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"The living tissue is wiser than the human being!"
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ABSTRACT

One of the newly introduced concepts in implant dentistry is computer-guided surgery.
The development of 3D implant planning software and imaging technology provide
clinicians with 3D information of patients’ bony structures. Furthermore, the
combination of such image technologies and the CAD/CAM technology allows
fabrication of surgical templates and implant supported prostheses preoperatively based
on the virtual treatment planning. However, whether the new method can offer patients
as successful and reliable treatment as the conventional methods has not yet been

shown scientifically.

The general aim of this thesis was to evaluate computer-assisted virtual treatment
planning and template-guided implant surgery. Study | and Study Il aimed to evaluate
the clinical performance, including survival rates, complications, soft tissue conditions,
and marginal bone changes following the template-guided surgery in combination with
immediate loading of a prefabricated prosthesis. In Study I11 and Study 1V, the aim was
to verify the accuracy of virtually planned and template-guided implant surgery.

Patients with edentulous maxilla, mandible or both, consecutively treated using the
NobelGuide™ and Teeth-in-an-Hour™ were included in this project. In Study I,
survival rates and complications during the follow-up period were investigated. The
results showed that survival rates of implants and prostheses were lower compared to
those following conventional treatment protocols. Furthermore, complications occurred
in as many as 42 % of the treated cases. Most observed complications were related to
this specific technique or hardware. Study Il assessed soft tissue conditions and
marginal bone changes at > 1 year follow-up. A pressure-like-ulcer was one of the most
frequently observed complications during the follow-up period. Although the mean
marginal bone loss after functional loading in Study Il was within the range of other
reports presenting mean bone loss data after immediate loading, our patients showed a
wide range of bone loss at several sites, where the bone loss was greater than
commonly used successful level (< 1.5 mm after 1 year of prosthesis connection). Study
Il and IV showed that there were significant differences between virtually planned
implant positions and the clinically placed implant positions. In Study Ill, the accuracy

was assessed by matching the implant planning data based on the pre-operative CT



scan and the post-operative CT scan from > 1 year follow-up. In this matching method,
patient movement during CT scan was one of the main factors that contributed to the
deviations. In Study IV, we developed a novel method. In this method, two plaster
models were compared, one created from the surgical template and the other made
from impressions on copings attached to the implants in patients at > 1-year follow-up.
The matching procedure, best-fit alignment, might have led to the smaller deviations

compared to the results of CT matching method.

In the guided-surgery technique used in these studies, the surgery including prosthesis
connection was completed within 30-45 minutes, with minimal surgical trauma in the
majority of individuals. In addition, the patients’ post-operative discomfort such as pain
and swelling was almost negligible in successfully treated cases. However, the results
in the present studies imply that the method of computer-assisted treatment and
template-guided surgery must still be regarded as being in an exploratory phase.
Further investigations regarding the clinical performance and products as well
assessments from the patient’s viewpoint will lead to more optimal results and

improvement of the system.

Keywords: dental implant, computer-guided surgery, surgical template, flapless
surgery, immediate loading, CAD/CAM technique, marginal bone loss, soft tissue

condition, accuracy
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INTRODUCTION
BACKGROUND

Osseointegrated dental implant treatment is one of the most innovative
concepts in the history of modern dentistry. Today, dental implants are routinely used
in the rehabilitation of lost teeth. Over the last decades, a tremendous amount of
research has been conducted in order to evaluate the long-term stability of the original
protocol as well as to further improve the treatment. In keeping with the rapid
development in computer technology, the mode of the implant treatment has also
changed. Computer-assisted implant treatment is becoming a trend in implant dentistry
and new systems are introduced on the market one after another. This thesis evaluates
the NobelGuide™ (Nobel Biocare AB, Gothenburg, Sweden), one of the newly

introduced computer-assisted surgical techniques.

DEVELOPMENTS OF DENTAL IMPLANT TREATMENT
Osseointegration
History

The concept of osseointegration arose from an unexpected occurrence during
experimental work by Professor P-I Branemark and collaborators nearly half a century
ago in Sweden. A rigid integration between the bone and titanium surface was
discovered when he tried to extract a valuable titanium chamber that had been inserted
into a rabbit fibula in order to observe the formation of blood cells in the bone marrow.
The remarkable fact was that foreign-body reactions, commonly observed as
inflammation, did not exist around the titanium chamber. This phenomenon, found by
chance, was afterwards named “osseointegration” by Branemark. Until now, the term
osseointegration has been defined from various aspects. The original definition
attributed to microscopic findings by Branemark et al. was “direct structural and
functional connection between ordered, living bone and the surface of a load-carrying
titanium implant”. It was also defined from a clinical point of view, as “a process
whereby clinically asymptomatic rigid fixation of alloplastic materials is achieved and
maintained in bone during functional loading* (Zarb & Albrektsson 1991).

Based on meticulously investigated scientific data, the concept of
osseointegration was first applied to a patient for rehabilitation of the edentulous

mandible in 1965 (Brdnemark et al. 1977). Since then, successful long-term results of



implant-supported prosthesis have been presented in numerous studies (Adell et al.,
1990, Hultin et al., 2000, Ekelund et al., 2003, Lekholm et al., 2006, Astrand et al.,
2008), which allowed implant treatment to become a routine method in the
rehabilitation of partially and completely edentulous jaws. The application of the
osseointegration concept has broadened beyond the dental field, and today it is widely
utilised for reconstruction of defects in various parts of the body, such as faces, ears,

hands, and legs.

Bone healing process

Titanium is an excellent biocompatible material that generally does not cause
any foreign body reaction, if minimising trauma during surgery. Nonetheless, the fact is
that the recipient bone is mechanically injured by osteotomy for the canal preparation
and insertion of implant during the surgery. The damages initiate a sequence of healing
events that arise both in the cortical and the cancellous bone following implant insertion.
The dynamic relation between inserted implant and bone tissue is comprised of three
periods, healing period (implant insertion-12 months), remodelling period (3-12
months) and dynamic equilibrium period (18 months-) (Branemark et al., 1977).
Around implants immediately after insertion, the pitches of the threads have close
contact with the surrounding bone tissue while the cavities of the threads are filled with
hematoma. The hematoma transforms into new bone via callus formation and the
surgically damaged bone heals, accompanying vascular structures during the first three
months of healing period. It has been shown that the bone formation process starts
already during the first week of the healing (Berglundh et al., 2003). After the healing
phase, the bone tissue close to the interface of the implant surface undergoes a
remodelling, which is regarded as an adaptation to the new functional situation where
the abutment is connected onto the implants and masticatory load is applied. In the
dynamic equilibrium period, about 18 months after the implant insertion, a balance
between the remodelling capacity of the bone and the stress transmitting onto the

implant is established.

Time of implant loading

The semantics describing implant loading are still a subject of controversy and
confusing on many occasions, though some definitions have been propounded in the
consensus statements (Cochran et al., 2004, Aparicio et al., 2003). According to the

Implant World Congress consensus meeting in Barcelona in 2002 (Aparicio et al.,



2003), the terminology for implant loading and the timing for implant loading protocol

was proposed as follows:

Implant loading

e Occlusal loading: The crown/bridge is in contact with opposing dentition in
centric occlusion.
e Non-occlusal loading: The crown/bridge is not in contact in centric occlusion with

opposing dentition in natural jaw positions.

Timing of implant loading

e Delayed loading: The prosthesis is attached at a second procedure after a
conventional healing period of 3-6 months.

e Early loading: The prosthesis is attached at a second procedure, earlier than the
conventional healing period of 3-6 months; time of loading should be stated in
days/weeks.

e Immediate loading: The prosthesis is attached to the implants the same day the

implants are placed.

The original protocol proposed by Branemark was designed to be a two-stage
surgical protocol. In this protocol, the implants were recommended to be submerged
underneath the mucosa during the initial healing period, usually 3 to 4 months in the
mandible and 6 months in the maxilla after implant insertion. Abutments that penetrate
the mucous membrane are attached on the implants after the healing period. This
procedure aims to minimise the risk of infection, prevent apical downgrowth of
mucosal epithelium, and minimise the risk of excessive loading onto the implants
(Branemark et al., 1969, Branemark et al., 1977). In 1970’s and 80’s, several
experimental studies showed that implant loading during the conventional unloaded
phase leads to formation of fibrous tissue instead of formation of bone tissue (Brunski
et al., 1979, Akagawa et al., 1986, Cameron et al., 1973). However, the conventional
healing period of 3 to 6 months was empirically determined and was not based on
conclusive data.

Although the conventional two-stage protocol with delayed loading may still
be considered as the most reliable and safe method for achieving osseointegration,
many studies have been conducted in order to guide the way towards further

developments, especially aiming to minimise the patient’s discomfort between implant



insertion and delivery of a fixed prosthesis. The first longitudinal report on immediate
loading of Brédnemark implants was made by Schnitman and collaborators in 1990
(Schnitman et al., 1990). They also published ten-year follow-up results in 1997
(Schnitman et al., 1997). In their study, 63 implants were installed in the mandible, 28
of which were implants immediately loaded using fixed provisional prostheses. The
ten-year survival rate of the immediately loaded implants was 84.7 % (24/28).
Following the Schnitman study, a number of studies have reported favourable results of
early/immediately loaded implants, showing data comparable with those of the
conventional two-stage surgery with delayed loading (Brdnemark et al., 1999, Balshi et
al., 2005, Degidi et al., 2005, Ostman et al., 2005, Sanna et al., 2007).

These clinical results have also been supported in some ways by several
experimental literatures. In histological evaluations, it was shown that BIC
(bone-implant contact) of immediately/early loaded implants was comparable, or in
some cases even better, to that of conventionally loaded implants (Piattelli et al., 1998,
Testori et al., 2002, Rocci et al., 2003). Regarding exposure of implant to micromotion
in the healing process, Szmukler et al. concluded in their review of experimental
literature, that micromovements during the healing process may not deteriorate the
integration process if the movements were not excessive (Szmukler-Moncler et al.,
1998). Seballe et al. reported that a threshold of micromovements of 50-150 um may
be tolerated for porous plasma-sprayed implants (Seballe et al., 1993). Another study
by Brunski stated that approximately 100 pm might be a suitable threshold for turned
implant surface (Brunski, 1999). These data suggested that conventional healing period
without loading might not be mandatory to achieve osseointegration under the optimal
loading condition.

A recently updated systematic review published by the Cochrane
Collaboration (Esposito et al., 2009) investigates treatment outcomes of immediately or
early loaded implants compared to implants loaded after a conventional healing period.
In this systematic review, 22 RCTs (Randomised Controlled Trials) having a follow-up
period of 4 months to 1 year, were included. The analyses of the review showed that
there were no statistically significant differences regarding prosthesis success, implant
success or marginal bone levels, among the different loading regimens. Despite the
non-statistical relevance, they reported some clear tendencies. The risk of failure
seemed to be higher in immediately loaded implants than in conventionally loaded
implants, but lower than early loaded implants. The authors concluded that it is possible

to successfully load implants immediately or early after implant insertion in selected



patients, though not all clinicians may be able to achieve optimal results. It was also
noted that more well-designed studies are required in order to understand further details
about predictabilities of implants loaded at differing time points.

