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Purpose: The aim of this in vivo study was to evaluate the accuracy of metal-ceramic 
crowns fabricated using computer-aided design/computer-assisted manufacturing 
(CAD/CAM) in conjunction with intraoral digital impressions. Materials and Methods: 
Fifty patients in a general practice participated in the study. Patients were provided 
with crowns fabricated from digital impressions taken with an intraoral chairside 
scanner. Prior to crown insertion, the marginal integrity, esthetics, and occlusal 
and articulation contacts were evaluated using California Dental Association (CDA) 
criteria. The precementation space of the crowns was evaluated with the replica 
technique. Results: No adjustments were needed for any of the interproximal contact 
points. Adjustments of occlusion and articulation contacts were needed in 20% of 
the restorations. Clinical evaluation of the marginal integrity showed satisfactory 
results according to the CDA criteria. The 50 silicone replicas showed a median 
precementation space of 46 µm at the marginal measurement location, 94 µm at 
the midaxial location, and 185 µm at the centro-occlusal location. Conclusions: 
The precementation spaces of the crowns were within the acceptable range for 
CAD/CAM restorations. Int J Prosthodont 2014;27:331–337. doi: 10.11607/ijp.3607

Since the introduction of the first digital scanner for 
dental impressions by Francois Duret in the 1980s, 

a number of manufacturers have created in-office 
dental scanners that are user-friendly and produce 
well-fitting dental restorations.1

Different methods are available to fabricate com-
puter-aided design/computer-assisted manufacture 
(CAD/CAM)-based crowns and fixed partial den-
tures (FPDs). Most common is the optical scanning 
of stone casts to provide digital images for the de-
sign and manufacturing stages. However, this tech-
nique has some of the disadvantages associated with 

conventional impressions, such as patient discomfort, 
distortion of impression materials, and dimensional 
instability. The use of a direct intraoral digital impres-
sion can overcome most of these disadvantages. 

Various CAD/CAM systems are available on the 
market. Two of these systems, CEREC AC Omnicam 
(Sirona Dental Systems) and E4D Dentist (D4D 
Technologies), offer in-office design and milling. Two 
other systems, iTero (Cadent) and Lava Chairside 
Oral Scanner C.O.S. (3M ESPE), produce digital im-
pressions that require design and milling at a dental 
laboratory or commercial milling center. All of these 
systems can be used to produce casts for further pro-
duction of dental restorations.2

Poor marginal fit of a dental restoration increas-
es the risk of biologic complications such as caries 
and gingival irritation.3 Felton et al4 found no signifi-
cant correlation between marginal discrepancy and 
pocket depth; however, there was a correlation be-
tween marginal discrepancy and periodontal param-
eters (eg, Gingival Index and crevicular fluid volume). 
Furthermore, misfit may also affect the retention of 
the crown and reduce longevity.5

Several factors may decrease the accuracy of fit 
between the crown and abutment tooth. The use of 
CAD/CAM technologies may minimize these factors 
compared to traditional impression and crown fabri-
cation procedures. A marginal gap of 26 to 138 µm 
has been reported in the literature for metal-ceramic 
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crowns fabricated using conventional impression 
techniques and traditional framework fabrication 
(lost-wax technique).6–8 Favorable bond strength was 
achieved in conjunction with a cement thickness of 50 
to 100 µm. A marginal gap of 150 µm or more resulted 
in a significantly higher washout of the cement com-
pared to a gap of 25 to 75 µm.9 

Several in vitro and in vivo studies have examined 
the marginal and internal fit of CAD/CAM restora-
tions.10–17 The generally accepted marginal discrepan-
cies for CAD/CAM restorations are between 50 and 
100 µm.11,14 Clinical studies have shown that the ac-
curacy and function of CAD/CAM frameworks are ac-
ceptable,13,16 and the long-term survival rates of CAD/
CAM single-tooth restorations have been shown to be 
comparable to those of conventional restorations.17–19

