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Abstract 
 
Background: Cobalt-chrome (CoCr) alloys have been used in dentistry in decades but very 
little is known about their behavior and biological impact as framework materials in implant 
dentistry. Furthermore, few studies have evaluated and compared the clinical and radiological 
results of abutment and abutment-free implant treatment concepts. Aims: To investigate in 
vitro CoCr and commercially pure (CP) titanium frameworks regarding precision of fit, 
estimated material degradation and possible adverse cellular responses. In addition, to 
retrospectively evaluate the clinical and radiological five-year outcome of abutment-free 
porcelain-veneered CoCr prostheses compared to acrylic-veneered CP titanium prostheses, 
with or without abutments. Materials and methods: Paper I. Two groups of cast, sectioned 
and laser-welded frameworks were fabricated, either in a CoCr alloy or in CP titanium. A 
third group comprised computer numeric controlled (CNC) milled CP titanium frameworks. 
Measurements of fit were performed with a coordinate measuring machine. Paper II. Ion 
leakage from titanium implants, CoCr and CP titanium framework sections into artificial 
saliva was observed with mass spectrometry. Surface structures were registered with optical 
interferometry. Paper III. Viability of epithelial cells and fibroblasts cultured on CoCr and 
titanium specimens were evaluated with the Alamar Blue™ method. Specimen surface 
structures were registered with optical interferometry and cell morphology observed with 
SEM. Paper IV. A test group (n=40) comprised of patients treated with prostheses made at 
implant level in dental-porcelain veneered CoCr alloy (n=15) or acrylic-veneered CP titanium 
(n=25). A control group (n=40) was provided with prostheses made at abutment level, in 
acrylic-veneered CNC-milled CP titanium. Clinical and radiological five-year data were 
evaluated. Results: Paper I.  The transversal width decreased in CoCr frameworks, but 
increased in both groups of titanium frameworks. Less vertical distortions were present in the 
CNC-milled frameworks compared to the two other groups. Paper II. Significantly more 
cobalt ion leaked than titanium and chrome ions. Both framework sections and implants 
roughened after saliva exposure. Paper III. Both cell groups were more viable on titanium 
than on CoCr surfaces. The CoCr surfaces had a lower height deviation but were denser than 
the CP titanium surfaces. No major deviations from normal cell morphology were present. 
Paper IV. No significant differences in implant cumulative survival rates were demonstrated 
between the test and control groups after five years in function (98.6% and 97.6%, 
respectively). No major differences in bone levels were demonstrated. Mucositis and veneer 
fracture were the most common complications in all groups. Conclusions: None of the 
frameworks presented a perfect, completely “passive fit”. There were indications of active 
corrosive processes for both implants and framework materials. Epithelial cells and 
fibroblasts preferred titanium to CoCr surfaces. The clinical outcomes of implant level 
prostheses made of porcelain-veneered CoCr or acrylic-veneered titanium seem comparable 
to acrylic-veneered titanium prostheses made at abutment level.  
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INTRODUCTION 
 
BACKGROUND 
 
   Modern oral implantology started in the late 1960s when Per-Ingvar Brånemark and his 
group presented positive results from animal studies with screw-shaped titanium implants.[1] 
At the time, implants were generally regarded with some suspicion, both by clinicians and the 
academic community. The clinical outcomes of early blade and subperiostal implants are 
debatable, but even today they have their supporters.[2-7]  
    Different implant concepts were described during the 1970s, starting with titanium plasma 
spray implants proposed by André Shroeder and co-workers.[8] Schulte and colleagues later 
described alumina implants, followed some years later by titanium implants with a different 
shape from the Shroeder model.[8, 9] Several arguments in the 1970s claimed that direct 
contact between bone and an implant required the implant to be ceramic.[10] In fact, a 10 µm 
oxide layer immediately covers the surface of titanium when it comes into contact with air[11], 
making the titanium implant surface become ceramic.[12, 13] 

   In 1977, the Brånemark group demonstrated favorable data on their “osseointegrated 
implants” from ten-year treatment studies in humans.[14] In 1981, Albrektsson et al proposed a 
set of criteria for successful treatment outcomes[12] and a year later, osseointegrated implants 
found international acceptance at the Toronto conference.[13] At that time, positive long-term 
results had then been presented, principally from totally edentulous patients.[15] Since then, 
numerous studies have reported various brands of implants and treatment concepts, both for 
the partially and totally edentulous jaw.[16-24] Even so, the criteria and requirements suggested 
in the 1980s[12, 25] have been challenged. Today, indications are that implants of hydroxyl 
apatite, titanium alloys, tantalum and niobium can integrate with the bone[26-28] and 
moderately rough implant surfaces have been shown to deliver better clinical outcomes 
compared to the earlier, common and smoother (Brånemark) or rougher (Shroeder) 
surfaces.[29-31]  
   Surgical protocols have also changed, and several methods to compensate for sparse bone 
volumes have been presented.[32, 33] Among these are sinus lifts with bone grafts or synthetic 
bone substitutes as well as distraction techniques and nerve transpositions.[33-37] It has further 
been demonstrated that drilling followed by tapping, as recommended earlier, is not necessary 
in poor quality bone and in addition, self-tapping implants are available.[38-43] Over the years, 
patient selection criteria have changed and total edentulism can now be treated with implant-
supported prostheses even at advanced ages.[44]  
   At present, more than 200 companies market and promote dental implants, but many of 
these implants and related treatment protocols are poorly documented. Four leading implant 
companies (Nobel Biocare, Straumann®, Biomet-3i and Astra Tech) have recently released 
new products and concepts such as Nobel Active™, Nobel Speedy™, SLActive, Nanotite™, 
Certain® Prevail® and Osseo Speed™. These products reached the market with sparse long-
term documentation. On the other hand, unlike the first decades of modern implant dentistry, 
implant components of today have a short life-time and when long-term follow-up studies are 
eventually published, the components may no longer be available on the market.[45]  
   In this context, it must be remembered that success, or at least survival, in implant treatment 
stresses the entire chain from component fabrication to prosthesis delivery. Each step from 
initial planning and reliable surgical procedures, to a trustworthy prosthodontic protocol using 
biocompatible and durable materials will influence the long-term prognosis.  
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MATERIALS FOR IMPLANT-SUPPORTED PROSTHESES 
 
   The most frequently used materials for implant-supported frameworks are metal alloys. Pure 
metals such as gold and platinum foil do exist in dentistry but alloys, i.e. mixtures of two or 
more metals, or one or more metals with a non-metal, are by far more common.[11, 46, 47] To 
reduce costs, a number of alternatives to gold have been presented, including high-noble as 
well as base-metal alloys and titanium, both commercially pure (CP) and titanium alloys.[48-51]    
The experiences of other areas of prosthetic dentistry are usually the sources for these 
suggestions. Base-metal alloys such as nickel-chrome for dental supported prosthetic 
frameworks have been used for decades in the United States.[52] In Scandinavia on the other 
hand, there is resistance against base-metal alloys in fixed prosthodontics, mainly because of 
the well documented risks for hypersensitivity, especially to nickel.[53-57] In fact, until 1999 
fixed teeth-supported base-metal alloy prostheses were not allowed for permanent use in 
Sweden. Partly because of that, this part of the world has focused on titanium. Recently 
however, there appears to be renewed interest in cobalt-chrome alloys, mainly due to their 
favorable mechanical properties and positive esthetic outcome when the frameworks are 
covered with dental porcelain.[58] 
 
Cobalt-chrome alloys 
 
   Cobalt-chrome alloys have many applications in medicine, e.g. in coronary stents, for 
intervertebral disc replacement and in knee and hip arthroplasty.[59-61] In dentistry, cobalt-
chrome alloys have been used since 1929, mainly for frameworks in removable partial 
dentures but in the last decades also in resin-bonded partial prostheses.[62-64] Although the 
hard metals cobalt and chrome dominate, many other elements are added to the alloy in order 
to obtain desirable properties. A common cobalt-chrome alloy, Wirobond® C (BEGO Bremer 
Goldschlägerei Wilh. Herbst GmbH & Co, Bremen, Germany), has the following chemical 
composition, according to the manufacturer: Co 63.3, Cr 24.8, W 5.3, Mo 5.1, Si <1, Fe <1, 
Ce <1, C <0.02 (weight as a percentage).[65] 
 

Table 1  Material properties for Wirobond C, commercially pure titanium grade 1-4 (CP Ti 1-4) and gold-alloy 
type IV. Adapted from reference [11, 65-67].   

  Wirobond C CP Ti 1 CP Ti 2 CP Ti 3 CP Ti 4 Gold-alloy 
type IV 

Density [g/cm³] 8.5 ca. 4.5 ca. 4.5 ca. 4.5 ca. 4.5 >15* 

Modulus of 
elasticity [GPa] ca. 210 ca. 117 ca. 117 ca. 117 ca. 117 ca. 100 

Tensile strength 
[MPa] 720 240 340 450 540 750 

Vickers Hardness 
HV  310 140 170 190 310 200 

     
      * Depending on chemical composition. 
 
 
   The corrosion resistance is regarded as excellent, due to the adherent layer of chrome-based 
oxides on the surface that creates a passivating effect.[68, 69] Minor elements are generally 
added to improve the castability, handling and mechanical properties (Table 1).[64, 69] For 
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example, carbon effects ductility, hardness and strength, but too much carbon decreases the 
ductility and increases the brittleness and risk of fracture.[69] In addition, tungsten helps to 
increase the corrosion resistance.[70] Cobalt-chrome alloys have the highest melting ranges of 
all casting alloys apart from titanium alloys, and manipulation at the laboratory such as 
casting, adjustment and polishing is difficult and time-consuming.[47, 69] 
   Cobalt-chrome alloys for implant-supported frameworks have been used for many years,[48] 

yet studies on the clinical performance of these frameworks are rare.[14, 48, 71] In 1991, 
Hulterström and Nilsson demonstrated different methods of connecting gold cylinders to 
cobalt-chrome frameworks in order to compensate for casting distortions.[48] Helldén et al. 
reported on cobalt-chrome alloys in connection to the Cresco™ method.[71] Both studies 
discussed the methods rather than the material.[48, 71] 

  
Titanium  
 
   Commercially pure titanium grade 1-4 (Table 2) and Ti6Al4V (grade 5) are used in 
biomedical applications, [66] due to their excellent biocompatibility, high corrosion resistance, 
good mechanical properties and low thermal conductivity.[72-76] So, they are an alternative to 
conventional dental alloys for endodontic files; implants; surgical plates and screws; 
orthodontic wires and brackets; crowns; and prosthetic frameworks.[14, 25, 76-80] The mechanical 
properties of CP titanium (Table 1) are very influenced by minor interstitial dissolved 
elements such as iron, nitrogen, oxygen and carbon.[11, 66, 74] If titanium sponge is mixed with 
titanium scraps during the melting process, the oxygen and iron content increases, hardening 
the titanium.[11, 66, 74] An increase in nitrogen and oxygen content improves the tensile 
strength, but decreases the ductility and brittleness.[11, 74]  
  

Table 2  Chemical composition (wt%) of pure titanium grade 1-4. Adapted 
from references [11, 66, 67]. 
Alloy grade N (max)  C (max)  H (max)  O (max)  Fe (max) Ti 
Grade 1 0.03 0.10 0.015 0.18 0.20 99.48 
Grade 2 0.03 0.10 0.015 0.25 0.30 99.31 
Grade 3 0.05 0.10 0.015 0.35 0.30 99.19 
Grade 4 0.05 0.10 0.015 0.40 0.50 98.94 

  
 
   Apart from reducing costs, it has been argued as positive to minimize the number and 
mixture of metals intra-orally.[81, 82] Thus, CP titanium has become popular for implant 
retained prosthesis frameworks. Conventional dental soldering or brazing methods cannot be 
used for titanium because of its high melting point (1668°C) and extremely high reactivity 
with surrounding elements at high temperatures.[11, 74, 75, 83] Titanium casting is also 
problematic, with demonstrated risks of gas absorption, porosities and surface 
contaminations.[84-86] During cooling, a hardened reaction face, often called α-case, develops 
and impedes veneering procedures.[11, 87] The low density, 4.51 g/cm3, makes it flow less 
easily than noble alloys and its extreme reactivity at high temperatures makes it necessary to 
protect the melting chamber either by filling it with an inert gas, usually argon, or by keeping 
it in a vacuum.[11, 88, 89] 
   At 885°C, CP titanium transforms from a hexagonal α phase to a body-centered cubic 
crystal structure (β phase).[11] The structural change from α to β phase affects the ability to 
fuse dental porcelain to the metal surface. So, dental porcelain is fired with titanium at 
temperatures below 800°C.[11]  
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Gold alloys 
 
   In 1985, the Brånemark group presented their definition of “state of the art for the totally 
edentulous jaw”: an acrylic-veneered gold framework with resin teeth.[25] In many ways, the 
long-established model of dental supported fixed prostheses was imitated.[90, 91] Among 
others, Adell et al. have presented favorable clinical results from this concept.[15] In dentistry, 
gold alloys type III or IV are commonly used for resin-veneered prostheses.[11] According to 
the ISO/DIS1562 standard, they can be described as: 
-   Type III - High strength, for onlays, thin copings, pontics, crowns and saddles; 
-   Type IV – Extra-high strength, for saddles, bars, clasps, thimbles, single units and partial 
denture frameworks (Table 1).[11] 
   The original metal-ceramic alloys presented some 50 years ago contained about 90% gold 
with added platinum and palladium. Unfortunately, they were to soft for fixed dentures and 
there were reports of porcelain veneer detaching from the metal alloy framework.[11] By 
adding less than one percent of surface oxide-forming elements such as iron, tin or iridium to 
the alloy, a much stronger porcelain-metal bonding strength was achieved.[11, 92]  
 
All-ceramics 
 
   As in teeth-supported prosthodontics, interest for all-ceramic solutions has recently 
increased in implant prosthodontics. In particular, oxidic ceramics such as alumina and 
zirconia have been in focus, mainly because of their mechanical strength.[92, 93] However, 
there is limited long-term documentation, especially for larger prostheses. Larsson et al. 
demonstrated a high frequency of porcelain superficial fractures (32%) after one year in all-
ceramic two- to five-unit zirconia implant-supported reconstructions, but observed a 
significant difference between the two studied brands.[94] Vult von Steyern et al. compared 
loading on abutment-teeth and dental implants to support all-ceramic fixed partial dentures in 
vitro.[95] They suggested decreased strain and stress levels in the prosthesis when loaded on 
implants in comparison to natural teeth.[95] In a review of five-year survival for implant-
supported single-crowns, Jung et al. found a 95.4%, survival rate for implant-supported metal-
ceramic crowns, significantly better than the 91.2% survival rate of all-ceramic crowns.[96] A 
review of five-year survival, however, suggested that implant abutments performed 
comparably, whether or not they were made of ceramic or metal.[97]  
 
Fiber-reinforced frameworks  
 
   Carbon/graphite fiber-reinforced poly-methyl methacrylate frameworks have been presented 
as a low-budget alternative to gold frameworks.[98, 99] Although Bergendal et al. demonstrated 
a high frequency of framework fractures[98], reports on enhanced in-vitro performance have 
recently been published.[100-103]  
 
Occlusal materials 
 
   In the first animal studies, both gold and cobalt-chrome alloys were used for implant-
retained frameworks[1, 104] and the first patient treatments with these materials together with 
veneers in acrylic and in porcelain were described in 1977.[14] One of the initial reasons for 
suggesting acrylic-veneers on gold frameworks was a perceived need for a shock-absorbing 
construction, thus not overloading the peri-implant bone by occlusal forces.[105] However, it 
was later demonstrated that the choice of occlusal material – acrylic, porcelain or gold, do not 
have an impact on the forces generated on the implants.[106, 107] Today, both acrylic- and 
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porcelain-veneers are used together with several alloys. Ceramic veneered high noble and 
base metal alloys such as nickel-chrome and cobalt-chrome alloys have successfully been 
used in dental supported fixed prosthodontics for decades.[64] Studies on titanium-ceramic 
restorative systems are few but in a recent review, Haag and Nilner reported early problems 
with porcelain chipping, even if this has become less of a problem as technical experience has 
increased.[87] 

   There are few reports on how well these metal-ceramic materials perform in implant 
dentistry.[81, 82, 108] In a multicenter study, Jemt et al. evaluated laser welded porcelain-
veneered titanium prostheses and conventional porcelain-veneered high-noble frameworks in 
the partial edentulous jaw.[108] The outcomes were similar for the two groups, except for a 
tendency towards a higher frequency of porcelain chipping in the titanium group.[108] Table 3 
briefly describes some general advantages and disadvantages with three common metal-
ceramic concepts.[92] Even though the metal cost is low for cobalt-chrome and CP titanium 
frameworks, the dental laboratory costs are high, especially for CP titanium. 
 

