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the study. Then, the individual effect 
of the ring liner and burn-out temper-
ature would have been estimated sep-
arately, and the interaction between 
the 2 variables would have been pro-
vided, as well. In the earlier study, Del 
Castillo et al21 developed a study de-
sign including a fourth group (LL: ring 
liner and 600°C), but they did not 
find a significant difference between 
LH and LL in terms of casting size. 
The present study was performed to 
find a correlation between the cast-
ing size and ease of the trial insertion 
procedure. As the casting sizes were 
not significantly different between LH 
and LL, it was believed that LH and LL 
would not demonstrate a significant 
difference in clinical adjustment time, 
either. Therefore, LL was not includ-
ed in the current study design even 
though this omission had a potential 
to limit the statistical analysis of the 
study.

The blinded nature of the evalu-
ation of the current study reinforces 
the conclusions that cast post pat-
terns should be invested without a 
ring liner and burned out at 600°C. It 
is clear, however, that the present re-
sults only apply to the material tested 
in the present study. Clinicians and 
dental laboratory technicians should 
be aware of the physical characteris-
tics and behavior of the materials they 
use, such as investment and casting 
ring expansion coefficients, before 
adopting the results of this study in 
their practices.

CONCLUSIONS

Within the limitations of the pres-
ent study, cast posts invested without 
the cellulose ring liner and burned out 
at a temperature of 600°C required 
significantly less adjustment time 
for placement in the root form than 
those invested with the liner and cast 
at the higher temperature of 815°C.
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Clinical Implications
The 1.5-mm ferrule has been suggested for a metal crown with 
a cast gold post-and-core luted with zinc phosphate cement. 
However, due to the large standard deviation in the 0.5-mm 
ferrule test group, a minimum 1.0-mm ferrule length is recom-
mended when using core bonding and bonding of an all-ceram-
ic crown for restoration of the structurally compromised tooth.

Statement of problem. There is no evidence to suggest that the ferrule length needed for an all-ceramic crown is dif-
ferent from that needed for a cast metal or metal ceramic crown.

Purpose. The purpose of this study was to relate different ferrule lengths with the number of fatigue cycles needed for 
failure of the crown cement for an all-ceramic crown cemented with a resin cement. 

Material and methods. Fifteen maxillary central incisors were divided into 3 groups (n=5), with ferrules of 0.0 mm 
(no-ferrule group), 0.5 mm (0.5-mm ferrule group), and 1.0 mm (1.0-mm ferrule group), respectively. Each tooth was 
restored with a 0.050-inch glass-filled composite post (ParaPost FiberWhite) and a composite resin core (ParaCore). 
The posts were cemented with resin cement (ParaPost Cement), and the composite resin cores were bonded to dentin 
using a dentin bonding agent (ParaPost Cement, Conditioner A & B). Each specimen was prepared with a 7-mm total 
preparation height, a 1.5-mm lingual axial wall, and a 1.0-mm shoulder around the tooth. The crowns for all speci-
mens were pressed with a pressable ceramic material (IPS Empress 2) and cemented with resin cement (Variolink II). 
A 6-kg cyclic test load was applied to each specimen at 135 degrees to the long axis of the tooth. The independent 
variable measured was the number of load fatigue cycles required for failure of the crown cement. The data were sub-
jected to the Kruskal-Wallis test to detect overall significance and the Mann-Whitney U test for pairwise comparisons 
with Bonferroni correction (α=.017).

Results. The mean (SD) number of cycles to failure for each group was: no-ferrule group, 213 (317); 0.5-mm ferrule 
group, 155,137 (68,991); and 1.0-mm ferrule group, 262,872 (21,432). None of the specimens in the 1.0-mm ferrule 
group failed. Significant differences were found between the no-ferrule group and the 0.5-mm ferrule group, and the 
no-ferrule group and the 1.0-mm ferrule group (P<.017), but not between the 0.5-mm ferrule group and the 1.0-mm 
ferrule group (P>.017). 

Conclusions. Specimens with a 0.0-mm ferrule survived few fatigue cycles despite the fact that both the post and 
crown were bonded with resin cement. Teeth with a 0.5-mm ferrule showed a significant increase in the number of fa-
tigue cycles over the 0.0-mm group, whereas teeth with the 1.0-mm ferrule exhibited a significantly higher fatigue cycle 
count over the 0.0-mm but not the 0.5-mm group. (J Prosthet Dent 2009;102:229-234)
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A number of studies have empha-
sized the importance of the ferrule ef-
fect in restoring endodontically treat-
ed teeth.1-14 However, most of these 
evaluated a single load to fracture 
resistance, which is different from the 
clinical situation. The clinical failure 
seen most often for this type of resto-
ration is loss of crown or post reten-
tion.15-18 Libman19 and Fan20 described 
preliminary failure in fatigue testing 
of endodontically treated teeth. Pre-
liminary failure is defined as the point 
at which failure of the luting cement 
occurs. Clinically, this results in mi-
croleakage between the crown and 
the tooth. Microleakage was shown 
by Freeman et al21 to occur after the 
specimens had reached preliminary 
failure. Microleakage is not clinically 
detectable, but it may be manifested 
eventually as recurrent caries, a dis-
lodged post/crown, or a fractured 
post/crown/root. Therefore, testing 
with fatigue loading is more clinically 
relevant than a single load-to-fracture 
resistance test.