Survival rates of immediately loaded implants inserted in completely
edentulous jaws have been reviewed (Del Fabbro et al, 2006, Ostman, 2008).
According to the literature, immediately loaded implants in a completely edentulous
mandible could be a predictable treatment option, with a survival rate of 98%. As for
immediately loaded implants placed in the completely edentulous maxilla, the survival
rate was 97 %, though the number of long-term studies is still rather limited. It has been
shown that the use of slightly tapered implants with a moderately rough surface or a
bone density-adapted surgical protocol improved the implant survival rates in soft bone
such as the maxilla (Glauser et al., 2005, Ostman et al., 2005). More than 70 % of the
implant failures were recorded within six months from the time of immediate loading
of the implants. These reviews emphasised that the key factor for the success of
immediate loading is adequate initial stability, and therefore several factors such as
patient selection, implant micromorphology , rigid sprinting, occlusal control should

also be thoroughly considered.

Two-stage
Delayed loading

3 - 6 months

One-stage

Early loading days - 3 months

One-stage

Immediate loading i lours

Flapless
template-guided surge
+ Immediate loading

Figure 1. Timing of implant loading



Imaging technology

Conventional radiographic techniques, such as intraoral, panoramic and
cephalometric radiographs, have been commonly used as standard diagnostic tools
during the last decades of dental implant treatment. However, 2D (two dimensional)
radiographic images have not always provided sufficient information for pre-operative
assessments and planning, especially in cases with severe bone loss and complex
osseous morphology. In implant treatment, it is also crucial to correctly identify the
anatomically important structures such as the mandibular canal, maxillary sinus, nasal
cavity, and incisor canal in order to avoid damage during the surgery. In addition, it is
also important to assess the bone width, height and bone quality.

Conventional tomography has been available since the late 40’s, but has
mainly been used in hospitals for medical diagnoses. Although this examination
technique could also be used for cross sectional analyses of the jaws and implant
planning, its application to maxillo-facial evaluation, including examinations for the
implant treatment was limited. Later on, a special tomograph was developed only for
the maxillo-facial imaging. However, the use of this techniques involved high doses of
radiation especially in the full-arch examination and the method had some limitations
due to artefacts.

The development of medical CT (Computed Tomography), which was
originally designed as a head scanner, enabled the evaluation of maxillofacial structures
in cross-sectional images. In this technique, a series of sectional images are created
from a row of datasets, which can be used for multiplanar reconstruction into 2D or 3D
(three dimensional) images. Improving the original CT technology, MSCT (Multi Slice
Computed Tomography) has further expanded diagnostic possibilities in the medical
field. Despite the excellent imaging performance of the equipment, the utility of the
medical CT was limited in dentistry before the late 80’s. This was due to a high cost,
the fact that the scanner required a large space not available in most dental clinics, and
limited access to hospital scanners. High radiation doses have also been a matter of
concern especially in the machines of an early date.

In the late 1990’s, CBCT (Cone Beam Computed Tomography) was
introduced into the field of dento-maxillofacial imaging (Mozzo et al., 1998, Arai et al.,
1999). In this technique, image datasets are acquired through a single or partial rotation
of a cone-shaped X-ray beam and detectors around the region of interest. A series of 2D
images obtained by the scanning are then reconstructed into both multiplanar and 3D

images (Feldkamp et al. 1984) with low radiation dosage. (Schulze et al., 2004, Ludlow



and Ivanovic, 2008, Loubele et al., 2009). In addition, the lower cost and more compact
device compared to medical CTs, have enabled even private practitioners to install it in
their clinics.

Today, 3D image techniques are increasingly utilised for pre-operative
assessments of jaws for dental implants as well as for implant planning by the aid of

implant planning software.

CAD/CAM technology

CAD/CAM (Computer-Aided Design / Computer-Aided Manufacturing)
systems were applied to dentistry in the 1980’s to 90’s (Duret and Preston, 1991,
Mormann et al., 1989, Andersson et al., 1996). In this technology, digitised data of
objects are transformed into a 3D construction file and the data is transferred to the
milling device (Persson A, Thesis 2008). Thereby, the copy of the object is milled
from a solid block of material such as metal or ceramic. During the first two decades,
dental applications of CAD/CAM technology were limited in ceramic restorations, such
as inlays and crowns. In implant dentistry, CAD/CAM technology was introduced for
the production of implant abutments and frameworks in the early 1990’s (Priest, 2005).
The digital information of the products are usually created either by scanning a wax or
acrylic resin pattern of the final design of the object, or by virtually making the final
design of the object using a special software program (Kapos et al., 2009, Miyazaki et
al., 2009). The digitised data is today transferred to the production plant via internet,
where the computer-controlled processing machines keep manufacturing the products
effectively. The product sent back to the dental laboratory is finalised by a dental
technician. This technique, in combination with 3D implant planning software, allows
pre-operative fabrication of implant-supported prostheses for immediate loading.
CAD/CAM technology is also utilised for the fabrication of the surgical template for
implant installation (van Steenberghe et al., 2005, Sanna et al., 2007, Johansson et al.,

2008, Yong and Moy, 2008).

Flapless surgery

The traditional open-flap surgery frequently causes patients post-operative
discomfort, such as pain, bleeding and swelling. The flap elevation causes damage in
the periosteal attachment and interrupts its blood circulation flowing into the bone

tissue.



Due to the recent development of diagnostic tools for evaluation of potential
implant sites, such as CT and 3D implant planning software, the application of flapless
procedure has become popular. It has been reported that the minimally invasive flapless
implant placement significantly reduced postoperative discomfort compared to the
conventional open-flap surgery. (Fortin et al., 2006, Nkenke et al., 2007, Cannizzaro et
al., 2008). A high predictability of implants inserted using flapless approach has also
been shown in several studies. Campello and Camara reported, in their retrospective
study, that the cumulative survival rate of implants that were inserted using flapless
procedure increased from 74.1% to 100 % during ten years according to a learning
curve (Campelo and Camara, 2002). A multicenter study that evaluated 79 implants
following flapless surgery presented implant survival rate of 98.7 %, with an average of
0.8 mm marginal bone loss at 3-4 years follow-up (Becker et al., 2009). The same
author also conducted histological evaluation of implants inserted without flap
reflection. The study demonstrated that high bone-implant contact (mean: 54.7 %) was
observed around implant placed using flapless procedure at three months, which was
comparable to that around implants inserted with open-flap procedure (mean: 52.2 %)
(Becker et al., 2002). On the other hand, Van de Velde et al. insisted that flapless
procedure may cause complications related to a blind surgical procedure, especially in
performing freechanded flapless surgery. In their in vitro study, 72 implants were
inserted in the resin models simulating flapless surgery. Perforations due to malposition
were seen in as much as 59.9 % (43/72) of the placed implants (Van de Velde et al.,
2008). Recently, a combination of flapless implant surgery and implant planning
software has also been reported in a number of literatures (van Steenberghe et al., 2004,
van Steenberghe et al., 2005, Marchack, 2005, Sanna et al., 2007, Johansson et al.,
2008).

It can be concluded that flapless implant placement may offer a favourable
outcome if proper diagnosis, the meticulous planning, and careful surgery are

implemented.

Computer-assisted surgery

In addition to advancements of imaging technology and CAD/CAM technique
previously mentioned, the development of 3D implant planning software has led to an
evolution of novel treatment concepts in dental implant treatment. CT and 3D implant
software provide clinicians with 3D information of patient’s bony structures.

Furthermore, the combination of such image technologies and the CAD/CAM



technology allows fabrication of surgical templates and implant supported prostheses
preoperatively based on the virtual treatment planning.

Today, computer-assisted surgery can be broadly divided into two types,
computer-guided (static) surgery, which is evaluated in this thesis, and
computer-navigated (dynamic) surgery. According to the recent consensus statements,

the terms were defined as follows (Hammerle et al., 2009):

e Computer-guided (static) surgery: The use of a static surgical template that
reproduces the virtual implant position directly from CT data and does not allow
for intra-operative modification of the implant position.

e Computer-navigated (dynamic) surgery: The use of a surgical navigation system
that reproduces the virtual implant position directly from CT data and allows for

intra-operative changes in implant position.

Computer-guided (static) surgery can be also called template-guided surgery.
The concept of template-guided surgery is that the virtual implant placement planning
data is transferred into the surgical field with the aid of a surgical template (= surgical
guide), although the design of the surgical template and details of the protocol vary
between systems. It is estimated that about 20 planning software for template-guided
surgery are now available on the market (Neugebauer et al. 2010). According to a
recent systematic review by Jung et al., regarding computer technology applications in
implant dentistry, the number of static surgery systems commercially available is
greater than that of computer-navigated systems, and today, the static guided systems
are becoming a trend in dental implant treatment (Jung et al., 2009). Since a number of
systems are available on the market, the general procedure of template-guided surgery
is described here. Firstly, a patient and a radiographic guide are CT scanned. The data
obtained from CT scan is then transferred into a 3D implant planning software, which
converts the CT data into 3D reconstructions. The 3D image allows a clinician to make
a diagnosis of a patient’s bony structures as well as to virtually plan the implant
positions. Based on the planning data, an individually customised surgical template is
produced by manufacturers using either rapid prototyping or computer-driven drilling.
The surgical templates can be categorised according to the supporting form, such as
bone-, tooth- and mucosal-supported templates. Flapless surgical technique is feasible
in cases in which tooth- and mucosal-supported surgical templates are applied. Some

systems allow even for immediate loading of implants by providing a provisional or a



definitive implant supported prosthesis that is pre-operatively created from the digital
planning data using CAD/CAM technique.

In the computer navigated surgery, the sensors attached to both the patient and
the handpiece enable the surgeon to visualise the actual position of the intraoral surgical
instruments on a 3D reconstructed image of the patient that is displayed on a monitor in
the operating room. Although the applicability of the system has been presented in
several articles (Siessegger et al., 2001, Ewers et al., 2004), high purchase price,
maintenance cost and the size of the equipment seem to remain challenges for the

future.

ASSESSMENTS OF COMPUTER-GUIDED IMPLANT TREATMENT
Clinical assessments

Clinical outcome of template-guided implant surgery; survival rate and
complications

It has been reported in several studies that template-guided surgery based on
computer-assisted virtual treatment planning can offer acceptable outcomes (van
Steenberghe et al., 2005, Sanna et al., 2007, Malo et al., 2007, Johansson et al., 2008,
Yong and Moy, 2008). The overall implant survival rate in these studies ranged 88.4 %
to 100 %. However, in specific groups, e.g. smokers (81.2 %) (Sanna et al. 2007), the
implant survival rate was rather low.

In these studies, prefabricated provisional or final prostheses were attached
onto the implants immediately after surgery. The overall prosthetic survival rate was
between 84 % and 100 %. Substantial long-term data is lacking with only a few studies
having a mean follow-up period of more than two years (Sanna et al. 2007, Yong &
Moy 2008).

The technical and biological complications could result in loss of implants or
prostheses in the worst case. However, studies reporting such complications occurring
during the implant treatment and follow-up are still limited, although implant losses are
frequently described (Berglundh et al., 2002). Complications observed during the
computer-assisted template-guided surgery have been reported in few studies and
reviews (van Steenberghe et al. 2005, Johansson et al. 2008, Yong and Moy 2008,
Schneider et al. 2009, Jung et al. 2009, D’haese et al. in-press). Complications could
occur at any time in the treatment, during surgery, at prosthesis connection and in a

follow-up period. In computer-assisted surgery, the problems are occasionally due to
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the product rather than the technique. An example of these problems might be the
accuracy and stiffness of the components, surgical templates and suprastructures.
Misplacement or misfit of surgical templates, limited access of surgical tools, encounter
with unexpected bone structures are examples of the complications observed during
surgery. As for early prosthesis-related problems, misfit between the installed implants
and the prefabricated prosthesis is a commonly observed complication, while the
fracture of the prosthesis was frequently reported as a late prosthetic complication. It is
reported in the systematic review by Schneider et al. that the surgical complications
were observed in 9.1 %, early prosthetic complications in 18.8 % and late prosthetic

complications in 12 % of the patients (Schneider et al. 2009).