Table 3 Comparative properties of alloys for metal-ceramic 
prostheses. CoCr = cobalt-chrome alloy, CP Ti = commercially pure 
titanium. Adapted from reference [92]. 

Property High noble 
alloy CoCr CP Ti 

Sag resistance Poor to 
excellent 

Excellent Good 

Technique 
sensitivity Minimal 

Moderately 
high 

Extremely 
high 

Bond to porcelain Excellent Fair Fair 

Metal cost High  Low Low 

 
 
FABRICATION OF IMPLANT-SUPPORTED FRAMEWORKS 
 
   Metals and metal alloys predominate among the materials used for implant-supported 
frameworks. Several techniques have been presented, including casting procedures; laser-
welding of pre-fabricated framework sections; casting, sectioning and laser-welding 
techniques, and different milling procedures.[88, 89, 109-116] Recently, a sintering-milling 
procedure for cobalt-chrome frameworks, (I Bridge® 2, Biomain, Helsingborg, Sweden), has 
been presented. No study has demonstrated results from this concept. 
 
Casting 
 
   The lost wax technique for fabrication of metal castings was probably first described by the 
ancient Egyptians. In 1907, the concept was introduced in dentistry by Taggart for full-veneer 
crowns[117] and soon became popular in this field. When the modern implant concept was later 
introduced, the technique was modified to suit the new prerequisites.[15, 91] The castability is 
influenced by a number of factors such as the density of the metal or alloy, the direction of the 
casting forces, differences between casting machines, mold and casting temperatures and 
casting investments.[11, 118-124] But even if everything goes according to plan, the cooling phase 
of the metal casting procedure inevitably results in contraction of a horse-shoe formed 
framework and thus distortion, and consequently discrepancies between the final prosthesis 
and the implants.[49, 85, 125, 126] The greater the curve of the framework and the more alloy used, 
the greater the distortion.[11, 111, 127] 
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The Procera® concept 
 
   Since the introduction of the Procera concept (Nobel Biocare, Göteborg, Sweden) in the 
1980s, four generations of titanium frameworks have been described.[110] Briefly, the first 
construction consisted of pre-fabricated cylinders mounted on a master cast. After 
customization, the cylinders were joined to a horizontal bar with holes for the cylinders, using 
a laser-welding technique.[109, 115] However, problems were reported with hygienic procedures 
due to a somewhat bulky design.[109, 110] 
   The second generation consisted of pre-fabricated cylinders and components in different 
configurations mounted on a master cast ground to the same level.[109, 110] Next, a horizontal 
bar was laser-welded to these components and after adjustment, resin was wrapped to the 
framework and resin teeth put into place, as with the first generation.[110] Still, these 
prostheses also became bulky, and distortion problems have also been demonstrated.[109, 111] 
   In the third generation of the Procera concept, individually shaped components, instead of 
the earlier pre-fabricated, were made for each abutment replica on the master cast and were 
laser-welded together after adjustments.[110, 136, 137] Resin or porcelain teeth were then baked or 
fused to the framework.[110, 138] The design became less bulky, but due to the excessive 
grinding procedures the technique was time-consuming.[66] In a ten-year follow-up study, 
Örtorp and Jemt demonstrated a higher incidence of porcelain chipping with this third 
generation of Procera titanium bridges in comparison to similar gold partial prostheses.[81] 
   By means of a milling-technique (see below), the fourth generation of the Procera 
frameworks have been developed and seem to be successful.[110, 116, 139] 
 
The Cresco™ method  
 
    The Cresco method (Astra Tech AB, Mölndal, Sweden) is based to a certain extent on the 
same principles as an earlier procedure for fabricating laser-welded titanium frameworks.[109-

111] The method presents a way of fabricating a cast metal framework (originally made of 
titanium) for fixed implant-supported prostheses, to eliminate the unavoidable distortions 
created during framework casting (Figure 2).  
   In this technique, the cast framework is first horizontally sectioned. Thereafter, new pre-
machined or cast cylinders are mounted on a master cast and coronal surfaces of the cylinders 
are cut in the same horizontal plane as the lower surface of the framework. Finally, the 
framework is attached by a laser-welding technique to the cylinders.[113, 114] Several reports on 
the experimental and clinical outcomes of the Cresco method demonstrate good clinical 
performance, both with cobalt-chrome alloys and CP titanium frameworks.[71, 112-114, 140-142] 

 

Milling techniques 
  
   It is possible to use CAD/CAM systems for milling both in the dental laboratory (metals, 
alloys, polymers and ceramics) and chairside (polymers and ceramics).[66, 143] Indirect 
techniques involving scanning a plaster model are most common but direct techniques with 
optical intra-oral impressions for onlays, crowns, veneers and long-term provisional bridges 
exist.[143] When it comes to an entire implant framework with integrated cylinders, centers 
with industrial computer numeric control (CNC) milling machines are used. The dental 
technician fabricates a resin pattern and lets a laser scan it. A coordinate-measuring machine 
(CMM) collects information on the positions of the implant replicas in the master cast and a 
computer collects the data. Finally, a framework is milled in one piece. This technique can be 
used for metals and alloys, as well as for ceramics.[66]  
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alloy is sintered by the mean of a laser to a solid mass. Thereafter, the framework-to-be is 
adjusted through a milling and grinding process to the suitable dimensions.  
    
 
PRECISION OF FIT 
 
Impact of misfit 
 
   The importance of precision of fit has been disputed for a long time and from many 
standpoints, and biological and technological consequences have been discussed. A perfect 
fit, according to Patterson’s definition with mating surfaces in 100% contact[146], does not 
seem realistic. Gaps up to 150 µm between framework and abutment/implant have been 
regarded as acceptable.[111, 147, 148] But even though guidelines for an acceptable degree of 
misfit are unavailable, it seems reasonable to try to achieve minimal misfit. Misfit introduces 
strain and tension to the prosthesis and the peri-implant marginal bone and may increase the 
risk for complications.[149-151] Taylor at al. suggested connections between misfit and 
mechanical complications,[152] although Wee et al. argued that although theoretically possible, 
scientific evidence was lacking for a connection between misfit and mechanical 
complications.[153] Furthermore, it is not known what constitutes acceptable misfit.[154, 155] 
There are many steps on fabrication before an implant-supported prosthesis can be connected 
to the implants, and every one of these affects the final fit.[49, 85, 125, 156-160]  
 
Implant components 
 
   Machining tolerance among the different implant system components leads to unavoidable 
gaps.[159, 161] For example, the discrepancy between impression copings and implants or 
abutments can be as large as 100 µm.[159] As long as the implants are placed in parallel, 
horizontal displacements can be compensated to some degree by the machining tolerance of 
the implant components.[111] Today, when an increasing number of patients request implant 
rehabilitation, it is not always possible to fulfill the precondition of placing all implants in 
parallel, as previously recommended.[25]  
 
Impression materials and dental stone 
 
   Distortion in the impression materials and expansion of dental stone during setting takes 
place.[11, 156-158, 160] In an in vitro study, a plaster impression material tended to expand the 
implant arch whereas a polyether material seemed to reduce the arch.[162] Other reports have 
come to similar conclusions.[157, 163] Dental stone can expand up to 0.5% and among other 
factors, the setting expansion is influenced by the water/powder ratio.[11] In an attempt to 
avoid the problems with impression distortions and dental stone expansion the 
photogrammetric technique has been introduced.[127, 147, 162, 164, 165] With the use of parallel 
mirrors 3-D registrations of the implant position are made possible. In comparison to the two 
mentioned impression methods, photogrammetric technique has been reported to give an 
equal precision.[162] Yet, a digital technique as photogrammetry requests a digital framework 
fabrication method such as CNC-milling.[162] 
 
Casting procedures 
 
   Conventional casting procedures for alloy frameworks unavoidably result in misfits between 
the frameworks and the implants owing to distortion.[85, 125, 126] One way to handle this 
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problem is to cut a cast framework and solder/braze it together. But soldering per se may 
increase the misfit.[166, 167] Laser-welding of prefabricated titanium components, CAD/CAM 
procedures, and spark erosion or machine milling processes are among the alternative 
methods proposed.[168-170] However, because of solidification and thermal shrinkage, laser-
welding can result in distortions as well.[171] 
 
Misfit measurements 
 
   Different misfit measuring and evaluation concepts have been developed, including direct 
vision, finger pressure, tactile sensation, one screw test, screw resistance test and radiographic 
methods.[172, 173] Other methods include optical observation with microscopes, and evaluation 
of the thickness of light body impression materials syringed between the mating components 
before prosthesis placement.[49, 126, 174-176] Further, measurement of screw-joint loosening has 
been demonstrated[141, 177-179] and several computer-supported techniques have been 
developed, both with stylus, laser and photogrammetric techniques.[127, 147, 165, 180, 181] A 
multicenter-study of these latter methods regarded them as clinical valuable, although only 
photogrammetry can be used intraorally.[165] It has further been suggested that strain gauges 
should be utilized to objectively test misfit.[182] Yet, according to Smedberg et al. the strain-
gauge technique is an indirect way to measure misfit since it registers stress and preload in a 
screw-joint area.[183] 
 
Misfit comparisons 
 
   Örtorp et al. evaluated CNC-milled titanium frameworks, and concluded that these 
frameworks, milled from one piece of titanium, have a better fit than traditional, individually 
cast gold alloy frameworks.[184] However, these titanium frameworks were fabricated from 
one and the same replica, and variations in fit between frameworks made from different 
master models were not analyzed. In contrast, al-Fadda et al.[185] studied CNC-milled titanium 
frameworks, fabricated on individual models, in comparison to cast frameworks in a silver-
palladium alloy.[185] The fit of the CNC-milled frameworks was better than for the cast 
frameworks, but not as good as the fit of the CNC-milled frameworks described by Örtorp 
and colleagues[184]  
   Eliasson et al. reported on CNC-milled titanium frameworks made by two different 
methods, the Procera Implant Bridge and I-bridge[186] Signs of misfit were demonstrated in all 
evaluated frameworks but were regarded as clinically acceptable.[186] Schmitt et al. compared 
the screw-joint stability of bars for mandibular over-dentures.[187] They concluded that bars 
passivated according to the Cresco method did not show superiority compared to 
conventionally cast bars.[187] Yet, the comparison can be questioned since pre-fabricated 
components in the implant connection zone were used in the conventional bars but cast 
components were used in the Cresco-bars. 
 
Biological impact of misfit 
 
   There is no consensus on the biological effects of misfit between framework and 
implant/abutment. Adverse tissue reactions such as bone loss and loss of integration have 
been suggested together with symptoms such as pain.[173] Another study reported bone 
remodeling when rabbit tibia implants were put under strain, but no signs of implant 
failure.[188] In an animal study, Hermann et al. reported an increase in bone resorption when 
the microgap caused by misfit between implant and framework was below the bone crest in 
comparison to more coronal levels.[189, 190] But these results are disputed, and in a clinical 
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study in 1996 Jemt and Book found no correlation between misfit and peri-implant marginal 
bone loss.[164] More recently, Heijdenrijk et al. reported that a microgap at the crestal level in 
two-piece implants did not appear to have an adverse effect on the amount of peri-implant 
bone loss.[191] 
   It has been suggested that vertical discrepancies may lead to higher stress levels than those 
obtained by horizontal distortions[147, 172] Yet, the few animal studies available that focus on 
the biological impact of vertical misfit indicate that misfit preload seems to have more impact 
on bone response than the magnitude of the vertical gap[192-194] Animal models with static 
loading of implants did not show any adverse effects, but rather an adaptation to the load.[194-

196] Studies on dynamic loading, on the other hand, reveal differing conclusions.[197, 198] 
Szmukler-Moncler et al. have underlined the importance of avoiding micromotion during the 
healing phase, especially for immediate or early loading treatment protocols.[199]  
 
Technical impact of misfit 
 
   Since preload can reduce when misfit exists in a screw-joint, there is a risk that setting 
screws will loosen.[149] Up to 90% of the applied torque may be needed to overcome the 
friction[200] and it has reported that the mating surfaces in a screw-joint are affected by plastic, 
that is, permanent, deformation.[201] al-Turki et al. investigated changes in screw stability and 
misfit between prostheses and abutments in vitro.[202] With a vertical misfit gap of 100 or 175 
µm at the terminal abutment they reported the loosening torque of prosthetic retention screws 
in most locations being less then ten percent of the tightening torque.[202] 
   When frameworks are connected directly to the implants with no intermediary abutments, 
the screw-driver torque is higher than when frameworks are connected to abutments. The 
Cresco method protocol recommends 35 Ncm as compared to the 10-15 Ncm recommended 
for abutment connected Astra Tech and Brånemark System treatments. Cheshire and Hobkirk 
demonstrated a reduction of misfit by using an increased torque.[86] As a consequence, higher 
stress levels in the screw-joint and the peri-implant tissues might take place.  
 
