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Historical developments

The era of radiography began at the end of the 19th
century when Wilhelm Roentgen discovered X-rays,
which eventually resulted in a clinical technique used
to evaluate internal anatomic structures in a noninva-
sive manner. A limitation was that only two-dimen-
sional evaluation of mineralized structures was
possible (32, 38). Sir Godfrey Newbold Hounsfield, an
English electrical engineer who shared the 1979 Nobel
Prize in Medicine with Allan McLeod Cormack, devel-
oped a method to acquire radiographs from different
directions and/or angles, which could be digitally
processed to a three-dimensional depiction (1, 28).
This novel technique, originally called computerized
axial tomography and later computerized tomogra-
phy, was approximately 100 times more sensitive
than conventional radiography and also allowed for
the detection of soft tissues (27). At the end of the
1970s, several authors reported on the combined use
of stereotaxic frames and computerized tomography
scanning of the human head (7, 60). In addition,
interactive software was developed and utilized to
guide a probe precisely to a target that had been iden-
tified in a series of computerized tomography scans.
This enabled treatment, for instance, of deep cerebral
abscesses by aspiration after guiding a needle into a
labeled cavity (51). In the late 1980s, different
research groups developed and utilized several soft-
ware packages to visualize the human head using
computerized tomography images. This allowed the
tip of an instrument to be mapped dynamically, in
computerized tomography images, to the location
corresponding to the point of interest. In 1992, an
Ontario-based team used the first surgical navigation

unit for neurosurgery (21, 50). This frameless system,
called the ‘Viewing Wand’, was developed as an
adjunct to preoperative computerized tomography,
magnetic resonance imaging and positron emission
tomography, for surgical planning before, and naviga-
tion during, the operation. The Viewing Wand repre-
sented a milestone in guided surgery as it combined
conventional surgical approaches with virtual reality
in order to plan the surgical procedure in advance
and to use the planned intervention as a guide during
the actual surgery. In comparison with stereotaxic
surgery, the main advantage of the Viewing Wand
technique was that neither constant intra-operative
scanning nor the fixation of a cumbersome frame to a
patient’s head was necessary. The primary clinical
benefits of the Viewing Wand were the significantly
improved surgical navigation and clinical safety for
the patient during the surgical intervention itself (21).
Also, the localization and size of the incision, cran-
iotomy and corticotomy, as well as the extent of the
surgical resection, benefited from the use of this sur-
gical approach. However, stereotaxic surgery was still
needed to localize the source of small, deep-seated,
targets in procedures such as thalamotomy and palli-
dotomy (50). Shortly after the introduction of the so-
called frameless stereotaxic surgery, new opportuni-
ties were created for this technique as it was discov-
ered that it could be used for anatomic navigation in
upper cervical spine surgery (45). In the following
5 years, several companies introduced similar prod-
ucts of surgical navigation and the technology also
became applicable for other surgical procedures,
such as head neck surgery (25), sinus surgery (12),
spinal surgery (45) and arthroscopy (18). The surgical
paradigm of exposing the tissues in order to obtain a
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better view of the surgical area became irrelevant and,
in fact, to an extent irresponsible in certain situations. In
the early 2000s, surgical navigation became the standard
of care in neurosurgery and was starting to become
increasingly popular in sinus and spinal surgery.

Surgical navigation

Prosthetically driven implant surgery has been a
subject of fundamental interest to the dental profes-
sion. Correct implant positioning has obvious
advantages, such as favorable esthetic and pros-
thetic outcomes, long-term stability of peri-implant
hard and soft tissues as a result of simple oral
hygiene and the potential to ensure optimal occlu-
sion and implant loading (8–10). Moreover, correct
positioning of the implant enables the final pros-
theses to be optimally designed and makes it possi-
ble to devise and fabricate retrievable screwretained
suprastructures, thereby avoiding nonretrievable
cemented restorations (36). Consequently, all of
these factors may contribute to the long-term suc-
cess of dental implants. Furthermore, various
requirements, such as the desired interimplant dis-
tance, tooth-to-implant distance, implant depth and
other aspects, have made virtual implant planning
an important tool when aiming for optimal treat-
ment success (26, 56).