A 1.5-mm ferrule has been sug-
gested for a metal crown with a cast 
gold post-and-core luted with zinc 
phosphate cement.19 Periodontal 
crown lengthening, or orthodontic 
extrusion, may be indicated to in-
crease the ferrule height. The disad-
vantage of these procedures is that 
the crown-to-root ratio is worsened, 
and the resistance to fracture may 
be decreased,22 or the procedure will 
compromise the strength of the teeth 
even more.23,24 In addition, in the situ-
ation of a shorter root, these options 
may not be advisable. Saupe et al25 
demonstrated that when a bonded 
resin system was used in structur-
ally compromised teeth, there was 
no statistically significant difference 
in fracture resistance between post-
and-core restorations that used a 
ferrule and those without a ferrule. 
Other research has shown that there 
is an increase in the number of fatigue 
cycles to crown cement failure when: 
(1) a resin cement is used for post 
cementation26; (2) a dentin bonding 
agent is used to bond the core to the 

tooth27; and (3) a resin cement is used 
for crown cementation, as opposed 
to zinc phosphate cement, with no 
dentin bonding agent.28,29 However, 
there is no evidence suggesting that 
the ferrule length needed for an all-
ceramic crown is different from that 
needed for a cast metal or metal ce-
ramic crown. Thus, the purpose of 
this in vitro study was to relate differ-
ent ferrule lengths with the number of 
fatigue cycles needed for failure of the 
cement for an all-ceramic crown ce-
mented with a resin cement. The null 
hypothesis was that there would be 
no difference in the number of fatigue 
cycles among groups with different 
ferrule lengths.

Material and Methods

Fifteen extracted human maxil-
lary central incisors were used in this 
study. Inclusion criteria were that 
these teeth be free of caries, cracks, 
or fractures in the cervical and root 
areas and have a minimal root length 
of 12 mm. Calculus was removed with 
both ultrasonic and hand scaling. The 
buccolingual (BL) dimension of each 
tooth was measured using a digital 
caliper with an accuracy of 0.1 mm 
(Mitutoyo America Corp, Aurora, Ill). 
The teeth were arranged in a descend-
ing order according to BL dimension. 
Specimens were assigned to 3 groups 
of 5 teeth each, according to a ran-
dom number table. Teeth were kept 
moist at room temperature in distilled 
water at all times during the study ex-
cept during the operative procedures. 

All test teeth were sectioned hori-
zontally, approximately 2 mm coro-
nal to the cemento-enamel junction 
(CEJ), with a supercoarse diamond 
wheel (KS7; Brasseler USA, Savan-
nah, Ga). Six retentive notches were 
cut into the root surface with a high-
speed diamond rotary cutting instru-
ment (6848.018; Brasseler USA). 
The root canal was prepared with #3 
and #4 Gates Glidden drills (Miltex 
Inc, York, Pa) and a #5 ParaPost drill 
(Coltène/Whaledent, Inc, Cuyahoga 
Falls, Ohio). The tooth was attached 

to a surveyor (Ney Surveyor; Dentsply 
Ceramco, York, Pa) with the ParaPost 
drill in the canal, and the tooth was 
lowered into a hollow brass cylinder 
containing autopolymerizing resin 
(Pattern Resin; GC America, Alsip, 
Ill). The depth of embedment allowed 
for 2.5 mm of tooth height apical to 
the facial CEJ. Acrylic resin embed-
ment provided stabilization during 
specimen preparation and fatigue 
testing.

The 3 test groups were prepared 
as follows. The no-ferrule group had 
0.0-mm ferrule; this preparation was 
level with the facial CEJ. The other 2 
groups were prepared with 0.5-mm 
and 1.0-mm ferrules coronal to the 
facial CEJ, respectively. The canal 
space was prepared using twist drills 
(ParaPost drill; Coltène/Whaledent, 
Inc) to a definitive 0.05-inch (1.25 
mm) diameter, with a depth of 8 
mm. Each glass-filled composite post 
(ParaPost FiberWhite #5; Coltène/
Whaledent, Inc) was reduced to a 12-
mm length by cutting the distal end 
with a high-speed diamond rotary 
cutting instrument (6848.018; Bras-
seler USA). This adjustment resulted 
in a post that extended 4.0 mm incisal 
to the prepared coronal surface when 
fully seated. Autopolymerizing resin 
cement with an incorporated condi-
tioner (ParaPost Cement; Coltène/
Whaledent, Inc) was used to cement 
the post in the canal. Manufacturer’s 
directions were followed for all proce-
dures. The core was fabricated with 
a dual-polymerizing composite resin 
material (ParaPost ParaCore Auto-
mix; Coltène/Whaledent, Inc) and 
bonded to the tooth with a dentin 
bonding agent (ParaPost Cement, 
Conditioner A and B; Coltène/Whale-
dent, Inc). A transparent matrix (My-
lar Matrix Strips; Henry Schein, Inc, 
Melville, NY) was placed on the tooth, 
completely filled with the core mate-
rial, then light polymerized with a vis-
ible light-polymerizing unit (Optilux 
501; Kerr Corp, Orange, Calif ) with 
an output of 850 mW/cm2 at a 2-mm 
distance for 40 seconds per surface. 
Each specimen was then prepared us-

 1  Diagrammatic representation of study groups. All specimens 
have preparation height of 7 mm coronal to facial CEJ, 1.5-mm 
lingual axial wall, and 1.0-mm circumferential shoulder.

ing flat-end tapered diamond rotary 
cutting instruments (8848.018 and 
6848.018; Brasseler USA). The total 
preparation height was 7 mm coronal 
to the facial CEJ. The lingual axial wall 
was 1.5 mm, and the circumferential 
shoulder was 1.0 mm (Fig. 1). These 
measurements were made with a peri-
odontal probe under x20 magnifica-
tion (Wolfe Stereomicroscope; Caro-
lina Biological Supply Co, Burlington, 
NC).