 
CORROSION  
 
Intra-oral corrosion 
 
   Applied to dentistry, two major mechanisms of corrosion are interesting. Via saliva, 
different alloys in the mouth get income into temporary or permanent contact. In this way, 
two alloys may produce a galvanic cell, generating an electric current due to their potential 
difference.[69, 203] A reduction of oxygen takes place at the cathode in the electrolyte (saliva): 
 
 O2 + 4e- + 2H20 → 4OH- 
 O2 + 4H+ + 4e- → 2H20 
 
At the same time, the anode metal dissolves into the saliva: 
 
 Me → Men+ + ne- 

 

The result is a decrease in oxygen and an increase in metal ions in solution. Several factors 
influence the galvanic reactions such as the electron potential, the cathode/anode surface area 
ratio, the distance between them, temperature and pH in the saliva.[203] Surface roughness and 
excessive bending through which cracks are formed can also effect corrosion as localized pit 
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or crevice corrosion.[69, 203] The increase in metal ions in solution and a diffusion of chloride 
ions give rise to an increase in acidity through two reactions:  
 
 Men+ + nH20 → Me(OH)n + nH+ 

 Men+ + Cl-n + nH20 → Me(OH)n + nHCl 
 
With time the acidity will increase and the passive layer of the alloy can dissolve and thus 
accelerate the local corrosion.[203] Yet when the ion concentration in saliva increases this will 
per se decrease the tendency for the same element to dissolve.[11] But since the saliva is 
constantly exchanged, e.g. through eating and drinking, corrosion can continue. A 
heterogeneous surface composition with differences in electrode potentials between different 
surface zones further increases the risk.[11] This can be the case with an alloy, especially if it 
consists of two or more phases or includes impurities.[11] As a consequence, the relative 
amount of released metal ions does not reflect their relative volume or weight portion in a 
metal alloy.[204, 205]  
 
Corrosion measurements 
 
   Measuring ion leakages is one way to estimate corrosive processes; electrochemical 
procedures another. al-Hity et al. reported a strong correlation between polarization resistance 
and low elemental release, by using and comparing electrochemical and immersion tests.[206] 
When galvanic corrosion was examined in one study, titanium was found to be more 
corrosive than cobalt-chrome alloys in frameworks connected to titanium implants.[207] On the 
other hand, nickel-chrome alloy frameworks have been reported to produce higher ion leakage 
than titanium frameworks.[208] Wataha et al. recommends studying ion leakage and not just 
galvanic corrosion when biological effects are of interest.[46] Yet, since corrosion involves 
leakage of anions and cations as well as electronic transport ion leakages measurements alone 
can be regarded as an estimation of corrosion. The same can of course be said about galvanic 
corrosion measurements alone. 
 
Implant frameworks and corrosion 
 
   CP titanium and cobalt-chrome alloys are generally regarded as being resistant to 
corrosion.[11, 68, 206, 209] In fact, in contact with oxygen they both corrode immediately. 
However, the results are stable metallic oxides on the surfaces.[11] Yet, it is well known that in 
a highly corrosive environment such as the mouth, ion leakage from dental devices occurs 
through corrosive processes.[53, 57]  
    It has been demonstrated that laser welding of cobalt-chrome alloys may be a problem from 
a corrosion standpoint since microcracks and porosities easily develop in the weld joints.[210, 

211] In an in-vitro study, Reclaru and Meyer reported on corrosion between dental implants 
and different framework alloys.[203] They concluded that from an electrochemical point of 
view, titanium connected to a superstructure must have a weak anodic polarization, the 
galvanic cell current must also be weak, and the crevice potential must be much higher than 
the common potential.[203] 

 
Clinical importance 
 
   The patient’s dietary and oral cleaning habits can effect corrosion.[67] In a review article, 
Tschernitschek et al. reported that cast titanium is more susceptible to corrosion than 
machined titanium and that fluoride can dissolve the stabilizing oxide layer.[67] It was 
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suggested that the combination of fluoride concentration and pH is important but toothpastes 
with low fluoride concentration may be regarded as harmless at neutral pH.[67, 212] 
   In conclusion, although leakage of titanium, cobalt and chrome ions from dental devices is 
small in relation to the daily dietary intake of these elements[213, 214], corrosion cannot be 
excluded when toxicity and hypersensitivity are discussed.[11, 57] Consequently the nature of 
the released elements, and the quantity and duration of the exposure are fundamental for the 
biological responses.[46] 
  
 
SURFACE STRUCTURE 
 
Surface examination 
 
   Since surfaces are in 3-D structure, 2-D surface characterizations are insufficient.[31, 66] 
Several types of methods and equipment can be appropriate for surface examination and they 
all have their advantages and disadvantages, e.g. mechanical contact profilometers, non-
contact laser profilometers, interference microscopy, confocal laser scanning-microscopy, 
atomic force microscopy and scanning tunnel microscopy.[215, 216] All the mentioned 
quantitative techniques have limitations in range and resolution and they are also scale-
dependent, i.e. information on measurement scale and cutoff filters are needed when 
discussing measurement results.[216]  
    In contrast, scanning electron microscopy (SEM) characterizes surface-topography 
qualitatively and has a high lateral resolution as well as a large depth of focus.[216] When two 
SEM micrographs are studied, e.g. stereo-SEM, quantitative assessments can also be 
performed.[216] Roughness, waviness and form characterize the topography of a surface and 
Wennerberg and Albrektsson proposed that parameters from the three groups height, spatial 
and hybrid parameters should be included in 3-D measurements.[31] 
 
Plaque retention 
 
   Bacterial adhesion, and to some degree cell adhesion, to an intra-oral surface is initially 
influenced by a number of factors, e.g. surface roughness, surface-free energy, distance 
between bacteria and surface and ionic strength of the surrounding liquid medium (gingival 
fluid and saliva).[217, 218] 
   The surface structure seems to be of greater importance in this respect than the chemical 
composition and it has been argued that no specific alloy or group of alloys stimulate plaque 
adhesion that is resistant to improved oral hygiene.[56] Still, it has been demonstrated in vitro 
that alloys releasing copper and silver can be more antibacterially active than base-metal 
alloys.[219] Recently, Bürgers et al. demonstrated in vitro the antibacterial and anti-adherence 
capacity of particulate silver additives in composite resin materials.[220] In vivo conditions are 
however different and since a pellicle is instantly formed on an intra-oral surface, differences 
between materials are probably reduced.[221]  
   The microbiota colonization preferably starts at sheltered localizations, far away from oral 
hygiene measures and natural removal forces.[222, 223] The positive relationship between 
increasing surface roughness and the rate of supragingival bacterial colonization has been 
demonstrated in several in vivo studies.[224-227] In addition, a more pathogenic flora could be 
observed on rougher surfaces.[217] It has further been reported that rough surfaces (Ra = 0.8 
µm) can accumulate 25 times more subgingival plaque than smoother surfaces.[228] Quirynen 
et al. and Bollen and co-workers have, using titanium abutments with different surface 
roughness in patients, demonstrated the existence of a threshold roughness (Ra = 0.2 µm) 
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below which no further gain in resistance to bacterial adhesion can be expected.[229] Yet, 
despite different surface roughness on titanium surfaces, differences in soft-tissue 
inflammation grade were not revealed in two other studies.[230, 231] In addition, titanium has 
been suggested to form a bacteriostatic gel in contact with gingival fluid and to have an 
inhibitory effect on Streptococcus mutans.[232, 233] 
 
Impact on corrosion 
 
   Surface roughness can be interesting from a corrosive point of view as well since a greater 
cathode and/or anode surface area promotes a greater element release.[203] Wennerberg at al. 
studied titanium release from implants with different surface roughness.[234] At a level 
relevant for commercial dental implants they found no correlation between increasing surface 
roughness and ion release, neither in vitro nor in vivo.[234] 
   Corrosion can change both the chemical composition and the surface structure in an implant 
component. These factors have been discussed in conjunction with reactions in peri-implant 
soft tissues.[235, 236] In alloys, polished surfaces have been suggested to be more biocompatible 
in the transmucosal area than “as-cast” surfaces.[236-239]  
 
Surface roughness and cell preferences 
 
   Different cells prefer different surface roughness and in vitro studies indicate that epithelial 
cells prefer smooth surfaces and fibroblasts rougher surfaces[236, 238, 240-243] Yet, this is an issue 
where no consensus exists. Consequently, Niederauer et al. demonstrated in vitro a higher 
degree of cell attachment for gingival epithelial cells on a rough osteoceramic surface, 
whereas gingival fibroblasts preferred smoother surfaces.[244] Further, no general definition of 
“smooth” and “rough” exists; everything is relative. 
   In a comparison study, Jang et al. examined partial denture frameworks fabricated in CP 
titanium or a cobalt-chromium alloy and found that the titanium surfaces were slightly 
smoother, although no statistical differences in surface roughness were detected.[245] However, 
this insignificance can have been affected by the limited number of dentures, ten in each 
group.[245] Yet, today when nano-structures of surfaces are discussed[29, 30, 246], the distinction 
between chemical surface composition and surface roughness seems to become less obvious. 
 
Impact on preload 
 
   As mentioned above, up to 90% of the applied torque can be needed to overcome the 
friction in a screw joint.[200] As a consequence, the degree of surface roughness is important in 
screw-joint evaluations as well, e.g. between framework and abutment or implant.[200] Örtorp 
et al. reported on surface roughness and preload in screw-joints in an in vitro study.[201] They 
demonstrated that unloaded milled titanium screw sites had rougher surfaces than loaded, and 
loaded gold screws had rougher surfaces than unloaded.[201] 
 
 
BIOCOMPATIBILITY 
 
Definition and principles 
 
   Biocompatibility has been defined as the ability of a material to function in a specific 
application in the presence of an appropriate host response.[247] Both corrosion and surface 
roughness can affect the biocompatibility of a dental device. During corrosive processes, the 
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nature and quantity of the released elements and the duration of the exposure are fundamental 
for the biological responses.[248] Other major factors are the composition of the alloy, whether 
it has one or multiple phases and the conditions in the surrounding environment.[249-252] Cell 
culture cytotoxicity tests, animal models and clinical human studies are among the techniques 
used to evaluate the biocompatibility of a dental material.[11]  
   But it must be remembered that elements released from dental devices (implants excluded) 
are not per se inside the body.[57] In addition, the biological effects depend on the route into 
the body, how the released elements are distributed and eliminated, and each such process is 
unique to the specific element.[57] Biological responses to material degradation have been 
associated with local and systemic toxicity, hypersensitivity, allergy as well as mutagenicity 
and carcinogenicity.[57, 253-255]  
 
Hypersensitivity 
 
   Every metal used in dental devices can be associated with hypersensitivity.[55, 67] Studies 
indicate that 8-15% of the general population is sensitive to nickel, chrome or cobalt with the 
highest frequency for nickel.[57] Case reports on hypersensitivity reactions to titanium have 
been presented, but Sicilia et al. recently reported an estimated prevalence of 0.6% for 
titanium hypersensitivity among patients who received titanium dental implants.[256] It was not 
obvious, though whether the implants were made in CP titanium or in an alloy (Ti6Al4V?). 
Yet, it is not known why some metal ions can cause allergic reactions with various clinical 
symptoms while other ions do not. 
 
Cytotoxicity 
 
    The cytotoxicity of cobalt to fibroblast cultures and the ability of cobalt-chrome particles to 
induce the release of inflammatory mediators from macrophages have been described.[253, 257] 
Further, Berstein et al. have demonstrated inhibited cell growth when gingival epithelial cells 
and lymphoma cells were exposed to cobalt alloys.[73] Evans reported on fibroblast cell 
damage in vitro after contact with powders of titanium, Ti6Al4V and a cobalt-chrome-
molybdenum alloy and suggested that the damage to the fibroblasts was independent of the 
chemical composition of the powders.[254] However, when a microporous membrane was 
used, only the finest Co-Cr-Mo-alloy particles caused cell damage.[254]  
    In a dog model, it was demonstrated that a normal soft-tissue interface forms around 
titanium, zirconia, alumina and hydroxyl apatite abutments, but that no such soft-tissue 
adhesion takes place around gold or dental porcelain abutments.[258] Welander et al. also used 
a dog model and confirmed the previously reported results: titanium or zirconia abutments 
promoted proper soft tissue integration while gold-alloy abutments failed to reach the same 
condition.[259] However, there have been no similar animal studies on cobalt-chrome alloys.  
   Several clinical studies of the soft tissue around abutments with either titanium or ceramic 
surfaces have found no significant differences between these two materials.[260-264] Yet, there 
are no clinical reports on the histology of the peri-implant soft tissue when different metals or 
alloys have been used for the transmucosal components. 
 
Carcinogenicity 
 
   Until recently, there was no evidence that dental alloys could contribute to cancer in 
humans. However, a review study in 2000 suggested that alloys containing cadmium, cobalt 
or beryllium should be avoided because of the carcinogenicity risks.[57] It must be underlined 
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EVALUATION OF TREATMENT RESULTS 
 
   Several studies have presented favorable long-term results for implant treatment in the 
edentulous jaw.[15-19, 270-273] More than 95% percent of the loaded implants can be 
osseointegrated after 15 years.[270] Because marginal bone loss and implant loss tend to cluster 
in patients it seems important to report on patient/prosthesis performance as well.[274-276] Thus, 
the implants in an edentulous jaw can not be looked upon as independent of each other. 
 
Biological complications 
 
 Biological complications concern the host’s ability to create and maintain osseointegration 
and healthy tissues in the peri-implant area. Both systemic and local factors can influence this 
ability. Yet, Wood et al. found no absolute contraindication to implant treatment at all, neither 
among habits nor among systemic or local factors.[277] The most important factors, they 
concluded, are the quantity and quality of available bone.[277]  
   Jemt and Häger studied early failures in edentulous maxillae and demonstrated that bone 
quantity had an impact on implant failure.[275] Herrmann et al. found an increasing risk for 
implant failures in patients with earlier implant failures.[278] But no consensus exists, and 
diabetes, periodontitis, and smoking are all disputed risk factors for successful treatment 
results.[279-285] General health, osteoporosis and age are other factors discussed but no 
evidence for their potentially negative influence on treatment outcomes have been 
presented.[279-285] 
   Adell et al. stated that implant treatment in the edentulous maxilla required a greater 
technical skill than treatment in the mandible.[15] It has been suggested that the performance in 
the maxilla would be less reliable than in the mandible.[286, 287] Other reports have 
demonstrated more bone loss at lower jaw implants.[288, 289] There is further no general 
agreement on how to regard reactions in the surrounding tissues. In 2008, Jemt and 
Albrektsson, and Albrektsson et al. argued that a certain degree of bone remodeling is quiet 
normal, whereas Fransson et al. in a previous study suggested that 28% of 662 included 
patients followed for at least five years with fixed complete or partial prosthesis or single-
tooth replacements had progressive peri-implant bone-loss, indicating pathology.[290-292]  
 
Technical complications 
 
   Among the technical complications described are fractures of frameworks, veneers, implant 
components and problems with loose connecting screws.[116, 141, 149, 172, 293-297] Misfit and 
prosthetic design, overloading and material fatigue has been suggested as possible causes for 
mechanical complications.[272] Even though veneer fractures seem to be most frequent among 
the mechanical complications reported, a decrease over the years can be noticed.[19] Improved 
technical skill and patient selection are plausible explanations.  
 