In 1988, columbia scientific, inc (Glen burnie,
MD, USA) introduced three-dimensional dental
software, which converted computerized tomogra-
phy axial slices into reformatted cross-sectional
images of the alveolar ridges for diagnosis and eval-
uation. Consequently, in 1991, a combination soft-
ware, ImageMaster-101, was introduced, which
provided the additional feature of placement of
graphic images of dental implants on the cross-sec-
tional images. The first version of SimPlant, pro-
duced by Columbia Scientific in 1993, allowed
placement of virtual implants of exact dimensions
on cross-sectional, axial and panoramic views of
computerized tomography images. Simplant 6.0
(Columbia Scientific 1999) added the creation of a
three-dimensional reformatted image surface ren-
dering to the software. In 2002, Materialise (Leuven,
Belgium) purchased Columbia Scientific and intro-
duced the technology for drilling osteotomies to an
exact depth and direction through a surgical guide.
Since then, several software, rapid prototyping and
implant companies have introduced their own soft-
ware and surgical guide modalities to allow a
guided surgical approach. Figure 1 shows the

applicability of cone-beam computerized tomogra-
phy imaging in conjunction with a virtual planning
program.

Generally, two types of guided implant surgery
protocols – static and dynamic – are described in the
literature. The static approach refers to the use of a
static surgical template. This reproduces the virtual
implant position directly from computerized tomo-
graphic data to a surgical guide, which does not
allow intra-operative modification of the implant
position (31,55). With the static systems, the
planned implant location is usually transferred to
the surgical template by a specially designed drilling
machine (9). Another option, called the stereolitho-
graphic method, uses specifically designed software
to design virtually the surgical stent and afterwards
fabricate it using polymerization of an ultraviolet-
sensitive liquid resin (10) (Figs 2 and 3). The first
dynamic guided surgery systems were introduced to
the field of implant dentistry at the beginning of the
year 2000. The dynamic approach, also called navi-
gation, refers to the use of a surgical navigation sys-
tem that reproduces the virtual implant position
directly from computerized tomographic data and
allows intra-operative changes of the implant posi-
tion (31, 55). These systems are based on motion-
tracking technology that allows real-time tracking of
the dental drill and the patient throughout the
entire surgery (Fig. 4).

The introduction of cone-beam computerized
tomography scanning, in combination with three-
dimensional imaging tools, has led to a major break-
through in virtual implant treatment planning. Cone-
beam computerized tomography scanners use lower
radiation doses compared with conventional comput-
erized tomography scanners (37). Additionally, cone-
beam computerized tomography scanners are much
smaller and less expensive than conventional com-
puterized tomography scanning machines; this allows
the private practitioner to buy and install a cone-
beam computerized tomography machine in his own
clinical setting. In combination with implant plan-
ning software, the use of cone-beam computerized
tomography data has made it possible to plan vir-
tually the ideal implant position, while taking the
surrounding vital anatomic structures and future
prosthetic requirements into consideration. Conse-
quently, this process ultimately results in the trans-
fer of the planned virtual implant position from the
computer to the patient. In addition, intra-oral
scanning devices have recently started to contribute
considerably to these novel treatment modalities
with respect to treatment planning (29). By
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Fig. 2. Clinical example illustrating the treatment protocol
for tissue-supported guidance. (A) Stereolithographic
guide with equally distributed fixation screws. (B) Fixation
of the guide using an intermaxillary putty index. (C)
Guided installation with copious irrigation. (D) All

implants installed with uni-abutment installed on top. (E)
Fibre-reinforced acrylic screw-retained bridge seated. (F–
H) Peri-apical radiographs on implants, abutments and
bridge in situ.