Impressions were made with vi-
nyl polysiloxane impression mate-
rial (Aquasil Rigid and Aquasil XLV; 
Dentsply Caulk, Milford, Del) and 
poured with type IV dental stone 
(Fujirock; GC America). The stone 
was allowed to set for 24 hours. One 
layer of die hardener (Stone Die and 
Plaster Hardener Resin; George Taub 
Products & Fusion Co, Inc, Jersey 
City, NJ) and 2 coats of die spacer 
(Tru-Fit; George Taub Products & Fu-
sion Co, Inc) were applied to each 
die. Plastic copings (Hardcast; Scheu 
Dental GmbH, Iserlohn, Germany) 
were fabricated and transferred to the 
corresponding test specimen. This, 
in turn, was positioned in a custom 
waxing jig, as previously described by 
Libman.19 The waxing jig provided a 
standardized notch location on the 
waxed crown where the fatigue load 
was to be applied. The notch was lo-
cated 8.0 mm above the lingual finish 
line, and the total crown height was 
10.0 mm. After the crown had been 
waxed, each pattern was transferred 
back to the appropriate die, and the 
crown contours were refined. Each 
waxed crown was then invested (IPS 
Empress 2 Speed Investment Material 
and IPS Empress paper ring; Ivoclar 
Vivadent, Amherst, NY). Manufactur-
er’s instructions for setting and burn-
out were followed. The crown was 
then pressed with pressable ceramic 
material (IPS Empress 2; Ivoclar Viva-
dent) in an oven (EP 500; Ivoclar Viva-
dent). After divesting, the crown was 
inspected under x20 magnification to 
evaluate the fit on the die.

The intaglio surface of the ceramic 
crowns was etched with 5% hydro-

fluoric acid (IPS Ceramic Etching 
Gel; Ivoclar Vivadent) for 1 minute, 
then rinsed and dried. A silane agent 
(Monobond-S; Ivoclar Vivadent) was 
applied to the inside of the crown, 
allowed to remain in contact for 60 
seconds, and then dried with a light 
air blast. Next, a bonding agent (Ex-
cite; Ivoclar Vivadent) was applied to 
the inside of the crown. The crown 
was fully protected from light before 
cementing onto the tooth. The tooth 
was etched with 37% phosphoric acid 
(Total Etch; Ivoclar Vivadent) for 15 
seconds. The etchant was thoroughly 
rinsed off using water spray for 5 sec-
onds. Then the tooth was dried with 
a light air blast. The same bonding 
agent (Excite; Ivoclar Vivadent) was 
applied on the tooth specimen for at 
least 10 seconds, then light polymer-
ized for 20 seconds. All crowns were 
cemented with a resin cement (Vari-
olink II; Ivoclar Vivadent), mixed ac-
cording to manufacturer’s directions. 
Each of the 4 surfaces was light po-
lymerized for 40 seconds.

The lingual crown margin-tooth 
finish line interface was lightly ground 
with a diamond disk (VisionFlex, 
934.11.180; Brasseler USA) to cre-
ate a flat, rough surface. This surface 
was etched with 37% phosphoric 
acid (Total Etch; Ivoclar Vivadent), 
rinsed with water, dried with air, and 
a strain gauge (EA-06-062AP 120; 
Micro-Measurements Division, Vishay 
Measurements Group, Raleigh, NC) 

was cemented over the tooth-crown 
interface (Fig. 2) with an epoxy resin 
(DP 460, 3M Scotch-Weld; 3M ESPE, 
St. Paul, Minn). The strain gauge was 
completely covered with impression 
tray adhesive (VPS Tray Adhesive; 3M 
ESPE) to ensure water exclusion dur-
ing fatigue testing. Finally the strain-
gauged specimen was allowed to set 
for at least 8 hours before testing. All 
procedures were performed by a sin-
gle operator.

The fatigue-loading device used 
in this study has been previously de-
scribed.30 All teeth were immersed in a 
room temperature water bath during 
fatigue testing. The load applied was 
6.0 kg at an angle of 135 degrees to 
the long axis of the tooth. The cyclic 
load rate was 2.5 cycles per second. 
The definition and measurement of 
preliminary failure has been described 
by Libman.19 The strain gauges placed 
over the lingual margin registered the 
micromovement of the crown margin 
relative to the tooth finish line under 
applied cyclic loading. Output from 
the strain gauge was recorded on a 
chart recorder (LR4110; Yokogawa 
Corp of America, Newnan, Ga). At 
the outset, an upper limit of 250,000 
cycles was set. If, during testing, a 
specimen went beyond this number 
of cycles, testing was stopped. The 
cycle count recorded was the number 
of cycles reached when the machine 
was stopped. This allowed a nonzero 
standard deviation for any group for 
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ed teeth.1-14 However, most of these 
evaluated a single load to fracture 
resistance, which is different from the 
clinical situation. The clinical failure 
seen most often for this type of resto-
ration is loss of crown or post reten-
tion.15-18 Libman19 and Fan20 described 
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at which failure of the luting cement 
occurs. Clinically, this results in mi-
croleakage between the crown and 
the tooth. Microleakage was shown 
by Freeman et al21 to occur after the 
specimens had reached preliminary 
failure. Microleakage is not clinically 
detectable, but it may be manifested 
eventually as recurrent caries, a dis-
lodged post/crown, or a fractured 
post/crown/root. Therefore, testing 
with fatigue loading is more clinically 
relevant than a single load-to-fracture 
resistance test.