Acceptance problems 
 
   Patient related acceptance problems have also been described. Hjalmarsson and Smedberg 
suggested that esthetic complaints were more common among edentulous patients with high 
expectations of the treatment.[141] Other studies have demonstrated that adaptation depends to 
a large degree on how well the patient’s needs and wishes have been met by the given 
treatment.[298, 299]  
   Köndell et al.[300] found phonetic problems to be the most frequent complication in implant-
treated edentulous patient but others have suggested that phonetic problems vanish within a 
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was clinically stable.[319] Consequently as many as 80% of the clinically instable implants 
would remain undetected on radiographs.[319] 
   In an attempt to reduce the radiation burden, it was proposed that radiological examinations 
of Brånemark System® implants wait until five years after prosthesis delivery.[324] It was also 
suggested that one randomly chosen implant could be representative for the edentulous 
patient’s peri-implant bone status.[324] Lang et al. recommended that indications for 
radiographs ought to include bleeding on probing and pocket depths exceeding 5 mm.[325] But 
general recommendations cannot exclude the judgment of the clinician and it seems 
reasonable to use the same criteria as for patients with teeth. Subsequently, radiological 
examinations ought to be performed when it is indicated by the individual patient’s symptoms 
and dental health status. Therefore, the radiographic analysis must also take into account the 
clinical signs.  
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BACKGROUND TO THE PRESENT THESIS 
 

• Cobalt-chrome alloys have been used in dentistry for 80 years, but very little is known 
about their behavior and biological impact as framework materials in implant-
supported prostheses. 

 
• Cast frameworks for implant-supported prostheses are associated with misfit problems 

due to unavoidable casting distortions. The Cresco method promotes a technique to 
achieve a “perfect fit” (according to the manufacturer) regardless of metal alloy used. 
No documented evidence supports this.  

 
• Cobalt-chrome alloys and commercially pure (CP) titanium are generally regarded as 

non-corrosive. Yet, knowledge of their degradation when used in implant-supported 
prostheses is sparse. 

 
• The biocompatibility of cobalt-chrome alloys has been questioned whereas CP 

titanium is generally regarded as being highly biocompatible. However, little is known 
about the effects on peri-implant tissue cells from cobalt-chrome alloy frameworks 
compared to CP titanium frameworks.  

 
• Metal-ceramic solutions have been used in dental supported prostheses for decades. 

They have also become popular in implant dentistry due to favorable esthetic 
outcomes. Early use of high-noble alloys has been challenged by the introduction of 
base-metal alloys such as cobalt-chrome for frameworks in implant applications. Yet, 
no study has presented the clinical outcome of porcelain-veneered implant-supported 
cobalt-chrome frameworks.  

 
• A handful of concepts describe abutment-free procedures for implant dentistry. Yet, 

only a few comparative studies have evaluated the clinical results of abutment and 
abutment-free techniques. Further, very little is known about the advantages and 
disadvantages of abutment and abutment-free complete prostheses in this context. 
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STRUCTURE OF THE THESIS 
 
This thesis is in two parts. Both discuss the investigation of cobalt-chrome alloy frameworks 
compared to CP titanium frameworks for implant-supported prostheses. 
 
Part 1. In vitro studies of cast, sectioned and laser-welded frameworks in cobalt-chrome 
alloy and CP titanium (I-III).  
 
   Study I evaluated and compared the precision of fit of three groups of frameworks: cast, 
sectioned and laser-welded frameworks fabricated in a cobalt-chrome alloy or in CP titanium, 
and a group of individually scanned CNC-milled CP titanium frameworks. 
  Study II investigated material degradation in titanium implants and frameworks made of 
cobalt-chrome or CP titanium according to the Cresco method, before and after exposure to 
artificial saliva. 
   Study III assessed possible adverse cellular responses to frameworks by comparing the 
viability and morphology of epithelial cells and fibroblasts cultivated on cobalt-chrome and 
titanium specimens. 
 
Part 2. Clinical and radiological evaluation of implant level prostheses in comparison to 
abutment level prostheses (IV). 
 
   Study IV was a five-year clinical and radiological retrospective investigation. The clinical 
function of implant-supported prostheses made on implant level and on abutment level in the 
edentulous maxilla was evaluated and compared. Three different types of prostheses were 
made: one in porcelain-veneered cobalt-chrome alloy, and two in acrylic-veneered CP 
titanium.  
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AIMS 
 
General aim 
 

• To evaluate whether cobalt-chrome alloys are generally suitable for implant-supported 
prostheses. 

 
Specific aims 
 

• To investigate the precision of fit of implant-supported cast, sectioned and laser-
welded frameworks fabricated in a cobalt-chrome alloy or in CP titanium. Further, to 
compare these frameworks to individually scanned CNC-milled CP titanium 
frameworks.  

 
• To investigate and estimate material degradation in frameworks made of cobalt-

chrome or CP titanium according to the Cresco method, and in titanium implants 
before and after exposure to artificial saliva. 

 
• To assess possible adverse cellular responses to cobalt-chrome frameworks for 

implant-retained, intra-oral prostheses by comparing the viability and morphology of 
epithelial cells and fibroblasts cultivated on cobalt-chrome and titanium specimens. 

 
• To evaluate and compare the clinical function between implant-supported prostheses 

in the edentulous maxilla made on implant level and prostheses fabricated on abutment 
level. Further, to compare porcelain-veneered cobalt-chrome alloy prostheses with two 
groups of prostheses made in acrylic-veneered CP titanium. 
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MATERIALS AND METHODS 
 
This section briefly describes the materials and methods used in the four papers. More 
detailed descriptions are presented in the respective papers. 
 
PART 1. IN VITRO STUDIES OF CAST, SECTIONED AND LASER-WELDED 
FRAMEWORKS IN COBALT-CHROME ALLOY AND CP TITANIUM ( I-III) 
 
Study I  
 
Fabrication of Cresco frameworks 
 
   One master model with five Brånemark System implants was fabricated. A dental 
technician fabricated 20 cast frameworks directly on the implant heads, ten in a cobalt-chrome 
alloy (Cresco-CoCr; Wirobond C) and ten in grade II CP titanium (Cresco-Ti; Sjödings, 
Stockholm, Sweden) according to the routine protocol of the Cresco method.[113, 114] All these 
frameworks were handled according to the Cresco method (Figure 2, page 14) using 
prefabricated cobalt-chrome and titanium cylinders (REF 30803 and REF 303, Astra Tech), 
respectively.  

 
Fabrication of PIB frameworks 
 
   In a clinical control group (PIB), five CNC-milled frameworks (Procera Implant Bridge, 
Nobel Biocare) in CP titanium were fabricated. Five similar mandibular master models were 
fabricated, each provided with five Brånemark System implants distributed in a similar way 
as in the Cresco master model described above. These models were sent to three different 
laboratories for plastic replicas (PiKu Plast HP36, Bredent, Senden, Germany) to be 
fabricated directly on the implant heads. Each plastic replica was laser scanned and a CNC 
titanium framework was produced according to the Procera technique.[110, 144] 
 
Measuring of master model and frameworks 
 
   The master model was used as the reference for comparing the different frameworks (Figure 
5) and all measurements were performed with a Coordinate Measuring Machine (CMM; Zeiss 
Prismo Vast, Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany). The 
positions and planes of the fit surfaces of the cylinders were found by stylus contact scanning 
of the components. The data for each cylinder were condensed to the center point of the 
cylinder in 3-D (x, y, z). To assess whether contraction or expansion of the frameworks was 
present, the framework transversal width (x-axis), i.e. the distances between positions 1 and 5, 
and the framework curvature (y-axis), i.e. the sagittal distortions in position 3 of the 
frameworks were measured (Figure 6). 
 
Analysis of fit 
 
   The measurements were analyzed for fit between the different frameworks and the master 
model according to two different methods: the “least square method”  and the “orthogonal 3-
2-1 method”.[184, 186, 326-328] In the former method, each framework was placed in the 
theoretically best possible position, i.e. with the shortest center point distance in relation to all 
the center points of the replicas of the master model at the same time. The latter method 
analyzed the position of the framework cylinders in relation to the master model replicas 
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Optical interferometry 
 
   Optical interferometry was used in a similar way as in Study II. The surfaces of four test 
specimens, two in cobalt-chrome and two in titanium, were examined at 15 locations each: at 
the cast part, at the weld-joint and at the prefabricated part (Figure 10). Surface topography 
was analyzed in the same way as in Study II and six surface parameters were calculated. 
 
Scanning electron microscopy (SEM) 
 
   For morphology studies, one specimen of each material was prepared with cells (5000 
cells/specimen) as in the viability assay. All specimens were investigated using a Zeiss DSM 
982 Gemini (Zeiss, Oberkochen, Germany) SEM and micrographs were recorded at several 
defined areas of the specimens and at different magnifications.  
 
 
 
PART 2. CLINICAL AND RADIOLOGICAL EVALUATION OF IMP LANT LEVEL 
PROSTHESES IN COMPARISON TO ABUTMENT LEVEL PROSTHES ES (IV) 
 
Study IV 
 
   Two groups of patients were consecutively treated with fixed prostheses supported by 
implants in the edentulous maxilla. The first group (test group) was treated with screw-
retained fixed prostheses at the implant level. The second group of patients (control group) 
was provided with abutment level fixed prostheses.  
 
Test groups 
 
   A total of 123 patients were treated. Out of these, 65 patients (58.2%) were provided with 
fixed prostheses on the implant level, designed with either cobalt-chrome alloy or CP titanium 
frameworks supporting porcelain or resin veneers, respectively. Forty of these patients 
(61.5%) were followed-up for five years and formed the test groups.  
   The test groups comprised of 18 males and 22 females. Ages ranged from 36 to 88 years at 
implant placement surgery. Eleven (27.5%) of the patients reported no general health 
problems or use of medication, and eight patients (20 %) reported smoking habits.  
       

Table 4  Distributions of implants with regard to systems and groups of patients. 
Number of prostheses is given within brackets.  
  Cresco-CoCr Cresco-Ti PIB Total 
Astra Tech 82(13) 131*(22) 0 213(35) 

Straumann 6(1) 12(2) 0 18(3) 
3i 6(1) 6(1) 0 12(2) 
Brånemark System 0 3*(1) 249**(40) 252(41) 

Total 94(15) 152(25) 249(40) 495(80) 
    * One patient had 3 Astra Tech and 3 Brånemark System implants placed in one jaw in the test 
    group  
    ** 148 implants with turned and 101 implants with TiUnite surfaces. 
 
 
In total, 246 implants were placed in the 40 edentulous maxillae, using four different implant 
systems, none of which was provided with a turned surface (Table 4). All but three of the 
patients provided with Straumann implants ([n=18 implants] Straumann AB, Göteborg, 
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Sweden), were treated using a two-stage surgical procedure according to the manufacturer’s 
protocols, which are similar to that described by Adell et al.[330] The three patients with 
Straumann implants were treated using one-stage surgery according to the Straumann surgical 
protocol.[331] 
   Overall, 15 prostheses made at the implant level in Wirobond C and 25 prostheses in grade 
II CP titanium, with veneers in dental porcelain and acrylic resin, respectively, were 
fabricated according to the Cresco method.[113, 114] These two groups formed two subgroups, 
each denoted “Cresco-CoCr” and “Cresco-Ti”. The Cresco-CoCr group received 5-8 implants 
each (mean 6.3, standard deviation [SD] 1.0) and the Cresco-Ti group 5-7 implants each 
(mean 6.1, SD 0.5) (Table 4). 
 
Control group 
 
   Altogether, 101 patients were consecutively treated with fixed abutment level implant 
prostheses in the edentulous upper jaw. Seventy-eight of these patients (77.2%) were 
followed-up for five years, of which 40 patients were randomly selected to form a control 
group equal in size to the test group. The remaining 23 patients of the total group were lost to 
the study at follow-up.  
   The control group comprised of 19 males and 21 females. Twenty of the patients (50 %) 
reported no general health problems or use of medication, and information on smoking habits 
was available for 36 patients (90%), 22 of whom (61 %) were smokers. Significantly more 
patients were smokers in the control group. In total, the patients had 249 Brånemark System 
straight implants (Nobel Biocare) installed, of which 148 were implants with turned surfaces, 
and 101 were with TiUnite® surface  (Table 4). 
   Implants were placed according to a standard two-stage surgical procedure.[330]  Sixteen of 
the patients had only implants with turned surfaces, 13 had implants with only TiUnite 
surfaces, and the remaining 11 patients had a mix of both implant surfaces. The patients were 
provided with four to eights implants each (mean 6.2, SD 0.8). After three to four months of 
healing, multi-unit abutments or angulated abutments were connected. All patients were 
provided with CNC-milled CP titanium maxillary prostheses (PIB) with acrylic veneers 
(Procera Implant Bridge)  as described earlier.[90] 
 
Registrations and follow-up 
 
   After prostheses delivery, 16 of the patients in the test group (40%) and all patients in the 
control group had radiographs taken as a baseline registration of bone levels at the implants. 
Thereafter, the patients were invited to clinical controls on an individual basis but in general 
1, 3 and 5 years after prosthesis delivery. At the final five-year check up, intra-oral apical 
radiographs were taken on all patients of both groups and the marginal bone levels were 
assessed to the closest 0.3 mm in relation to the different radiographic reference points 
(Figure 11).[332]  
   The reference point was located at the same level as the intended location of the most 
coronal part of the marginal bone at the time of implant surgery, according to the surgical 
protocol for the respective implant system (Figure 11). For the Astra Tech implants this was 
the most coronal part of the implant periphery, and for the Brånemark System implants it was  
the standard radiological reference point[332], placed 0.8mm apical of the fixture-abutment 
junction (FAJ). For the 3i™ implants (Biomet 3i AB, Malmö, Sweden) it was also the 
standard radiographic reference point, similar to the Brånemark System implants, and for the 
Straumann implants, the reference point was the coronal limit of the roughened surface, i.e. 
the apical limit of the smooth implant neck (Figure 11). 
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ERRORS OF METHODS, ACCURACY AND PRECISION OF MEASUREMENTS 
 
   Selected techniques for estimating or controlling precision in the primary methods used in 
the four studies (I-IV) are presented below. More information can be obtained from the 
respective papers (I-IV). 
  