The majority of studies evaluating dental restora-
tions fabricated from the CEREC system have focused 
on composite resin or ceramic restorations. Bindl and 
Mörmann10 reported a significantly improved mar-
ginal fit for crowns fabricated with the CEREC 2 sys-
tem (207 ± 60 µm) compared to crowns fabricated 
with CEREC 1 (308 ± 95 µm). A marginal gap of 53 to 
105 µm for crowns produced with CEREC 3 has been 
reported.12,15

With the evolution of intraoral scanners, more clini-
cal investigations are needed to determine the clinical 
accuracy of new intraoral digital impression systems in 
combination with CAD/CAM restorations. Therefore, 
the aim of this in vivo study was to evaluate the accu-
racy of metal-ceramic crowns fabricated using CAD/
CAM techniques and intraoral digital impressions. 

Materials and Methods

Fifty patients (32 women, 18 men; mean age: 56.7 years) 
in a general dental practice agreed to participate in 
this study. All patients needed rehabilitation with sin-
gle crowns in the posterior region. Informed consent 
was provided by each participant. The study protocol 
was approved by the regional committees of medical 
and health research ethics (REK-2011/445). The treat-
ment was performed by a specialist in prosthodontics 
according to a standardized protocol. Inclusion crite-
ria were loss of tooth structure, indicating crown ther-
apy in a posterior tooth (premolar or molar); no need 
for additional extended treatment (eg, endodontic or 
periodontal treatment); and acceptable oral hygiene. 

The abutment teeth were prepared for metal-
ceramic crowns. To serve as a finish line, a distinct 
chamfer was prepared using Komet burs (no. 8850 314 
018, Lemgo). The circumferential reduction of tooth 
substance was between 1.2 and 1.5 mm, depending 
on the remaining hard tissue. Occlusal reduction was 
approximately 1.5 mm using Komet burs (no. 8379 314 

023). The retentive surface of the prepared teeth had 
to be at least 4 mm in height with a convergence angle 
of approximately 6 to 18 degrees.18,19

The preparation finish lines were placed at gin-
gival level and did not exceed a subgingival depth 
of 0.5 mm. Before the impression was taken, re-
traction cords of two different sizes  (GingiBraid+,  
Dux Dental) soaked in aluminum chloride (Styptin, 
Dux Dental) were placed with a double cord tech-
nique.20 Scanning of the preparation commenced im-
mediately after removal of the upper retraction cord 
and rinsing and air drying of the prepared tooth. The 
intraoral scanning procedure was performed accord-
ing to the iTeroTM manual.

A provisional restoration was placed on the pre-
pared tooth using Protemp 4 Garant (3M ESPE) and 
cemented with TempBond NE (Kerr).

The completed digital impression data were coded 
and sent via the internet to the Cadent facility and 
dental laboratory. In cooperation with the dental labo-
ratory, a polyurethane master cast was fabricated and 
articulated using the iTero articulator at Straumann’s 
facility in Leipzig, Germany. 

The frameworks of the crowns (Coron) were milled 
(CHIRON FZ08 S, CHIRON Werke) based on the data 
acquired through the digital impression. Coron is a 
cobalt-based nonprecious type 4 dental alloy (ISO 
22674) used for high-melting ceramics. The dental 
laboratory ordered the frameworks using the stan-
dard parameters for Coron milled frameworks, ie, a 
cement gap of 30 µm and a spacer of 60 µm beginning 
0.5 mm above the preparation line. The frameworks 
were veneered with feldspathic porcelain in a dental 
laboratory in Oslo, Norway. 

Clinical Try-in

All clinical procedures were performed by the same 
specialist in prosthodontics. The provisional crowns 
were removed, and the prepared teeth were thor-
oughly cleaned with pumice on a rotating brush. 