A 1.5-mm ferrule has been sug-
gested for a metal crown with a cast 
gold post-and-core luted with zinc 
phosphate cement.19 Periodontal 
crown lengthening, or orthodontic 
extrusion, may be indicated to in-
crease the ferrule height. The disad-
vantage of these procedures is that 
the crown-to-root ratio is worsened, 
and the resistance to fracture may 
be decreased,22 or the procedure will 
compromise the strength of the teeth 
even more.23,24 In addition, in the situ-
ation of a shorter root, these options 
may not be advisable. Saupe et al25 
demonstrated that when a bonded 
resin system was used in structur-
ally compromised teeth, there was 
no statistically significant difference 
in fracture resistance between post-
and-core restorations that used a 
ferrule and those without a ferrule. 
Other research has shown that there 
is an increase in the number of fatigue 
cycles to crown cement failure when: 
(1) a resin cement is used for post 
cementation26; (2) a dentin bonding 
agent is used to bond the core to the 

tooth27; and (3) a resin cement is used 
for crown cementation, as opposed 
to zinc phosphate cement, with no 
dentin bonding agent.28,29 However, 
there is no evidence suggesting that 
the ferrule length needed for an all-
ceramic crown is different from that 
needed for a cast metal or metal ce-
ramic crown. Thus, the purpose of 
this in vitro study was to relate differ-
ent ferrule lengths with the number of 
fatigue cycles needed for failure of the 
cement for an all-ceramic crown ce-
mented with a resin cement. The null 
hypothesis was that there would be 
no difference in the number of fatigue 
cycles among groups with different 
ferrule lengths.

Material and Methods

Fifteen extracted human maxil-
lary central incisors were used in this 
study. Inclusion criteria were that 
these teeth be free of caries, cracks, 
or fractures in the cervical and root 
areas and have a minimal root length 
of 12 mm. Calculus was removed with 
both ultrasonic and hand scaling. The 
buccolingual (BL) dimension of each 
tooth was measured using a digital 
caliper with an accuracy of 0.1 mm 
(Mitutoyo America Corp, Aurora, Ill). 
The teeth were arranged in a descend-
ing order according to BL dimension. 
Specimens were assigned to 3 groups 
of 5 teeth each, according to a ran-
dom number table. Teeth were kept 
moist at room temperature in distilled 
water at all times during the study ex-
cept during the operative procedures. 

All test teeth were sectioned hori-
zontally, approximately 2 mm coro-
nal to the cemento-enamel junction 
(CEJ), with a supercoarse diamond 
wheel (KS7; Brasseler USA, Savan-
nah, Ga). Six retentive notches were 
cut into the root surface with a high-
speed diamond rotary cutting instru-
ment (6848.018; Brasseler USA). 
The root canal was prepared with #3 
and #4 Gates Glidden drills (Miltex 
Inc, York, Pa) and a #5 ParaPost drill 
(Coltène/Whaledent, Inc, Cuyahoga 
Falls, Ohio). The tooth was attached 

to a surveyor (Ney Surveyor; Dentsply 
Ceramco, York, Pa) with the ParaPost 
drill in the canal, and the tooth was 
lowered into a hollow brass cylinder 
containing autopolymerizing resin 
(Pattern Resin; GC America, Alsip, 
Ill). The depth of embedment allowed 
for 2.5 mm of tooth height apical to 
the facial CEJ. Acrylic resin embed-
ment provided stabilization during 
specimen preparation and fatigue 
testing.

The 3 test groups were prepared 
as follows. The no-ferrule group had 
0.0-mm ferrule; this preparation was 
level with the facial CEJ. The other 2 
groups were prepared with 0.5-mm 
and 1.0-mm ferrules coronal to the 
facial CEJ, respectively. The canal 
space was prepared using twist drills 
(ParaPost drill; Coltène/Whaledent, 
Inc) to a definitive 0.05-inch (1.25 
mm) diameter, with a depth of 8 
mm. Each glass-filled composite post 
(ParaPost FiberWhite #5; Coltène/
Whaledent, Inc) was reduced to a 12-
mm length by cutting the distal end 
with a high-speed diamond rotary 
cutting instrument (6848.018; Bras-
seler USA). This adjustment resulted 
in a post that extended 4.0 mm incisal 
to the prepared coronal surface when 
fully seated. Autopolymerizing resin 
cement with an incorporated condi-
tioner (ParaPost Cement; Coltène/
Whaledent, Inc) was used to cement 
the post in the canal. Manufacturer’s 
directions were followed for all proce-
dures. The core was fabricated with 
a dual-polymerizing composite resin 
material (ParaPost ParaCore Auto-
mix; Coltène/Whaledent, Inc) and 
bonded to the tooth with a dentin 
bonding agent (ParaPost Cement, 
Conditioner A and B; Coltène/Whale-
dent, Inc). A transparent matrix (My-
lar Matrix Strips; Henry Schein, Inc, 
Melville, NY) was placed on the tooth, 
completely filled with the core mate-
rial, then light polymerized with a vis-
ible light-polymerizing unit (Optilux 
501; Kerr Corp, Orange, Calif ) with 
an output of 850 mW/cm2 at a 2-mm 
distance for 40 seconds per surface. 
Each specimen was then prepared us-

 1  Diagrammatic representation of study groups. All specimens 
have preparation height of 7 mm coronal to facial CEJ, 1.5-mm 
lingual axial wall, and 1.0-mm circumferential shoulder.
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was 1.5 mm, and the circumferential 
shoulder was 1.0 mm (Fig. 1). These 
measurements were made with a peri-
odontal probe under x20 magnifica-
tion (Wolfe Stereomicroscope; Caro-
lina Biological Supply Co, Burlington, 
NC).

