
 

The retention of indirect dental restorations is of concern for 
clinicians as it influences the success of clinical outcomes. 
Retention and resistance are dependent on many factors 
including the convergence angles of the opposing axial 
wall tapers. Adequate axial wall taper is important in crown 
preparation to improve physical retention and increase 
resistance of the restoration.  

Aims and objectives
To determine and compare the convergence angles 
(CA) of KaVo® teeth prepared for full coverage crown 
restorations by fourth year dental students in a preclinical 
fixed prosthodontics module in a five year dentistry training 
programme.

Methodology
Crown preparations produced by fourth year dental 
students at Sefako Makgatho Health Sciences University 
(SMU), South Africa, over a period of  3 years were included 
in this study. These preparations were digitally captured 
using CAD-CAM imaging technology. The images were 
analysed in ImageJ® software to determine the mesio-distal 
convergence angles. Statistical analysis was undertaken 
using SPSS ver. 27 for Windows.

Results
The overall mean convergence angle of 15.38° ± 6.68° was 
computed for n=75 crown preparations. ANOVA revealed 

a significant difference (p<0.05) in the CA among the three 
cohorts (2017: 16.87° ± 6.94°; 2018:  17.23° ± 6.13°; 2019: 
12.02° ± 5.86°). A reasonable proportion of dental students 
n=25 (33%) achieved the recommended CA of 6° to 12°.

Conclusion
This study indicates that with objective evaluation tools, it 
is possible to improve on the intended guidelines for crown 
preparations during undergraduate teaching and training in 
pre-clinical Fixed Prosthodontics.

Keywords
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The concept of retention and resistance form is of vital 
clinical concern because of the vectoring of occlusal 
forces that may be directed in both a lateral and/or apical 
directions during oral functioning.1 Retention is the ability 
of a restoration to withstand removal forces along the long 
axis.2 The term resistance form refers to the features of a 
tooth preparation that enhances the stability and durability 
of a restoration that affords it to resist dislodgment along an 
axis other than the path of placement.3 The angle formed 
by the intersection of the mesial and distal axial wall tapers 
is routinely referred to as the convergence angle (CA) of a 
tooth preparation, and is the measurement of the combined 
taper of opposing axial walls.

The underlying tooth preparation geometry necessitates 
precise application of these design features through 
specific preparation guidelines. Retention and resistance 
are interrelated and inseparable design qualities that 
need to be integrated synergistically through meticulous 
tooth preparation design.4 Retention and resistance 
dependent factors related to tooth preparation for full 
coverage restorations (FCR), include ensuring maximal 
cervical-occlusal height, appropriate surface texture of the 
preparation and most importantly, an acceptable CA.4, 5  It 
is generally recognised that the smaller the convergence 
angle, the better the retention, and therefore, the greater 
longevity of the restoration.6 

Adequate taper compensates for inaccuracies that may 
occur in the laboratory fabrication and processing of the 
restoration, as well as permitting a more favourable path of 
insertion.4 However, excessive taper often results in reduced 
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retention,2 cement failure7 and pulp devitalisation.8 Whereas, 
inadequate taper compromises the structural durability of the 
restoration, aesthetics and the patient’s existing occlusion.9 

The shorter the preparation height, the more critical it 
becomes to limit the taper in order to increase the resistance 
against axial displacement. During undergraduate teaching 
and training of fixed prosthodontic principles, students’ are 
taught the deleterious effects that over-preparation, under-
preparation, increased axial wall inclination and reduced 
cervical-occlusal height can have on the health of the tooth, 
as well as, on the longevity of the restoration. Theoretically 
recommended guidelines advocate that tooth preparation 
walls be as close to parallel as possible, but still incorporate a 
slight taper, ideally, of between 4° to 6° with a recommended 
range of 3° - 14° regarded as acceptable. 4, 5, 10 

These guidelines were correlated with experimental studies 
conducted by Jørgensen11 Kaufman12 and Wilson and Chan6 
who showed that an inverse relationship exists between 
retention and taper. However, there is inconsistency in the 
degree of taper required for maximum retention. Theoretically, 
ideal taper should range from 4° to 6°, but this is difficult 
to achieve clinically without creating undercuts on the 
preparation.4,13, 14 This translates to an ideal recommended 
CA of between 8º and 12º. Effective taper criteria in a 
clinical milieu must be defined as a realistic and measurable 
goal that can be visualised and is readily repeatable and 
achievable.13,15