At the try-in appointment, prior to the cementation, 
the crowns were seated, and marginal integrity, oc-
clusion and articulation contacts, and interproximal 
contact points were evaluated. The marginal integ-
rity was evaluated using an explorer with a fine tip 
(EPD5658XTS, Hu-Friedy) and classified according to 
the California Dental Association (CDA) quality evalu-
ation system. When applied by standardized examin-
ers, CDA criteria have been found to be precise and 
accurate in the evaluation of dental restorations and 
dental care.21,22 The anatomical form, surface, and 
color of the crowns were evaluated and classified us-
ing CDA criteria. 
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Occlusal contacts between the restoration and 
opposing teeth were recorded in maximum inter-
cuspation and in 3-mm excursion as either pres-
ent or absent using 8-µm occlusion foil (TrollFoil, 
Trollhätteplast). The occlusion contact was classified 
as very hard, obvious, slight, or no occlusal contact 
point. The interproximal contact points were checked 
with dental floss (Reach Dentotape Waxed Floss, 
Johnson & Johnson). The time needed for adjustment 
of the occlusal and interproximal contact points was 
registered separately and classified into three differ-
ent categories: adjustment not needed, adjustment 
time less than 5 minutes, or adjustment time more 
than 5 minutes.

All crowns were cemented with a resin-reinforced 
glass-ionomer luting cement (GC Fuji PLUS, GC 
Europe).

Internal Fit (Replica Technique)

The replica technique described by Boening et al23 
and Molin and Karlsson,24 and validated by Laurent 
et al,25 was used to evaluate the internal fit. Prior to 
any adaptation of the crowns and after evaluating the 
interproximal contact points and marginal integrity, 
the crowns were filled with a low viscous A-silicone 
material (AFFINIS light body, Colténe) and placed on 
the abutment teeth with maximum finger pressure to 
simulate cementation.26 After setting, the impression 
material adhered to the internal aspect of the crowns 
was removed together with the crowns. The thin layer 
of impression material, representing the discrepancy 
between the crown and abutment tooth, was stabi-
lized with a more viscous silicone material in a differ-
ent color (Imprint 3 VPS Quick Step Heavy Body, 3M 
ESPE) to mimic the abutment tooth. After setting, both 
silicone materials were removed in one piece from the 
crown (Fig 1). 

Measuring Technique

All replicas were cut with a razor blade along the 
abutment axis, once in the mesiodistal direction and 
once in the buccolingual direction, into four fragments 
per crown. At each cross section, the following four 
measurements were taken, resulting in 18 data points 
per replica (Figs 2 to 4):

•• The marginal precementation space: the shortest 
distance from the internal surface of the crown to 
the prepared tooth surface close to the finish line of 
the preparation.27

•• The midaxial precementation space: the distance 
between the die and inner surface of the crown in 
the middle of the axial wall.28

•• The centro-occlusal precementation space: only 
measured after the first cut (mesiodistal), resulting 
in two measurements per replica, one measure-
ment for each piece.28

All analyses of the replicas were performed by one 
author, who was not involved in either the clinical 
treatment or try-in. Prior to the measurements, the 
cross sections were mounted on needles in a plaster 
block and adjusted horizontally to the microscope’s 
plate to achieve a vertical observation angle.

Replica film thickness was measured under a mi-
croscope (Leica) at ×25 magnification with an ex-
ternal light source (Olympus Europe Highlight 2001, 
Olympus Optical). The microscope was connected to 
a digital camera (Olympus DP50), and the software 
program CELLB 2.6 (Build 1175, Olympus Soft Imaging 
Solutions) was used for measurement. The measuring 
instruments were calibrated at regular intervals.

Statistical Analysis

Replica data were tabulated and analyzed using SPSS 
16.0 software (SPSS). Correlations were calculated 
using the Student t test for paired samples. A P value 
< .05 was considered statistically significant.

To evaluate the intrapersonal reliability within space 
measurements, the intraclass correlation coefficient 
(ICC) was determined. The ICC describes the preci-
sion of the measurements by comparing each mea-
sured space in one of the replicas with its mirror in 
the other part of the same replica. The closer the ICC 
is to 1, the more similar the measurements. An ICC of 
0.75 or above is usually considered to be good. An ICC 
above 0.9 is considered to be excellent.

Fig 1    Occlusal view of an unsectioned silicone replica.
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Results

For the 50 patients in this study, 47 quadrant scans 
and 3 extended scans were produced.

Clinical Try-in

At the clinical try-in, all examined crowns were evalu-
ated in terms of marginal integrity, surface quality, 

color, and anatomical form according to CDA classi-
fication. All crowns were rated as satisfactory overall 
(R or S ratings). 

