anatomy and loading configuration of incisors.

Effect of restoration and cumulative procedures

In each case, composite restorations allowed only par-
tial recovery of relative tooth compliance. The benefits
of restoring interdental cavities and endodontic access
were approximately 17% (from 1.30 to 1.13) and 27%
(from 1.55 to 1.28). respectively. As previously
described for cavity preparations and the removal of
material (Fig 13), the greater effect of restoring the
endodontic access ean be explained by the fact that a
significant amount of restorative material is placed in
the critical area involving the palatal surface.

The cumulative effect of restorative procedures
becomes important as enamel is progressively replaced
by composite. In the last stage of this experiment,
when Class III and endodontic restorations were
placed successively (ENDO RFST). the erown flexibil-
ity was not statistically different from that of the unre-
stored Class III restorations (CL-111). In other words,
the restored tooth at the end of the experiment was as
flexible as the tooth with 2 widely opened Class III
cavities. This emphasizes the critical role of the
restorative's elastic modulus in relationship to the
elastic modulus of enamei (about 80 GPa). The mar-
ketplace is characterized hy numerous composites that
possess varying degrees of stiffness, ranging from 5 to
21 GPa.'̂  Materials with attractive optical properties
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can feature very modest stiffness (elastic modulus
ranging from 9 to 16 MPa), as demonstrated by
Herculite, On the other hand, ZIOO (3M Dental) pre-
sents the highest elastic modulus but more limited
esthetics. As far as the palatal side of the tooth is con-
cerned, the stiftest material should be selected to help
in the recovery of crown rigidity.

The elastic modulus is not the only important para-
meter. Efficient bonding to dentin also contributes to
the recovery of crown stiffness," Using Optibond FL,
the present study demonstrated favorable aging of the
dentin-resin interface. Both direct and indirect
(veneers) restorative techniques showed well-formed
hybrid layers and continuous interfaces after loading
and thermocycling (see Figs 8a to 8e). As far as porce-
lain veneers are concerned, the good adhesion
between the luting composite and the dentin was
expected, because an optimized bonding technique
was used (immediate application of the dentin bond-
ing agent before impression taking), as suggested by

It was more unexpected to observe the reliable
bond of Class III and endodontic restorations. The
adhesion of direct composite fillings is usually
impaired by the composite polymerization shrinkage
and stresses resulting from thermal dimensional
changes,^'-"" New approaches in direct restorations
include the use of a tlowable composite as a low-elas-
tic modulus liner. It has the ability to deform and
compensate for the aforementioned stresses and
reduce microleakage.̂ •'•^^ A similar "stress-breaker
effect" may have occurred in the present experiment
because of the use of Optibond FL. Because of its low
viscosity and filler content, this specific product
seemed to act as an intermediate resin and has
showed less leakage'" and improved bond strength"'^
than other systems.

Natural versus veneered incisors

No significant differences were noted between natural
and veneered incisors throughout the experimental
steps. Such a result is expected if veneered teeth are
considered to be characterized by their "natural"
behavior, showing a stress distribution within
veneered incisors that cannot be differentiated from
the stress distribution within intact incisors,^" This is
the essence of biomimeUcs^-when restorations behave
functionally as natural teeth with regard to strain and
stress transfer, unlike teeth restored with extensive
resin composite restorations.

The results of the present experiment also demon-
strate that veneering and endodontic procedures are
compatible. Porcelain veneers are usually not recom-
mended for nonvital teeth. It is difficult to find a sci-

entific basis for this belief. In tbe present trial, p p
veneered incisors behaved like natural endodontically
treated teeth. When pulpless teeth are treated with tra-
ditional prosthodontic procedures (instead of the
more conservative veneering techniques), various
types of posts and cores must be placed. This, in turn,
may generate numerous complications, such as cracks
and root fractures.'^ It has been clearly demonstrated
that both the biomechanical properties and the mois-
ture content of nonvital teeth are not significantly dif-
ferent from those of vital teeth.«-" The loss of tooth
structure thus becomes tbe primary cause of failure,
not the effect of ¡Dulpal removal on the remaining
tooth. In addition, bonded porcelain veneers may sub-
stantially increase tbe mechanical coronal resistances^
and restore tbe original tooth stiffness.̂ » It appears
reasonable to assume tbat a similar effect would be
found on a pulpless tooth.

Adhesion to the preexisting ceramic restoration is
critical when other restorative procedures succeed
veneering of an incisor. Surface roughening by etching
has the strongest effect on ceramic-resin bond
strengtb." However, intraoral use of hydrofluoric acid
cannot be recommended. In the present experiment,
surface roughening was obtained by sandblasting only,
wbich represents a safer procedure. The stability of the
bond can be attributed to tbe silanization procedure,
because cbemical coupling is extremely efficient on sil-
ica-based dental ceramics,•*•' such as Creation.

After completion of tbe experiments, a number of
specimens displayed minor cracks in enamel or
ceramics, wbicb were not present before the testing.
The similarities in the enamel and ceramic cracking
(see Figs 11a and lib) indicate again tbe biomimetic
behavior of porcelain veneers. Cracking constitutes an
unavoidable aging process that can be attributed to
repeated mechanical and thermal loads.•'^'•'' As
explained in the "Method and Materials" section, ther-
mal variations can generate a cyclic mecbanical load
resulting from differential thermal expansion of the
composite compared to that of the traditional felds-
pathic porcelain or the tooth.

Strength and compliance

This study was based on a nondestructive approach
and, by design, was not able to address tbe problem of
tooth strcngtbening. However, it can be expected that
higher flexibility (generating higher strains and therefore
higher stresses) will be associated witb lower strength.
On tbe band, higher rigidity could be associated with
higher strength but also more problematic failures'" (eg,
root fractures). In tbat sense, it can be assumed tbat the
Class ill restorations strengthened tbe tootb compared
to tbe situation with the opened (unfilled) Class III cav-
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ities. But Class HI restorations weakened the tooth
compared to the intact baseline (without any cavities or
restorations), because the compliance was not totally
recovered. As previously discussed, when enamel parts
are replaced by composite, loss of crown rigidity (and
possibly loss of strength) is expected.

CONCLUSION

In vitro experimental strain gauge, optical, and SEM
evaluations were used to characterize the mechanical
behavior and interfacial properties of natural teeth
(NAT) and dentin-bonded porcelain veneers (VEN).
Both of the NAT and VEN groups were subjected to
sequential restorative procedures (Class III cavities
and endodontic treatment), as well as simulated aging
(thermocycling):

1. Large Class 111 cavity preparations increased crown
flexibility by 30%.

2. Endodontic preparation alone was the greatest
contributor to the loss of tooth stiffness (crown
flexibility increased by 38''/o).

3. Only SS^/o of the original crown stiffness was recov-
ered when Class III cavities or endodontic access
cavities were restored with composites.

4. The combination of Class III restorations and
endodontic preparation increased crown flexibility
by SS^/o. In this situation, only 78% of the original
crown stiffness could be recovered when the
endodontic access was restored with composite.

5. During the sequential restorative procedures, nat-
ural teeth and veneered teeth showed similar varia-
tions in crown flexibility. Veneered incisors should
be considered to be similar to natural teeth and
restored accordingly.

6. All interfaces (ceramic-resin, resin-enamel, and
resin-dentin) showed negligible aging, in terms of
leakage, degradation, and discontinuity.
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