Study I 
 
   According to the manufacturer, the precision of the CMM is less than 1 µm when measuring 
in small volumes. All five components in the master model and in one framework were 
measured five times. The standard deviation was within ±3 µm for these measurements for all 
five positions. 
 
Study II and III 
 
    In the ion leakage measurements, inductively-coupled plasma mass spectrometry was used. 
The accuracy of the measurements was estimated to ±10%. 
   When the optical interferometry was performed, the maximal vertical range was 5 mm, the 
horizontal resolution was 0.3 µm and the vertical resolution was 0.1 nm. Before analyses, a 50 
x 50 µm Gaussian digital filter was used to distinguish errors in form and waviness from 
roughness. 
   In the viability tests three types of control wells were used, according to recommendations. 
In each experiment, 12 control wells were used. Six of the control wells were used as negative 
controls (untreated cells) and six as positive controls (azide treated). In the positive control 
wells, the culture medium was supplemented with 20 mM sodium azide in the final 24 hour-
period. Additionally, reference wells without cells were used for calculating the reduction of 
Alamar Blue. 
 
Study IV 
 
   One month after the first radiograph measurements, one implant from each patient in the 
test group was randomly selected and a second measurement was performed on these implants 
in the same way as the first to assess intra-examiner variability.[318] Mean bone level variation 
in the 40 measured implants was 0.2 mm (SD 0.3).    
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STATISTICAL ANALYSIS 
 
  The statistical methods used in the thesis are described by Altman and Good.[336, 337] The 
level of statistical significance in all studies (I-IV) was set at 5% (p<0.05). The following 
statistical methods were used: 

 
Study I  
 
   Conventional descriptive statistics were used to present the distortion of the frameworks. 
Analysis of variance and Tukey’s post hoc test were used to identify and study differences 
between the groups. Because normal distribution could not be verified and the observations 
were rather few, all significant differences were also validated with Fisher’s nonparametric 
permutation test. Contraction in each framework group was examined with Fisher’s 
nonparametric permutation test for paired observations. Comparisons between the least 
squares method and the orthogonal 3-2-1 method were performed by Wilcoxon’s rank sum 
test. 
 
Study II 
 
   Conventional descriptive statistics were used to present the mass spectrometry and the 
interferometry. One-way ANOVA and Dunnett’s T3 post-hoc test were used to identify and 
study differences between the groups. The Student’s t-test was used to highlight changes 
within the groups.  
 
 
Study III 
 
   Cell viability. Conventional descriptive statistics were used to present the percentage of 
reduction in the Alamar Blue tests. For detecting differences between the four groups, 
ANOVA was applied. Due to differences in variance, both the Dunnett T3-test and the 
Bonferroni method were used for detecting groups that differed. The Student’s t-test was used 
when the differences between the two test groups were compared. 
   Optical interferometry. Conventional descriptive statistics were used to present the surface 
roughness values for the two groups. The Student’s t-test was used for detecting differences 
between the groups regarding the parameters Sa, Sds, Ssk and Sci, and Mann Whitney’s U-test 
was used for studying differences between the groups for the parameters St and Sdr.  
 
Study IV   
 
   Conventional descriptive statistics were used. The chi-square test was applied when 
analyses of differences in smoking habits, single complication frequencies and bone levels 
categories were performed. Student’s t-test was used for the analyses of the mean bone levels 
and Fisher’s exact test for the survival rates. 
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RESULTS 
 
This section summarizes the major results from the four papers. More detailed descriptions 
are presented in the respective papers. 
 
PART 1. IN VITRO STUDIES OF CAST, SECTIONED AND LASER-WELDED 
FRAMEWORKS IN COBALT-CHROME ALLOY AND CP TITANIUM ( I-III) 
 
Study I  
 
Transversal width and sagittal curvature 
 
   Statistically significant expansion of framework width compared to the master model was 
found in the Cresco-Ti group (Table 5). The same tendency was found in the PIB, although 
this was insignificant. On the other hand, the Cresco-CoCr presented a contraction (x-axis), 
although it was insignificant. Statistically significant differences between the groups could be 
observed for the transversal width (x-axis), but not for the sagittal curvature (y-axis) of the 
frameworks (Figure 6, page 30). 
 

Table 5 Horizontal Distortions. Width Differences: Difference in Mean Distance (Standard Deviation) in µm 
between Positions #1 and #5 of the Frameworks Compared to the Distance between the Same Positions of 
the Master Model. Curvature Differences: Mean Sagittal Difference, y-value, (Standard Deviation) in µm 
between Position #3 of the Frameworks Compared to the Same Position of the Master Model. Directions of 
Distortions are Related to Figure 5, page 30. 
  Width 

Differences 
Related to 

Master 

Number of 
Frameworks 

with 
Expansion 
of Width 

Number of 
Frameworks 

with 
Contraction 

of Width 
 

Curvature 
Differences 
Related to 

Master 

Number of 
Frameworks 

with 
Curvature 
Expansion 

Number of 
Frameworks 

with 
Curvature 

Contraction 

Cresco-
CoCr (n=10) -12 (19) 2 8 4 (59) 5 5 

Cresco- 
Ti (n=10) 38 (34) 9 1 -10 (62) 5 5 

PIB (n=5) 
 71 (44) 5 0 -1 (27) 1 4 

 
 
Distortions in real and absolute figures 
 
   Horizontal distortions (x- and y-axes) were greater than vertical distortions (z-axis) for all 
groups (Table 6). The maximal values in absolute figures (Table 7, Figures 12-14) for the PIB 
group revealed a significantly greater range in the x-axis compared to Cresco-CoCr, but a 
significantly smaller range in the z-axis in relation to the two Cresco groups.  
   Analysis of distortions in absolute figures revealed significant transversal (x-axis) 
differences between Cresco-CoCr and PIB, and differences in vertical dimensions (z-axis) 
between Cresco-CoCr and PIB, as well as between Cresco-Ti and PIB (Table 7, Figures 12-
14). 
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Table 6  Individual center points against master model 
distortions in µm for the frameworks. Min values, max 
values and ranges. 
Cresco-CoCr (n=10)                          
 Min Max Range 
x-axis -34 26 60 
y-axis -281 44 325 
z-axis -17 18 35 
3-D 2 281 279 
Cresco-Ti (n=10) 
 Min Max Range 
x-axis -66 58 134 
y-axis -125 58 183 
z-axis -19 24 43 
3-D 5 130 125 
PIB (n=5) 
 Min Max Range 
x-axis -91 55 146 
y-axis -52 60 112 
z-axis -9 6 15 
3-D 8 105 113 

 
 

   Table 7  Mean Distortions (Standard Deviation) in µm between 
Frameworks and Master Model for Comparison of the Three Groups in 
Absolute Figures. 
 x y z 3-D 
Cresco-CoCr ( n=10) 12 (8) 26 (41) 6 (5) 32 (40) 
Cresco-Ti ( n=10) 18 (15) 19 (20) 9 (6) 33 (21) 
PIB (n=5) 27 (22) 21 (17) 3 (2) 37 (22) 

 
 
Figure 12  Comparison between Cresco-CoCr and PIB distortions. Means in µm, 95% Confidence 
Intervals and p-values (n.s. = non-significant, * =p<0.05).  
 

CrescoCoCr - PIB

Variable p-value

Least Square Method

-120 -90 -60 -30 0 30 60 90 120

Width <.001  *

Curvature 0.894  n.s.
X Max (abs) 0.014  *
Y Max (abs) 0.705  n.s.
Z Max (abs) 0.027  *
3D Max (abs) 0.979  n.s.

X Mean (real) 0.603  n.s.
Y Mean (real) 0.315  n.s.
Z Mean (real) 0.868  n.s.
3D Mean (real) 0.759  n.s.

X Mean (abs) 0.004  *
Y Mean (abs) 0.808  n.s.
Z Mean (abs) 0.014  *

3D Mean (abs) 0.759  n.s.
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Figure 13  Comparison between Cresco-Ti and PIB distortions. Means in µm, 95% Confidence 
Intervals and p-values (n.s. = non-significant, * =p<0.05). 
 

CrescoTi - PIB

Variable p-value

Least Square Method

-120 -90 -60 -30 0 30 60 90 120

Width 0.070  n.s.
Curvature 0.749  n.s.
X Max (abs) 0.206  n.s.
Y Max (abs) 1.000  n.s.
Z Max (abs) <.001  *
3D Max (abs) 0.905  n.s.
X Mean (real) 0.192  n.s.
Y Mean (real) 0.838  n.s.
Z Mean (real) 0.308  n.s.
3D Mean (real) 0.773  n.s.
X Mean (abs) 0.135  n.s.
Y Mean (abs) 0.971  n.s.
Z Mean (abs) <.001  *
3D Mean (abs) 0.773  n.s.

 
 
 
 
Figure 14  Comparison between Cresco-CoCr and Cresco-Ti. Means in µm, 95% Confidence Intervals 
and p-values (n.s. = non-significant, * =p<0.05). 
 

CrescoCoCr - CrescoTi

Variable p-value

Least Square Method

-120 -90 -60 -30 0 30 60 90 120

Width <.001  *

Curvature 0.939  n.s.
X Max (abs) 0.257  n.s.
Y Max (abs) 0.573  n.s.
Z Max (abs) 0.081  n.s.
3D Max (abs) 0.729  n.s.

X Mean (real) 0.574  n.s.
Y Mean (real) 0.508  n.s.
Z Mean (real) 0.453  n.s.
3D Mean (real) 1.000  n.s.

X Mean (abs) 0.136  n.s.
Y Mean (abs) 0.554  n.s.
Z Mean (abs) 0.110  n.s.

3D Mean (abs) 1.000  n.s.
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Although not presented in Study I, comparisons were also made between the two groups of 
Cresco-frameworks and the gold alloy frameworks (Au) and CP titanium CNC-milled 
frameworks (Milled Ti) earlier evaluated by Örtorp et al (Figure 15).[184] With one exception 
the CNC-milled CP titanium frameworks presented a significantly lower distortion in all 
dimensions (x-, y, z-axes, 3-D) compared to the other three groups. No significant differences 
were found between the Milled-Ti and the Cresco-CoCr frameworks sagittally. The Au 
frameworks demonstrated significantly greater distortion in the x-axis and in 3-D than the 
Cresco-Ti and the Cresco-CoCr frameworks. 
 
Figure 15 Mean distortions in µm between frameworks and master model for comparison of individual 
sites in absolute figures. Comparison between Cresco-frameworks (Cresco CoCr and Cresco Ti) and 
the results for CNC-milled CP titanium (Milled Ti) and cast gold (Au) frameworks earlier presented by 
Örtorp et al.[184] The different figures indicate SD. 
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Study II 
 
Ion leakage 
 
   At all time points, more cobalt ion leakage was detected than titanium and chrome ion 
leakages, regardless whether the framework sections had been connected to the implants or 
not (Table 8). The differences were significant after one and seven days but not after 14 and 
30 days, since large variations in leakage levels meant that no significant differences were 
possible to demonstrate at these time points. Titanium and chrome ion leakages seemed stable 
over time but cobalt ion leakage tended to increase. 
 
Optical interferometry 
 
   Before saliva exposure, the cobalt-chrome framework sections generally had smoother 
contact surfaces than the titanium framework sections. After saliva exposure, these differences 
remained. Further, the framework sections, regardless of material, had become rougher 
compared to the implants. Within the groups, the implant surfaces had became significantly 
rougher, regardless if they had been connected to cobalt-chrome or titanium framework 
sections. When the groups were compared regarding roughness changes, however, the 
framework sections, regardless of material, had changed more than the implants. 
 

Table 8  Ion leakage (µg/g) from connected and unconnected test specimens. Ti = titanium ions; Cr = 
chrome ions; Co = cobalt ions; Ti-uc = itanium framework sections which have not been connected to 
implants; Ti-c = titanium framework sections which have been connected to implants; CoCr-uc = 
cobalt-chrome framework sections which have not been connected to implants; CoCr-c = cobalt-
chrome framework sections which have been connected to implants. Mean, standard deviation (SD), 
minimum and maximum values. For each group, n=3. 
  Mean SD Min Max 

Ti from Ti-uc  0.11 0.19 0.00 0.34 
Ti from Ti-c  0.00 0.00 0.00 0.00 
Cr from CoCr-uc  0.05 0.04 0.03 0.10 
Cr from CoCr-c  0.01 0.01 0.00 0.02 
Co from CoCr-uc  5.75 1.58 3.94 6.82 
Co from CoCr-c  1.34 0.05 1.29 1.40 

Day 1 

Total (n=18) 1.21 2.21 0.00 6.82 
Ti from Ti-uc  0.12 0.20 0.00 0.35 
Ti from Ti-c  0.00 0.00 0.00 0.00 
Cr from CoCr-uc  0.09 0.02 0.07 0.10 
Cr from CoCr-c  0.02 0.02 0.00 0.04 
Co from CoCr-uc  8.98 4.95 4.35 14.20 
Co from CoCr-c  1.93 0.32 1.68 2.30 

Day 7 

Total (n=18) 1.86 3.76 0.00 14.20 
Ti from Ti-uc  0.20 0.35 0.00 0.60 
Ti from Ti-c  0.00 0.00 0.00 0.00 
Cr from CoCr-uc  0.09 0.02 0.07 0.11 
Cr from CoCr-c  0.02 0.02 0.00 0.04 
Co from CoCr-uc  8.87 4.85 4.72 14.20 
Co from CoCr-c  2.73 0.75 2.11 3.55 

Day 14 

Total (n=18) 1.99 3.73 0.00 14.20 
Ti from Ti-uc  0.21 0.37 0.00 0.64 
Ti from Ti-c  0.00 0.00 0.00 0.00 
Cr from CoCr-uc  0.12 0.04 0.09 0.17 
Cr from CoCr-c  0.04 0.04 0.00 0.07 
Co from CoCr-uc  10.89 7.49 4.97 19.32 
Co from CoCr-c  4.59 2.81 2.67 7.81 

Day 30 

Total (n=18) 2.64 4.98 0.00 19.32 
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Study III 
 
Viability – epithelial cells 
 
The three Alamar Blue experiments on human epithelial cells resulted in the following 
viability levels: 

• 36.0% (SD 5.5), 37.7% (3.2) and 39.6% (4.9) for the CoCr group; 
• 45.7% (7.8), 45.4% (9.9) and 48.1% (3.3) for the Ti group (Figure 16). 
 

Overall, the Ti group was significantly more viable than the CoCr group (p = .001; 95% 
confidence interval (C.I.) 3.76-12.12). In experiment 3, the Ti group was statistically 
significantly more viable (p = 0.04106; 95% C.I. 3.01-13.96) than the CoCr group. 
 
Viability – fibroblasts 
 
The three Alamar Blue experiments on mouse fibroblasts resulted in the following viability 
levels: 

• 25.7% (7.0), 16.2% (4.2) and 9.6% (5.6) for the CoCr group; 
• 48.2% (3.9), 41.2% (7.3) and 28.4% (5.8) for the Ti group (Figure 17). 
 