None of the restorations had to be adjusted at the 
interproximal contact points.

Forty crowns (80%) showed perfect fit in occlusion 
and articulation contacts, and only 10 crowns (20%) 
had to be adjusted. The time needed for adjustment 
was less than 5 minutes for each crown. 

Fig 3    Measuring locations after the first cut of the replica.  
L = lingual; B = buccal; M = mesial; D = distal.

Fig 4    Measuring locations after the second cut of the replica.  
L = lingual; B = buccal; M = mesial; D = distal.
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Internal Fit

A total of 900 measurement points (50 patients × 
18 points) were checked. The lowest mean and me-
dian values were found at the marginal location, with 
a mean of 46 µm (SD: 24) and a median of 46 µm. 
The mean width at the midaxial location was 102 µm  
(SD: 40), with a median value of 94 µm. For the centro-
occlusal location, a mean value of 198 µm (SD: 68) 
and median value of 185 µm were found (Fig 5).

The largest value for the marginal location was ob-
served for the distal surface, with a median value of 
77 µm. The lowest value was observed for the lingual 
surface, with a median value of 57 µm. The largest av-
erage marginal space was found at the distal surface, 
and the lowest average space was found at the buccal 
surface (Fig 6).

There was a significant difference between me-
sial and distal surfaces (P = .044), distal and buccal 
surfaces (P = .011), and distal and lingual surfaces  
(P = .038).

No systematic discrepancies of the marginal pre-
cementation space correlated to individual abutment 
tooth types (eg, premolars) were observed. 

The intrapersonal reliability test revealed no sig-
nificant differences. The intraclass correlation coef-
ficients (ICC) was ≥ 0.8 in all cases, indicating that the 
accuracy of the measurements was good to excellent 
(Table 1).

Discussion

The marginal precementation spaces for the metal-
ceramic crowns, with mean and median values of  
46 µm, were found to be equivalent or smaller than 

those reported in other studies evaluating digital im-
pression systems. Syrek et al19 examined all-ceramic 
crowns (alumina) fabricated from intraoral digital im-
pressions as well as crowns fabricated from conven-
tional silicone impressions. They found a significantly 
better marginal fit for the crowns produced from in-
traoral scans (median: 49 µm) compared to those pro-
duced with conventional impressions (median: 71 µm). 
A recent clinical study of zirconia crowns reported a 
median marginal gap of 38 µm.29 Tsitrou et al12 found 
a mean marginal gap of 91 to 105 µm for ceramic 
crowns produced with the CEREC 3 system. All of 
these studies used a replica technique similar to that 
applied in this study. The silicone replica technique 
allows three-dimensional evaluation of the space be-
tween the crown and abutment tooth. The marginal 
gap cannot be evaluated as precisely with an explorer 
as with the silicone replica technique, particularly at 
the interproximal and subgingival areas.19 

The shortcomings of the replica technique may in-
clude defects in the silicone impression at the mea-
suring points and the precision of the measuring 
procedure. However, all impression replicas in this 
study were checked under dental loupes, and new 
replicas were made before cementation if any possible 

Fig 5    Measurements of the precementation spaces and 
comparison between the different localizations (boxplot with 
whiskers). The numbers within the boxplot indicate the case 
numbers.
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Fig 6    Comparison between the different tooth surfaces at the 
marginal measuring location. The numbers within the boxplot 
indicate the case numbers. 

Table 1    Intraclass Correlation Coefficients 

Marginal location Midaxial location

First cut  
(mesiodistal)

BM1–LM1
BD1–LD1

0.80
0.84

BM2–LM2
BD2–LD2

0.94
0.81

Second cut  
(buccolingual)

BM1–BD1
LM1–LD1

0.91
0.80

BM2–BD2
LM2–LD2

0.86
0.91

L = lingual; B = buccal; M = mesial; D = distal.
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errors were detected. All measurements for the intra-
personal reliability test were collected separately and 
not analyzed until all measurements were assembled.

