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Efficiency of a mathematical model in generating
CAD/CAM-partial crowns with natural tooth morphology

Abstract

The "biogeneric tooth model" can be used for computer-aided design (CAD) of the occlusal surface of
dental restorations. From digital 3D-data, it automatically retrieves a morphology matching the natural
surface left after preparation. This study evaluates the potential of this method for generating
well-matched and well-adjusted CAD/computer-aided manufacturing (CAM) fabricated partial crowns.
Twelve models with partial crown preparations were mounted into an articulator. Partial crowns were
designed with the Cerec 3D CAD software based on the biogeneric tooth model (Biog.CAD) and, for
control, with a conventional data-based Cerec 3D CAD software (Conv.CAD). The design time was
measured, and the naturalness of the morphology was visually assessed. The restorations were milled,
cemented on the models, and the vertical discrepancy and the time for final occlusal adjustment were
measured. The Biog.CAD software offered a significantly higher naturalness (up to 225 to 11 scores)
and was significantly faster by 251 (+/-78) s in designing partial crowns (p < 0.01) compared to
Conv.CAD software. Vertical discrepancy, 0.52 (+/-0.28) mm for Conv.CAD and 0.46 (+/-0.19) mm for
Biog.CAD, and occlusal adjustment time, 118 (+/-132) s for Conv.CAD and 102 (+/-77) s for
Biog.CAD, did not differ significantly. In conclusion, the biogeneric tooth model is able to generate
occlusal morphology of partial crowns in a fully automated process with higher naturalness compared to
conventional interactive CAD software.
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Summary

Objective: The “biogeneric tooth model” can be used for computer-aided design (CAD) of the occlusal
surface of dental restorations. From digital 3D-data it automatically retrieves a morphology matching the
natural surface left after preparation.

This study evaluates the potential of this method for generating well-matched and well-adjusted
CAD/CAM fabricated partial crowns.

Methods: 12 models with partial crown preparations were mounted into an articulator. Partial crowns
were designed with the Cerec 3D CAD software based on the biogeneric tooth model (Biog.CAD) and,
for control, with a conventional data based Cerec 3D CAD software (Conv.CAD). The design time was
measured and the naturalness of the morphology was visually assessed. The restorations were milled,
cemented on the models and the vertical discrepancy and the time for final occlusal adjustment were
measured.

Results: The Biog.CAD software offered a significantly higher naturalness (up to 225 to 11 scores)
and was significantly faster by 251 (+78) s in designing partial crowns (p<0.01) compared to
Conv.CAD software. Vertical discrepancy (0.52 (+ 0.28) mm to 0.46 (+ 0.19) mm) and occlusal ad-
justment time (118 (£ 132) s to 102 (= 77) s) did not differ significantly.

Conclusion: In conclusion, the biogeneric tooth model is able to generate occlusal morphology of partial
crowns in a fully automated process with higher naturalness compared to conventional interactive CAD

software.

Keywords: CAD/CAM, Biogeneric tooth model, Cerec, occlusal surface



INTRODUCTION

Reconstructing the occlusion is a major issue in restorative dentistry.*® Although the
concepts of occluson have been discussed controversely over the past decades, it is
common consensus that the occlusal design of restorations should stay in harmonic rela
tion to the remaining dentition and the localisation of the occlusal contacts should estab-
lish interference-free function of all parts of the stomatognathic system.*®

In CAD/CAM dentistry, the occlusion is generated mainly by the CAD software
based on a standard morphology.”** However, an automated adaptation process of this
standard morphology to an individual clinical defect situation is difficult and fails in
many cases leading to manual adaptation of the proposal with design tools. More and
more CAD software uses algorithms to fit the occlusion to static or dynamic bite
registration at least for full crowns.”** Thisis a demanding and time-consuming task
on the two-dimensional monitor and needs a profound knowledge of CAD software.

A fundamental new way to generate dental morphology in CAD/CAM is the , bio-
generic tooth model®. It mathematically describes each posterior tooth by reference to a
number of specific parameters. The information basis is a 3D-data library of severd
hundred scans of each posterior human tooth with intact natural and carious-free occlu-
sa surfaces.™ The biogeneric tooth model extracts al possible features and calculates
an average tooth. The deviation of every single library tooth from the average tooth is
determined by a principal axis analysis. In this mathematical representation it is possible
to reconstruct a missing surface area by analysing the remaining tooth substance.”>*® As

part of CAD-software the biogeneric tooth model offers the possibility for afully auto-



mated design of partial crowns.””* The aim of this study was to investigate this new
CAD software with respect to its efficiency generating natural morphology of ceramic
CAD/CAM partia crowns.