Marginal bone loss

Intraoral and panoramic radiographs have been routinely applied to evaluate
the marginal bone level around implants. Although the measurements are, in most
situations, limited at the mesial and distal surfaces, such radiographic examination is
regarded as a practical method to detect a longitudinal transition of the marginal bone
level around implants (Pikner et al., 2009).

The bone loss during the first year in function has been regarded as a result
from bone remodelling, adaptation, surgical trauma, and/or loading (Adell et al., 1986).
Recent studies presented an additional finding, namely that a large amount of bone loss
occurred already during the early healing period, before loading when implants were
loaded after conventional healing period (Astrand et al., 2004, Cochran et al., 2009).
These reports showed that the bone loss between implant insertion and the time of
loading was significantly larger than the bone loss that occurred between loading and
the S5-year follow-up. After the first year of function, the marginal bone around
implants generally appears stable and marginal bone changes are small (Ekelund et al.,
2003, Astrand et al., 2008, Astrand et al, 2004). The major factors that cause
peri-implant osseous destruction in this initial phase of osseointegration are considered
to be poor bone quality and/or inappropriate surgical techniques such as overheating of
bone, or implant surface contamination (Mouhyi et al., 2009).

On the other hand, ongoing marginal bone loss around functional implants can
jeopardise the implants’ success and survival. An inflammatory reaction accompanied
by a continuous marginal bone loss of the supporting bone is called peri-implantitis.
The origin of bone destructions can be lesions of the peri-implant attachment, presence

of aggressive bacterial strains, excessive mechanical stress, and corrosion. Regardless
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of what the triggering factor may be, a chain reaction of these factors can lead to
progressive osseous destruction, which may eventually bring about loss of implants
(Moubhyi et al. 2009).

The marginal bone changes following computer-assisted template-based
surgery have been investigated in few studies. Sanna and co-workers reported that the
mean marginal bone loss after four years following the template-based surgery in
combination with immediate loading was 1.3 mm in non-smoking patients while it was
2.6 mm in smoking patients (Sanna et al., 2007). Malo et al. assessed marginal bone
loss in edentulous jaws that had been treated using the same technique (Malo et al.,
2007). They reported that the mean marginal bone loss examined at the one year
follow-up was 2.0 mm in the maxilla and 1.7 mm in the mandible, but 28 % of the
measured implants presented more than 2 mm of bone loss. This higher frequency of
measurements of more than 2 mm of marginal bone loss, compared to that of the
standard flap surgery, has been also reported by Johansson et al. In their study more
than 19 % of the measured sites showed this higher degree of marginal bone loss at the
one-year follow-up (Johansson et al., 2008). The mean marginal bone loss around the
maxillary implants was, from implant insertion to the one-year follow-up, 1.3 mm in
their study. At the moment, long-term data including a sufficient number of implants is

lacking.

Clinical inflammation

Bleeding on probing (BoP) is used as a meaningful parameter to detect
presence of mucosal inflammation around implants if a proper probing force is applied
(Lang et al., 1994, Schou et al., 2002). It has been shown that absence of BoP is
strongly associated with stable and healthy peri-implant conditions in animal and
human studies (Jepsen et al., 1996, Luterbacher et al., 2000). Gentle probing force of
approximately 0.25 N is generally recommended for assessing peri-implant tissue
conditions. It has also been demonstrated that probing using a force of 0.25 N does not
deteriorate the peri-implant tissue, and the mucosal seal was reformed five days after
probing (Etter et al., 2002). On the other hand, a recent study by Gerber et al. reported
that a probing pressure of 0.15 N may be a proper threshold to be applied to avoid false
positive BoP readings around implants (Gerber et al., 2009). The study concluded that
probing around implants demonstrate a higher sensitivity compared with probing

around teeth.
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Probing depth

One of the parameters frequently used in combination with BoP, to assess the
peri-implant mucosal status is PD (Probing Depth). Several studies have shown that
probe tip penetration around teeth and implants are similar under healthy mucosal
conditions if gentle probing forces (0.2-0.3 N) are applied. However, in the presence of
inflammation, deeper probe penetration was observed around implants than around
teeth. (Lang et al., 1994, Abrahamsson and Soldini, 2006, Schou et al., 2002).
Mombelli et al. found that peri-implant probing depth measurements are more sensitive
to force variation than periodontal pocket probing (Mombelli et al., 1997). Therefore
application of a force-controlled calibrated probe may be one option for a proper
examination.

Correlations between peri-implant PD or PAL (Probing Attachment Level)
and radiographic marginal bone level have been reported by several studies (Quirynen
et al., 1991, Bragger et al., 1996, Hultin et al., 2002, Karoussis et al., 2004, Fransson et
al., 2008). Other studies have stated that increased pocket depth could be associated
with inflammation of peri-implant mucosa (Quirynen et al., 1991, Pontoriero et al.,
1994). These results imply that measuring the probing depth around implants could be
a good predictor of peri-implant bone loss when it is evaluated in combination with
radiographic parameters. It is essential to measure PD regularly for long-term clinical

monitoring of peri-implant mucosal tissue (Lang et al., 2000).

Oral hygiene

Plaque formation develops in a similar manner on both teeth and implants. It
has also been observed that the peri-implant tissue response to plaque follows similar
patterns to that of the periodontal tissue (Berglundh et al., 1992, Ericsson et al., 1992,
Leonhardt et al., 1992, Pontoriero et al., 1994, Zitzmann et al., 2001).

Several studies have shown an association between oral hygiene and
peri-implant tissue condition. Lindquist et al. showed in a ten-year prospective study
that poor oral hygiene had an influence on marginal implant bone loss, especially in
smokers (Lindquist et al., 1997). Ferreira et al. found that the association between
plaque scores and peri-implant disease was dose dependent. In their study, subjects who
had a higher plaque index showed a worse peri-implant condition (Ferreira et al., 2006).
Another study demonstrated a relation between accessibility for oral hygiene at implant
sites and peri-implantitis. The study concluded that a high proportion of implants

diagnosed with peri-implantitis were associated with no accessibility for appropriate
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oral hygiene measures, while accessibility was rarely associated with peri-implantitis
(Serino and Strom, 2009). An association between oral hygiene and implant failures
was also reported in a prospected multi-centre study in partially edentulous patients.
The CSR (Cumulative Survival Rate) of implants after three years was 93.9 %.
According to their data, failures appeared to be concentrated in patients with a high

plaque score (van Steenberghe et al., 1993).
Implant stability

Bone quality/quantity at implant sites is one of the important factors to achieve
high primary implant stability. The most commonly used classification of bone tissue is
the one established by Lekholm and Zarb (Lekholm and Zarb 1985). This classification
is based on pre-operative radiographic evaluation and drilling at implant site
preparation. In several studies, higher implant failure rates have been reported in the
soft bone, class 4 quality in the classification mentioned above, compared to those in
the dense bone (Friberg et al., 1991, Jaffin and Berman, 1991). The bone
quality/quantity has been regarded as a key factor especially in the cases of immediate
loading (Glauser et al., 2001). However, this author later reported that the immediate
loading protocol, in combination with a slightly tapered implant and a modified implant
surface structure could achieve good initial stability, and therefore it can be a successful
treatment alternative in regions exhibiting soft bone (Glauser et al., 2005). Besides the
bone quality/quantity and macro/micro design of implants, surgical technique is also
one of the factors that influences the primary stability. Ostman et al. showed that the
immediately loaded implants inserted in less dense bone could result in a favourable
outcome, when a modified drill protocol was applied according to the varying bone
quality of each implant site (Ostman et al., 2005). It has been emphasised that the
individual implant should be quickly splinted after implant placement with a rigid
connection in order to prevent unfavourable micromotions in the case of immediate
loading (Ostman, 2008).

The frequently used method recently for monitoring degree of the implant
stability is RFA (Resonance Frequency Analysis) introduced by Meredith and his
co-workers (Meredith et al., 1996). This technique measures the first resonance
frequency (RF) of a transducer attached onto an implant or an abutment. The RF is
mainly dependent on the stiffness of the implant-tissue interface and the effective

length above the marginal bone level. The RF value obtained from the transducer is
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then automatically converted into an ISQ (Implant Stability Quotient) value by the
instrument. The ISQ value, which runs from 1-100, reflects the degree of stability.
Several experimental and clinical studies have presented the predictability of this
method (Meredith et al., 1997, Friberg et al., 1999, Sennerby et al., 2005). This
technique can be applied to objectively detect changes of implant stability as well as
alteration in the level of bone-implant contact. Currently, two different types of the
device are commercially available, Ostell ™ (transducer with a cable) and Ostell

Mentor™ (wireless type) (Integration Diagnostics AB, Gothenburg, Sweden).

Accuracy of template-guided implant placement

Although the surgical template allows accurate translation of the treatment
plan to the surgical field in theory, the data concerning to what extent deviations occur
between virtually planned implant positions and the placed implant positions are still
limited especially in a clinical setting. The overall deviation is a sum of small errors
that arise in each step during the whole treatment procedure (Figure 2) (Kero et al. 2007,
2008). It is rather difficult to detect deviations that possibly occur in each step. The
analyses of accuracy are, however, of great interest to avoid severe injury of significant
anatomical structures, interference between implants, and a misfit of an
implant-supported bridge if it is a case of immediate loading of a prefabricated
suprastructure. The most commonly used method in assessment of the accuracy is to
compare the pre-operative planning data with the post-operative CT data. In this
technique, it is required to re-CT scan the patient after implant insertion.

The literatures reporting accuracy of template guided surgery have been
reviewed and analysed by some researchers (Jung et al., 2009, Schneider et al., 2009).
Schneider et al. analysed the accuracy of template-guided surgery, comparing the mean
accuracy between different groups. Their review included one model study, four
cadaver studies and three studies in humans. The overall mean error was 1.07 mm
(maximum: 4.7 mm) at the hex and 1.63 mm (maximum: 7.1 mm) at the apex. Mean
deviation in angulations was 5.26 degrees (maximum: 21 degrees). If only looking at
human studies, which include also zygoma and pterygoid implants, the deviation at the
hex was 1.16 mm (maximum: 4.7 mm), at the apex was 1.96 mm (maximum: 7.1 mm)
and 4.90 degrees (max: 21 degrees) in angulation. No statistically significant difference
was detected in errors between studies in humans, cadavers and models. There was no
difference in deviation among the bone-, tooth- and the mucosal-supported surgical

guide in the review, although the deviation in bone-supported surgical template was
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significantly smaller when those three types of templates were compared in one study
(Ozan et al., 2009). Similar deviation values were presented in a recent review by
D’haese et al (D’haese et al. in-press). In their report, the mean deviations in clinical
studies (except studies using zygoma and pterygoid implants) were 1.04 mm (range:
0.2-1.45 mm) at the implant hex, 1.64 mm (range: 0.95-2.99 mm) at the implant apex.

