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ABSTRACT

Objectives: To evaluate bicuspid axial wall height effect on retention of adhesively-luted, all-

ceramic CAD/CAM crowns with a 20-degree total occlusal convergence (TOC).

Methods: Recently-extracted premolars were randomly divided into 4 groups (n=12) with all-
ceramic crown preparations accomplished using a high speed handpiece inserted into a milling
device. Preparations contained a 20-degree TOC with each group consisting of axial wall
heights of 0, 1, 2, and 3 millimeters, respectively. Completed preparation surface area was
determined and preparation features confirmed using a digital measuring microscope. Scanned
preparations (CEREC) were fitted with milled and crystallized lithium disilicate full coverage
restorations and luted with a self-etching adhesive resin cement after hydrofluoric acid etching
and silanation. All manufacturer recommendations were followed. Specimens were stored at
37C/98% humidity for 24hours and tested to failure at a 45-degree angle on a universal testing
machine. Failure load was converted in MPa using the available bonding surface area with

mean data analyzed using Kruskal-Wallis/Dunn’s (p=0.05)

Results: The 3mm preparation height samples displayed significantly stronger failure load than
the Omm and 1mm samples and was statistically similar to the 2mm samples. The Omm and
1mm samples all failed adhesively while the 2mm and 3mm samples failed largely due to tooth

fracture.

Conclusions: Further evidence is provided that CAD/CAM adhesive techniques may
compensate for less than ideal preparation features. Bicuspid preparations with a 20 degree
TOC restored with adhesively-luted, CAD/CAM e.max CAD crowns require at least 2mm of axial

wall height for adequate retention.

Vi



vii



Table of Contents

o S e R v

IR Ao ) B =1 o] 1= L= T O Vii

List Of Graphs........oooo oo ittt e e e e e e 22 VA

LISt OF FIQUIES....c. o veemmmmsurmemmmnssensmsnssmnersrapsmsnssssss s spsmannmnssnssanssns 455 G540 555 S0 EFESS viii

IABITTUISIETIDN ..o 00 A A R 0 R S R A S 1

R EIENCES . .. oo oo e e e e e e e e e .

viii



List of Tables

Table 1. Mean failure Load, Stress, and Failure Modes.................cccooeevnnnnn.
Table 2. Mean Failure: Load .. uwmommmmemissmssmmmsss sammmnas s swsssmsmsngmmss
Table 3. Mean Failure SUesS.....: i s s sensassssvssmssoss 8
Table 4. FAllUB MOTR.... ...cnvnmssmmsenmmsssnsisnsss S50 iR e s v s
Table 5. Mean Tooth Preparation Parameters.............cccooooieiii 9



List of Figures

Figure 1. Measurement of TOC of preparation.........................ooo

Figure 2. Orientation of groove on Omm axial wall height preparations......

Figure 3. Standardization with acrylic template.............................

Figure 4. MicroCT scan demonstrating tooth fracture



INTRODUCTION

The popularization of full-coverage restorations as the choice treatment for teeth with significant
coronal tooth structure loss occurred around the onset of the 20th century. ' Various
philosophies in full-coverage restoration techniques prompted research that led to the
establishment of preparation design recommendations to maximize the resistance and retention
of full-coverage restorations. Some of these recommendations stated that a two-to-five degree
total occlusal convergence (TOC) was the ideal preparation taper, ' which has been reinforced
in the scientific literature. 2 However, this preparation taper is rarely achieved in the clinical
setting, %7 and other preparation features may compensate. For instance, greater preparation
axial wall height has been proposed to compensate with bicuspids in situations of increased

TOC.'

The traditional preparation design recommendations were correctly developed in the era of cast
metal restorations that were cemented with aqueous-based luting agents. The advent of CAD/
CAM coupled with adhesive technology has led to some questioning of some traditional
preparation recommendations. ¢ The purpose of this study was to investigate the effect of
bicuspid preparation axial wall height on the retention of adhesively-luted CAD/CAM all ceramic
crowns based on a preparation containing an advanced 20 degree TOC. The null hypothesis is
that there will be no difference in the failure force between preparations of zero, one, two, and

three millimeters.