Impressions were made with vi-
nyl polysiloxane impression mate-
rial (Aquasil Rigid and Aquasil XLV; 
Dentsply Caulk, Milford, Del) and 
poured with type IV dental stone 
(Fujirock; GC America). The stone 
was allowed to set for 24 hours. One 
layer of die hardener (Stone Die and 
Plaster Hardener Resin; George Taub 
Products & Fusion Co, Inc, Jersey 
City, NJ) and 2 coats of die spacer 
(Tru-Fit; George Taub Products & Fu-
sion Co, Inc) were applied to each 
die. Plastic copings (Hardcast; Scheu 
Dental GmbH, Iserlohn, Germany) 
were fabricated and transferred to the 
corresponding test specimen. This, 
in turn, was positioned in a custom 
waxing jig, as previously described by 
Libman.19 The waxing jig provided a 
standardized notch location on the 
waxed crown where the fatigue load 
was to be applied. The notch was lo-
cated 8.0 mm above the lingual finish 
line, and the total crown height was 
10.0 mm. After the crown had been 
waxed, each pattern was transferred 
back to the appropriate die, and the 
crown contours were refined. Each 
waxed crown was then invested (IPS 
Empress 2 Speed Investment Material 
and IPS Empress paper ring; Ivoclar 
Vivadent, Amherst, NY). Manufactur-
er’s instructions for setting and burn-
out were followed. The crown was 
then pressed with pressable ceramic 
material (IPS Empress 2; Ivoclar Viva-
dent) in an oven (EP 500; Ivoclar Viva-
dent). After divesting, the crown was 
inspected under x20 magnification to 
evaluate the fit on the die.

The intaglio surface of the ceramic 
crowns was etched with 5% hydro-

fluoric acid (IPS Ceramic Etching 
Gel; Ivoclar Vivadent) for 1 minute, 
then rinsed and dried. A silane agent 
(Monobond-S; Ivoclar Vivadent) was 
applied to the inside of the crown, 
allowed to remain in contact for 60 
seconds, and then dried with a light 
air blast. Next, a bonding agent (Ex-
cite; Ivoclar Vivadent) was applied to 
the inside of the crown. The crown 
was fully protected from light before 
cementing onto the tooth. The tooth 
was etched with 37% phosphoric acid 
(Total Etch; Ivoclar Vivadent) for 15 
seconds. The etchant was thoroughly 
rinsed off using water spray for 5 sec-
onds. Then the tooth was dried with 
a light air blast. The same bonding 
agent (Excite; Ivoclar Vivadent) was 
applied on the tooth specimen for at 
least 10 seconds, then light polymer-
ized for 20 seconds. All crowns were 
cemented with a resin cement (Vari-
olink II; Ivoclar Vivadent), mixed ac-
cording to manufacturer’s directions. 
Each of the 4 surfaces was light po-
lymerized for 40 seconds.

The lingual crown margin-tooth 
finish line interface was lightly ground 
with a diamond disk (VisionFlex, 
934.11.180; Brasseler USA) to cre-
ate a flat, rough surface. This surface 
was etched with 37% phosphoric 
acid (Total Etch; Ivoclar Vivadent), 
rinsed with water, dried with air, and 
a strain gauge (EA-06-062AP 120; 
Micro-Measurements Division, Vishay 
Measurements Group, Raleigh, NC) 

was cemented over the tooth-crown 
interface (Fig. 2) with an epoxy resin 
(DP 460, 3M Scotch-Weld; 3M ESPE, 
St. Paul, Minn). The strain gauge was 
completely covered with impression 
tray adhesive (VPS Tray Adhesive; 3M 
ESPE) to ensure water exclusion dur-
ing fatigue testing. Finally the strain-
gauged specimen was allowed to set 
for at least 8 hours before testing. All 
procedures were performed by a sin-
gle operator.

The fatigue-loading device used 
in this study has been previously de-
scribed.30 All teeth were immersed in a 
room temperature water bath during 
fatigue testing. The load applied was 
6.0 kg at an angle of 135 degrees to 
the long axis of the tooth. The cyclic 
load rate was 2.5 cycles per second. 
The definition and measurement of 
preliminary failure has been described 
by Libman.19 The strain gauges placed 
over the lingual margin registered the 
micromovement of the crown margin 
relative to the tooth finish line under 
applied cyclic loading. Output from 
the strain gauge was recorded on a 
chart recorder (LR4110; Yokogawa 
Corp of America, Newnan, Ga). At 
the outset, an upper limit of 250,000 
cycles was set. If, during testing, a 
specimen went beyond this number 
of cycles, testing was stopped. The 
cycle count recorded was the number 
of cycles reached when the machine 
was stopped. This allowed a nonzero 
standard deviation for any group for 
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which all specimens reached this up-
per limit before failure.

The independent variable record-
ed was the number of load cycles re-
quired to induce preliminary failure in 
the crown cement. Since Levene’s test 
showed unequal variances, the non-
parametric Kruskal-Wallis test and 
Mann-Whitney U test were used. The 
fatigue cycle data was subjected to 
the Kruskal-Wallis test first, to detect 
overall significance, followed by the 
Mann-Whitney U test to define sig-
nificant differences between the study 
groups at the 95% significance level.

Results

One specimen in the 0.5-mm fer-
rule group did not fail after 250,000 
cycles, while no specimens in the 
1.0-mm ferrule group failed after this 
number of cycles. The actual num-
ber of cycles at which the machine 
was stopped was recorded and used 
for the statistical analysis. The mean 
(SD) number of cycles to failure for 
each group was: no-ferrule group: 
213 (317); 0.5-mm ferrule group: 
155,137 (68,991); and 1.0-mm fer-

rule group: 262,872 (21,432). A sig-
nificant difference was found among 
these 3 groups (P=.003) by the Krus-
kal-Wallis test. The Mann-Whitney 
U test with Bonferroni correction 
(α=.017) was used for pairwise com-
parison and indicated that the no-
ferrule group was significantly differ-
ent from the 0.5-mm ferrule group 
(P=.008) and 1.0-mm ferrule group 
(P=.008), and there was no signifi-
cant difference between the 0.5-mm 
and 1.0-mm groups (P=.032).