Mean angular deviation was 3.54 degrees (range: 0.17-7.9 degrees).
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Examination Assembly
of patient variation
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Figure 2. Cause and effect diagram for accuracy of computer-guided implant surgery (Kero et

al. 2007, 2008)

Patient-centered assessments

Over the last decades, the focus of implant research has been shifted from
whether dental implants function as a treatment option of missing teeth, to more
specific issues, such as implant design and surface morphology, novel biomaterials, and
advanced techniques etc. These studies have made great contributions to the
development of a variety of implant products and techniques. Treatment outcomes of
the new systems are generally presented using success and /or survival rate, which are
evaluated from biological aspects based on various objective clinical parameters. On
the other hand, patients’ opinions about the treatment outcomes have scarcely been

reported. According to Pjetursson et al., the patient-centered outcomes have been
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presented in less than 2 % of the available publications that deal with dental implant in
humans (Pjetursson et al., 2005). Although the amount of literature is limited, the
available literature has shown that the dental implant treatment remarkably improved
patients’ oral functions and satisfaction. (Albrektsson et al., 1987, de Bruyn et al., 1997,
Sandberg et al., 2000, Pjetursson et al., 2005).

Recently methods using immediate or early loading have become increasingly
common. These methods may further enhance the patient’s satisfaction and function
during the healing period, if the patients are good candidates and properly treated.
Dierens and co-workers recently presented patient-centred outcomes of immediately
loaded implants in the rehabilitation of edentate jaws (Dierens et al., 2009). Their study
showed that overall comfort, function and aesthetics significantly improved within one
week of implant insertion with provisional restoration, something that is not achievable
in the conventional two-stage surgical procedures. Computer-guided surgery also has
great potential in terms of offering patients several benefits. Fortin et al. presented that
patients who had been treated using computer-guided flapless surgery had less
post-operative discomfort compared to patients treated with an open-flap method
(Fortin et al., 2006). In another study, patients’ opinions regarding speech, oral function,
aesthetics and tactile sensation were evaluated after three months following
template-based surgery in combination with immediate loading of a prefabricated
prosthesis (van Steenberghe et al., 2005). Although these studies report that the
patients’ opinions on computer-guided surgery are positive, the data is limited.
Therefore further research is necessary to evaluate if this new concept can offer patients
results that are comparable to conventional methods, as well as a better experience from

the patient’s point of view.
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AIMS

GENERAL AIM
The general aim of this thesis was to evaluate computer-assisted virtual treatment

planning and template-guided surgery in dental implant treatment.

SPECIFIC AIMS OF STUDIES
Study I:
To evaluate the outcome of immediately loaded implants inserted in edentulous jaws

following computer-assisted virtual treatment planning combined with flapless surgery

Study II:
To evaluate soft tissue conditions and marginal bone changes after 1 year of function
around immediately loaded implants inserted in edentulous jaws following

computer-assisted treatment planning and flapless surgery

Study I11:
To verify if any variation exists between virtually planned implant positions and
clinically placed implant positions by matching pre-operative planning data and

post-operative CT data

Study I1V:
To assess the deviation between virtually planned implant positions and clinically

placed implant positions using an impression model matching method
To investigate whether there is any statistically significant difference in the deviation

between the virtually planned implant positions and clinically placed implant positions

compared to the results from Study 11
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MATERIAL AND METHODS

SUBJECTS

Study |
Study | included 29 patients with 31 edentulous jaws (21 maxillae and 10

mandibles), consecutively treated using the NobelGuide™ and Teeth-in-an-Hour™
(Nobel Biocare AB, Gothenburg, Sweden) between September 2003 and November
2006. In two patients, both maxilla and mandible were treated. The patients consisted
of 9 females and 20 males. The mean age of the patients was 71.5 years with a range of
42-90 years. In total, 176 Branemark System® MKIII TiUnite™ implants (Nobel
Biocare AB) were installed, 124 implants in the maxilla and 52 implants in the
mandible. All the patients were referred from their general dentists for treatment with

implant-supported reconstructions.

Study Il

After Study | was conducted, 3 additional mandibles were treated using the
same procedure as Study I. In total, 30 patients including 34 jaws (21 maxillae and 13
mandibles) were consecutively treated between September 2003 and May 2007.
Between implant insertion and > 1-year clinical examination, 5 out of 34 treated cases
(number of cases = number of jaws) were lost to follow-up, due to implants’ losses (4
cases), or misfit of bridge-implant (1 case), which resulted in disconnection of the
suprastructure. Eventually, 26 patients including 29 edentulous jaws (19 maxillae and
10 mandibles) underwent the > 1-year follow-up. A total of 165 implants were
examined in this study. Mean age of the 26 patients, 16 males and 10 females, at
re-evaluation was 71.9 years with a range of 44-92 years. Two of the 26 patients (3

cases) were smokers.

Study 111 and Study IV

The data used for Study Il and Study IV were also collected at the day of the >
1-year follow-up in Study Il. Of the 29 cases included in Study Il, 5 cases did not
undergo further detailed examinations for Study 11l and IV due to poor health conditions
(3 cases) and withdrawal by patients (2 cases). One case that was excluded from Study
Il because of misfit of bridge-implant which led to delayed loading, was included in

Study 1l and 1V. As a results, 25 jaws (15 maxillaec and 10 mandibles) treated with 139
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implants (89 in maxilla, 50 in mandible) were included in Study Il and IV. Mean age of

the patients at the time of re-evaluation was 72.1 years old (range: 44-92 years).

Ethical Considerations

This research project was approved by the Ethics Committee at the Karolinska
University Hospital, Huddinge, Sweden (Dnr. 278/03) and the Swedish Radiation
Safety Authority. All patients were informed of the study protocol and signed an

informed consent.
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METHODS

The patients included in this project were all treated by means of NobelGuide™ and
Teeth-in-an-Hour™. All the patients were treated by the same surgeon (BK) and have
been followed up at the Division of Periodontology, Department of Dental Medicine,
Karolinska Institutet. According to the manufacturer, these systems are defined as
follows:

NobelGuide™: Cases where a surgical template, based on model- or computer-based
planning, is used to guide the clinician during surgery.

Teeth-in-an-Hour™: The screw retained, permanent prosthesis is attached in the same

surgery session.

2. Fabrication of radiographic guide (a)

1. Examination . .
and radiographic index (b)

/
3. CT-scan

6. Implant placement and

5. Fabrication of surgical template (c), surgical index (d),

i ) Delivery of implant-supported
and implant-supported bridge (e)

bridge

Figure 3. Working flow of NobelGuide™ and Teeth-in-an-Hour™ ©Lina Odhe
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Treatment protocol

1. Patient examination

Before treatment, patients underwent clinical and radiographic examinations.

To be included in the present study, patients must

— fulfill general health requirements for conventional implant treatments

— Dbe able to open the mouth at least 50 mm (between the residual ridge and the
incisal edge of the opposing anterior dentition)

— present sufficient bone volume for the installation of a minimum of 5 implants

2. Pre-surgical treatment

Patient’s denture was evaluated regarding occlusion, teeth alignment and fitting to
mucosa. The denture or its replica should be made of acrylic resin with
non-radio-opaque properties since it is used as a radiographic guide during CT scan. If
the denture was ideal, a minimum of 6 spherical gutta-percha markers (diameter of
1-1.5 mm and depth of 0.5 mm) were placed into the surface of the denture/replica. An
occlusal index was taken to stabilise the radiographic guide. A study cast of the

opposing jaw was also prepared.

3. CT-scan

All patients were scanned using a cone beam CT (NewTom QR-DVT 9000; QR s.r.1,
Verona, Italy). The scan setting used was between 4 and 6 mAs and 110 KV with 0.3
mm in voxel size. The reconstructed slice thickness was 0.3 mm. The CT-scan was
performed in two steps. The first scan was made of the patient wearing the radiographic
guide together with the occlusal index. In the second scan, the radiographic guide was
separately scanned. The data of axial reconstructed slices were exported in DICOM

(Digital Imaging and Communications in Medicine) file format.

4. Surgical planning

The DICOM data was transferred into the Procera® Software (Procera Software
version 1.5 build 75; Nobel Biocare AB) and converted into 3D images. The scanning
data of the patients and the data of the radiographic guide were matched with the aid of
the gutta-percha markers. All surgical planning was made by two clinicians (BK/MH)
in the virtual 3D image on the computer screen. The planning data was then sent to a

production plant.
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5. Fabrication of surgical template and implant-supported bridge

Based on the planning data, a surgical template was manufactured using
stereolithography. The surgical template contains horizontal guided sleeves for
placement of anchor pins and guided sleeves for implant insertion. To create a master
model, implant replicas were mounted to the guided sleeves using guided cylinders
with pins, and anchor pins were inserted into anchor pin sleeves. Soft-tissue substitute
material was then poured around the guided cylinders by using a small injection
syringe. After the soft tissue replica had set, plaster was poured over the mimic
soft-tissue. All the guided cylinders with pins and anchor pins were removed upon the
setting of the plaster, and the plaster model was detached from the surgical template.
In order to stabilise the surgical template during surgery, a surgical index that
recorded the relation between the surgical template and the opposing jaw was made
on the patient’s stone model in an articulator. On the plaster model, a resin replica of
an implant bridge frame was made by a dental technician. The resin pattern was to be

replaced by CAD/CAM based Procera® implant bridge. The bridge was finalised by a

dental technician prior to implant surgery.

6. Implant insertion and delivery of implant-supported prosthesis

The patient was medicated with Diazepam 5-10 mg prior to surgery. All surgeries
were performed under local anaesthesia. No prophylactic antibiotic was used. The
surgical template was positioned over the alveolar ridge using the surgical index
while occluding. When the surgical template was in the correct position, a @1.5 mm
twist drill was used to drill a hole into the soft tissue and the bone, through the
horizontal guided sleeves in the surgical template. The surgical template was then
stabilised by means of 3 to 4 anchor pins (Guided Anchor Pin 1.5 mm) inserted in the
horizontal guided sleeves. To obtain further vertical stability, preparation was first
started for two implants in the middle of each half of the arch. A start drill (Guided
Start Drill / Counterbore), which functions as a combined tissue punch and a
countersinking drill, was used at the start of the preparation. The drilling protocol for
the implant placement included twist drills with diameters of 2.0, 2.8, and 3.0 mm
(Guided Twist Drill). These drills were directed with the aid of drill guides (Guided
Drill Guide), whose diameter correspond to the diameter of each drill. If the bone was
dense, a ¥3.2 mm twist drill and a screw tap were complementarily used to avoid
over-compression. The first two implants were then inserted through the guide sleeve

using an implant mount (Guided Implant Mount). Once these two implants were
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placed in position, a template-abutment, which applies vertical compression onto the
surgical template, was attached to each implant platform. All remaining implants
were inserted in sequence using the same procedure. After all implants had been
inserted, the surgical template was removed. If necessary, excess gingival tissue was
trimmed. A prefabricated implant-supported prosthesis, including specially designed
expandable abutments, was connected onto the implants immediately after implant
insertion. A post-operative panoramic radiograph and intraoral radiographs (in some
cases) were taken to ascertain proper seating of abutments onto the implant platforms.
Once it was confirmed, abutment screws were tightened to 35 Nem and occlusal
adjustments were made. Screw holes were filled with temporary restorative material

(Fermit; Ivoclar Vivadent AG, Schaan, Liechtenstein).