On this basis the following hypotheses were tested: does the biogeneric tooth model
based CAD software generate a partial crown a) faster and b) with higher naturalness
than conventional data based CAD software? and c) reduce vertical discrepancy and

time for occlusal adjustment?



MATERIALSAND METHODS

Natural dentition models and preparation
Twelve patients (6 male, 6 female), aged from 17 to 34 years, with dentitions at least
complete with second molars and intact unrestored natural occlusal morphology were
selected for the study. They all agreed to participate in the study by informed consent.
Plaster replicas, made with type IV gypsum (Dentona Esthetic Gold, Dentona, Dort-
mund, Germany) from silicone impressons (Honigum blue, DMG, Hamburg, Ger-
many) were mounted into an articulator (Artex TK, AmannGirrbach, Pforzheim, Ger-
many) according temporomandibular joint relations (Artex facebow system, Aman-
nGirrbach, Pforzheim, Germany) and habitual intercuspidation registrate (R-SI-Line
Metal Bite, R-Dental, Hamburg, Germany).

The models were adjusted in order to get the same occlusal contacts as recorded
in the mouth with occlusion indicator foil (Hanel foil, Roeko, Langenau, Germany).

For each model set, one molar was randomly chosen for the preparation of a partial
crown replacing one cusp and a second molar for a partia crown replacing three cusps
not in the same quadrant or antagonist position, using a random selection program
(SPSS 13.1, SPSS Inc., Chicago IL, USA). 24 preparations wer e done by three expe-
rienced dentists (8 by each of them) following full ceramic preparation guidelines
with a minimal thickness of 1mm at the main fissure line and 1,5mm at the cusp
tips resulting in 12 partial crown preparations replacing one cusp and 12 partial

crown preparationsreplacing three cuspstotal (Figure 1).%



Fig. 1. Preparation dimension for Cerec 3D Restorations (mm)

Designing the partial crowns

The preparations and the centric bite registrations were scanned using an opto-electronic
intraoral camera (CEREC-3D, Sirona, Bensheim, Germany) according to the manufac-
turer sinstructions. Each partial crown was designed once with a Cerec 3D CAD
softwar e v2.80, based on conventional data (Conv.CAD) and once with a Cerec 3D

CAD software v3.01, based on the biogeneric tooth model (Biog.CAD)™ ## by a

Cerec experienced dentist (Figure 2).2%°*
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Fig. 2. Restoration design of a partial crown replacing 3 cusps with a) conventional

software and b) biogeneric design software



In both softwar e versions wher e necessary, manual adjustmentsto the design of
the restoration was made using the common interactive design tools offered. The
design parameters of both software versions were set as follows. spacer 20um, ad-
hesive gap 20um, virtual grinding -25um, occlusal contact strength 25um, margin
thickness Oum. Therestoration was adjusted to get a matching morphology and 3-
4 occlusal contacts at the centric cusps and central fossa for both software ver-
sons. Then thetool “Virtual Grinding” was activated to set the occlusal contacts
to a predefined strength of -25um befor e proceeding to the milling process.

For each case, design time was measured from the first activation of a design tool
to the end of the adjustment resulting in 24 design times for Biog.CAD and 24 de-

sign Timesfor Conv.CAD.

Naturalness of the mor phology

The morphologies of the partial crowns were assessed by visual judgement in a double
blind test. For this purpose, the partial crown designs were displayed in pairs on two
monitors (A and B), standing side by side (17” TFT, Coretronic Corp, Hsinchu, Tai-
wan) connected to one computer. Each partial crown was presented with both designsin
random order on the left and right screen. No exterior clue was given with respect to the
type of design as seen in Figure 2.

Ten dentists with along-term clinical experience but no experience in CAD/CAM rated
and compared the naturalness of the morphology of each restoration according to de-

tailed questionaires. (Table 1)

A B [Equal




1. Which of both designs offersthe more natural fissure morphol-

ogy?

2. Which of both has a better or more reasonable occlusal contact
point distribution?

3. Which one shows the more natural cusp shape and cusp tip po-
sition?

Table 1: Questionnaire to assess the naturalness of the restoration

Additionally, the overall morphology was rated for both designs according to the crite-
ria‘perfect morphology’, ‘details too weak’ (too flat or smooth) and ‘ details too strong’

(structure too extreme) (Table 2).