Discussion

The data supported rejection of 
the null hypothesis, as there was a 
difference in the number of fatigue 
cycles among groups with different 
ferrule lengths. However, the differ-
ence between the 0.5-mm ferrule 
group and the 1.0-mm ferrule group 
was not statistically significant. Only 
a single specimen of the 0.5-mm fer-
rule group reached the upper cycle 
limit, but all specimens of the 1.0-mm 
ferrule group went beyond the upper 
limit. This suggested that a larger 
number of cycles would be required 

for failure of the 1.0-mm group. Test-
ing these 1.0-mm specimens to final 
failure would increase the mean cycle 
count to failure for this group, which, 
in turn, could likely change the statis-
tical outcome between the 1.0-mm 
and 0.5-mm ferrule groups.

In this study, no veneering porce-
lain was fired to the crown, since the 
strength of veneering material was not 
tested. The bond between the intaglio 
of the crown and the tooth was the 
primary concern. The current findings 
are consistent with Isidor et al31 in that 
an increased ferrule length resulted in 
an increased fracture resistance under 
cyclic loading for crowned teeth.

The preparation height in this 
study remained constant for each of 
the 3 groups (Fig. 1). This attempted 
to simulate certain clinical limitations 
found when an orthodontic extrusion 
and/or a crown lengthening proce-
dure are contraindicated. Libman 
et al19 reported that a ferrule of 1.5 
mm or longer significantly increased 
the number of load cycles to prelimi-
nary failure when restoring with a cast 
post-and-core and a metal crown ce-
mented with zinc phosphate cement. 
In the current study, the 0.5-mm fer-
rule group demonstrated an average 
of 155,000 cycles, which was more 
than double the mean cycles for both 
the 1.5-mm and 2.0-mm groups in 
the previously mentioned study. This 
occurred despite the fact that the 
load used in the current study was 
50% higher (6 kg versus 4 kg). Under 
certain clinical restrictions, it is ben-
eficial to bond the post, core, and 
crown. These results are also consis-
tent with the conclusions reported 
by Junge et al28 and Wiskott et al.29 
Both of these groups of investigators 
showed that using a resin cement re-
sulted in a higher cycle count when fa-
tigue testing was applied, compared 
to other cement types.

The large standard deviation 
shown in the 0.5-mm ferrule group 
may be attributed to small sample 
size, different tooth sizes, or different 
dentin bonding quality. Yoshiyama’s 
study32 showed that microtensile 

 2  Strain gauge cemented over lingual crown margin with epoxy 
resin. Strain gauge was completely covered with impression tray 
adhesive to block out moisture during testing. Note notch on 
crown where load was applied was 8 mm above finish line.

bonding strength of sclerotic dentin is 
30% to 40% lower than normal den-
tin. However, it is difficult to distin-
guish the dentin quality clinically. 

The no-ferrule group failed imme-
diately under cyclic loading. In some 
clinical situations, forced eruption 
and/or crown lengthening to gain 
additional ferrule height are contra-
indicated when there is a short root 
length. Bonding of the post, core, and 
crown may be used in these situations 
to restore structurally compromised 
teeth with inadequate ferrule, to in-
crease the fatigue load cycles. Howev-
er, due to the large standard deviation 
in the 0.5-mm ferrule group, a mini-
mum 1.0-mm ferrule length is recom-
mended when using core bonding 
and bonding an all-ceramic crown for 
restoration of the structurally com-
promised tooth. 

One limitation of this study is that 
it is an in vitro test. No periodontal 
ligament was simulated in the design 
of the test specimen, and the speci-
mens were not subjected to thermal 
cycling. Bonding procedures were 
performed in vitro, and the manu-
facturer’s recommendations were 
followed, whereas clinically, the mois-
ture control may not be as ideal. The 
post space in this study was prepared 
with parallel walls, and the post al-
ways adapted to the post space well. 
However, clinically, it may not be pos-
sible to create an ideal canal space. 
The root canal space is always flared 
towards the coronal part after end-
odontic treatment. Further research is 
needed to determine if the adaptation 
of post to root canal space affects the 
fatigue cycles of endodontically treat-
ed teeth.

ConclusionS

Within the limitations of this 
study, the following conclusions were 
drawn:

1. Teeth with a 0.0-mm ferrule 
survived few fatigue cycles despite 
the fact that both the post and crown 
were bonded. 

2. Teeth with a 0.5-mm ferrule 

demonstrated a significantly higher 
number of fatigue cycles than the no-
ferrule group (P=.008).

3. Teeth with a 1.0-mm ferrule 
showed a significantly higher fatigue 
cycle count than the no-ferrule group 
(P=.008), but were not statistically 
different from the 0.5-mm ferrule 
group (P=.032). 
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which all specimens reached this up-
per limit before failure.

The independent variable record-
ed was the number of load cycles re-
quired to induce preliminary failure in 
the crown cement. Since Levene’s test 
showed unequal variances, the non-
parametric Kruskal-Wallis test and 
Mann-Whitney U test were used. The 
fatigue cycle data was subjected to 
the Kruskal-Wallis test first, to detect 
overall significance, followed by the 
Mann-Whitney U test to define sig-
nificant differences between the study 
groups at the 95% significance level.