Full coverage restorations are often recommended for the 
restoration of extensively damaged and endodontically 
treated teeth. The ability of dentists to adequately prepare 
and assess the preparation for optimal retention and 
resistance is fundamental to the success of full coverage 
restorations. In the undergraduate pre-clinical Fixed 
Prosthodontics module at School of Oral Health Sciences, 
Sefako Makgatho Health Sciences University, the concept 
of axial wall taper is taught as per the prescribed guidelines.4 
The rationale for this study was to determine; compare and 
evaluate the CA for teeth prepared for an anterior all-ceramic 
FCR by fourth year undergraduate dental students, against 
recommended guidelines.

MATERIALS AND METHODS
Study design
A descriptive cross-sectional study design was employed 
in this research.

Study population
The study population consisted of all ceramic anterior full 
coverage crown preparations prepared by cohorts of fourth 
year dental students during the 2017 to 2019 academic 
years. The crown preparations were included in the study, 
if they were prepared on maxillary central incisors 11, 21 
and satisfied all the assessment requirements for crown 
preparation. The approval to undertake this study was 
granted by the SMU Ethics Committee.

These preparations were analysed using computer-aided 
design (CAD) technology to determine the CA for FCR 
prepared on maxillary central incisors 11, 21 on a KaVo® 
typodont housed within a KaVo® dental patient simulation unit 
in a simulation laboratory. Eighty seven samples were included 
for the study that met the pass criteria for the module.

Preparation of the KaVo® model for digital assessment
The individual tooth preparations were seated into a new 
maxillary KaVo® model before being digitally scanned for CA 
assessment. Prior to scanning, a 10mm reference line was 
demarcated using a pair of dividers and then plotted using 
a 0.6mm medium fine liner ink marker (Artline® 210), on the 
KaVo® model base, below tooth 11. This served to allow digital 
calibration by the ImageJ® computer software system, (National 
Institutes of health, Bethesda, MA, USA) prior to convergence 
angle calculation.

Preparation for digital scanning 
All prepared surfaces of the crown preparation were surface 
treated with CEREC® Optispray (DentsplySirona) to enhance 
reflectability. This was done to allow accurate image acquisition 
of the digital impressions. The study utilised a Sirona inEos 
X5® desktop model scanner (DentsplySirona) (Figure 1) which 
allowed for five axis KaVo® model rotation to produce an 
accurate 3 dimensional (3D) rendering of the KaVo® model 
base and tooth preparation. The tooth preparation together 
with the model base were magnetically secured to the ground 
plate of the articulating scanning arm, which was reset before 
each scan, to ensure standardised image acquisition.  A 3D 
digital scan of the tooth preparation was acquired and visually 
rendered on the Sirona InLab® (DentsplySirona) CAD software 
(v18.0) (Figure 2). Using the Sirona InLab® CAD software 
(DentsplySirona), the image was orientated in the standard 
frontal view. A screen shot of the image was then captured 
and imported into Microsoft® Paint application and saved as a 
Portable Network Graphic (PNG) file according to the allocated 
specimen number.

Assigning the critical point for convergence angle 
measurement
The saved image was imported into the ImageJ® computer 
software system and calibrated using the plotted reference 

Figure 2: Three dimensional rendering of the KaVo® model base and 
tooth preparation

Figure 1: Sirona inEos X5®  desktop model scanner	
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line. The angle calculation tool in the ImageJ® software was 
used to calculate the inciso-axial angle (b1° and c1°) of the 
mesial and distal aspects of the tooth preparation. (Figure 
3). The angle calculation software used plotted tangents to 
the axial preparation wall (ab and dc) and a tangent to incisal 
reduction preparation (bc), to calculate angles b1° and 
c1° (Figure 3). For each sample, angles b1° and c1° were 
determined three times and the average value recorded for 
each side.

Computation of convergence angle software
Six measurements (3 mesial and 3 distal) for each sample 
were recorded on Microsoft® Excel® spreadsheet for 
analysis. To compute inter and intra-rater reliability, five 
specimens from each cohort, were randomly selected by 
an independent person and re-assessed by the primary 
researcher and a co-supervisor. The convergence angle x° 
(Figure 3) was calculated using the mathematical equation:

x°  =  -180 – [(180 – b1°) + (180 – c1°)]

The equation utilised the Straight Line Theorem and Sum of 
Angles of a Triangle to calculate the convergence angle x° of 
the mesial and distal axial wall preparations.