The occlusal mor phology for restoration | The occlusal morphology for restoration
Ais Bis
Too strong To weak perfect Toostrong | Tooweak perfect

Table 2: Questionnaire for overall morphology

Vertical discrepancy and adjustment

All partial crownswere machined three times (n=124) from felpstathic ceramic
(VitaMKII, Vita Zahnfabrik, Bad Sackingen, Germany) in a CAM unit (Cerec 3
serial no 16284, Sirona, Bensheim, Germany) (Figure 3 a,b). The proximal surfaces
of the machined partial crowns were adjusted using abrasive discs (Sof-Lex, 3M Espe,
Rischlikon, Switzerland) to provide visua perfect seat and the restorations cemented
using temporary A-silicon cement (Temposil, Colténe Whaledent, Altstétten, Switzer-

land).




The vertical increase and thetimefor the occlusal adjustment wastaken for
each milled restoration (n=72 for Conv.CAD and n=72 for Biog.CAD) resulting in
three valuesfor vertical discrepancy and three adjustment timesfor every restora-
tion. These three values wher e aver aged to onefinal result for each restoration.

To determine the vertical increase, self-curing acrylic resin material (Duraay, Reli-
ance, Worth IL, USA) was placed on the incisal plate and the articulator closed with the
locked pin approaching the plate. The thickness of the acrylic resin between thetip of
the pin and the plate was measured with adia gauge (11000 mm steps, Tesa YR, Tesa
SA, Renens, Switzerland). Occlusa contacts where marked with indicator foil (Hanel
12 um, Roeko, Langenau, Germany) (Figure 3 c/cc). The adjustment was consecutively
done by three dentists with a contra-angle handpiece at 40' 000 rpm and a diamond bur
(40 um grain, 1SO Code 314257514, Intensiv, Lugano, Switzerland). The order of the
restorations was random so they were not aware of the design mode of the restoration.
The aims were equal distributed occlusal contacts on the restoration and neighboring

teeth plus direct contact between the articulator pin and plate (Figure 3 d/dd).
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Fig. 3. processing of one restoration with Conv.CAD (a-d) and Biog.CAD (aa-dd) from
a/aa) virtual construction completed, b/bb) milled restoration, c¢/cc) contact points be-
fore, d/dd) contact points after occlusal adjustment

11



Statistical analysis

To compare the results of design time, vertical discrepancy and occlusal adjusting time,
the dependent sample t-test (SPSS 15.0, SPSS Inc., Chicago IL, USA) was used. The
measured values were tested against normal distribution according to the Kolmogorov-
Smirnoff test (SPSS 15.0, SPSS Inc., Chicago IL, USA). The level of significance was
set to p=0.05. Statistical differences were tested between one- and three-cusp restora-
tions and between Conv.CAD and Biog.CAD. Correlation between vertical discrepancy
and occlusal adjusting time was tested with linear regression analysis and Pearson's cor-
relation coefficient (SPSS 15.0, SPSS Inc., Chicago IL, USA).

The questionnaires for naturalness concerning fissure relief, occlusal contacts and cusp
shape were analyzed using the Wilcoxon signed-rank test (p=0.01, SPSS 15.0, SPSS
Inc., Chicago IL, USA). Differences concerning the overall rating of the naturaness of
the occlusal morphology generated by Biog.CAD and Conv.CAD were statistically ana-
lyzed by the Bowkers-Test (p=0.05).” In this case, the combinations between scores for
the biogeneric reconstruction and the scores for the same preparation made with the
conventional reconstruction process were summed and the respective frequencies were
recorded in atable (Table 1). Interexaminer reliability was measured with kappa statis-

tics, modified for more than two raters with Fleiss' kappa.®®

RESULTS

No significant differences appeared between one- and three-cusp restorations (p>0.05).
Therefore, the data were pooled into the two groups, Conv.CAD and Biog.CAD. The
measured values for construction time, occlusal adjustment time and vertical discrep-

ancy were distributed normal according to the Kolmogorov-Smirnoff test (p<0.05).
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The average design time was 354 (= 74) sfor the Conv.CAD and 92 (+ 33) sfor the
Biog.CAD resulting in a high significant time gain of 251 (= 78) s (p<0.001). Fig. 4

showsthevirtual construction timefor Conv.CAD and Biog.CAD.

Construction Time and Occlusal Adjustment Time
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Virtual Construction Occlusal Adjustment
Fig. 4. Mean (= SD) virtual construction times for biogeneric (n = 24) and conven-
tional (n = 24) partial crown designs and mean (£ SD) occlusal adjustment time of bio-

generic (n = 72) and conventionally (n = 72) designed partial crowns.