Fig. 1. Virtual implant planning (Codiagnostix, Dentalwings) in the posterior mandible, illustrating different cross-sec-
tions, panoramic views and three-dimensional imaging of a scanned subject.
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superimposing images of recognizable structures
(e.g. teeth) obtained from cone-beam computerized
tomography and intra-oral scanning, a more realis-
tic digital view of the dental hard and soft tissues of
a patient is created. A digital set-up can also be
added to this data set, to assist dental professionals
to execute the planning in relation to the future
prosthetic restoration. Yet, while technology contin-
uously improves, there are still some major issues
that need to be taken into account when these
techniques are implemented to treat patients (55).

Static computer-assisted guidance

Guide production

Guide production is model-based, and guides are
made in the dental laboratory or processed using
computer-aided design/computer-aided manufactur-
ing through milling or printing. Model-based systems
use a laboratory-based guide-production device. The
basis for surgical template fabrication is the template

plan provided by the planning software. This plan
contains four parameters for the spatial position of
each implant and depth information for the place-
ment of the surgical guide sleeves. The scan template
is fitted on the master model that represents the
patient. In accordance with the preferences of the
clinician and dental technician, the scan template
contains information about the desired prosthetic
outcome and the soft-tissue architecture. After veri-
fication of all parameters, sleeve bed preparation
and surgical sleeve placement are carried out using
the drilling arm. The main disadvantage of this
approach is the number of nondigital steps
required to design and produce the surgical guide,
together with its sensitivity to the associated
human errors that can occur during different steps
of the procedure.

Another way to create surgical guides is by using a
rapid prototyping technique or stereolithographic
technology. Based on three-dimensional imaging and
a three-dimensional design, the guides are produced
using photopolymerization techniques and are cur-
rently commonly produced commercially by many
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Fig. 3. Clinical example illustrating the treatment protocol
for tooth-supported guidance. (A) Preoperative view of the
maxilla. (B) Dentally supported stereolithographic guide.
(C) Inspection windows are used to confirm proper seating

of the guide. (D) Depth-calibrated implant mounts. (E)
Postoperative view of installed implants. (F) Impression
copings 3 months postoperatively.
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implant providers. The most recent development in
digital production of surgical guides is based on
the superimposition of digital computerized tomog-
raphy data and intra-oral scanning data. Therefore,
mutual landmarks on both digital images, such as
part of the teeth, are required. The actual guides
are designed and fabricated using computer-aided
design/computer-aided manufacturing technology
with the use of printing or milling devices. These
novel approaches improve positioning and accuracy
in terms of the relationship between virtually
planned and real-life insertion of the implant, espe-
cially when using tooth-supported surgical guides
(24, 43, 55). However, a larger number of clinical
investigations are needed to support this state-
ment.

Guide support

Various surgical guide designs are available that differ
either in the type of support or in the way that they
are positioned. In general, the following types of sur-
gical guides are described in the literature, based on
their supporting surfaces:

� Tooth-supported surgical guides: the surgical
guide is placed on the remaining teeth.

� Mucosa-supported surgical guides: the surgical
guide is positioned on top of the mucosa. This is
mostly used in fully edentulous patients.

� Bone-supported surgical guide: the surgical guide
is placed on the bone after opening a mucope-
riostal flap. Applicable in patients in whom more
extensive (bone) surgery is required.

� Special supported, (mini) implant, pin-supported
surgical guides: the surgical guide is attached to
implants inserted before or during the actual
implant surgery.