Altogether, the Ti group was statistically significantly more viable than the CoCr group (p = 
0.000; C.I. 15.44-28.52). In all three experiments, the Ti group was statistically significantly 
more viable than the Co-Cr group (p = 0.0009; C.I. -30.14 - -14.86; p = 0.0026; C.I. -33.91 - -
16.04; p = 0.0055; C.I. -26.14 - -11.52, respectively).  
 
Surface structures 
 
   In Table 9 significant differences between the two groups are demonstrated for Sa and Sds 
values. The Ti surfaces were rougher than the CoCr surfaces when Sa values were compared 
(p = 0.027; CI -0.13 - -0.01) and the CoCr surfaces were rougher than the Ti surfaces when 
the Sds values were compared (p = 0.044; CI 0.29-20.27).  
 
 

Table 9 Interferometry measurement of surface parameters for the 
cobalt-chrome and the titanium surface groups. 
Parameter Mean(SD) p-value 
  CoCr (n=30) Ti (n=30)  
St µm 7.22 (8.92) 13.26 (19.14) 0.308 n.s. 
Sa µm 0.15 (0.11) 0.21 (0.16) 0.027 * 
Sds/µm² 143.21 (19.89) 132.93 (18.75) 0.044 * 
Ssk -0.60 (1.68) 0.11 (4.39) 0.566 n.s. 
Sdr 3.71 (4.34) 4.39 (4.91) 0.469 n.s. 
Sci 1.18 (0.37) 1.19 (0.45) 0.384 n.s. 

 
Mean values, standard deviation (SD). Differences between the two groups reported as p values (n.s. = non-
significant, * = significant). St –  Maximum peak to valley height of the surface (µm); Sa - The arithmetic mean 
deviation of the surface (µm), a parameter used to describe height variations;  Sds - The density of the summits of 
the surface (number/µm2), a parameter used to describe spatial variations; Ssk – Skewness, the symmetry of 
surface about the average height; Sdr  -Developed surface ratio, i.e. quotient of the measured surface and 
corresponding totally flat area (%); Sci – Core fluid retention index. 
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Figure 16 Epithelial cell reduction of Alamar Blue (%) in total (n=18 for each group) and in 
experiments 1-3 (n=6 for each group). Mean values and ranges for control groups (neg ctr = negative 
control, i.e. untreated cells; pos ctr = positive control, i.e. wells where the culture medium was 
supplemented with 20 mM sodium azide) and test groups (Ti = titanium, CoCr = cobalt-chrome). Exp = 
experiment. 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 17 Fibroblast reduction of Alamar Blue (%) in total (n=18 for each group) and in experiments 1-
3 (n=6 for each group except for Ti in the second experiment where n=5). Mean values and range for 
control groups (neg ctr = negative control, i.e. untreated cells; pos ctr = positive control, i.e. wells 
where the culture medium was supplemented with 20mM sodium azide) and test groups (Ti = titanium, 
CoCr = cobalt-chrome). Exp = experiment. 
  

 

 

 

 

 

. 
 
 
 
 
 
 
 
 
Morphology 
 
   The SEM studies revealed no major deviations from normal epithelial cell or fibroblast 
morphology (Figures 18-19). All three surface sections, the cast, the weld-joint and the 
prefabricated (i.e. milled) of both materials were covered with cells. However, the CoCr 
surfaces had fewer and more rounded cells compared to the Ti surfaces.  
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PART 2. CLINICAL AND RADIOLOGICAL EVALUATION OF IMP LANT LEVEL 
PROSTHESES IN COMPARISON TO ABUTMENT LEVEL PROSTHES ES (IV) 
 
Study IV 
 
Patients lost to follow-up 
 
   Forty percent of the eligible patients in each test group, and 23% in the control group were 
lost to the five-year follow-up. The reasons for not attending the follow-up are presented in 
Table 10. Significantly more patients were non-compliant in the test groups, as compared to 
the control group. 
  

Table 10 Distributions of patients lost to follow-up before the end of the study after five years. 
  Test Groups Control Group 
Given reason for loss to follow-up Cresco-CoCr Cres co-Ti PIB 
Deceased 0 7 6 
Illness 1 0 3 
Moved 1 1 3 
Non-compliant* 8 7 11 
Total          10          15    23** 

    
   * Significantly more patients were non-compliant in the test groups as compared to eligible 101 patients in the 
    control group.  ** Based on the total group of 101 patients of which 78 were followed-up for five years.   
 
Implant stability and prosthetic outcome  
 
   No significant differences in cumulative implant survival rate (CSR) were demonstrated 
between test and control groups. One Astra Tech implant in the Cresco-CoCr and three Astra 
Tech implants in the Cresco-Ti group did not integrate and were removed prior to prosthesis 
placement. Only one of these four different patients was a smoker. No other implant failure 
was observed in the test groups (Table 11). 
   In the control group, six implants were lost, four before loading in four patients and the 
other two after four and five years in function in two other patients, respectively (Table 11). 
Five of the removed implants were provided with turned surfaces. Four out of six patients 
with implant failures were smokers. Significantly more patients were smokers in the control 
group.  
 

 
* One patient with one implant loss at second stage surgery had a new Astra Tech implant installed at the same 
appointment. This implant was loaded early and is withdrawn in the table. ** Two not connected implants left 
unloaded. †  Still integrated but decided to be removed after a bone loss of 4.7 mm during the follow-up period. 

Table 11 Life table of placed (Impl.), withdrawn (With.) and failed implants in the different groups of patients. 
Calculated Cumulative Survival Rates (CSR) are also given. 
  Test Groups Control Group 
  Cresco-CoCr Cresco-Ti PIB 
Follow-up Impl. With. Failed CSR Impl. With. Failed CSR Impl. With. Failed CSR 
Implants 95   100 155   100 249   100 
Prosthesis 94  1 98.9 152  1* 3 98.1 243   2** 4 98.4 
1 year 94   98.9 152   98.1 243   98.4 
2 years 94   98.9 152   98.1 243   98.4 
3 years 94   98.9 152   98.1 243   98.4 
4 years 94   98.9 152   98.1 242  1 98.0 
5 years 94   98.9 152   98.1 241    1† 97.6 
Total 94  1 98.9 152 1 3 98.1 241 2 6 97.6 
Loaded 
implants    100    100    99.2 
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Maintenance 
 
   Table 12 presents the mechanical and biological complications as  registered at the five-year 
follow-up examination or reported in the dental records during previous years. Significant 
more complications (complications per patient) were revealed in the Cresco-Ti test group 
compared to the PIB control-group (p <0.001). The Cresco-CoCr test group tended to have 
more complications than the PIB control group, but this trend did not reach a statistically 
significant level. No significant differences between the groups were found when single 
complications were examined. 
   Mucositis was the single most frequent complication reported. Thus, one out of three of the 
patients in the Cresco-CoCr test group, 44.4% in the Cresco-Ti test group and 25.0% in the 
PIB control group registered mucositis at least once during the five year period. No implant 
component or framework fracture occurred in the test and control groups during the follow-up 
period. Four patients (26.7%) in the Cresco-CoCr test-group had porcelain fractures recorded 
during the follow-up period. Acrylic veneer fractures were reported in six patients (24.0%) in 
the Cresco-Ti group and in four patients (10.0%) in the PIB group, respectively. No specific 
dental status in the opposite jaw was related to the veneer fractures. 
     

Table 12 Distributions of patients with regard to complications. 
        Test Groups Control Group Total 

       Complications 
Cresco-CoCr 

(n=15) 
Cresco-Ti 

(n=25) 
PIB 

(n=40) (n=80) 
Loose prostheses 0 1 0 1 
Implant component fracture 0 0 0 0 
Framework fracture 0 0 0 0 
Veneer fracture 4 6 4      14 
Loss of screw site filling 0 3 0 3 
Wear 1 7 1 9 
Redesigned occlusal table 0 1 3 4 
Occlusal adjustment 1 1 0 2 
Mucositis 5            11            10      26 
Implant loss after connection 0 0 2 2 
Phonetics  2 2 1 5 
Lip biting 0 1 0 1 
Others 1 0 0 1 
Total            14            33             21      68 
Mean (complication/patient)    0.9    1.3     0.5    0.9 

 
 
Radiographs 
 
   No differences in bone levels (Table 13) were present between test and control groups. On a 
patient level, patients with at least one implant with the bone levels located > 2.3 mm apical 
of the reference point (corresponding to the third thread on turned Brånemark System 
implants[338]) were present in two (13%) patients in the Cresco-CoCr group, 11 (44%) in the 
Cresco-Ti group and in 12 (30%) patients in the PIB control group, respectively. 
   One patient in the Cresco-CoCr group with five Astra Tech implants did not allow 
radiographs to be taken. Another four Astra Tech implants in the Cresco-Ti group were 
excluded from the radiological examination due to inadequate radiographs (Table 13). 
   In the control group, marginal bone loss was on average 0.5 mm (SD 0.54 mm). Seven 
implants (2.9%) in six patients (15%) showed more than 2.4 mm in bone loss during the entire 
follow-up period.    
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 Table 13 Mean marginal bone levels after 5-years. 
  Test Groups Control Group 
  Cresco-CoCr Cresco-Ti PIB 

Prostheses 14* 25 40 
Implants 89* 148** 241 

Marginal bone levels in relation to reference points (mm) 
Mean 1.0 1.3 1.2 
SD 1.01 1.00 0.62 

Distribution of number of implants with regard to bone levels (%) 
0-1.8 71 (80) 109 (74) 203 (84) 

1.9-2.4 15 (17) 23 (16) 19 (8) 
2.5-3.0 0 7 (5) 9 (4) 
≥ 3.1 3 (3) 9 (6) 10 (4) 

 
     * One patient of 15 refused radiological examination and consequently 89 implants of  94 were measured. 
     ** Four of the total 152 implants were not measured because of inadequate radiographs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 50 

DISCUSSION  
 
   For this thesis, new techniques and ways to use well-known materials in the manufacture of 
implant-supported, complete prostheses were examined. Cobalt-chrome (CoCr) alloy 
frameworks were compared with CP titanium frameworks fabricated using techniques such as 
cast, sectioning and laser-welding as well as CNC-milling. The studies were conducted in 
vitro and in vivo.  
   Further, abutment and abutment-free techniques were investigated, and porcelain-veneered 
and acrylic-veneered frameworks were compared. Even though they have been in use for 
some time, many of these techniques and materials are poorly documented, at least in the 
implant dentistry context. And in areas where documentation exists, consensus is generally 
absent. 
   Biostatisticians were consulted before, during and after the studies were conducted, and the 
study results were analyzed with their guidance. Because Studies I-III involved several 
comparisons, robust statistical methods were chosen to control multiple testing.  
    
 
PART 1. IN VITRO STUDIES OF CAST, SECTIONED AND LASER-WELDED 
FRAMEWORKS IN COBALT-CHROME ALLOY AND CP TITANIUM ( I-III)  
 
Precision of fit  
 
   There were two aims here: 1) to investigate the precision of fit of implant-supported cast, 
sectioned and laser-welded frameworks fabricated in a CoCr alloy or in CP titanium; and 2) to 
compare these frameworks to individually scanned CNC-milled CP titanium frameworks.  
 
   Study I identified no framework that was a perfect, completely passive fit with the master 
model. Patterson in 1995 proposed the following criteria: 
 

• A perfect fit exists if the mating surfaces are in contact at all points without applying 
external pressure. 

• A passive fit is less than perfect, but applying external pressure to produce a perfect fit 
has a negligible effect on the prosthesis. 

• An active fit exists when applying external pressure can produce a perfect fit, but the 
applied pressure is harmful to the performance of the prosthesis. 

• A poor fit exists if external pressure cannot produce a perfect fit.[146] 
 

   The geometry of the surfaces of the Cresco replicas facing the frameworks and their 
corresponding surfaces on the frameworks have a less distinct profile than the abutment 
replicas and corresponding framework cylinders used earlier by Örtorp et al.[184] Because of 
this, it was more difficult to register the surface geometry in Study I. As a result, it was not 
possible to analyze angular gap distortions as initially intended.  
   These measurement problems may be reflected in the ranges and means of distortions; the 
distortions were also analyzed with the least square and the orthogonal 3-2-1 method. 
According to the manufacturer, the precision of the CMM is less than 1 µm when measuring 
small volumes. As a control for the method, we had the laboratory measure all five 
components in the master model and in one Cresco framework, five times. For all five 
positions, the standard deviation for each measurement was within ±3 µm. These findings 
support the assumption of an influence on the obtained distortion values caused by the less 
distinct profile of the Cresco frameworks cylinders. 
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   The least square and the orthogonal 3-2-1 methods are commonly used techniques.[165] 
Slightly lower levels of distortion for the least square method were observed in Study I, thus 
confirming the reports from Eliasson et al.[186] These results indicate that precision of fit may 
be related to the mathematical model used.  
   The direction of distortions varied in Study I but the horizontal distortions were of similar 
magnitudes. Comparable results have been presented for CNC-milled and cast frameworks, 
measured in the same way.[185, 186] In addition, Study I demonstrated a precision of fit that was 
higher for the Cresco groups compared to the gold alloy frameworks but lower compared to 
the PIB frameworks, which had been previously evaluated.[184] The lower levels of distortions 
for the CNC-milled frameworks in the report by Örtorp and colleagues can be explained by 
the fact that they measured 20 frameworks fabricated from one single scanning procedure, i.e. 
duplicates, whereas in Study I and other studies the plastic patterns were individually scanned 
for each CNC-framework.[184-186]  

   The PIB technicians in Study I were not informed of the ongoing study. The Cresco 
framework technicians, on the other hand, knew of Study I. This might have an impact on the 
results, which is supported to a certain extent by Eliasson et al. who demonstrated the value of 
blinding when they evaluated I-bridge frameworks fabricated in two ways.[186] The laboratory 
was informed that the first group of frameworks would be evaluated for precision of fit. The 
second group of frameworks was produced to mimic the clinical situation, e.g. the 
frameworks were sent to the manufacturer on different days. The magnitude of distortion was 
lower for the non-blinded group.[186] 