The occlusal adjustment time, averaged 118 (x 132) s for Conv.CAD and 102 (£ 77) s
for Biog.CAD, showed no statistical difference (p>0.05) as seen in Fig. 4. Vertica dis-
crepancy was 0.52 (£ 0.28) mm with Conv.CAD and 0.46 (+ 0.19) mm with Biog.CAD
with no significant difference (p>0.05). In Fig. 5 the vertical discrepancy for both
groupsisdisplayed. A correlation between vertical discrepancy and adjusting time did

not exist (r=0.08).
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Fig. 5. Mean (£ D) vertical discrepancy of biogeneric (n = 72) and conventionally (n

= 72) designed partial crowns.

The results of the visual assessment of single morphology details are shown in
Fig. 6. For every criteria a total of 240 scores (24 restorations x 10 dentists) could
be achieved. The criteria “fissure relief” and " cusp shape’ revealed a highly sig-
nificant (p<0.001) preference for the morphology created with Biog.CAD with 225
out of 240 scores for fissure relief and 176 out of 240 scores for Cusp shape. The
criterion “contact points’ (occlusal contacts) revealed no statistically significant
difference for both groups (p>0.05) with 67 (Biog.CAD) to 44 (Conv.CAD) scores
while 129 scores for equal where given. Kappa values of the inter-examiner reli-
ability ranged from 0.51 (contact points) over 0.59 (cusp shape) to 0.88 (fissurere-

lief), which means moder ate and perfect concordance respectively.

14



Visual Assessment of Morphology
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Fig. 6. Rating scores for fissure relief, occlusal contacts and cusp shapes generated by

Conv.CAD or Biog.CAD. The number of scoresis displayed on top of the bars.

Theresultsof the overall morphology rating are presented in Table 3. Thetable
shows the combination of the scoresmadein Table 2 for each restoration. In total,
240 ratings could be made. Two ratings dropped out as they where not valid. The
sums of all fieldsin one row is the score for Biog.CAD restorations as the sum of
all fieldsin oneline isthe score for Conv.CAD restorations. The morphology cre-
ated with Biog.CAD was interpreted as perfect (third column of Table 3) in almost
all cases (197 out of 240), with a highly significant preference (p<0.001), even in
those situations, where Conv.CAD was interpreted as imperfect (morphology too
flat or too smooth) (Table 3, third column, rows 3 and 4). E.g. 66 ratings where

made that the morphology is perfect for a preparation with Biog.CAD as well as

15



with Conv.CAD for the same preparation (Table 3, column 3, row 3) and 123 rat-
ings for a perfect biogeneric morphology for a preparation while the conventional
mor phology istoo weak in that preparation (Table 3, column 3, row 5). The overall

interexaminer reliability was substantial (kappa = 0.61).

Overall Rating of Occlusal M or phology
Biogeneric CAD
N Perfect |Detailstoo strong|Details too weak

total 197 16 25
= Perfect 72 66 4 2
-é <DE Detailstoo strong 12 8 3 1
g © Detailstoo weak| 154 123 9 22
()

Table 3: The frequency of combined scores (n=238) for Biog.CAD and Conv.CAD of

partial crown occlusal morphology.

DISCUSSION

An essential step in CAD/CAM-fabrication of partial crowns is the design of the occlu-
sal morphology. With conventiona design software, this can be time consuming caused
by the provided standard morphology, that has to be adapted to the individual tooth with
manual interactive design tools. Especially when using a chair-side CAD/CAM-system,

like Cerec 3D, any improvement in construction time will ease the application in the

dental practice.
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The results of the present study clearly demonstrated that the Biog.CAD reduce de-
sign time of partial crowns by 4 to 5 minutes, confirming our hypothesis. However, this
result was at the low end of the range between 6 and 14 minutesfor the time saving
effect when compared to previous studies wher e constructions had been done with
the Conv.CAD software at the Cerec 3D CAD/CAM system (470 s™, 446 s’ and
954 ). The difference can be explained by the fact that in the present study a highly
experienced dentist designed the partial crowns including the manual corrections. This
also proves that even highly experienced users will profit from the biogeneric tooth
model.