A systematic review from the 5th International
Team for Implantology Consensus Conference (55)
concluded that, compared with other types of guide,
the bone-supported surgical guides showed the high-
est inaccuracy. Additionally, Tahmaseb et al. (53)
showed that a high level of accuracy could be
achieved when reference mini-implants were used to
support the computerized tomography scan template
and the final surgical guide. This could result in
immediate loading of the installed implants using a
prefabricated restoration (Fig. 5).
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Fig. 4. Clinical example illustrating the treatment protocol
with dynamic guided surgery (Navident, Canada). A. Ther-
moplastic stent (Navistent TM) connects the radiographic
marker with the residual teeth B. Digital interface allows a

prostheticly driven implant surgery C + D. Before using a
new drill, a calibration procedure is necessary E. Osteot-
omy preparation can be seen in real time F. Post-op CBCT
after implant installation.
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The level of guidance

Different treatment protocols using guided surgery
have been described in the literature. Some systems
require several consecutive guides to cope with an
increasing drill diameter during surgery (20), while
others use one guide with different adjustable drill
handles (53) (Fig. 6). Moreover, some systems allow
guided osteotomy preparation and implant place-
ment (fully guided protocol), while others only
allow guided osteotomy, resulting in a freehand
implant installation. The findings of the 5th Inter-
national Team for Implantology Consensus Confer-
ence concluded that the so-called fully guided
protocols, with guided implant placement included,
performed more accurately compared with partially
guided systems in which only the osteotomy is
guided while final implant placement is performed
freehand (55).

Dynamic computer-assisted
guidance

Because of the uncomplicated handling and lower
investment costs, the static technique is widely used as
the method of choice when guided surgery is indicated.
Currently, most major implant brands have their own
stereolithographic guided surgery system, based on the
same basic principle. Hence, the static approach is used
more frequently (10) than the dynamic approach but
both show equal failure rates (10).

In a case series study, it was reported that less than
1 mm of mean linear deviation and angular deviation
of less than 4�’ might be attainable, although the
technique was vulnerable to technical errors (36). An
interesting report published data comparing a con-
ventional freehand method of osteotomy preparation
and a navigation guided drilling procedure (56). The
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Fig. 5. Clinical example of guided surgery and immediate
loading using pre-installed mini-implants. (A, B) Insertion
of mini-implants. (C) Prosthetic steps to prepare the final
prosthetic set-up. (D) Duplicating the set-up in radiopaque
material to use it during the cone-beam computerized

tomography data acquisition. (E) Insertion of the drill
guide and executing the osteotomy. (F) Flapless implant
insertion. (G) Attachment of the prefabricated provisional
superstructure.
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authors showed that the differences between the two
methods were significantly in favor of the navigation
protocol. In another publication, a comparison was
made between static and dynamic guided surgery,
and it was concluded that static guided surgery was
associated with fewer errors than real-time navigation
(26), while other authors (31) could not find any stati-
cally significant differences. An interesting finding
was also that navigated flapless transmucosal inter-
foraminal implant placement was found to be a pre-
cise, predictable and safe procedure in patients with
a smooth, wide and regular mandibular ridge com-
pared with a more irregular bony architecture that
resulted in a more complicated, and less accurate,
implant placement (55).

Another relevant factor explaining why navigation
surgery initially was not attractive was the fact that, at
that time, the cone-beam computerized tomography
technique was not popular in daily practice. This pre-
vented the dentist from obtaining high-quality com-
puterized tomography data at a low radiation dose.
Additionally, these dynamic navigation systems were
also too expensive and complicated for the private
practitioner, especially when compared with cheaper
stereolithographic alternatives. Finally, navigation
systems were too cumbersome, complicated and
fragile to be reliable and easily applicable in daily
practice. Accordingly, most of the first-generation
dental navigation systems slowly disappeared from
the market. As a result of the introduction of more
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Fig. 6. Clinical example illustrating the treatment protocol
for tooth-supported guidance. (A) Failed central incisor.
(B) Computer planning for implant position. (C) Atrau-
matic extraction. (D) Guide seated by dental retention and