METHODS

Forty eight recently-extracted premolars were collected in accordance with guidance from the

local Institutional Review Board. The occlusal surfaces were reduced to 1mm below the



marginal ridges with a slow-speed, water-cooled diamond saw (Buehler, Lake BIuff, IL, USA).
The teeth were imbedded in autopolymerizing denture base methacrylate resin (Diamond D,
Keystone Industries, Cherry Hill, NJ, USA) and randomly divided into 4 groups (n=12). All-
ceramic crown preparations were accomplished per manufacturers recommendations for lithium
disilicate crowns using a diamond bur (8845KR.31.025, Brassler USA, Savannah, GA, USA) in
a high speed handpiece (EA-51LT, Adec Newburg, OR, USA) inserted into a lathe-type milling
arrangement. All preparations contained a 20-degree TOC (Figure 1) with each group

consisting of axial wall heights of 0, 1, 2, and 3 millimeters.

Figure 1. Measurement of TOC of preparation
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Preparations were refined by a board certified prosthodontist. The Omm axial wall height group
was additionally prepared with a buccal lingual grove feature approximately the width and half of

the depth of a #8 round bur in order to allow for orientation of the restoration (Figure 2).



Figure 2. Orientation of groove on Omm axial wall height
preparations

The grove was placed parallel to the direction of planned forces to add only negligible
resistance features. Completed preparation surface area was determined and preparation
features confirmed using a digital measuring microscope (KH-7700, Hirox USA, Hackensack,
NJ, USA). Preparations were then placed in an acrylic template (Figure3), images obtained
using a CAD/CAM camera (CEREC AC, Sirona Dental Systems, Charlotte, NC, USA, Software
version 4.4.4). Crowns were designed using a biogeneric copy to ensure uniform contours,

anatomy, and stable occlusal table.



Figure 3. Standardization with acrylic template

Full coverage, lithium disilicate all-ceramic restorations (IPS e.max CAD, Ivoclar Vivadent,
Ambherst NY, USA) were milled (Cerec MC XL, Sirona Dental Systems) and then fitted to
confirm proper adaptation to the preparation. The crowns were then glazed (IPS e.max CAD
Crystall Glaze Spray, Ivoclar-Vivadent) and crystalized using a laboratory ceramic furnace

(Programat P700, Ivoclar-Vivadent).

Preparations were cleansed with pumice slurry with the crowns luted with a self-adhesive resin
cement (RelyX Unicem, 3M ESPE, St Paul, MN, USA) after hydrofluoric acid etching (IPS
Ceramic Etching Gel, Ivoclar-Vivadent) and treatment with silane (Clearfil Ceramic Primer,
Kuraray America, New York, NY, USA). All manufacturer recommendations were followed.
Restored specimens were stored at 37C/98% humidity for 24 hours and were mounted at a 45
degree angle to the long axis of the tooth root on a universal testing machine (RT-5, MTS
Corporation, Eden Prairie, MN, USA). Load was applied to the lingual inclines of the palatal
cusp using a stainless steel piston at a rate of 0.5 mm/min until failure. Collected failure load
was also converted to stress using the available bonding surface area. Failure mode was

evaluated visually at 20x magnification with digital microscope (Hirox) as well as

4



microtomography (MicroCT) (Skyscan 1172, Bruker MicroCT, Kontich, Belgium) at a resolution
of 13.6 microns using 100kV energy with a 0.4-degree step size. Individual images were
combined into a three dimensional image (Figure 4) using recombination software (nRecon,

Bruker MicroCT) and analyzed with a volume-rendering 3D software (CTVox, Bruker MicroCT).

Figure 4. MicroCT scan demonstrating tooth fracture

Data was first subjected to the Shapiro-Wilk and Bartlett's Test which identified an abnormal
distribution and variance inhomogeneity, respectively. The Kruskal-Wallis test and Dunn’s post
hoc test was then used at a 95 percent confidence level (p=0.05) using a computer based

statistics program (SPSS, IBM Systems, Chicago, IL).

RESULTS

The results are identified in Table 1 which displays mean failure load, stress, and failure modes
for each group. The 3mm preparation axial wall height samples displayed significantly stronger
failure load at failure compared to the Omm and 1mm samples and was statistically similar to the

2mm samples.



Table 1: Mean Failure Load (N) and Stress (MPa) and Failure Modes

Mean ‘ i ‘
Preparation Failure Load | Failure Stress | _ .
S N (Mpa) | Failure Modes
Height (mm) | |
0 105 (62) A 2.8(1.7)A 12 AF
1 200 (157) AB 4.4 (2.7)A 12 AF
2 315 (180) BC 6.7 (3.5) AB 2 AF/10 TF
3 434 (178)C 8.4(3.4)8B 1 AF/11TF

Groups identified with same capital letter are similar in each
column (Dunn’s, p=0.05) AF=adhesive failure; CF=cohesive
ceramic failure; TF=tooth fracture.

The lowest two axial wall height groups failed entirely adhesively, whereas the highest two axial

wall height groups predominantly failed largely by tooth fracture.