7. Post-operative care

Patients were instructed to use chlorhexidine rinse (Corsodyl®, SmithKline Beecham
plc. Middlesex, UK) twice a day for 1-2 weeks after surgery. Patients were also asked
to consume a soft diet during the first post-operative week. All patients had follow-up
examinations at 1 day, 1 week, 3, 6, and 12 months after surgery. After 12 months,
patients were routinely recalled for annual check-up. At the 1-week follow-up, patients
were individually instructed to start brushing with a soft toothbrush (TePe Gentle
Care™,TePe Munhygienprodukter AB, Malmo, Sweden). Patients received oral
hygiene instruction and self-performed plaque control by a dental hygienist within two
weeks of surgery. The oral hygiene instruction included individual guidelines and
training in the use of a soft toothbrush, interdental brushes and dental floss. At the
1-month follow-up, the temporary fillings of the screw holes were replaced to

composite resin unless the patient had unfavourable occlusion.
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Protocol of 2 1-year follow-up

Examination for | Study II Study Il

Study IV

Chair-side examination

1.Inspection of oral cavity

l

2. Assessment of Plaque

Removal of prosthesis and
installation of plastic
impression copings

4. Examination of PPD

!

5. Examination of BOP

Removal of plastic
impression copings

6. Measurement of implant
stability (Osstell ®)

Installation of stainless-steel

impression copings

Re-connection of
prosthesis

oooooooooooooooooooooooooooooooooooooooooo

Figure 4. Protocol of > 1-year follow-up
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Radiographic examination

3. CBCT-scanning

7. Panoramic and
intraoral radiographs




Clinical examination
Study |
Treatment outcome; Survival rate and complications
In Study I, survival rate was calculated both at implant level and at prosthesis
level. Any complications occurring during implant insertion and prosthesis connection,

as well as adverse events observed during the follow-up period were also recorded.

Study Il
Plaque

Before removal of the suprastructure, including abutments, visible plaque
around implants/abutments was assessed at four sites, buccal, lingual, mesial and distal,
by scoring in a binominal fashion (0 = no plaque, 1 = plaque). The percentage of

implant/abutment surfaces with plaque was calculated.

Probing depth

The suprastructure was removed after plaque assessment. Upon removal,
specially designed plastic impression copings were temporarily attached to individual
implants to prevent collapse of the peri-implant soft tissue (Figure 5). To easily probe
the soft tissue, the cylinder of the plastic impression coping was slightly modified by
the manufacturer to be straight and narrow, in line with the exterior wall of the implant
collar. The distance from the peri-implant mucosal margin to the bottom of the
peri-implant sulcus was measured at six sites (distobuccal, midbuccal, mesiobuccal,
mesiolingual, midlingual, and distolingual) around each implant using a
force-controlled calibrated periodontal probe (Florida Probe®, Florida Probe

Corporation, Gainesville, FL, USA). The probing pressure was 15 g and a diameter of

the titanium probe-tip was 0.45 mm.

Figure 5. Plastic impression copings attached to implants
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Clinical inflammation

Clinical inflammation was assessed according to Gingival Bleeding Index
(Ainamo and Bay, 1975), which scored a presence of bleeding after gentle probing
(BoP: Bleeding on Probing). The score was registered either 0 (no bleeding) or 1

(bleeding) and the percentage of bleeding sites were calculated.

Implant stability

After the assessments of PD and PPD, the plastic impression copings were
removed. The stability of each implant was measured by RFA (Resonance Frequency
Analysis) using an Ostell™ device (Integration Diagnosis AB, Sédvedalen, Sweden).
ISQ (Implant Stability Quotient) of individual implants was recorded. In 12 of the 29
cases, ISQ had been measured immediately after implant insertion as well, and in these

cases the ISQ were compared to the ISQ obtained at the > 1-year follow-up.

Radiographic examination
Study Il

A panoramic radiograph (Scanora® dental program, magnification 1.7;
Soredex, Orion Corporation, Helsinki, Finland) was taken the day of surgery and
prosthesis connection to confirm if abutments were seated properly onto the implant
platform in all cases. In addition to the panoramic radiograph, complementary intraoral
radiographs (Focus™ |, Instrumentarium, Tuusula, Finland) were taken using a
long-cone paralleling technique in 13 cases. At the > l-year follow-up, a panoramic
radiograph, as well as intraoral radiographs was taken in all cases using the same

devices with the same settings.

Evaluation of marginal bone changes

Panoramic Radiograph

All panoramic radiograph measurements were performed at the radiographs
taken immediately after prosthesis connection and at the > 1-year follow-up by two
calibrated readers (AK and DB). The measurements were made at the mesial and distal
implant surfaces, and repeated twice. In these measurements, the peak of the most
coronal thread of the implant was used as a reference point for the assessment of
marginal bone level (Figure 6). The marginal bone level was assessed by counting the
number of fixture threads from the reference point to the first clear bone to implant

contact. If the marginal bone appeared at a more coronal level to the first thread, the
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marginal bone level was recorded as “0”, regardless of the distance between the
reference point and the marginal bone crest. The number of threads was rounded to 0.5.
Marginal bone changes were evaluated by comparing the number of threads from the

time of the prosthetic connection to the number of threads taken at > 1-year follow-up.

Intraoral Radiograph

In the assessment of intraoral radiographs, marginal bone height was presented
as the distance between the reference point (Thread 1) and the marginal bone crest
(Figure 6). When more than one bone margin was observed, the most apical margin
was used for calculation. Only the radiographs perpendicular to the implant were
included in the evaluation. The measurements were made at the mesial and distal
surfaces by two calibrated readers (AK and DB). A magnifying lens with 0.1 mm
scales (PEAK Scale Lupe x7, Tokai Sangyo, Tokyo, Japan) was used for the
measurements. Each observer repeated the readings twice, allowing an interval of at

least 2 weeks between the readings.

Intraoral Panorama

Thread 0

JThread 1 (Baseline) > Distance 0.6mm

Thread 2

Bone gain (+)

Thread 1 (Baseline) : 0 mm

Thread 3.5
Bone loss (-)

Figure 6. Reference points used in panoramic and intraoral radiograph measurement
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Evaluation of accuracy
Study 111
CT matching

Patients were re-CT scanned at the > 1-year follow-up. Suprastructures
including abutments were removed prior to the scanning to prevent artifacts from metal.
Plastic impression copings were temporarily attached to the individual implant to avoid
collapse of the peri-implant soft tissue, as described in the protocol of > 1-year
follow-up. The preoperative CT data was matched to the post-operative CT data using a
3D voxel-based registration (Maes et al., 1997). The post-operative data were registered
to the pre-operative data by calculating mutual information between the corresponding
voxels in the two datasets and into one coordinate system. A voxel-based matching
software (NobelGuide Validation 2.0.0.4, Nobel Biocare AB) searched for
corresponding grey values in the two datasets and aligned them together. After the
implants from the post-operative scan were segmented from the dataset, the position
and orientation of clinically placed implants were compared with those of virtually
planned implants using a coordinate system that was obtained from the voxel-based
matching. Three-dimensional linear and angular deviations between the actually placed
implant positions and virtually planned implant positions were analysed. The Euclidean
distance between the clinically placed and virtually planned implant was measured at
the centre of the apex and the hex of the implant. In addition, angular discrepancies
between the main axes of the clinically placed and virtually planned implants were
calculated. The results were expressed as distance deviations at the apex, hex, the depth

difference, and the angular deviations (Figure 7).

Figure 7. A, Illustrating the measurement deviation calculation at the level of the hex,
apex, and angular deviation. B, Represents the measurement deviation calculation of

the depth between the virtually planned implant and implant placed after surgery. (aa =
apex actual; ap = apex planned, ha = hex actual; hp = hex planned)
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Study IV
Impression model matching

The plaster models containing the implant replicas, one created from the
surgical template pre-operatively and the other created from the patients impression at
the > 1-year follow-up, were scanned with a measuring device (Zeiss Prismo 5 Vast,
Carl Zeiss, Oberkochen, Germany). The coordinates obtained from the scanning
represented the centre of each implant platform. The coordinates were then saved in a
text file and imported to CAD software (Procera System Build: 264 Version: 2.2
Procera CADDesign version 2.2.20 (Build 313). Nobel Biocare AB). Based on the
coordinates, cylinders were created with corresponding length and diameters for each
implant. STL (Stereolitography) triangle based surface objects were then constructed
and linked to each corresponding coordinate point in the pre- and the post-operative
data set. After the STL files were linked, they were merged together into one object and
exported as one STL file for the pre- and the post-operative dataset. The pre- and
post-operative STL files containing the corresponding implants in position were
matched using the best fit alignment in CopyCAD (CopyCAD 8.080 SP2, Delcam Plc,
UK). The matched STL files were then exported. The linear measurements of the two
matched objects were performed at the centre of the hex and the apex using virtual
variation simulation software (RD&T; RD&T Technology AB, Molndal, Sweden). The

results obtained in the present study were also compared to the results of Study Il1.

Statistical analyses

All statistical analyses were conducted using Statistica 7 (Statsoft, Inc.Tulsa,
US).

In Study Il, data from all measured sites were transformed to individual jaw
means when analysed at case level. The Mann-Whitney U test was used to calculate
differences at case level, but also employed at implant level, when data were compared
between individual jaws. A probability of less than 0.05 was regarded as statistically
significant. To investigate the variation in marginal bone changes during functional
loading, as evaluated on intraoral radiographs, the cut-off levels of 1.0 mm, 1.5 mm,
and 2.0 mm marginal bone loss were chosen. A ROC curve (Receiver operating
characteristic curve) was made in order to evaluate the validity of chosen cut-off values.
In cases with pressure-like-ulcers, the sensitivity and specificity were higher when the
cut-off levels were set to 1.5 mm or 2.0 mm. The Pearson chi-square test was used to

detect differences in the proportion of sites, showing bone loss above the cut-off levels
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of 1.5 mm as evaluated on the intraoral radiographs between maxilla and mandible and
between the cases with and without the pressure-like-ulcer.

In Study 11, the data variation was not normally distributed, therefore in order
to attain approximately normally distributed data the outcome variables; apex, hex and
angle, except depth, were e-log transformed. In these three variables (apex, hex and
angle), mean deviation at implant level was presented as the geometric mean, while
mean of depth deviation was presented as arithmetic mean. Subsequently, parametric
tests were used. Statistical analyses were performed using the paired t-test for the
positional difference between virtually planned implants and inserted implants in the
following outcome variables: apex, hex, angle and depth. The ANOVA (Analysis of
Variance) was used when fixed factors, such as mandible and maxilla, pre-launch and
launched components, and movement of the jaw in the pre-operative and post-operative
CT scans, were included. All tests were two sided and p < 0.05 was considered as
statistically significant. All data were presented using descriptive statistics.

In Study 1V, the data variation was not approximately normally distributed,
therefore the outcome variables, apex and hex, were e-log transformed. In these two
variables, mean deviation at implant level was presented as the geometric mean.
Subsequently, parametric tests were used. Statistical analyses were performed using the
paired t-test for the positional differences between the implant replica position obtained
from the pre- and postoperative master models in the apex and hex. All tests were two
sided and p < 0.05 was considered as statistically significant. All data were presented

using descriptive statistics.
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RESULTS

Clinical examination
Study |
Survival and losses

One hundred and fifty seven out of 176 implants (89%) survived during the
follow-up period of up to 44 months. All the patients have been followed up for at least
6 months and mean follow-up period was 19.6 months. Implant survival rate by
position was 92 % in the maxilla and 84 % in the mandible. Nineteen implants (11 %),
10 of 124 implants in the maxilla (8%) and 9 of 52 implants (17%) in the mandible
were removed within 18 months after surgery. The number of implant losses was
higher among smokers (12/39, 31 %) compared with non-smokers (7/137, 5 %),
although this difference was not significant. Implant-supported suprastructures
remained clinically stable and functional in 26 out of 31 cases, 19 of 21 cases in the
maxilla and 7 of 10 cases in the mandible. Five suprastructures were removed within 6
months after surgery. The following tables (Table 2-5) presented the CSR (Cumulative

Survival Rate) of implants and prostheses.