stability. (E) Osteotomy preparation until stop mount. (F)
Utilization of interchangeable drill keys. (G) Healing with
temporary crown to design emergence profile. (H) End
result.
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affordable and smaller cone-beam computerized
tomography scanners, one of the major disadvan-
tages of dynamic navigation was eliminated.
Together with evolution toward the so-called fourth
industrial revolution, usability and reliability of
more complex computerized systems have been
greatly improved. This digital revolution is charac-
terized by a fusion of technologies blurring the lines
between the physical world and virtual reality. Den-
tal implant navigation benefited from these
improvements and evolved toward new dynamic
navigation devices that use real-time tracking tech-
nology. This resulted in a simplified workflow
because scanning, planning and implant placement
could be carried out in a single visit and required
fewer time-consuming image-registration proce-
dures. Moreover, fewer additional tools or surgical
sets were required, resulting in an open-sourced
system, enabling the surgeon to use his favorite
implant system in his/her familiar environment.

Flapless or flap surgery

As in general medicine, also implant dentistry has
evolved toward increased use of minimally invasive
procedures. In this respect, guided implant surgery is
a valuable adjunct. A flapless procedure is defined as
a dental implant installed through the mucosal tis-
sues without reflecting a mucoperiosteal flap or mini-
mal reflection of the flap. Implant installation can be
performed either freehand after drilling through the
soft tissue or by using a surgical guide. The advantage
of the minimal surgical procedure lies in preservation
of the blood circulation in the soft tissues, which may
affect the soft-tissue architecture (47). In a systematic
review, Cosyn et al. (15) concluded that a flapless
approach reduced bone loss but also enhanced
papilla regrowth and hence the esthetic outcome of
single implants. Furthermore, a flapless approach
avoids elevation of the mucoperiosteal flap and keeps
the periosteum in contact with the bone and the
supraperiosteal plexus intact, hence preserving the
osteogenic potential and the blood supply to the
underlying bone and/or implant. Bone denudation
causes increased bone loss (52). Some clinical studies
have shown that marginal bone around dental
implants is preserved with flapless surgery (3, 4, 44).
On the other hand, Sennerby et al. (48) concluded
that less bone loss occurred after one-piece implants
were placed with conventional flap elevation together
with a delayed loading protocol when compared with
the flapless approach. Other studies, using a more

conventional approach, did not show any difference
(6,14).

The flapless approach is beneficial to patients
because considerably less postoperative morbidity
and discomfort has been reported compared with
open flap surgery (4, 22, 34, 41). As a result, patients
are more likely to undergo flapless surgery (2, 58).
From a clinical perspective, minimal surgical inter-
vention may allow the treatment of anxious or medi-
cally compromised (such as those undergoing
treatment with anticoagulants or bisphosphonates)
patients. It also offers the possibility of using a provi-
sional restoration, enhancing soft-tissue healing and
immediately restoring function and esthetics. As a
result, the patient can resume normal oral-hygiene
measures immediately (47). In addition, the quality
and quantity of the surrounding soft tissue must be
taken into consideration when choosing between
flapped or flapless surgery. In some cases, flapless
surgery may result in the removal of too much well-
needed keratinized soft tissue around the implants.
However, when guided surgery is applied, flap design
should be as minimal as possible and must be well
adapted to the clinical situation. Brodala et al. (6) sta-
ted that flapless surgery appears to be a plausible
treatment modality for implant placement, demon-
strating both efficacy and clinical effectiveness. How-
ever, these data are derived from short-term studies
with a mean follow-up interval of 19 months, and a
successful outcome with this technique is dependent
on advanced imaging, clinical training and surgical
judgment.