   The PIB framework production may be regarded as more “high-tech” and controlled than 
the Cresco method, the latter demanding a high degree of manual work and technical skill in 
every step of the production. Some support for this assumption was found in previous reports 
where CNC-milled frameworks were compared to conventional cast frameworks and a better 
fit for the CNC-milled frameworks was demonstrated.[184, 185] Even so, Study I demonstrated 
only minor differences between the two investigated fabrication methods; the clinical 
importance of this is not known. 
   Study I also found that the CoCr alloy frameworks contracted, whereas both groups of 
titanium frameworks, regardless of fabrication techniques, seemed to expand. Previous studies 
found either similar or contradictory results.[184-187] Even though the fabrication of the two 
groups of Cresco frameworks was comparable, small differences existed. For example, the 
laser-welding procedures were not exactly the same. A higher energy was achieved within the 
CoCr alloy frameworks due to a longer duration of the laser pulse. Taking into account the 
superior thermal conductivity of the CoCr alloy compared to titanium[11, 65], both these factors 
may have influenced the different distortion patterns.  
   The frameworks in Study I had a greater maximum distortion range of individual points in 
the horizontal plane compared to the vertical plane, in accordance with observations in 
previous studies.[184-186] In addition, Study I revealed a lower degree of vertical misfit in the 
PIB frameworks compared to both groups of Cresco frameworks. These findings are 
interesting since it has been suggested that a vertical misfit influences complications to a 
higher degree than horizontal distortions.[147, 172] Further, both methods, “orthogonal 3-2-1” 
and “least square”, underestimate the vertical distortions since they work in a virtual world 
and ignore the physical limits of reality by permitting negative vertical values. As a 
consequence, the real vertical distortions for all three groups of frameworks were probably 
underestimated, both in Study I and in previous reports.[184-186] 

   It has been suggested that misfit preload can have a greater impact on bone response than 
the magnitude of the vertical gap.[192-194] Thus, it may be more crucial to reduce vertical gaps 
in frameworks connected directly to the implants, where higher preload forces could be 
expected. It is possible to reduce vertical misfit by increasing the tightening force[86] and 
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consequently introduce higher stress in the screw joint and the peri-implant tissues. Earlier 
more commonly used materials such as gold alloys are more flexible than titanium or Co-Cr 
alloys for prosthesis-retention screws and frameworks. Therefore, even higher stress levels 
might be introduced with these new materials.  
   What is an “acceptable vertical misfit” is in dispute and varies between 10 and 150 µm.[111, 

147, 173, 339] In the clinical situation, a misfit of 50 µm can be detected using magnification 
lenses at x 2 magnification, at a distance of 25 cm.[125, 141] Study I found mean vertical misfits 
of less than 10 µm (absolute figures) for all three groups. The maximum range observed 
between minimum and maximum real values was 43 µm. Consequently, the magnitude of 
misfit in Study I can be regarded as acceptable and comparable to previous reports. But it 
seems obvious that the accuracy of a single framework is hard to predict and that the 
technique for measuring the precision of fit influences the distortion figures obtained. As a 
result, one study might be difficult to compare to another. Although misfit seems to have an 
impact on mechanical complications such as screw loosening and retention screw fractures, 
whether, and to what extent, it might influence the peri-implant tissues remains a point of 
dispute. 
 
Material degradation and cell responses 
 
   The aims here were: 1) to investigate and estimate material degradation in titanium implants 
and frameworks made of CoCr alloy or CP titanium according to the Cresco method, before 
and after exposure to artificial saliva, and 2) to assess possible adverse cellular responses to 
CoCr alloy frameworks by comparing the viability and morphology of epithelial cells and 
fibroblasts cultivated on CoCr alloy and titanium specimens. 
 
   Study II demonstrated material degradation after saliva exposure both in titanium implants 
and in frameworks made from CoCr alloy and CP titanium. The material degradation was 
reported as ion leakage and as changed surface structure. Significantly more cobalt ions 
leaked than titanium and chrome ions. Both framework sections and implants became rougher 
after saliva exposure. Since only ion leakage and not galvanic corrosion was measured, the 
material degradation in Study II can be regarded as an estimation of corrosion.  
   Ion leakage was registered by an inductively-coupled plasma mass spectrometer connected 
to a computer, a common set up for chemical analyses.[340] In a clinical situation, the saliva is 
normally continually exchanged due to secretion and swallowing. In contrast, in Study II only 
1 ml of the saliva solution (total volume 20 ml) in each experimental well was exchanged at 
four different time points. It has been suggested that when the ion concentration of an element 
in saliva increases this will per se decrease the tendency for the same element to dissolve.[11] 

In accordance with this assumption, Study II demonstrated stable leakages of chrome and 
titanium ions. Quite the opposite happened to the cobalt ion leakage, which tended to increase 
over time. This might be a sign of an active corrosion process. The findings are supported by 
a previous report on removable partial dentures describing a minor decrease over time in 
cobalt ion leakage compared to a more obvious decrease in chrome ion leakage.[214] 

   Ion leakages from unconnected framework sections were higher than from sections 
connected to implants, at all time points and from both materials. One possible explanation 
might be a larger exposed framework section surface in unconnected frameworks. The 
differences remained, regardless if the data was presented as absolute values (weight, µg) or 
relatively (µg/g, weight percent, wt%). Even though ion leakage in several studies is 
expressed as weight per surface unit, it was decided to express the results in Study II as wt%. 
A main reason was that the surfaces of the framework sections differed in size and there was 
concern that measuring the area would introduce errors which could influence the final results 
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to a high degree. When describing the chemical composition of an alloy, Wataha recommends 
the use of number of atoms of an element (at%) instead of weight percent (wt%).[57]  Since the 
difference in at% between cobalt and chrome is only about 10% (Co 58.9332 u, Cr 51.996 u) 
this further strengthens the decision to regard wt% as appropriate in Study II.  
   The artificial saliva solution used in Study II was blended according to an ISO standard. The 
mix is commonly used for polymers but can be regarded as appropriate for general use as 
well. An almost neutral pH was chosen for the saliva solution, to mimic a clinically “normal” 
situation. Yet, it is well known that the pH value in saliva is not constant and different protein 
solutions may alter the pH.[341, 342] Thus, plasma proteins such as albumin and fibrinogen 
might affect the corrosion of metals and alloys.[343] Milleding et al. studied protein adhesion to 
ceramic surfaces and reported a higher affinity for plasma than for saliva proteins.[344] This 
could partly explain why these materials are generally well tolerated close to the peri-implant 
mucosa and in the transmucosal zone.[344] Further, the interaction between dental device 
surface, the bio-film created immediately on every intra-oral surface, and the surrounding 
tissues will influence the biological response to a new dental device. These topics, however, 
were not examined in the present thesis. 
   Optical instruments have been recommended for the study of surfaces in relatively soft 
metals such as titanium[215] and optical interferometry has been used recently in surface 
studies similar to Study II and III .[201, 345, 346] The equipment can be regarded as a development 
of the earlier, more common confocal laser scanning profilometer but the interferometer is 
faster and has a larger maximum vertical range as well as maximum measuring area.  
   Since so many subgroups were defined in Study II, three surface parameters were decided to 
be sufficient and were subsequently analyzed as previous recommended by Wennerberg and 
Albrektsson[31]: one height, one space and one hybrid parameter. This was performed at four 
defined locations on each contact surface of the implants and the framework sections, before 
and after saliva exposure. One of the 144 measurements (0.7%) was impossible to evaluate 
because manufacturing defects in the surface exceeded the measuring range. In a similar 
evaluation of screw-joint surfaces, ten of 431 measurements (2.3%) were impossible to 
perform due to fabrication defects.[201] 
   Study II displayed rougher contact surfaces on the titanium framework sections than on the 
CoCr alloy frameworks, both before and after saliva exposure. Craig and Hanks demonstrated 
that a polished surface (smaller area) may release less elements than an “as-cast” (greater 
area).[347] Yet, even though a greater surface area was probably exposed to the saliva, the 
titanium ion leakage was lower than the cobalt leakage in Study II. 
   The differences in material properties may explain some of the differences in roughness. 
Since a CoCr alloy is harder than titanium, a titanium surface is more difficult to polish and 
create a smooth surface. Further, the contact surfaces of the implants became rougher after 
saliva exposure. This may be caused by the saliva exposure per se. Yet, it seems reasonable 
that contact with the framework sections also influenced the implant surfaces. The CoCr alloy 
framework sections might have roughened the implant surfaces through friction more than the 
titanium framework sections would. As a consequence, the implants connected to the CoCr 
alloy framework sections showed the highest roughness values. This increase in surface 
roughness, i.e. surface area, might increase the risk of future corrosion.  
   The change in contact surface roughness between frameworks and implants during the 
saliva exposure might change the friction – and thus the preload – in the screw joints as well. 
Consequently, the risk for mechanical complications such as loosening of prosthetic retention 
screws due to corrosion must be considered when framework material is decided.  
    In Study III, the same three surface parameters as in Study II were used, with the addition of 
three more. This was possible since the number of specimens studied was very limited. In 
Study III, registrations were made from two specimen of each material, CoCr alloy and 
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titanium, respectively. To compensate, in some way, for the small number of observations 
more surface data was registered and analyzed. This was also done to thoroughly investigate 
whether or not differences in surface roughness could explain any variability in cell reactions 
between the two examined framework materials. 
   Significant differences in surface roughness between CoCr alloy and titanium were 
identified in Study III. The CoCr alloy specimens had a smaller height variation (Sa = the 
arithmetic mean deviation of the surface) but were denser (Sds = the density of the summits of 
the surface) than the titanium. Yet, the differences between the two materials were small. No 
significant differences were demonstrated regarding the four additional surface parameters. 
   Study III demonstrated that both epithelial cells and fibroblasts had a better reduction 
capacity according to the Alamar Blue method, when in contact with titanium compared to 
CoCr alloy surfaces. The Alamar Blue method was presented as an alternative to more 
expensive, common and complicated radioactive assays to monitor and determine 
lymphocyte proliferation.[329] The test allows cells to be monitored without compromising 
the sterility of the cultures and permits further analyses by other methods.[329] 
   Only small differences in surface roughness were described, indicating the presence of other 
properties than might influence the cell reactions. Previous studies have presented 
contradictory results regarding surface roughness. In a study using dogs, Abrahamsson et al. 
demonstrated no influence on soft tissue adhesion regardless of whether titanium abutments 
were smooth or rough (Sa 0.22 µm or 0.45 µm).[348] Glauser et al. supported these findings in 
a human study, reporting an equal height of the soft tissue seal regardless of surface 
roughness.[349] Even so, they found a higher epithelium layer on smooth surfaces and a higher 
connective tissue layer on rougher surfaces.[349] Other studies have demonstrated that 
epithelial cells prefer smoother metal surfaces but rougher osteoceramic surfaces in contrast 
to fibroblasts, who preferred rougher metal surfaces but smother osteoceramic surfaces. [236, 

238, 240-244]  
   Therefore, it seems reasonable to believe that apart from physical properties such as surface 
free-energy interfering with the adhesion capacity, the material, CoCr alloy or titanium, per se 
had an impact on the cell viability. This argument seems even more reasonable taking into 
account the differences reported in Study II where cobalt ion leakage was significantly greater 
than ion leakage of chromium and titanium, and the toxic capability of cobalt to cell cultures 
described in previous reports.[253, 257]  
   Cell culture studies can give information about mechanisms behind cell and material 
interactions. But even if several studies have focused on the in vitro behavior of fibroblasts 
rather than on epithelial cells, it was suggested that the in vitro environment for fibroblasts is 
generally less representative of the normal in vivo situation than the corresponding 
conditions for epithelial cells.[350, 351] Because both epithelial cells and fibroblasts are in 
contact with the transmucosal part of an implant system, it was regarded as interesting to 
examine both cell types in Study III. This assumption is in accordance with a previous 
study.[244] Solid metal alloy specimens were used in Study III. The specimens were fabricated 
to mimic the Cresco method and while in direct contact with the examined cells, in 
accordance with previous recommendations.[237, 352] Cell culture tests have been regarded as 
appropriate when local material effects, such as in the transmucosal peri-prosthetis zone, are 
studied.[353, 354] 
   Arvidson et al. used “normal” fibroblasts (primary cells) from human gingiva while Study 
III  used permanent cell lines: “immortalized” human epithelial cells and mouse 
fibroblasts.[253] They proposed that “immortalized” cells may have developed not only a 
different morphology but also an altered metabolism.[253] Experiments with primary cells can 
be regarded closer to a normal, clinical situation compared to tests with permanent cell 
lines.[246] As Arvidson et al. faintly outlined, primary cells can probably maintain normal 
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functions, such as to differentiate and adhere. On the other hand, because of the variations 
between donors, results from studies with primary cells are more likely to vary. [246] Thus, 
permanent cell line reports such as Study III are more reproducible.  
   Cell reactions to metallic materials from primary cells (fibroblast) and permanent cell lines 
(lymphoma cells) have been demonstrated.[73] It was suggested that primary cells are more 
sensitive than permanent cell lines.[73] With this background, the Alamar Blue results from 
Study III become even more interesting since a significant difference in cell reactions to the 
two examined materials was present, despite the use of suggested less sensitive permanent 
cell lines.    
      In the SEM analysis (Study III), only minor differences in cell morphology were 
revealed. Still, the cells on the CoCr alloy surfaces were regarded as fewer and more 
rounded, the latter indicating a somewhat hostile environment. Yet, one shortcoming with the 
SEM analysis was that the specimen material (CoCr alloy and titanium) was not blinded for 
the examiners.  
    Titanium is a well-documented material for implants as well as for transmucosal 
components and prosthetic frameworks. Alternative materials such as CoCr alloys have been 
introduced and may be interesting due to low costs and good mechanical properties. 
Nevertheless, the results from Study II and III  raise doubts about their biocompatibility as 
components in an oral implant system.  
 
 
PART 2. CLINICAL AND RADIOLOGICAL EVALUATION OF IMP LANT LEVEL 
PROSTHESES IN COMPARISON TO ABUTMENT LEVEL PROSTHES ES (IV) 
 
The aims here were: 1) to evaluate and compare the clinical function between implant-
supported prostheses in the edentulous maxilla made on implant level and prostheses 
fabricated on abutment level, and 2) to investigate porcelain-veneered CoCr alloy prostheses 
in comparison to two groups of prosthesis made in acrylic-veneered CP titanium.  
 