Table 2. Life-table analysis of implants in the Maxilla included in Study |

Follow-up period Fixtures at the Fixtures Failures Interval Cumulative

beginning of the lost to survival survival rate
period follow-up rate

Loading — 6 mon 124 0 3 97.6% 97.6%

6 mon—1yr 121 30 6 95.0% 92.7%

1-2yr 85 31 1 98.8% 91.6%

2-3yr 53 23 0 100% 91.6%

3yr- 30

Table 3. Life-table analysis of implants in the Mandible included in Study |

Follow-up period Fixtures at the Fixtures Failures Interval Cumulative
beginning of the lost to survival survival rate
period follow-up rate
Loading — 6 mon 52 0 5 90.4% 90.4%
6 mon—1yr 47 15 1 97.9% 88.5%
1-2yr 31 18 3 90.3% 79.9%
2yr- 10
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Table 4. Life-table analysis of implants in the Maxilla + Mandible included in Study |

Follow-up period Fixtures at the Fixtures Failures Interval Cumulative

beginning of the lost to survival survival rate
period follow-up rate

Loading — 6 mon 176 0 8 95.5% 95.5%

6 mon—1yr 168 45 7 95.8% 91.5%

1-2yr 116 49 4 96.6% 88.4%

2-3yr 63 33 0 100% 88.4%

3yr- 30

Table 5. Life-table analysis of prostheses included in Study | from loading up to 6 months

Follow-up period | Prostheses atthe | Prostheses Failures Interval Cumulative
beginning of the lost to survival survival rate
period follow-up rate
Loading — 1 mon 31 0 2 93.5% 93.5%
1—-3 mon 29 0 1 96.6% 90.3%
3 -6 mon 28 0 2 92.9% 83.9%

Complications
Surgical and technical complications occurred in 13 of 31 cases.
e Fracture of surgical template: 3 cases
e  Misfit of suprastructure: 5 cases
e Extensive adjustment of occlusion: 3 cases
e Radiographic bone defects after drilling: 3 cases
» around anchor pins: 2 cases
» around implants: 1 cases
Three surgical templates fractured either before surgery (1 case) or at the removal of
the surgical template after implant insertion (2 cases) (Figure 8). Misfit of the
suprastructure appeared in 5 cases, resulting in the disconnection of the suprastructure
in 2 cases where implants were left for unloaded healing (Figure 9). Extensive
adjustment of occlusion was made in 3 cases of immediately connected bridges (Figure
10). In 2 cases, adjustment was made by re-alignment of teeth of the removal denture in
the opposing jaw. In 1 case, the heavy grinding of the occlusal surfaces resulted in
remaking of the implant-supported bridge after 6 months of healing. Radiographic bone

defects after drilling developed in 3 cases. This appeared in 2 cases after anchor-pin
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drilling in the maxilla, and another case in a severely resorbed mandible. An outline of

the complications in these patients is shown in Table 6.

Figure 8. Fracture of surgical template and bent anchor pin

Figure 9. Misfit of prosthesis

Figure 10. Occlusal misfit
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Study Il
Soft-tissue condition

Clinical assessments of peri-implant soft tissue (PD, BoP), as well as the
presence of plaque, were made around 148 implants (maxilla: 101, mandible:47) in 26
out of 29 cases. In 3 cases (2 patients), a compromised physical condition only allowed
clinical examinations but without the removal of the suprastructure. The clinical
assessments made in these patients were excluded from the database and statistical
analysis. The results of the clinical assessments including PD, BoP, and presence of
plaque at case level in the 26 cases are presented in Table 7. PD was significantly
deeper in the maxilla compared to the mandible, both at case (p =.02) and at implant
level (p <.0001). PD more than 4 mm was noted in 19.6 % of all measured sites in the
maxilla and 6.4 % in the mandible. No difference in BoP or visible plaque around
implants was observed between the maxilla and mandible, and the mean of both plaque
index and BoP showed a wide individual range (PI: 0-100 %, BOP: 16-100 %).

In 9 cases, a pressure-like-ulcer was observed when the fixed prosthesis was
removed (Figure 11). In the cases with the pressure-like-ulcer and tight contact between
the soft tissue and the basal surface of the fixed dental prosthesis, accumulation of
plaque and debris was frequently observed under the prosthesis. However, no
statistically significant difference was detected between the case with and without a

pressure-like-ulcer in PD and BoP.

Table 7. Soft tissue conditions at > 1-year follow-up (at case level)

Pl (%) PD (mm) BoP (%)

Position Mean Min  Max Mean Min Max Mean Min  Max

(no.of cases) (SD) (SD) (SD)

Max+Mand (26) 45.2 0.0 100 2.6 14 4 81.9 15.8 100
(37.0) (0.6) (23.9)

Maxilla (17) 394 0.0 100 2.8 1.5 3.7 79.8 15.8 100
(35.4) (0.6) (26.1)

Mandible (9) 56.1 0.0 100 21 14 2.8 85.9 50.0 100
(39.6) (0.5) (16.5)

p value * n.s p=.02 n.s.

*p values calculated with Mann-Whitney U test
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Figure 11. Pressure-like-ulcer caused by tight contact with the basal surface of the prosthesis

Implant stability

ISQ readings were obtained for 66 out of 67 implants inserted in the 12 jaws
(maxilla: 7, mandible: 5). All the implants measured were clinically stable at the
follow-up. ISQ registered during the initial surgery and at the > 1-year follow-up was
compared for each jaw. When comparing the obtained ISQ, it was found that the mean
ISQ measured during surgery was 62.0 (SD =7.8, range: 43-76) in the maxilla, while it
was 70.6 (SD=5.6, range: 58-82) in the mandible. Assessments during the first year
after surgery showed the mean values of both maxilla and mandible to slightly increase
to 62.3 (SD =7.0, range: 46-75) and 71.8 (SD=4.6, range: 57-79), respectively. The ISQ
was significantly higher in the mandible than in the maxilla both at the initial surgery

(p<.0001) and at the > 1-year follow-up (p<.0001).

Changes in ISQ of 12 patients from the time of surgery to 1 year follow-up

80.0

Maxilla: ¢
Mandible :A
700

R 1SQ -
X%

550 /
50.0

45.0

at surgery at 1-year follow-up

Figure 12.Changes in ISQ of 12 patients from the time of surgery to 1-year follow-up
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Radiographic examination
Study 11
Marginal bone changes

Due to the low resolution of the panoramic radiographs in the region around
the midline, only 193 of 324 sites (162 implants) were judged as readable and were
included for the marginal bone changes after function (60%). The frequency of the
radiographic marginal bone changes evaluated on the panoramic radiographs is
presented in Table 8. The mean marginal bone changes of the readable sites was -1.3
fixture threads in the maxilla and -1.4 fixture threads in the mandible, which can be
estimated to -0.8 mm and -0.85 mm, respectively (using a distance of 0.6 mm between
fixture threads).

Additional evaluation of radiographic marginal bone loss was carried out
using intraoral radiographs at 136 sites (68 implants) in 13 cases (Table 9). Across all
the intraoral radiographs, 11 sites (8%) were not perpendicular to the fixture threads
(one case), and image was missing in four sites, and thus, they were excluded. The
mean follow-up period of these 12 cases was 13 months. The mean marginal bone
changes of measured sites was -1.17 mm (SD =1.23) in the maxilla and -1.37 mm
(SD=1.76) in the mandible. Despite, there being a large deviation in marginal bone
changes following the panoramic and intraoral readings, there was no difference in
marginal bone changes during function between the maxilla and mandible evaluated at
implant or case level.

A significantly greater number of sites showed a marginal bone loss more than
2 mm in the mandible compared to the maxilla (Table 10a). Of the 12 cases evaluated
with intraoral radiographs, a pressure-like-ulcer was found in 5 cases. The proportion of
measured sites with marginal bone loss of both > 1.5 mm (p =.01) and > 2.0 mm (p
=.003) was significantly higher in the case with a pressure-like-ulcer compared to cases

where no ulcer was found (p =.01) (Table 10b).
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Evaluation of accuracy
Study 111 and Study IV

In Study I, virtually planned implant positions and clinically placed implant
positions were compared using voxel-based matching. Mean deviation between
planned and inserted implants at each variable is presented in Table 11 below.
Differences in position were observed between the virtually planned and the inserted
implants both in the maxilla and mandible. However, when all four variables were
taken into consideration, no statistically significant difference was observed between
the deviations in the maxilla and in the mandible.

During the matching procedure, it was apparent that in some cases the
segmented implants from the > 1-year follow-up CT scan was not cylindrical in shape
as the original implant shape. This could be attributed to movement by the patients
during their CT scans. One radiologist reviewed all the CT images obtained from the
patients’ pre-operative and post-operative scan. Double contours, implying that the
patient had moved during the scans, were found from both the pre-operative and
post-operative CT data. Although the movement factor was not originally considered as
a variable for inclusion, additional calculations were conducted to include this factor for
exploratory analysis. The numbers of the implants classified as “movement” are
presented in Table 12. The mean e-log apex and mean e-log hex results showed
statistically significant differences between the presence and absence of movement
during the pre-and post-operative CT scans (Figure 13). No significant differences were
observed between the maxilla and mandible except angle deviation (maxilla: 3.1°,
mandible: 2.4°), even when the movement factor was included in the analysis.
Deviation of implants without any movement and implants with movement both during

the pre- and post-operative scan is presented in Table 13.

Table 11. Mean deviation between planned and inserted implant positions (Study 1)

Mean (range)

Hex: mm Apex: mm Angle: degree Depth : mm
0.8 1.09 2.26 -0.15
Max+Mand (0.1-2.68) (0.24-3.62) (0.24-11.74) (-2.33-2.05)
| 0.8 1.05 2.31 ~0.06
Maxilla (0.1-2.68) (0.25-2.63) (0.24-6.96) (-1.65-2.05)
| 0.8 115 2.16 -0.29
Mandible (0.16-2.45) (0.24-3.62) (0.27-11.74) (-2.33-0.94)




Table 12. Movement during the pre-operative and post-operative scanning

(n=number of implants included)

Post-op scan Post-op scan
Movement Non-movement
Pre-op scan
P 15 6
Movement
Pre-op scan
P 28 90
Non-movement

=E No movement during first scan

08 =T - Movement during the first scan

0.6
0.4
0.2
0.0
-0.2

0.4

e-log Apex (mm)

-0.6

-0.8

No post scan movement Post scan movement

NO Movement Pre scanning 0
08 | .
= Movement Pre scanning 1

0.6 |
04}
02}

0.0 |

e-log Hex (mm)

No post scan movement Post scan movement

Figure 13. Mean e-log apex (upper) and mean e-log hex (lower) differences between presence

and absence of movement during pre-operative and post-operative scans
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Table 13

a. Deviation of implants without any movement during CT scan

Deviation No. of implants Mean Min Max
Hex 90 0.85 0.20 2.68
Apex 90 1.07 0.24 2.63
Angle 90 2.00 0.24 6.96
Depth 90 -0.09 0.01* 2.05%

b. Deviation of implants with movement both during pre- and post-operative CT scan

Deviation No. of implants Mean Min Max
Hex 15 1.12 0.16 2.45
Apex 15 1.75 0.69 3.62
Angle 15 4.27 1.97 11.74
Depth 15 -0.57 0.03* 2.33%

*Minimum and maximum in depth are presented using distance from base line (planning = 0)

In Study IV, the accuracy of implant placement was assessed using plaster
models containing implant replicas, one created from the surgical template and the
other created from the patient’s impression at the > 1 year follow-up. There were
significant differences in position between the planned implants and clinically inserted
implants (Table 14). Significant differences in deviation between the maxilla and
mandible were also detected (p < 0.001). When comparing the results from Study Il
and Study 1V, significant differences were observed both at the apex and hex (p<0.001).
In addition, no statistically significant difference in deviation was found between hex
and apex in Study 1V, while there was a significant difference in deviation between hex

and apex in Study I11.