Flapless guided or freehand surgery

Several clinical trials evaluated the outcome of dental
implants when placed with a flapless approach.
Becker et al. (5) used a split-mouth design in an
experiment on dogs and showed, using histomor-
phometry, that the composition of the tissues were
not different between flapless or flapped surgery.
Implants placed after punching the mucosal tissues
with a drill, without flaps and additionally less effec-
tive direct irrigation in the bone during implant
placement, showed the same degree of osseointegra-
tion and no adverse reactions. In a retrospective
study reporting on flapless surgery, the survival, up to
10 years, of 770 implants installed in 359 patients was
93.6%. Implants were installed in mandibles and
maxillae, and the survival rate was influenced by the
surgeons’ learning curve (11). Rocci et al. (44)
installed 97 implants with turned surfaces in 46
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maxillae for single or partial rehabilitations. After
3 years of prosthetic loading, the cumulative survival
rate was 91% with a mean bone loss of 1.5 mm. The
failure rate was higher in sites implanted immediately
after tooth extraction. Others reported a failure rate
of 25% of immediately loaded single implants
installed with flapless surgery compared with no
failures for a delayed loading group (42). Despite a
higher failure rate, they reported similar esthetic
results with both techniques (42). Single implants
installed in a one-stage flapless surgery without the
use of computer-assisted guides showed the same
clinical success as those installed using conventional
one-stage flap surgery. Overall, implant survival was
100% and stable bone conditions, indicative of a
good long-term prognosis, were reported (19). How-
ever, the pragmatic approach in the latter study
involved nonrandomized case selection and only
cases with predicted good outcome were chosen for
the flapless approach and treatment by an experi-
enced periodontist. Nevertheless, within the limita-
tions of single-tooth restorations and within the 3–
4 years of loading time, it seems that flapless sur-
gery in healed bone with delayed loading offers a
good alternative to conventional surgery.

A disadvantage of flapless freehand surgery is that
the true topography of the underlying available
bone cannot be observed. Clinical palpation alone
is not advisable in complex cases because thick
epithelium and thick mucosa may hide a narrow
ridge. There is a risk of unwanted perforation of the
bone and this may lead to esthetic problems or
even implant loss. The potential risk for perforation
was evaluated in a preclinical study in which flap-
less freehand surgery was performed on models.
Very often perforations through the crest and on
the crest were observed because clinicians could
not fully implement the morphology of the available
bone as visualized on two-dimensional and even on
three-dimensional radiographs, to the level of the
real patient (58). Also, unwanted perforations and
improper implant location have been reported as
complications (11). It seems that flapless freehand
surgery can only be advocated in selected and
appropriately planned cases by experienced sur-
geons and when there is adequate bone volume. A
computer-guided approach may overcome these
drawbacks, as suggested by Tahmaseb et al. (55).
They concluded, based on a systematic review, that
the level of accuracy was satisfactory when flapless
guided surgery was applied using nonbone-sup-
ported surgical guides and a good clinical outcome
was presented.

Immediate loading and guided
surgery

Knowing the implant position before actual implant
placement opened up the possibility of attaching a
prefabricated and immediately loaded suprastructure
on the day of surgery (30, 39, 54), which has obvious
advantages for both patients and clinicians. The liter-
ature provides strong evidence that immediate load-
ing of dental implants with a fixed provisional
prosthesis in both the edentulous mandible and max-
illa is as predictable as early and conventional loading
(23). However, prefabrication of the final prosthetic
restoration before surgery cannot be assumed to be a
foolproof concept. Komiyama et al. (33) stated, in a
clinical study on guided surgery, that although the
patients’ postoperative discomfort, such as swelling
and pain, was almost negligible compared with con-
ventional protocols, the occurrence of surgical and
technical complications was high. They concluded
that this method must still be regarded to be in an
exploratory phase. However, Tahmaseb et al. (54)
showed that when they rigorously followed their clini-
cal protocol, production and surgical technique, in
conjunction with use of reference implants or
devices, a high level of accuracy was achieved in the
use of prefabricated restorations. Another approach
is to fabricate a provisional bridge that is screwed or
cemented to provisional abutments after surgery in
order to minimize the risk of misfit, as described for
freehand implant surgery and immediate loading
(17). The provisional bridge is then replaced with a
permanent bridge after healing.