DISCUSSION

Currently it is largely understood that the earlier recommended ideal TOC of two to five degrees
is practically not clinically achievable with an actual measured clinically attained TOC being in
the range of 19 — 27 degrees. ” Goodacre et al ' proposed a realistically achievable guideline of
10 to 20 degrees for TOC, which allow for other compensatory preparation factors.
Notwithstanding, a three-millimeter minimum axial wall height is recommended for bicuspids.
Bowley et al * reported the findings of a finite element analysis for bicuspid preparations with
increasing degrees of total occlusal convergence. The model was based on a direct frictionless
contact between the intaglio crown surface and the tooth preparation, with the result of having
the preparation geometry as the sole determinant of the displacement. The results showed an
increase in marginal gap formation above 12 degrees TOC, which lead to the conclusion that
buccolingual convergences angles greater than 12 degrees reduced the resistance form of the
preparation. Additionally there was an even more drastic increase in marginal gap formation

between the 24 degrees of convergence and 28 degrees of convergence. *



However, recent studies by Tiu et al 5 have reported for bicuspid preparation parameters for
all-ceramic crowns submitted to a commercial dental laboratory. Although the preparations

contained a mean three millimeter axial wall height, the mean TOC was 33 degrees.

Clinically the practitioner often may not have full control over preparation parameters, which
may lead to additional treatment such as periodontal surgery and/or intentional endodontic
treatment with a post and core to achieve suitable axial wall height. Some proponents of
CAD/CAM adhesive dentistry anecdotally claim that adhesive technology may compensate for
less than ideal preparation features. In order to evaluate some aspects of these claims this
research center started a series of research studies evaluating if adhesive CAD/CAM

technology could compensate for loss of axial wall height with increasing TOC.

This study was the culmination of three research efforts whose goal was to evaluate the
determinate factor of adhesive CAD/CAM axial wall height within the recommended TOC
recommend by Goodacre et al. ' In all three evaluations all specimens were prepared,
measured, and tested by the same individual while another researcher oversaw all scanning
and milling procedures. This was accomplished in order to be able to hopefully compare the
results of all three studies in a reasonable effort. The only difference in these three studies was
the work of the first authors, who performed all scanning, milling, crystallization, and luting
procedures. To wit, the first study evaluated the same axial wall height parameters under the
same conditions at a ten-degree TOC, & which was followed by an identical effort at a chosen
TOC of 16 degrees. ® Accordingly, the present study evaluated under the same conditions
evaluated at the recommended 20-degree TOC upper limit. The combination of the mean

results of all three studies can be seen in Tables Two through Four.

In spite of the planned preparation consistency of these studies, the authors are hesitant to
directly statistically compare the failure load/stress results due to the inherent variability

between the first authors of these experiments.



First, any normalizing effect of failure stress calculation over the three studies remain
inconclusive. While one may be tempted to note that failure stress did appear to normalize the
failure load results, the sample size of these studies resulted in calculated power too low to

reject the null hypothesis.

It can be observed in Table 2 a generalized decline in failure load is appreciated as the TOC
increases. The only puzzling exception was an increase in failure load noted by the 16-degree

TOC zero millimeter axial wall height. When the results are considered graphically

The results displayed a significantly greater failure load for the 2mm nd 3mm axial wall height
groups then the Omm and 1mm axial wall height groups. The results demonstrated that at 16
degrees of TOC adhesion may compensate for a reduced axial wall height, but only for an axial

wall height of 2mm or greater. °

The current study extended the research of Gillette and Martin by examining preparations with a

TOC at the maximum value of Goodacre’s recommended range at a TOC of 20 degrees.

Table 2: Mean Failure Load (N)

Mean
| Preparation

Axial Wall
Height (mm)

0 1483(70.1)A  262.8(86.5)A  105(62)A

1 374.8(150.9)B  318.5(164)A 200 (157) AB
2 499.7(128.8)BC 512.1(128.8)B 315 (180) BC
3 622.4(142.1)C  612.7(1264)B 434 (178)C

Groups identified with same capital letter are similar in each column




Table 3: Mean Failure Stress (MPa)

Mean
Preparation
Axial wall

Height (mm)
0 2.89(1.1)A 6.03(1.1)A 2.8(1.7)A
1 6.35(2.5)B 6.35(2.5)A 44(27)A
2 7.16(1.6)B 7.16 (1.6) AB 6.7 (3.5) AB
3 7.52(1.7)B 7.52(1.7)8 8.4(3.4)B