The Coron crowns ordered by the dental laboratory 
had the standard specifications, with a cement gap 
of 30 µm and a spacer thickness of 60 µm, beginning 
0.5 mm above the margin of the preparation line. In 
the present study, the median marginal space was  
46 µm, resulting in a difference of 16 µm from the 
cement gap ordered by the dental laboratory. The 
midaxial discrepancy showed the closest value to 
the standard parameter, with a median of 94 µm. The 
range of the measured spaces was widest at the oc-
clusal location A significantly larger marginal space 
was observed at the distal location.

The observed differences likely result from a com-
bination of factors. First, there may be inaccuracies 
in the digital models created from the digital impres-
sions.30–32 Another factor may be the shape of the bur 
related to the bur accessibility in the copings during 
milling. The manual veneering of the Coron frame-
works by a dental technician may also have influenced 
the results. In vitro studies comparing the marginal 
adaptation of crowns with different veneering tech-
niques demonstrated a significantly smaller mean 
marginal gap for pressed porcelain restorations with 
a metal substructure compared to traditional metal-
ceramic restorations fabricated from feldspathic 
porcelain.33,34   

Ender and Mehl31 reported distortions in the distal 
part of conventional full-arch impressions made using 
polyvinyl siloxane. It is unlikely that the difference be-
tween the mesial and distal marginal gap is caused by 
an incorrect digital scan. The software for the digital 
scanner used in the present study will not produce a 
complete digital model of the abutment teeth if the 
image of the distal surface shows defects. The op-
erator will, if necessary, be given the opportunity to 
adjust the incorrect scan of the preparation line. The 
minimal time needed for adaptation of the crowns  
(< 5 minutes for each of the 10 crowns requiring ad-
justment), indicates the accuracy of the digital models. 

Precise abutment tooth preparation is very impor-
tant for CAD/CAM restorations. The restorations can 
be optimally milled only when the tooth preparation 
provides a smooth, flowing surface with no sharp an-
gles. The goal is to achieve a shoulder and/or chamfer 
margin with rounded internal angles, thus facilitating 
accuracy of the digital imaging and milling proce-
dures.35 Previous studies have investigated the con-
vergence angle and digitally defined cement space 
for CAD/CAM frameworks fabricated from either an 
intraoral scanning system or scanned casts.15,36 The 
findings were in contrast to each other. For the frame-
works fabricated from an intraoral scanning system, 

good fit was achieved when the luting space was set 
to a defined value regardless of the occlusal conver-
gence angle of the abutment.15 For the frameworks 
fabricated from scanned casts, the internal spaces 
decreased as the convergence angles of the abut-
ments increased.36

In the present study, the convergence angles of the 
prepared abutment teeth varied between 6 and 18 
degrees according to the remaining tooth substance. 
More in vitro studies are needed to investigate the ef-
fect of the convergence angle on the internal fit of 
crowns fabricated using digital impression systems. 

CAD/CAM framework fabrication will eliminate 
some sources of error compared to the traditional 
lost-wax fabrication procedure by increasing both the 
accuracy and quality of the restoration. In an in vitro 
study, Ortorp et al37 compared different methods for 
the fabrication of three-unit cobalt-chromium (Co-Cr) 
FPDs: the conventional lost-wax technique, milled wax 
in combination with the lost-wax technique, milled 
Co-Cr, and direct laser metal sintering. The metal sin-
tering technique was found to be favorable. 

Only milled Co-Cr crowns generated from the digi-
tal impression system were examined in this study. 
However, several other studies have examined the 
marginal and internal fit of crowns fabricated using 
conventional impression techniques7,19 and crowns 
fabricated with digital impression techniques.1,12,19,29 

Different digital acquisition technologies may lead 
to different levels of precision during scanning; stud-
ies of this issue are needed and should preferably be 
performed in combination with different digital frame-
work fabrication methods. The cost and time benefits 
of using intraoral digital impression scanners are not 
discussed in the present study; further studies related 
to this issue are also needed.

Conclusions  

Within the limitations of this study, the marginal spac-
es of the crowns evaluated were found to be within 
the acceptable range for CAD/CAM restorations.
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