Corrections, if at all necessary, were restricted to proximal surfaces or to the equatorial
areas of lingual and buccal surfaces. These are the regions where the knowledge-based
biogeneric tooth mode! is extrapolated with standard mathematical algorithms.*

The subjective assessment of the partial crown designs resulted in a clear preference
for the morphology created with the Biog.CAD, again confirming our hypothesis. The
criteria ‘fissure relief’, 'cusp shape and position' as well as ‘overal morphology' were all
rated better for the biogeneric tooth model. This is worth mentioning because of the
automatic calculation of the occlusal morphology with amost no additional user-
interaction. The reason for that certainly is the fact that the biogeneric proposal inte-
grates the natural morphology of hundreds of teeth with a high resolution of details.”
Nevertheless, the criterion ‘distribution of occlusal contacts was rated 'equal’ with both
software. Consequently the automatic generated occlusal contacts with Biog.CAD were
mainly appraised as good as the mainly manual adjusted occlusal contact points with

Conv.CAD.
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The vertical discrepancy of the partial crowns (460 um for Biog.CAD and 520
pm for Conv.CAD) compared well to theresults of other studies (480 um and 999
um for Conv.CAD)."*" In both studies, construction time and vertical increase of
Cerec 3D restorations (Conv.CAD) was measur ed. The measuring procedure wasin
asimilar way (clinical preparation models mounted into an articulator, vertical increase
measured at the incisal plate) as the present study. A certain magnification of the red
increase should be considered as the measurement was taken at the incisal pin of the
articulator. Several factors may lead to vertical discrepancy like errors from scanning
and referencing the occlusal registrate to the preparation, bur geometry and inaccuracies
during fabrication and a certain insecurity of reaching the exact final position on the
preparation depending on the fit of the workpieces.®** Additionally premature con-
tacts may have been situated close to the occlusal margins of the partial crowns
where milling parameterswill lead to an material excess. Because of the bur ge-
ometry, deep fissurelines can not be milled out entirely by the milling unit. If con-
tactsarelocated near a deep fossa or fissureline, material excessin thisparticular
region of the milled restoration will lead to vertical increase. This may explain the
difference to another study, testing full CAD/CAM crowns where the vertical increase
was 15 microns at theincisal pin of the articulator.*®

The time needed for occlusal adjusting was not different between the two groups.
Thus the hypothesis that the more natural surface would result in less occlusal adjusting
because of their possibly fewer interfering contacts was rejected. The occlusal adjusting
time was lower than in the most former in vitro studies with e.g. 8 min**, 7 min*- But in
these studies, the polishing time was included. Another study reported an adjusting time

of 17 min.® But thiswasin vivo and the dentist has intraoral not the same space and

18



visgibility asin the extraoral situation with the articulator. Inthe clinical situation, the
functional movements of the patient can lead to additional interferences, when only a
static bite registrate is used.

No correlation between the vertical discrepancy and the time for occlusal adjustment
could be found (r= 0.08). In addition to the vertical dimension of a cusp, its position
may lead to a premature contact. Using afunctionaly generated path (FGP) registration
may further reduce adjusting time as the freedom in centric and cusp inclines are con-

sdered.®*

Conclusion

Within the limitation of this study, it can be stated that the biogeneric tooth model pro-
vided a quick fully automated proposal of morphologies of partial crowns with high
naturalness. Further improvements may be possible in the proximal contact as well as
buccal and lingual surfaces, where manual changes are sometimes beneficial. In addi-
tion, the implementation of more adult and mature abraded teeth into the biogeneric

tooth model would make sense in order to cover alarger variety of older patient’ s teeth.
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LEGENDS
Table 1:

Questionnaire to assess the naturalness of the restoration.

Table 2:

Questionnaire for overall morphology

Table 3:
The frequency of combined scores (n=238) for Biog.CAD and Conv.CAD of partial

crown occlusal morphology.

Figure 1.

Preparation dimension for Cerec 3D Restorations (mm).

Figure 2.
Restoration design of a partial crown replacing 3 cusps with a) conventional software

and b) biogeneric design software.

Figure 3.

Processing of one restoration with Conv.CAD (a-d) and Biog.CAD (aa-dd) from a/aa)
virtual construction completed, b/bb) milled restoration, ¢/cc) contact points before,

d/dd) contact points after occlusal adjustment.

Figure 4.
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Mean (£ D) virtual construction times for biogeneric (n = 24) and conventional (n=
24) partial crown designs and mean (+ SD) occlusal adjustment time of biogeneric (n =

72) and conventionally (n = 72) designed partial crowns.

Figure 5.
Mean (x SD) vertical discrepancy of biogeneric (n = 72) and conventionally (n = 72)

designed partial crowns

Figure 6.

Rating scores for fissure relief, occlusal contacts and cusp shapes generated by

Conv.CAD or Biog.CAD. The number of scoresis displayed on top of the bars.
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