Results
Eighty seven all ceramic FCR were distributed according 
to these cohorts: 2017 and 2018 (n = 30) and 2019 (n = 
27). Further exclusion of samples was applied to ineligible 
preparations that exceeded a CA of 29.5°, resulting in the 
following exclusion distribution (2017 = n5; 2018 = n5; 2019 
= n2).

The mean mesio-distal CA for the test samples (n =75) 
was 15.380 ± 6.680, ranging between 4.320 and 28.830. 
Analysis of variance (ANOVA), revealed a significant cohort 
effect (based on the different years of study) on the mesio-
distal convergence at the p<0.05 level for the three cohorts 

[F (2, 72) = 5.28, p =0.007]. Post hoc comparisons using 
the Tukey HSD test indicated that the mean CA score for 
the 2019 cohort at 12.02° ± 5.86° was significantly different 
from the 2017, which was 16.87° ± 6.94° and 2018 cohorts 
at 17.23° ± 6.13°. There was no significant difference 
in CA between the 2017 and 2018 cohorts. However, a 
significant improvement in the mean CA of the 2019 cohort 
was noted when compared to the 2017 and 2018 cohorts. 
(Table I.)  Twenty-five students achieved the ideal conver-
gence of 12o or less, of which 5 (6.6%) achieved the ideal 
levels of 6o. Based on the three recommendations,3,13,14 on 
average more than 40% of the preparations satisfied the 
requisite range.16

Table I: Summary of CA results

Cohort n Minimum
Maxi-
mum

Mean SD

2017 25 5.17° 28.16° 16.87° ±6.94°

2018 25 4.32° 27.27° 17.23° ±6.13°

2019 25 5.05° 26.54° 12.02° ±5.86°

Total 75 4.32° 28.16° 15.38° ±6.68°

Reliability
Interclass correlation coefficient (ICC) estimates and their 
95% confident intervals were calculated using SPSS 
statistical package version 27 (SPSS Inc, Chicago, IL), 
based on a single-measurement by two independent 
researchers, absolute-agreement, 2-way mixed-effects 
model. The ICC = 0.996 with 95% confidence interval  
= 0.981 - 0.999 is indicative of excellent reliability.17

DISCUSSION
The convergence angle defines the opposing axial wall 
taper of a crown preparation and is one of the many 
factors that directly affects the overall acceptability of a 
crown preparation.18 Optimising axial wall taper for FCR 

Figure 3: Diagrammatic representation of convergence angle x. The enlarged infographic illustrates the calculation of angle b1 and c1 which 
was determined using the ImageJ® 

RESEARCH604 > www.sada.co.za / SADJ Vol. 76 No.10



assists in achieving conservative tooth preparations’ whilst 
simultaneously preventing undercut formation, compensating 
for inaccuracies in fabrication and permitting more accurate 
seating during cementation.6, 19

The results of this study yielded a mean CA of 15.38° ±  
6.68° achieved by the fourth-year dental students’ across 
three years of the study. The results also showed that 33% 
(n=25) of the combined cohorts achieved a CA between 
6°-12°. This finding may be attributed to adherence to 
minimally invasive crown preparation techniques taught, 
as well as, the use of only parallel-sided burs in the Fixed 
Prosthodontics Pre-clinical module.

The literature on CA demonstrates inconsistency in the 
degree of taper required for maximum retention of FCR 
from proposed theoretical norms when compared to 
clinically achieved CA. Jørgensen11 used machined brass 
caps to demonstrate the relationship between retention 
and convergence angle in cemented crowns and found 
that, maximal tensile retentive values were recorded at 5°, 
supporting theoretical recommendations. Kaufman et al12 
examined the effects that varying convergence angles (1°, 
5°, 10° 15°, 20°) would have on the retention of full coverage 
crowns. Their results have experimentally demonstrated that 
retention increases as the convergence angle decreases. 
Wilson and Chan6 recommended total occlusal convergence 
angles of between 10° - 20°. They based this on the fact 
that, these angles are achievable in a pre-clinical setting and 
during clinical tooth reduction. These CA should provide 
adequate resistance against dislodgement of restorations 
when coupled with other tooth preparation guidelines.6