Results

One specimen in the 0.5-mm fer-
rule group did not fail after 250,000 
cycles, while no specimens in the 
1.0-mm ferrule group failed after this 
number of cycles. The actual num-
ber of cycles at which the machine 
was stopped was recorded and used 
for the statistical analysis. The mean 
(SD) number of cycles to failure for 
each group was: no-ferrule group: 
213 (317); 0.5-mm ferrule group: 
155,137 (68,991); and 1.0-mm fer-

rule group: 262,872 (21,432). A sig-
nificant difference was found among 
these 3 groups (P=.003) by the Krus-
kal-Wallis test. The Mann-Whitney 
U test with Bonferroni correction 
(α=.017) was used for pairwise com-
parison and indicated that the no-
ferrule group was significantly differ-
ent from the 0.5-mm ferrule group 
(P=.008) and 1.0-mm ferrule group 
(P=.008), and there was no signifi-
cant difference between the 0.5-mm 
and 1.0-mm groups (P=.032).

Discussion

The data supported rejection of 
the null hypothesis, as there was a 
difference in the number of fatigue 
cycles among groups with different 
ferrule lengths. However, the differ-
ence between the 0.5-mm ferrule 
group and the 1.0-mm ferrule group 
was not statistically significant. Only 
a single specimen of the 0.5-mm fer-
rule group reached the upper cycle 
limit, but all specimens of the 1.0-mm 
ferrule group went beyond the upper 
limit. This suggested that a larger 
number of cycles would be required 

for failure of the 1.0-mm group. Test-
ing these 1.0-mm specimens to final 
failure would increase the mean cycle 
count to failure for this group, which, 
in turn, could likely change the statis-
tical outcome between the 1.0-mm 
and 0.5-mm ferrule groups.

In this study, no veneering porce-
lain was fired to the crown, since the 
strength of veneering material was not 
tested. The bond between the intaglio 
of the crown and the tooth was the 
primary concern. The current findings 
are consistent with Isidor et al31 in that 
an increased ferrule length resulted in 
an increased fracture resistance under 
cyclic loading for crowned teeth.

The preparation height in this 
study remained constant for each of 
the 3 groups (Fig. 1). This attempted 
to simulate certain clinical limitations 
found when an orthodontic extrusion 
and/or a crown lengthening proce-
dure are contraindicated. Libman 
et al19 reported that a ferrule of 1.5 
mm or longer significantly increased 
the number of load cycles to prelimi-
nary failure when restoring with a cast 
post-and-core and a metal crown ce-
mented with zinc phosphate cement. 
In the current study, the 0.5-mm fer-
rule group demonstrated an average 
of 155,000 cycles, which was more 
than double the mean cycles for both 
the 1.5-mm and 2.0-mm groups in 
the previously mentioned study. This 
occurred despite the fact that the 
load used in the current study was 
50% higher (6 kg versus 4 kg). Under 
certain clinical restrictions, it is ben-
eficial to bond the post, core, and 
crown. These results are also consis-
tent with the conclusions reported 
by Junge et al28 and Wiskott et al.29 
Both of these groups of investigators 
showed that using a resin cement re-
sulted in a higher cycle count when fa-
tigue testing was applied, compared 
to other cement types.

The large standard deviation 
shown in the 0.5-mm ferrule group 
may be attributed to small sample 
size, different tooth sizes, or different 
dentin bonding quality. Yoshiyama’s 
study32 showed that microtensile 

 2  Strain gauge cemented over lingual crown margin with epoxy 
resin. Strain gauge was completely covered with impression tray 
adhesive to block out moisture during testing. Note notch on 
crown where load was applied was 8 mm above finish line.

bonding strength of sclerotic dentin is 
30% to 40% lower than normal den-
tin. However, it is difficult to distin-
guish the dentin quality clinically. 

The no-ferrule group failed imme-
diately under cyclic loading. In some 
clinical situations, forced eruption 
and/or crown lengthening to gain 
additional ferrule height are contra-
indicated when there is a short root 
length. Bonding of the post, core, and 
crown may be used in these situations 
to restore structurally compromised 
teeth with inadequate ferrule, to in-
crease the fatigue load cycles. Howev-
er, due to the large standard deviation 
in the 0.5-mm ferrule group, a mini-
mum 1.0-mm ferrule length is recom-
mended when using core bonding 
and bonding an all-ceramic crown for 
restoration of the structurally com-
promised tooth. 

One limitation of this study is that 
it is an in vitro test. No periodontal 
ligament was simulated in the design 
of the test specimen, and the speci-
mens were not subjected to thermal 
cycling. Bonding procedures were 
performed in vitro, and the manu-
facturer’s recommendations were 
followed, whereas clinically, the mois-
ture control may not be as ideal. The 
post space in this study was prepared 
with parallel walls, and the post al-
ways adapted to the post space well. 
However, clinically, it may not be pos-
sible to create an ideal canal space. 
The root canal space is always flared 
towards the coronal part after end-
odontic treatment. Further research is 
needed to determine if the adaptation 
of post to root canal space affects the 
fatigue cycles of endodontically treat-
ed teeth.

ConclusionS

Within the limitations of this 
study, the following conclusions were 
drawn:

1. Teeth with a 0.0-mm ferrule 
survived few fatigue cycles despite 
the fact that both the post and crown 
were bonded. 

2. Teeth with a 0.5-mm ferrule 

demonstrated a significantly higher 
number of fatigue cycles than the no-
ferrule group (P=.008).