Table 14. Mean deviation between planned and inserted implant positions (Study 1V)

Mean (range)

Hex: mm Apex: mm
0.51 0.51
Max+Mand
(0.06 - 1.16) (0.13-1.25)
0.59 0.59
Maxilla
(0.09-1.16) (0.14 - 1.25)
0.39 0.40
Mandible
(0.06 - 0.97) (0.13-1.24)
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DISCUSSION

Today, computer-assisted implant treatment is becoming a trend in implant
dentistry. However, whether the new methods can offer patients as successful and
reliable treatment as the conventional methods has not yet been shown scientifically. In
this thesis, the NobelGuide™ in combination with Teeth-in-an-Hour™ was evaluated

mainly from three perspectives, discussed in the following sections.

CLINICAL PERFORMANCE

Study I and Il focused on the clinical performance of the NobelGuide™ and
Teeth-in-an-Hour™, including survival rates, complications and peri-implant soft tissue
conditions. Until now, several studies have shown long-term survival rates of implants
of over 90 % in both the maxilla and the mandible following the traditional methods
(Lindquist et al., 1996, Ekelund et al., 2003, Jemt and Johansson, 2006). Compared to
the survival rates following conventional surgical protocols and unloaded healing,
lower survival rates of implants and prostheses were found in Study 1 (89 % at implant
level, 84 % at prosthesis level). Furthermore, complications occurred in as many as 13
of the 31 cases (42 %). Although the survival rate of 92 % in the maxilla was
acceptably good, a lower survival rate of 80 % was observed in the mandibular cases.
This fact contradicts the results of conventional surgical protocols or one-stage surgery
with immediate/early loading, where the implant survival rate is usually slightly higher
in the mandibular cases compared to the maxillary cases. While uncontrolled occlusal
force application through function and parafunction were suspected to be a main cause
of the implant losses in the maxilla, implant losses in the mandible rather seemed to be
caused by complications related to this specific technique. Complications were
registered in as many as 50 % of the mandibular cases in Study I.

Most complications observed in Study | were related to this specific technique
or hardware, which is different from complications observed from conventional
methods. The main complications during the surgery and the follow-up were; fracture
of the surgical template, misfit of the prosthesis, extensive occlusal adjustment,
radiographic bone defects and pressure-like-ulcer in the mucosa under the
suprastructure.

Dense mandibular jaw bone in the region between the mental foramina,

creating tension in a more fragile surgical template in the mandible, might be a possible
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explanation for the surgical template fractures seen in 3 of the 10 mandibular
treatments. In 2 of the patients with surgical template fracture, a misfit between the
abutments and implants was observed at the post-operative radiographic examinations.
Radiographic bone defects after surgery occurred in 3 cases; around anchor pins in 2
cases and around implants in one mandibular case. A likely reason for the
infection/radiographic bone defects might have been overheating during the anchor
pin/implant preparation. Thermonecrosis has been reported to occur as a result of
excessive force or insufficient cooling of drills (Eriksson et al., 1982, Eriksson et al.,
1984, Brisman, 1996). Increased heat production may result in failure to achieve
osseointegration (Eriksson and Albrektsson, 1983) or the development of apical bone
loss around implants. In the flapless procedure, direct saline irrigation on the bone
surface was unmanageable, because the acrylic surgical template covers the mucosa
and alveolar bone. Even though profound saline irrigation was made at the drill access
site/position of implants, this might not be enough in areas of dense bone. In the one
mandible with suspected thermonecrosis, the patient lost all five inserted implants.
Thus, additional attention should be paid to the drill speeds, drill intermittence and
irrigation, especially in the dense bone to minimise the risk of overheating.

One explanation for the occurrence of misfit of the prosthesis and
unfavourable occlusion may be that the implants were not positioned clinically, as it
was virtually planned in the computer. The positional deviations were analysed in Study
Il and IV.

A pressure-like-ulcer is one of the most frequently observed complications
during the follow-up period (9/29 cases). This was most likely caused by the tight
contact between the mucosa and the basal surface of the prosthesis. The overt feature of
this technique is that the implant-supported prosthesis is prefabricated and finalised
based on the computer planning data before implant insertion, whereas in conventional
implant treatment, the prosthesis is created according to an impression taken after
implant insertion. Therefore, in this technique the accuracy of each step in the
procedure will affect not only the implant positions, but also the final outline of the
suprastructure. The lack of use of a provisional implant bridge in the present study also
made it difficult to get a picture of the relation between the suprastructure and the soft
tissue. In the cases with the pressure-like-ulcer and tight contact between the soft tissue
and the basal surface of the fixed prosthesis, accumulation of plaque and debris was
frequently observed under the prosthesis. However, no statistically significant

difference was detected in plaque assessments between the cases with and without a
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pressure-like-ulcer in Study Il. This may be due to the fact that plaque was assessed
without removing the suprastructure. Limited visibility and accessibility only allowed
for the detection of plaque presence on the surface of the prosthesis. The wide range,
0-100 %, of the mean plaque score may also be attributed to the way the plaque was
assessed.

During Study | and Il, abutment design was changed. In the first 9 cases, the
patients received a bridge including initial hollow type abutments, whereas the rest of
the patients received modified abutments equipped with a silicone o-ring around their
exterior to avoid accumulation of plaque or debris between the abutments and the
cylinders of the prosthesis. Although no data is presented in Study I, we found that
large amounts of plaque accumulated inside the initial hollow type abutments when the
suprastructures were removed. Thus, the design of the abutment and the suprastructure
may influence the soft-tissue conditions around implants.

Parameters such as a presence of clinical inflammation and PD also reflect the
clinical performance and supporting tissue reactions during follow-up (Qurynen et al.,
1991, Lang et al., 1994, Pontoriero et al., 1994, Schou et al., 2002, Karoussis et al.,
2004, Fransson et al., 2008). Study Il showed the mean BoP to be approximately 80 %
at case level. This high frequency of clinical inflammation around implants was
consistent with several previous studies (Lekholm et al., 1986, Fransson et al., 2008).
Fransson et al. reported that BoP was found around more than 90 % of implants even
though no progressive bone loss occurred. This implies that the measurement of BoP
alone cannot be used for the assessment of peri-implant tissue. The mean PD was
2.8 mm in the maxilla and 2.1 mm in the mandible at case level, which is comparable
to previous studies. Although several reports have indicated that PD of approximately
3 mm can be detected around successful implants, the diagnostic value of probing
around implants is still not clear (Buser et al., 1991). Further long-term prospective
assessments of the soft tissues around implants are required to evaluate the association
between PD, BoP and disease progression.

Regarding implant stability, a greater ISQ was observed in the mandibular
implants than the maxillary implants, which is in accordance with previous studies. In
the maxilla, 3 implants showed an ISQ value below 50 at the 1-year follow-up.
Nevertheless, none of these implants showed clinical or radiographic signs of
disintegration. To establish if the monitoring of ISQ over time can detect failing

implants requires further careful clinical observation.
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In the current studies, the surgery including prosthesis connection was
completed within 30-45 minutes, with minimal surgical trauma in the majority of
individuals. In addition, the patient’s post-operative discomfort such as pain and
swelling was almost negligible in successfully treated cases. However, the survival
rates of implants and prostheses were lower compared with results of conventional
treatment protocols and complications occurred at high rates. Therefore, further
long-term investigations are required for comprehensive evaluation and refinement of

this system.

RADIOGRAPHIC MARGINAL BONE CHANGES

The amount of bone loss found in Study Il corroborates with others presenting
bone loss of immediately loaded Branemark system implants installed in edentulous
jaws (Chow et al., 2001, Aalam et al., 2005, Ostman et al., 2005, Glauser et al., 2005).
In these studies, the mean bone loss at 1-year from prosthetic connections was found to
range between 0.6 mm to 1.3 mm, which is comparable to the bone loss during
functional loading observed in the 12 cases evaluated with intraoral radiographs in
Study Il. The results of the current study are also comparable to the data from studies
using template-guided surgery and immediate loading of a CAD/CAM based
prefabricated prosthesis (Malo et al., 2007, Sanna et al., 2007, Johansson et al., 2008),
although only panoramic radiographs were used for the assessment of bone levels in
one study (Sanna et al., 2007).

In our study, the marginal bone changes were assessed both on panoramic and
intraoral radiographs. Greater bone loss was found around implants using intraoral
radiographs, than when the marginal bone level was evaluated on panoramic
radiographs, highlighting deviations between the two radiographic methods used. The
mean marginal bone change of the readable sites was -0.82 mm (-1.4 fixture threads)
with panoramic radiographs while it was -1.23 mm with intraoral radiographs. Only 12
cases were evaluated both using intraoral and panoramic radiographs, but the mean
marginal bone change of the panoramic radiographs was identical, -0.82 mm (-1.4
fixture threads) when only looking at these 12 patients. In this study, as much as 40 %
of all sites in the panoramic evaluations were excluded due to poor image quality (e.g.
blurred bone margin, blunt peaks of the fixture threads or deformation of implants).
The exclusion rate due to the low image quality was considerably higher than that of
intraoral radiographs (8 %), indicating the limited utility of panoramic radiographs for

the evaluation of marginal bone levels at implants. This limited applicability has also
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been stated in other studies (Friedland, 1987, Truhlar et al., 1993). Moreover, marginal
bone changes were assessed by counting the number of fixture threads on the
panoramic radiographs, while measured in distance (mm) on intraoral radiographs. On
the panoramic radiographs, the bone level was always recorded as “0” if the bone
margin appeared more coronal to the first thread, as the peak of the most coronal
threads was selected as a reference point. Utilising this method restricted the detection
of bone level transition, mostly bone loss, in the region that was more coronal to the
first thread. Therefore, data assessed on the intraoral radiographs were used to evaluate
the association between marginal bone changes and some clinical findings.

The most commonly used reference point in assessing marginal bone level
around implants is the implant-abutment junction (the upper surface of the implant
collar). This point was, however, not clearly visible in all the radiographs used in our
study, as the follow-up radiographs of the implants were taken with stainless-steel
impression copings, used for Study IV, firmly connected to the implant.

Although no significant difference between the maxilla and the mandible was
detected in mean marginal bone changes, the proportion of the number of the measured
sites with marginal bone loss greater than 2.0 mm was statistically greater in the
mandible than in the maxilla. This result may be an effect of the present computer
assisted technique, and as a consequence, complications have also been reported to
occur more frequently in the mandible than in the maxilla in Study I. Another factor
that may have influenced the results is the starting point for monitoring marginal bone
changes used in our study. The time of prosthesis connection is the most frequently
used starting point in the observation of bone loss when treating with a conventional
surgical protocol. However, Cochran et al. recently reported that the estimated mean
marginal bone loss from the time of implant surgery until prosthesis connection at 4 to
6 months after surgery was significantly larger around implants in the mandible than in
the maxilla, while the bone loss after the prosthesis connection up to 5 years was
greater in the maxilla (Cochran et al., 2009). As a result, there was no significant
difference in the mean marginal bone loss from the time of implant placement until
5-year post prosthesis placement between the maxilla and mandible. Most of the studies
that evaluated marginal bone loss following conventional treatment protocol have not
included this early period between surgery and prosthesis connection. In our study, the
mean marginal bone loss occurring between the time of surgery, including prosthesis
connection, and the 1-year follow-up was assessed. Considering the starting point and

observation period in our study, our results were similar to the study by Cochran and
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coworkers, in that the mean marginal bone loss in the mandible was greater than that in
the maxilla in the early stage of the follow-up observation, though the loading protocol
was different.