A theoretical and clinical investigation of taper by Mack14 
showed in laboratory observations that a minimum taper of 5° 
would need to be achieved to ensure the absence of undercuts 
during preparation, which supported proposed theoretical CA 
recommendations. However, on clinical investigation a mean 
CA of 22° was achieved, showing no correlation to theoretical 
recommendations. He concluded that both the theory and 
practice recommended tapers of 5° are difficult to achieve 
clinically.14

The lack of operator experience is often cited as common 
reason used to explain why undergraduate dental students 
over-taper teeth preparations.20,21 Annerstedt et al.20 
assessed CA values of full crown preparations done on 
anterior, premolars and molar teeth produced by both 
dental students and general practitioners. However, their 
investigation found an average CA value of 21° across all 
preparations types by both dental students and practitioners 
with no correlation to experience between the two groups.20 

Their study was corroborated by a later study conducted by 
Patel et al,21 which established only a 1° difference between 
the mean mesio-distal CA of final year dental students when 
compared to general dental practitioners. Similar earlier 
clinical studies by done by Leempoel et al22 and Nordlander 
et al23 which assessed the CA produced by dentists with 
differing levels of experience, as well as, training and qualified 
prosthodontists. These two studies reported a mean CA for 
tooth preparations that ranged from 12.2° to 20.1° with no 
apparent correlation to the clinicians’ level of education and/
or their experience.22 23

Nordlander et al23 study further showed that ideal preparation 
taper is seldom clinically achieved. A review article by 
Goodacre et al24 that set to identify scientific guidelines for 

tooth preparations concluded that teeth should exhibit a 
convergence angle between 10°-20°.

Currently a significant variation exists within the literature 
on the methods employed to calculate convergence angles 
due to the lack of a standardised research model.25 Studies 
assessing CA used a variety of methods to measure axial 
wall taper and CA. These methods include calibrated 
photography with projection of dies22, 26 projected 
silhouette tracings,21,23,27 microscopic photography,18 3D 
laser scanning28 and 3D CAD optical imaging.13

In this study, 3D CAD image acquisition was utilised for 
its high degree of trueness and precision in dimensional 
replication of the individual tooth preparations.29 A recent 
study by Emir and Ayyildiz29 evaluated the trueness and 
precision of the Sirona inEos X5® and found a trueness 
accuracy of 26.1μm±2.63μm and precision accuracy 
of 26.1μm±1.94μm. This shows that the scanner has 
high accuracy in dimensional replication of the scanned 
object. Following image acquisition, an angle analysis 
from the standardised labial view of each preparation 
using the ImageJ® software was done for each specimen. 
This analysis software was utilised due to its accessibility, 
reliability, ease of use and its potential as a valuable 
educational tool. This was validated by an inter and intra 
reliability confidence interval of = 0.981 - 0.999.

An additional finding in the study was the reduction of 
the mean CA (12.02°) in the 2019 cohort, compared 
to the previous cohorts. A plausible inference for this 
improvement may be the introduction of magnified 
intra-oral crown preparation demonstrations. This was 
conducted using a dental microscope. This differed from 
the 2017 and 2018 cohorts, as previous demonstrations 
were recorded on a video recorder without such a 
high degree of magnification as offered by the use of a 
microscope. Recordings of the preparation procedure 
were accessible to students via the blended learning 
platform Blackboard®. This finding is supported by 
an investigation conducted by Robinson and Lee30 
into the use of magnification in pre-clinical teaching of 
crown preparations for undergraduate students. Their 
study showed that undergraduates produced more 
accurately tapered preparations using microscope 
video magnification as a demonstration and teaching 
aid, compared to students taught via conventional 
methods i.e. without magnification. They concluded that 
the use of magnification improved the undergraduates’ 
understanding of taper preparation by enhancing their 
ability to visualise and evaluate this critical measurement 
during the teaching process.30

CONCLUSION
Objective assessment of convergence angles produced by 
the cohorts of 3 different years of undergraduate students 
demonstrated that the majority of the students were able to 
produce CA within recommended guidelines. A significant 
difference in reduction of CA was found in the 2019 cohort 
of students when compared to the two previous cohorts. 
This may be attributed to enhanced teaching and training 
aids. However, further investigation is required to more 
definitively support this assertion. With the development of 
more accurate technological tools to enhance the teaching 
of dental procedures, it is envisioned that dental schools will 
adopt such technologies in order to enhance and aid the 
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teaching, training and learning of dental procedures, which 
would serve to improve on the quality of dental care that is 
administered by future dental practitioners.
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