Clinical outcomes of guided
surgery

Implant survival

Since 2010, several reviews, including systematic
reviews, assessed the accuracy of flapless guided sur-
gery in clinical studies. In general, it can be concluded
that the implant survival rate ranges from 91% to
100%. In a review performed by Tahmaseb et al. (55),
as part of the 2013 International Team for Implantol-
ogy consensus conference, 14 survival and 24 accu-
racy studies were included. The overall implant
survival rate was reported to be 97.3% based on 1941
implants. However, in 36.4% of cases, intra-operative
or prosthetic complications were reported. Those
included template fractures during surgery, change of
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plan because of limited implant stability, need for
nonplanned grafting, prosthetic screw loosening, mis-
fit and prosthesis fractures. Based on the meta-analy-
sis, the authors concluded that there is, as yet, no
evidence suggesting that computer-assisted surgery is
superior to conventional surgery in terms of safety,
outcome, morbidity or efficiency. D’haese et al. (16)
reviewed a total of 31 clinical studies, whereof 10
reported on accuracy. They concluded that guided
surgery yields a more accurate placement than does
freehand implant placement. Nevertheless, from both
cadaver and clinical studies it was obvious that
guided surgery is far from accurate. Deviations at the
shoulder of the implant hamper correct fit of the
suprastructures and could require extensive adapta-
tions in occlusion and articulation. They suggest that
a 2-mm safety zone should be respected apically to
the planned position to avoid critical anatomic struc-
tures.

There are a few reviews assessing implant survival
with flapless and guided surgery. Voulgarakis et al.
(59) evaluated the outcome of three treatment proto-
cols, namely freehand surgery, guided surgery with a
prosthetic stent and guided surgery with stereolitho-
graphic computer-guided navigation. They included
23 studies with a prospective or retrospective design
but randomized control trials were not available and
the significant heterogeneity of the studies excluded a
meta-analysis. Lin et al. (35) focused on the clinical
results of flapless surgery and performed a meta-ana-
lysis on implant survival and peri-implant bone loss
based on 12 studies, including seven randomized
controlled clinical trial. The meta-analysis of Moras-
chini et al. (40) reported on survival, crestal bone and
complications with guided surgery based on 13 stud-
ies. The implant survival, as reported in the three
reviews, ranges from 89% to 100%, albeit that the fol-
low-up time is rather short, ranging from 6 to
48 months. It can be concluded, based on a total of
35 clinical trials, that freehand surgery is comparable
with guided flapless surgery in terms of implant sur-
vival, marginal bone remodeling and peri-implant
variables.

Accuracy

Computer-guided implant procedures have often
been recommended in cases with critical anatomic
situations (e.g. an implant to be placed adjacent to
the mandibular nerve). Therefore, knowledge of the
potential maximal implant deviation of these systems
is highly relevant to daily clinical practice and has to
be taken into consideration. The data analyzed in the

proceedings of the 5th International Team for
Implantology Consensus Conference (55) on com-
puter-guided surgery showed an inaccuracy at the
implant entry point (between the planned implant
position and the position at which the implant was
inserted) of, on average, 1.12 mm (maximum
4.5 mm) and an inaccuracy of, on average, 1.39 mm
at the apex of implants (maximum 7.1 mm). How-
ever, the maximal deviations measured occurred in
two studies (13, 20) and were far outside the accept-
able range. These outliers might be related to external
factors. For example, Di Giacomo et al. (20) proposed
that movements of the surgical guide might cause dif-
ferences in the deviation during implant preparation.
This group suggested further improvements that
could provide better template stability during surgery
for unilateral bone-supported and nontooth-sup-
ported templates. Moreover, sandblasted with a large
grit acid-etched (computer-assisted manufacture)
guides had slightly better accuracy than did labora-
tory guides (noncomputer-assisted manufacture),
although the number of cases was significantly lower
for the noncomputer-assisted manufacture group
(171 implants vs. 1,569 implants). Furthermore, the
supporting structures have a significant impact on
accuracy. Tahmaseb et al. (53) showed that guides
supported by mini-implants provided high accuracy
in implant positioning. This might be a result of the
reproducibility of the template position during the
acquisition of radiographic data and during implanta-
tion. This is especially the case in fully edentulous
patients in whom no other references are available.
Moreover, clinical studies have shown a statistically
significant lower accuracy for bone-supported guides
compared with other modes of support. These results
could also explain why the flapped approaches had
lower accuracy than the flapless ones, as the majority
of treatments in which a flap is raised used bone-sup-
ported surgical guides.