Groups identified with same capital letter are similar in each column

Table 4: Failure Mode

Mean
Preparation
Axial Wall

Height (mm)
0 12 AF 9 AF/3 TF 12 AF
1 12 AF 7 AF/ATF/1 CF 12 AF
2 2 AF/9 TF/1CF 3 AF/7 TF/2 CF 2 AF/10 TF
3 2 AF/6 TF/4CF 1 AF/9 TF/2CF 1AF/11TF

AF=adhesive failure; CF=cohesive ceramic failure; TF=tooth fracture

Tables 2-4 compare the data from the three studies. Overall there was a general decreasing of
values for failure load and stress as TOC increased. It is difficult to set a value for failure load or
failure stress that indicates a likelihood a crown would be retained in a clinical situation with
similar preparation parameters. For bicuspids at a range of 10 to 20 degrees of TOC a

generally accepted minimum axial wall height is 3mm. Therefore the data for the 3mm axial



wall height groups within each study establish values that can be used as benchmarks for

minimally acceptable failure load or stress.

For failure load at 10 degrees of TOC there was a significant difference between the Omm axial
wall height group and all three of the other groups with the 2 and 3mm groups being statistically
similar. For failure stress at 10 degrees of TOC the 1-3mm groups clearly surpassed the Omm
axial wall height group. These results indicate that at 10 degrees of TOC the clinical retention of
a crown may be similar for preps that are Tmm and greater. At 16 and 20 degrees of TOC the
Omm as well as the 1mm axial wall height groups failed at significantly lower failure loads and
failure stress than the 3mm axial wall height groups indicating insufficient retention. For the
2mm axial wall height group with the TOC of 16 degrees the failure load was significantly higher
than the Omm and 1mm axial wall height groups and similar to the 3mm axial wall height group.
For the 2mm axial wall height group with the TOC of 20 degrees the failure load was statistically
similar to both the 1mm and 2mm axial wall height groups and significantly higher than the Omm
axial wall height group. At 16 and 20 degrees of TOC Failure stress demonstrated a significant
difference only between the lower two axial wall groups and the 3mm axial wall height group.

These results are inconclusive as to if the 2mm axial wall height group has adequate retention.

The failure mode analysis may provide more insight into the results of this study for the 2mm
axial wall height group. For the 10 and 20 degrees of TOC the 0 and 1mm axial wall height

groups failed entirely adhesively. For the 16 degrees of TOC these groups were not entirely but

Table 5: Preparation Parameters

| Mean Total

Occlusal
Convergence
(degrees)

1 Mean Total

Mean Dentin Wall

\
( |
(mm) |

3mm 52.06 (7.03) 3.06(0.02) 20.9(0.8)
2mm 47.1(8.5) 2.03(0.03) 19.9 (0.7)
Imm 45.6 (10.4) 1.05(0.04) 20.2(0.7)
Omm 37.2 (4.3)

10



largely adhesive in nature. At 10 degrees of TOC the 1mm axial wall height group failed
adhesively at a stress value similar to the 2 and 3mm axial wall height groups. This was not the
case for the 16 and 20 degrees of TOC. For all three studies the 2 and 3mm axial wall height
groups largely showed fracture of either the crown or tooth with minimal adhesive failures.
Umesh et al in 2016 reported bite force for premolars to range from 234N to 464N. Although,
the max bite force reported is higher even then the mean failure load of the 3mm axial wall
height specimens for the current study, the failure mode indicates that even at 20 degrees of
TOC and 2mm axial wall height the preparations had adequate retention as failure forces were

transferred to the underlying tooth structure.

Table 5 shows the preparation parameters for each of the axial wall height groups. The small
amount of variance in each group for the mean total wall height and mean occlusal convergence
indicates the specimens were well standardized. Traditionally studies evaluate failure load. In
this study the mean dentin surface area was also measured, which allowed for the calculation of
failure stress. With surface area being crucial for adhesive dentistry and the variance in natural
dentition this was completed to see if it normalized the data by accounting for the variable of
tooth size. The data from this study was inconclusive as to if it did normalize the data and a

larger sample size would be needed.

Limitations to this study include that it was an in vitro study and may not represent actual clinical
conditions. There was no thermoclycing completed, which could degrade the bond over time
and a single ceramic primer and cement were tested and may not represent all adhesive

possibilities.

11



CONCLUSION

All failure loads were within the range reported for human function. Under the conditions of this
study and based on both failure load/stress and failure modes, bicuspid preparations with a 20
degree TOC restored with adhesively-luted, CAD/CAM e.max CAD crowns require at least 2mm

of axial wall height for adequate retention.

12
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