   Many patients in Study IV were lost to follow-up but comparable levels of lost patients have 
been reported in earlier five-year follow-up studies.[16, 116, 138, 355-358] A significant difference in 
non-compliance between the test and control groups was observed, most likely indicating a 
different follow-up protocol between the two clinics. It has to be emphasized that only 
surviving prostheses were included in the test group, with equal numbers of similar patients in 
the control group. The reason was that the major aim of the study was to compare the 
biological and mechanical impact of prostheses after continuous function over five years, 
rather than to study survival rates of individual prostheses of different designs.  
   Since there are indications that patients lost to follow-up demonstrate a higher frequency of 
implant loss and other complications than followed-up compliant patients[19, 287], reported data 
involving high levels of non-compliant patients must be interpreted with caution. Thus, a 9 to 
14-year follow-up study of partially and complete prostheses reported 4.5% implant loss 
among patients lost to follow-up 1-5 years after implant insertion but only 0.3% in the 
participating patients over the same period.[287] A 15-year follow-up study on implant 
treatment in the edentulous maxillae presented a trend, although insignificant, of higher 
implant failures in patients lost to follow-up.[19] 
   Whether the results from Study IV are reproducible or not can be discussed since all patients 
were selected and referred to two specialist clinics and all treatments were performed by 
experienced prosthodontists. Yet, similar study designs have been used previously in implant 
dentistry research.[44, 109, 138, 294, 355]  A further limitation of the study was that the control group 
tended to have less health problems but had significantly more smokers. However, the 
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correlation between systemic diseases and implant loss has been regarded as low[359], but a 
meta-analysis reported an increased risk for implant failure among smokers.[285]  
   A high implant survival rate was seen in the Cresco groups as well as in the PIB group, in 
accordance with previous studies on Astra Tech and Brånemark System implants.[15-19, 270, 271, 

273, 360] The ten implant losses took place in ten different patients. Thus, no signs of previous 
reported “cluster-effects” were found.[274-276, 278] Consistent with previous reports, smokers 
were over-represented among the patients with implant loss: five of the ten patients were 
smokers in Study IV. [284, 285,  361-364]  
   Mucositis was the most frequent complication presented in Study IV. The prevalence was 
33% in Cresco-CoCr, 44% in Cresco-Ti and 25% of the patients in the PIB control group, 
respectively. Thus, the frameworks connected directly to the implants, without intermediary 
abutments, had a higher frequency of mucositis, although this was insignificant. A previous 
three-year retrospective study on acrylic-veneered titanium Cresco maxillary and mandibular 
prostheses revealed bleeding on probing in 8% of patients with Astra Tech implants and 24% 
of patients with Brånemark System implants.[141] In a prospective study soft-tissue 
inflammation was reported in one of 23 patients with abutment-connected maxillary Procera 
prostheses during a five year period.[116, 141] Yet, comparisons are difficult since the study 
protocols and definitions varied in the three mentioned studies. In addition, in Study IV it is 
highly likely that protocols differ between the clinics and definitions vary among the 
clinicians. 
   Since the differences in mucositis in Study IV were most pronounced (although in-
significant) between Cresco-Ti and PIB, the framework materials used in Study IV do not 
appear to have influenced the results. It seems interesting to consider whether the fact that the 
prostheses were connected to abutments or directly to implants had an impact on the 
mucositis frequencies reported in Study IV, especially taking into account that Study I 
presented a lower degree of vertical misfit for the PIB-group compared to the Cresco groups. 
   Not surprisingly, there is no general consensus on the definition of mucositis. Even though 
it was defined in a consensus report 1994 in a similar way to gingivitis as a reversible 
inflammatory process in the peri-implant soft tissues[365], later studies have presented different 
definitions. Weibrich et al. considered a probing depth ≥4 mm a sign of peri-implant infection 
without any presented support for their standpoint[366] while Roos-Jansåker et al. proposed 
pocket depths ≥4 mm combined with bleeding on probing.[338]  But pocket probing around 
implants can be complicated due to the design of the prostheses.[339] In fact, a proper 
investigation demands removal of the prosthesis. This was performed in the previous 
mentioned Cresco study but it is debatable whether the mucosal problems reported would 
have been the same with the prostheses kept in place through the examination.[141] 
Considering the evident difference in tissue-anchorage of teeth compared to implants[25], the 
current similarity in evaluation methods for teeth with gingivitis and implants with mucositis 
and their association to bone loss is still an issue for debate.[290, 314] 
   Even though minor differences in the prevalence of mucositis could be detected between 
implant level and abutment level prostheses, mucositis per se does not seem to endanger 
implant survival. Changes in peri-implant bone levels might be more important for implant 
survival, while the prevalence of bone loss at individual implant sites is more valuable for 
prosthetic protocol and implant system comparisons. No major alterations in bone levels were 
demonstrated between the Cresco and CNC groups, either with regard to mean levels or to 
prevalence of implants with apparent apical bone-levels. 
   The test group radiographs were evaluated by one of the authors, while the measurements in 
the control group were performed by specialists in oral radiology but validated by the research 
team. This may have had an impact on the results. The intra-examiner variation for the test 
groups in Study IV was 0.2 mm (SD 0.3). A previous study on turned Brånemark System 
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implants evaluated by oral radiologists, found a mean intra-examiner variation of 0.08 mm 
whereas the inter-examiner variation was 0.14 mm.[318] 
   Due to different radiological protocols between the two clinics, bone loss comparisons were 
not possible to perform. Considering the fact that the Cresco groups mainly had Astra Tech 
implants and the control group consisted of only Brånemark System implants, comparing 
bone levels is questionable with regard to implant/abutment level comparisons. But even 
though it seems valuable to study bone loss, it has been difficult to use historical data on bone 
levels or bone loss to predict potential implant failure.[367, 368] Thus, bone levels can never be 
more than surrogate measurements for the true endpoint – implant loss. In addition, Lang and 
Salvi argued that standard radiological examinations are confirmatory of clinical findings 
rather than exploratory as such.[317, 367] Further, the low radiological sensitivity for 
pathological and bone remodeling changes and the limited value of the measurements of peri-
implant bone-levels have been highlighted, unless more sophisticated methods are used.[322, 

369] The use of e.g. panoramic radiographs for bone loss evaluations can consequently be 
questioned but it has been used even in scientific studies.[366]  
   Criteria for clinical as well as radiological success have been presented, with suggestions for 
acceptable bone loss after a certain time.[305, 370-372] Recently, Sundén-Pikner proposed new 
criteria with regard to age and the remaining implant bone support, in line with previous 
suppositions for periodontal decision-making.[373, 374] 
   None the less, radiographs can be valuable in other respects, e.g. for indicating mechanical 
complications such as fractures of prosthetic retention screws.[324] However, no such fractures 
were found in Study IV, nor were any framework fractures identified. The latter was formerly 
a frequently reported complication with gold-alloy and earlier generations of Procera 
frameworks[81, 109, 294, 334, 357, 358] but it has also been reported for Cresco and CNC-milled 
Procera prostheses.[139, 141] However, a general trend towards a decrease seems credible and 
can probably be explained by increasing technical skill with CP titanium, and the use of CoCr 
alloys. 
   A low frequency of loss of screw site fillings was presented in Study IV in  accordance with 
a recent suggestion that deeper screw access holes might reduce the risk for loss of 
fillings.[139] No fracture of implant components and just one loose prosthesis were reported in 
Study IV (one Cresco-Ti). But unless the prostheses, or at least the screw site fillings, are 
removed fractured implant components can be difficult to detect. Thus, 1/3 of the prostheses 
with cast gold frameworks on Brånemark System implants had problems with loose retention 
screws or component fractures in a three-year follow-up study in which the prostheses were 
removed.[141] None of the Cresco prostheses on Brånemark System implants in the same study 
demonstrated similar problems.[141] This was explained by different loading conditions in the 
patients, preloads in the screw joints and differences in accuracy of fit between prostheses and 
abutments or implants.[141]   
   Loading conditions may also be a major factor for veneer fractures.[116, 141, 149, 172, 293-297] 
Veneer fracture was the most common mechanical problem in Study IV, in keeping with 
previous reports.[116, 294, 358, 375] Apart from previous studies,[358, 376-378] no specific dental status 
in the mandible was related to the veneer fractures reported in Study IV. 
  The porcelain-veneered CoCr alloy prostheses had the highest frequency of veneer fractures 
in Study IV. It might be suspected that porcelain veneers and a cobalt-chrome framework were 
chosen for patients where the risk for acrylic veneer fractures was anticipated. Yet, the 
inclusion criterion for a specific treatment was unclear and not revealed by the dental records. 
Despite a relatively high frequency of veneer chipping (almost 27% of the prostheses), 
redesign of the occlusal table was not performed in any of the patients with porcelain-
veneered prostheses. Most patients took no notice of the minor fractures but some of the 
chippings were adjusted with the prostheses still in place. However, restoring a fracture in a 
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porcelain veneer is generally far more complicated and expensive than the same procedure on 
acrylic-veneered prostheses.  
    Thus, Study IV demonstrated that prostheses made with porcelain-veneered CoCr alloy 
frameworks show a similar clinical performance to comparable prostheses in titanium with 
acrylic veneers. On condition that the prosthesis is screw-retained, Study IV indicates that a 
metal-ceramic design has no major mechanical advantage over a metal-acrylic alternative.  
   Since they are generally more expensive than their titanium counterparts, it can be 
concluded from a cost-benefit point of view based on Study I-IV that cast, sectioned and laser-
welded frameworks in a CoCr alloy with porcelain veneers do not seem to have any major 
advantages compared to acrylic-veneered CP titanium frameworks, fabricated in the same 
way or CNC-milled. 
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FUTURE PERSPECTIVES  
 
   In a time when youth is worshipped and ageing has become a disease, it is not surprising 
that patient expectations of implant treatment are increasing, both in terms of function and 
esthetics. This trend will probably continue.  
   To some degree, what was impossible to achieve some decades ago is now possible due to 
early intensive research and innovations. Virtual planning and tissue engineering will 
probably develop even further and help us to meet future demanding expectations. But at the 
same time as we are meeting an accelerating technical complexity in the treatments and 
expectations from patients, partly as a result of pressure from the implant industry, we are 
expanding the inclusion criteria for treatment due to improved treatment concepts. More and 
more implants are installed. Together with an increasing number of active clinicians in 
implant dentistry this might create a climate where implant treatment success will be taken for 
granted. The view on osseointegration becomes simplified “…as if implant placement were as 
easy as turning a screw into a piece of wood.” [379]   
   With the development of photogrammetry and similar digital techniques, impression 
materials and dental stone will probably be left behind by implant prosthontists. We will 
probably see a decrease in the number of cast frameworks and an increase in the number of 
CNC-milled and sintered frameworks. These frameworks will be offered in different metals, 
alloys and ceramics due to reduced costs for the techniques and the developments of the 
materials. As a consequence, the precision of fit for the implant-supported complete 
prosthesis will increase. Whether there is need or not for an improved fit will continue to be 
discussed. 
   The techniques for combining titanium frameworks with porcelain veneer will no doubt 
improve. All-ceramic solutions will also develop and it is very doubtful that cobalt-chrome 
alloy frameworks can survive in this struggle considering their suggested biocompatibility 
short-comings and possible health risks, not least for the dental technician grinding the 
frameworks. Further, they will have to compete with low-budget alternatives as fiber-
reinforced acrylic prostheses. 
   There will probably be a market for abutment as well as abutment-free solutions. Ceramics 
and CP titanium will probably dominate as materials for the transmucosal part of implant-
supported prostheses. New implant components with sparse documentation will be offered to 
clinicians and the implants might be individually shaped for the desired position in the 
patient’s jaw, due to advanced virtual planning techniques. Before long, stem cells will be 
used to cultivate additional bone crests or later maybe even a third dentition for the partial or 
total edentulous patient. 
   Yet, the skill and experience of the clinician confronted with the edentulous patient will 
continue to be of the utmost importance and just as essential as the available materials and 
techniques for treatment success.  
   It would be good if the clinician had something more than pure empiricism and colorful 
advertisements to look to for guidance. Kiene proposed that the gold standard of evidence-
based medicine is determined by four major paradigms: 
 

1. Paradigm of the experiment, Francis Bacon, Novum Organum, 1620 
2. Paradigm of repeated observation, David Hume, An Enquiry Concerning Human 

Understanding, 1843 
3. Paradigm of control by comparison, John Stuart Mill, A System of Logic, 1843 
4. Paradigm of randomization, Ronald Fisher, The Design of Experiments, 1935[380] 
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However, it does not seem realistic to believe in a wider scale of randomized, double-blinded, 
prospective clinical trials for implant prosthodontics, even though they no doubt can improve 
planning, decision-making and treatment. The main reason is costs but ethical considerations 
must also be reflected on. Taylor suggested a more pragmatic research strategy: large, 
retrospective evaluation of treatment results in homogeneous populations as an addition.[152]    
This view was supported by Walther arguing that each prosthodontic patient is unique, and 
randomizing patients to defined treatment protocols may be difficult, not least for ethical 
reasons. As a consequence, it was suggested that evaluation of a chosen therapy can only be 
performed by observing the treated cohort itself.[381] This may not be the ideal scientific 
solution but perhaps the only option available? 
   Guidance for the un-experienced clinician seems very difficult to give. Jokstad pointed out 
the unfeasible task for students to absorb the rapidly increasing load of theoretical 
knowledge.[382] Instead, he argued for a life-long learning approach and highlighted the 
importance of identifying and critically assessing the scientific literature.[382] The same 
approach is probably also relevant for the more experienced clinician. The reason why the 
expert clinician is more successful than the beginner is most likely related to the ability to 
recognize patterns and judge the probability of diagnoses and outcomes.[383] Consequently, the 
learning process probably relies more on the art of clinical judgment than on evidence based 
knowledge.[384] 
   Where humanism evaluates and judges behavior and beliefs, science explains the physical 
structures of nature through observations and experiments. If we are going to be successful as 
clinicians and/or as researchers in implant dentistry we must undoubtedly seek guidance in 
both these traditions.  
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MAIN OBSERVATIONS AND CONCLUSIONS  
 
 
A general aim of this thesis was to evaluate whether cobalt-chrome alloys are generally 
suitable for implant-supported prostheses. It was observed that Cresco cast, sectioned and 
laser-welded frameworks in a cobalt-chrome alloy do not seem to have any major advantages 
compared to CP titanium frameworks, fabricated in the same way or CNC-milled. The 
following main conclusions were made from the four papers, I-IV.   
 

• None of the investigated frameworks presented a perfect, completely passive fit to the 
master model. Although the direction of distortions varied, the horizontal distortions 
were of similar magnitudes and in accordance with previous studies. However, the 
CNC-milled frameworks had statistically significant less vertical distortions 
compared to the Cresco groups.  

 
• Cobalt ion leakage was higher than leakage of titanium or chrome ions and tended to 

increase over time. The contact surfaces of the implants as well as of the framework 
sections (regardless of material) became rougher after saliva exposure. The contact 
surfaces of the titanium framework sections were rougher than the cobalt-chrome 
surfaces both before and after saliva exposure. These findings indicate active material 
degradation processes for both implants and framework materials. 

 
• The viability of epithelial cells and fibroblasts was better on titanium surfaces than on 

cobalt-chrome alloy surfaces. These differences were explained by the material 
(cobalt-chrome or titanium) per se and not by the small differences in surface 
structure.  

 
• After five years, the clinical outcomes of implant level prostheses made of porcelain-

veneered cobalt-chrome alloy or acrylic-veneered titanium seem comparable to 
acrylic-veneered titanium prostheses made at standard abutment level. Mucositis and 
veneer fractures were the most common complications recorded. A trend of implants 
with mucositis was more frequently observed in implant level prostheses. A trend of 
higher prevalence of veneer fractures in the porcelain-veneered cobalt-chrome 
prostheses as compared to the acrylic-veneered titanium prostheses was observed. 
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