Complications

Various series of early surgical and prosthetic compli-
cations have been reported in the literature when
computer-guided surgery is applied (31, 46, 55). The
most frequently reported complications are related to
intra-operatively broken stereolithographic surgical
guides (Fig. 7), alterations to the surgical plan, early
implant loss because of lack of primary stability and
prosthetic fracture. Schneider et al. (46) reported an
incidence of 9.1% for early surgical complications and
an incidence of 18.8% for early prosthetic complica-
tions. These complications are associated with
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incorrect implant placement or deviations from the
originally planned location. This occurs especially
when stereolithographic guided surgery is followed
by immediate provisionalization with a previously
prepared fixed bridge. Additionally, late prosthetic
complications were found in 12% of patients. A meta-
analysis revealed that the mean horizontal deviations
were 1.1–1.6 mm but with higher maximal deviations.
In particular, the higher deviations may cause nerve
disturbances, may damage anatomically vital struc-
tures (such as sinuses and nose) and additionally lead
to prosthetic complications.

New developments

Novel technical developments in digital dental tech-
nology have indeed had an impact on computer-
guided implant surgery. New technological advance-
ments made in software and hardware have signifi-
cantly improved data acquisition and processing (i.e.
cone-beam computerized tomography images pro-
vide a more realistic overview of the bony and ana-
tomic structures). For instance, information on bone
density predicts the stability of implants already at
the virtual planning stage (49). Moreover, intra-oral
scanners can capture the morphology of oral soft tis-
sues and the structure of the teeth. The combination
of intra-oral scanners and cone-beam computerized
tomography images, by mutual superimposing and
use of planning software, provides an almost com-
plete three-dimensional representation of soft and
hard tissues. In addition, novel planning software
allows creation of a digital wax-up of the future pros-
thetic plan, which can be viewed and improved if
needed. Based on this complete data set, the design
and fabrication of computer surgical guides can pro-
ceed with improved precision, which can result in

more accurate implant placement than obtained with
previous techniques. Furthermore, novel production
techniques to fabricate the surgical guides are evolv-
ing extremely rapidly. Milling and three-dimensional
printing technologies have replaced laboratory-based
and sandblasted large grit acid-etched technology,
which might improve the accuracy of implant place-
ment and related treatments.

Conclusions

Based on the available literature it can be concluded
that no decisive evidence yet exists which suggests
that computer-assisted surgery is superior to conven-
tional procedures in terms of safety, treatment out-
comes, morbidity or efficiency. High levels of
inaccuracies are reported where these techniques
were applied. This imprecision seems most signifi-
cant when bone-supported guides are used. The
accuracy of these systems depends on all the cumula-
tive and interactive errors involved, from data-set
acquisition to the surgical procedure. However, one
can predict that new developments (such as digital
impression) and improved technologies (such as real-
time navigation and improved merging of radio-
graphic and clinical data) will have a positive impact
on guided surgery. When all the new developments
are taken into account, there is still no substitute for
proper case selection, patient preparation and basic
surgical planning and execution. Long-term clinical
data and randomized clinical trials are needed to
identify and understand the different factors influ-
encing the accuracy of these techniques as well as
their mutual interaction.
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