3. Teeth with a 1.0-mm ferrule 
showed a significantly higher fatigue 
cycle count than the no-ferrule group 
(P=.008), but were not statistically 
different from the 0.5-mm ferrule 
group (P=.032). 
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Clinical Implications
The results of this study suggest that there are no significant dif-
ferences in microleakage at dentin margins between dual-polym-
erizing resin cements and autopolymerizing resin cements with 
the different cement/adhesive combinations evaluated. 

Statement of problem. Despite recent advances in adhesive dentistry, resin cement/dentin adhesive combinations 
are not able to prevent microleakage in ceramic inlays. Marginal quality of tooth-colored restorations in large Class II 
cavities is satisfactory in enamel margins, but microleakage in dentin margins remains a concern. 

Purpose. The purpose of this study was to evaluate the microleakage of all-ceramic inlays luted with 2 dual-polymeriz-
ing resin cements or 1 autopolymerizing resin cement in combination with different dentin adhesives.

Material and methods. One hundred and twenty extracted human mandibular third molars were used in this study. 
Teeth were prepared to receive Class II MOD inlays with enamel gingival margins on 1 proximal surface and dentin 
gingival margins on the other surface. One hundred and twenty prepared teeth were divided into 3 groups of 40; 1 
group for each resin cement: RelyX ARC, Variolink II, or Panavia 21. Each of the 3 groups were further divided into 4 
dentin adhesive groups; Single Bond, ExciTE DSC, ED Primer, or Admira Bond. Each of the resin cements were used in 
combination with the 4 dentin adhesives, and IPS Empress ceramic inlays were placed with 12 different cement/adhe-
sive combinations. After 1000 thermal cycles in a 5°-55°C water bath with a dwell time of 30 seconds, all specimens 
were subjected to cyclic axial mechanical loading. Then the restored teeth were stored in 0.5% basic fuchsin solution 
for 24 hours. The extent of dye penetration along the margins was measured with a stereomicroscope at x40 magnifi-
cation. The data were evaluated statistically using repeated-measures ANOVA and Duncan tests (α=.05). 

Results. Microleakage at dentin margins was greater than that at enamel margins (P<.05) for all groups. Variolink II 
and RelyX ARC resin cements showed significantly lower microleakage results than Panavia 21 with all dentin adhe-
sives in enamel margins. For dentin margins, Variolink II/Admira Bond combination showed the lowest microleakage 
value in dentin (P<.05). 

Conclusions. The overall microleakage at the enamel margins was significantly less than at the dentin margins (P<.05). 
Panavia 21 showed higher microleakage values than Variolink II and RelyX ARC in enamel margins. (J Prosthet Dent 
2009;102:235-241)
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Efficient adhesion between cav-
ity walls and restorative materials is 
important for long-lasting restora-
tions.1,2 Microleakage of cariogenic 
bacteria along the cavity walls of 
restorations is reported to be a sig-

nificant cause of pulpal inflamma-
tion, pulp necrosis,3-7 and secondary 
caries4-8 in restored teeth. The signs 
of microleakage include immediate 
postoperative sensitivity, chronic sen-
sitivity, and marginal discoloration.9-11 

Microleakage at the enamel-resto-
ration interface has been minimized 
since the introduction of acid etch-
ing by Buonocore in 1955,12 but seal-
ing dentin margins remains a chal-
lenge.2,7,13,14
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The effects of smoking on the survival of smooth- and rough-surface dental implants

Balshe AA, Eckert SE, Koka S, Assad DA, Weaver AL.
Int J Oral Maxillofac Implants 2008;23:1117-22.  

Purpose: To compare the long-term survival rates of smooth- and rough-surface dental implants among smokers and 
nonsmokers. 

Materials and Methods: A retrospective chart review was conducted for 2 time periods: January 1, 1991, through 
December 31, 1996, during which smooth-surface implants were utilized, and January 1, 2001, through December 
31, 2005, during which rough-surface implants were utilized. This review included all implants placed and restored in 
1 institution during the 2 timeframes. Data were specifically collected relative to patient age, gender, smoking status, 
implant diameter, implant length, and anatomic location of implants. Implants from the first and second time periods 
were followed through mid-1998 and mid-2007, respectively. Associations of patient/implant characteristics with 
implant survival were evaluated using marginal Cox proportional hazards models (adjusted for age and gender) and 
summarized with hazard ratios (HR) and corresponding 95% confidence intervals (CI). 

Results: A total of 593 patients (322 [54.3%] female; mean [SD] age, 51.3 [18.5] years) received 2,182 smooth-sur-
face implants between 1991 and 1996, while 905 patients (539 [59.6%)] female; mean [SD] age, 48.2 [17.8] years) 
received 2,425 rough-surface implants between 2001 and 2005. Among the rough-surface implants, smoking was not 
identified as significantly associated with implant failure (HR = 0.8; 95% CI = 0.3 to 2.1; P = .68). In contrast, smoking 
was associated with implant failure among the group with smooth-surface implants (HR = 3.1; 95% CI = 1.6 to 5.9; 
P < .001). Implant anatomic location was not associated with implant survival among patients with rough-surface 
implants (P = .45) and among nonsmokers with smooth-surface implants (P = .17). However, anatomic location af-
fected the implant survival among smokers with smooth-surface implants (P = .004). In particular, implant survival 
was the poorest for implants placed in the maxillary posterior areas of smokers. 

Conclusions: Based on this retrospective study, the following observations were made: Smoking was identified as 
a risk factor for implant failure of smooth-surface implants only; among the smokers who received smooth-surface 
implants, an association was identified between implant failure and location of the implant placement; no association 
was identified between implant failure and location among the smokers who received rough-surface implants.

Reprinted with permission of Quintessence Publishing.
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