The relation between the marginal bone loss examined with intraoral
radiographs and the presence of a pressure-like-ulcer and was also analysed. The
statistical analysis demonstrated that the percentage of the sites with a marginal bone
loss of > 1.5 mm or > 2.0 mm was greater in the cases with a pressure-like-ulcer than in
cases where no ulcer was found. In these cases, a reduced accessibility of oral hygiene
instrumentation may have increased bone loss during the initial healing period.

Although marginal bone loss around implant has been radiographically
evaluated in many studies, the “acceptable amount of bone loss” remains to be defined.
In the present study, marginal bone loss of more than 1.5 mm and 2 mm after 1 year
from the prosthethis connection was observed in 41 % and 27 % of the measured sites,
respectively. When bone loss from each site was simply evaluated according to
Albrektsson’s success criteria, as many as 41 % of the measured sites were
unsuccessful, as more than 1.5 mm of bone was lost during the first year after
prosthesis connection. Our results also showed a wide range of bone loss. This high
frequency of bone loss in this technique has also been reported by Malo et al. and
Johansson et al. (Malo et al., 2007, Johansson et al., 2008). It may be reasonable to
speculate that positional and angular deviations between planned and clinically placed
implants might lead to biological adaptation during functional loading, resulting in
marginal bone loss. Another reason could be that the starting point for monitoring the
marginal bone level varies from study to study and the time between implant insertion
and loading is not always as long as it is in conventional treatment, as already
mentioned above. Marginal bone loss during initial healing and early functional loading,
using more recently developed surgical protocols, needs to be further elucidated.
According to recent studies, the bone loss between implant placement and the time of
loading is significantly greater than the bone loss that occurs between the time of
loading and the 5-year follow-up, under the conventional healing period of 3 to 6
months (Astrand et al., 2004, Cochran et al., 2009). This implies the necessity of a
careful evaluation when marginal bone loss, following the one-stage surgical protocol

with immediate loading, is compared to that of the two-stage procedure.
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ACCURACY OF TEMPLATE-GUIDED IMPLANT PLACEMENT

The template-guided surgery concept involves many processes that result in
deviations between the planned and the clinically placed implant positions. The overall
accuracy of the implant placement is the sum of all errors that arise during the whole
treatment procedure. Although it is difficult to detect deviations that possibly occur in
each step, it is essential for clinicians to learn to what extent the deviations occur
between the virtually planned implant positions and positions of clinically placed
implants, in order to avoid anatomical risks as well as for the final prosthetic
reconstruction. The accuracy is also a great matter of concern, especially in the case of
immediate delivery of a prefabricated prosthesis.

In Study I, the deviations between virtually planned implant positions and
clinically inserted implant positions were assessed by matching the planning data based
on the pre-operative CT scan and the post-operative CT scan from the > 1-year
follow-up. The mean deviation was 1.05 mm at apex, 0.80 mm at hex, 2.31 degrees for
angle and -0.06 mm for depth. Statistically significant differences were detected
between the planned and placed implant positions in all four outcomes. The results of
this study are well in line with the limits of previous studies (Schneider et al., 2009).

On the 3D virtual planning images, an area around the implant with a width of
1.5 mm, a safety zone, is indicated. This zone allows clinicians to avoid placing
implants too close to each other or to anatomically important structures. It should be
kept in mind that in several cases in our study the deviation was greater than 1.5 mm,
indicating that the implant was inserted outside the safety zone. Despite that there were
such extensive deviations in some cases, we did not find any damage to the
anatomically important structures or interference of implants.

In Study I, no statistically significant difference in deviation was observed
between the maxilla and mandible. The radiographic guide covered the palate in the
maxilla, whereas in the mandible it covered only the alveolar crest. In addition, more
complications were found in the mandible compared to the maxilla in Study I.
Therefore, it was surprising to find no significant difference between the deviations in
the mandible and in the maxilla. One possible reason is that 2 out of 5 cases, where a
misfit of prosthesis was observed in Study |, were not included in Study 11l and IV due
to implant loss resulting in a disconnection of the suprastructure during the follow-up.
These 2 cases were mandibular cases. This could imply that the deviation in the
mandible would be greater if these cases were included in the accuracy analysis.

As already mentioned in the results section, patient movements
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during the CT scan were observed on 21 implants at the pre-operative CT images and
on 43 implants during the post-operative scan of the patients. Fifteen implants in 3
patients included movements both from the pre-operative and post-operative CT scans.
It should be emphasised that the patient movements, were in most cases not visible on
the 3D images at the stage of virtual planning. Furthermore, the automatic
superimposing procedure of gutta-percha markers on the CT data and prosthesis CT
data sometimes proceeded without any notification of errors, even in the cases with
patient movements. When comparing the results, statistical significances were found
when combining the movement of the pre-operative and post-operative-scan with the
results of the deviation at the level of the hex and apex of the implants.

The scanning time, using the equipment in our clinic, was 70 seconds, which
is a long time to lie absolutely still especially for elderly patients. Imaging techniques
represent a very rapidly evolving field and newer generations of CBCT equipment have
a much reduced scanning time and include holders to keep the patient in position during
scanning. This will likely reduce the movement error during the scanning procedure.

Although the matching of the pre-operative planning data and the
post-operative CT data is the most commonly used technique for the assessment of
accuracy in experimental studies, the excessive exposure of radiation on the patients
from the post-operative scan and the patient movements during the CT scan are
concerns. Patient movements occurred during the post-operative CT scan, something
that did not influence treatment results, but affected only the results of matching for
evaluation of the accuracy. To eliminate these factors, a new approach was carried out
in Study IV by comparing two plaster-models, one created from the surgical template
and the other made from impressions on copings attached to the implants in patients at
> 1-year follow-up.

Significant deviations were detected between the positions of implant replicas
in the pre-operative master models and in the post-operative plaster models that were
created from patients’ impressions, both at the hex and the apex. However, the
deviations in Study IV were smaller than the deviations observed in Study Ill. This is
understandable, as the results were not influenced by the patient movements in Study 1V.
Another factor contributing to the different deviations presented in Study IV could
possibly be errors in the matching procedure, which aligns the 2 STL files. In Study 11,
patient jaws were used as reference objects when virtually planned implant positions
and clinically placed implant positions were compared. In Study IV, however, no

reference markers were used, which could have lead to errors during the matching
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process. The matching procedure utilised in Study IV, the best-fit alignment, minimises
the sum of the squared distances between corresponding points, selected from vertexes
of the triangles of the virtually created cylinders from respective model. In Study 1V, no
significant difference was observed in the deviation between the apex and the hex,
although the deviation at the apex is generally greater compared to that at the hex in the
studies conducted using CT matching methods. Therefore, the lack of difference
between the deviations at the apex and hex in this study may also partially be a result of
the matching method. This fact became clear when the mean deviation at the level of
hex and apex were compared on a case-by-case basis. The deviations at the hex and
apex were fairly similar in each individual case.

One important benefit of using the impression based evaluation is that patients
are not exposed to any excessive radiation as they are in the CT matching method. The
radiation doses emitted by CBCT are lower than that of conventional CT, but are still
greater than the doses utilised for panoramic and intraoral radiographs (Ludlow et al.,
2003, Ludlow et al., 2006, Suomalainen et al., 2009). Although Study IV was a pioneer
work for developing a new method, further refinements of the method are required to
minimise the errors that arise during the matching procedure due to the absence of
reference points.

The final results of accuracy shown in our studies are the sum of the deviations
that occurred during each step of the whole treatment procedure including the
production process and some additional errors that occurred in the process of matching.
There are a lot of factors that cause errors, but it is difficult to pinpoint a certain factor
that is particularly significant to the final outcome when reviewing the results of the
present studies. However, it is possible to minimise some of the errors if the clinicians
consider these sources of variation and carefully follow the instructions of the protocol.
For instance, fitting and positioning of the radiographic guide, patient movements
during CT scan, and the placement of the surgical template are considered to be major
clinical factors that influence the final implant positions. The clinician should
remember, that even the patient selection, the first step in the treatment, will affect the
accuracy of implant placement. A severely resorbed mandible could lead to possible
positioning errors when aligning the radiographic guide during the CT scan and when
placing the surgical template during the surgery.

The results from Study Il and IV gave us a better understanding of the
deviations that could occur during the treatment of computer-assisted template-guided

implant surgery. Furthermore, the findings could be used to implement more structured
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directions on how to use computerised planning software. Further studies are required
to clarify the deviations that may occur in each stage in a clinical setting as well as the

accuracy of the products.
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MAIN FINDINGS

56

Survival rates of implants and prostheses were lower compared to conventional
implant treatment protocols. In addition, complications occurred at a high rate
when the patients were treated using the computer-assisted template-guided
surgery in combination with immediate loading of a prefabricated prosthesis

(Study I).

Although mean marginal bone loss was within the range of other reports presenting
mean marginal bone loss after immediate loading, patients treated using the
computer-assisted template-guided surgery in combination with immediate loading
of a prefabricated prosthesis showed a wide range of bone loss. High frequency of
bone loss > 1.5 mm after 1 year of prosthesis connection was observed. However,
marginal bone loss during initial healing and early functional loading, using more

recently developed surgical protocols, needs to be further elucidated (Study II).

Significant differences were observed between the virtually planned implant
positions and the clinically placed implant positions both when using the CT

matching method and the model matching method (Study 111 & V).

Although it might be possible to use our newly developed model matching method
as a substitute for CT matching method in order to assess the accuracy of guided
surgery, further refinements of the matching method are required to minimise the

errors that arise during the matching procedure (Study 1V).



CONCLUDING REMARKS

In recent years, dental implant treatment has more and more focused on the
reduction of treatment time and simplification of the surgical and prosthetic procedures,
and new systems are introduced on the market one after the other. Currently, it is
believed that there are more than 200 implant brands are available on the market to be
used clinically. In these trends, a number of new implants and treatment systems are
often launched without long term clinical evaluation. However, for the development of
such systems, it is essential to report clinical findings, including complications,
objectively.

Computer-guided implant surgery is one of the new technologies and is
becoming widely used in clinical practice. It is assumed that computer-guided surgery
has great potential to provide patients with an optimal treatment regarding shortening of
the time needed for surgery, providing masticatory immediate function, and resulting in
less post-operative discomfort. The technique also allows clinicians to plan implant
positions with respect to both anatomical and prosthetic considerations. Many studies
have reported excellent results from cadaver or model surgery. Several clinical
follow-up studies and case reports have shown favourable results of computer-guided
surgery. However, it should be emphasised that long-term clinical data is still limited
and most of the published studies were conducted by skilled and experienced
implant-teams. Thus, although promising for the future, the method of
computer-assisted treatment planning and template-guided surgery must still be
regarded as being in an exploratory phase. Further investigations regarding the clinical
performance as well as the products may lead to more optimal results and an
improvement of the system. In addition, assessments of the treatment from the patient’s

viewpoint will be of great importance in future studies.
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