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ABSTR ACT
Over the past decade, the use of digital technology in 
implant treatment planning and static computer-assisted 
implant surgery (sCAIS) has revolutionized the planning 
and execution of guided implant surgeries. However, 
the predictability of achieving a high degree of accuracy 
when using a digital workflow and sCAIS has been a 
subject of debate. For sCAIS procedures to transition from 
clinical success in individual cases to a broadly applicable 
procedure, a better understanding and control of variables 
that affect their accuracy is essential. Recently, a research 
team in the Department of Oral Surgery and Stomatology 
at the University of Bern launched a series of in-vitro 
investigations to further analyze the impact and magnitude 
of potential variables involved in the digital treatment 
planning of sCAIS procedures that can have a significant 
effect on the accuracy of sCAIS. This article presents the 
rationale and summary of their findings.

Keywords: Computer-assisted, implant surgery, guided 
surgery, surgical guides
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I N T R O D U C T I O N

Implant dentistry, like many other fields, 
benefited tremendously from the use and 
development of digital technology. The ad-
vantages offered by cone-beam computed 
tomography (CBCT) and intraoral digital 
impressions have secured them a critical po-
sition in dental implant treatment planning. 
Furthermore, the ability to combine Digital 
Imaging and Communications in Medicine 
(DICOM) and Standard Tessellation Language 
(STL) files using dedicated computer-aided 
design (CAD) software has revolutionized 
the use of digital workflow (Fig. 1) and static 
computer-assisted implant surgery (sCAIS). 
Allowing the clinical team to visualize and 
refine implant positions pre-surgically, 
using virtual treatment planning software, 
has improved early evaluation of implant 
positioning in relation to vital anatomical 
structures, hard and soft tissues, as well as 
the planned final prosthesis (Di Giacomo 
et al. 2005; Nickenig et al. 2007; Park et al. 
2009; Hämmerle et al. 2009; Joda et al. 2017). 

However, the accurate transfer of the 
virtually planned implant position from the 
planning software to the patient’s mouth 
involves multiple technique-sensitive 
steps critical to reproducing the desired 
preoperatively planned and prosthetically 
driven result using sCAIS. Errors during data 
acquisition, data transfer, data processing, 
treatment planning, guide design, and pro-
duction, as well as surgical execution, were 
found to contribute to increased deviation 
values (Fig. 2) from the virtually planned 
implant position (Cassetta, Stefanelli et 
al. 2013; Cassetta, Giansanti et al. 2013; 
Cassetta et al. 2015; Cassetta, Di Mambro, 
Giansanti, Stefanelli and Cavallini 2013; 
Cassetta, Di Mambro, Giansanti, Stefanelli, 
and Barbato 2013; Cassetta, Di Carlo et al. 
2013; Schneider et al. 2015; Muller et al. 2016; 
El Kholy, Janner et al. 2019; El Kholy, Lazarin 
et al. 2019; El Kholy, Ebenzer et al. 2019).
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The latest ITI Consensus Conference 
(Amsterdam 2018) acknowledged that, al-
though there was an overall improvement 
in accuracy of sCAIS, there was also a wide 
variation in levels of evidence between stud-
ies conducted on static computer-assisted 
implant placement (Wismeijer et al. 2018). 
The consensus statement by the group on 
digital technology concluded that several 
factors within the digital workflow progres-
sion could contribute to deviations in the 
final implant position. Further, the group 
stressed the need for future research to 
investigate those factors separately.

It is clear that sCAIS, when successfully 
planned and executed, can result in a more 
accurate surgical positioning of the implant 
than freehand surgeries (Van Assche et al. 
2012). This increase in accuracy can further 
optimize the prosthetically driven 3D posi-
tioning of the implant fixture (Zitzmann & 
Marinello 1999; Tzerbos et al. 2010; Baggi 
et al. 2013; Garber & Belser 1995). However, 
the predictability of consistently achieving 
a high degree of accuracy when using sCAIS 
has been a subject of debate. The effect 
of different variables, including variations 
between types of guide support, drilling 
distances, and implant specifications, is 
still poorly understood. Furthermore, with 
software and hardware emerging every year 
from multiple manufacturers, it is crucial to 
focus on the basic engineering concepts 
involved in the processing, planning, and 
execution of these procedures to be able 
to establish basic and universal principles 
that clinicians can apply to achieve a re-
producible and predictable outcome. As 
the popularity of the sCAIS continues to 

increase, the responsible introduction of its 
broad application requires a comprehen-
sive knowledge of standard variables and 
decision-making points during treatment 
planning and execution.

At the University of Bern, a series of 
in-vitro studies (El Kholy, Janner et al. 2019; 
El Kholy, Lazarin et al. 2019; El Kholy, Eben-
zer et al. 2019) were undertaken to test the 
effect of some common variables shared by 
multiple software and guided surgery sys-
tems on the accuracy of sCAIS procedures. 
While the research group recognizes that 
clinical studies are essential to evaluate the 
clinical efficiency and efficacy of developed 
treatment protocols, the refinement of tech-
nology application often requires a return to 
lab-testing to isolate the numerous variables 
introduced along the journey to operational 
execution. For example, conducting a clini-
cal trial to investigate the effect of guided 
sleeve height differences on sCAIS accuracy 
would be impractical due to the difficulty 
of applying firm standardization criteria to 
variables including different implant sizes, 
the difference in sleeve clearance heights, 
quality of bone at the implant site, implant 
macro design and presence or absence of 
simultaneous grafting procedures. There-
fore, an in-vitro study model was chosen 
to enable the better isolation of different 
variables encountered during data transfer, 
from patient to software and vice versa, 
treatment planning, and surgical execution. 
The research team used a reverse engineer-
ing approach to analyze multiple possible 
variables encountered during the digital 
treatment planning and execution process 
of sCAIS procedures. The team identified 

Fig. 2: Deviation values measured

Fig. 1: Digital workflow
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three areas of potential variables involved 
in guide design and support, implant mac-
rodesign and drilling distances. The team 
hypothesized that these variables could be 
better controlled to increase predictability 
and accuracy of sCAIS treatment. The fol-
lowing is a summary of a number of their 
significant findings. 

I M PA C T O F G U I D E D E S I G N A N D 
S U P P O R T (F I G S 3 A -3 F )

In sCAIS, surgical guides are a fundamental 
instrument for the accurate transfer of the 
virtually planned implant to its final surgical 
position. The quality of guide design and 
production can significantly influence the 
accuracy of guided surgery. Additionally, 
printing or milling surgical guides involves 
the use of costly materials and labor. Opti-
mizing the time and resources invested in 
guide production, without compromising 
on guidance quality, increases the efficiency 
and accessibility of sCAIS to dentists and 
patients. A recent, longer term retrospective 
analysis over the past 15 years (Ducommun 
et al. 2019) found the most common indica-
tion for seeking implant treatment to be sin-
gle tooth gap (STG) situations (over 50% of 
the cases). The research team hypothesized 
that partial (shorter) surgical guides, cov-
ering a fewer number of teeth can achieve 
similar accuracy targets to full-arch guides. 
Producing smaller surgical guides that offer 
the same degree of accuracy provided by 
full-arch guides can significantly reduce the 
cost and time involved in the production 
process. Furthermore, it allows the milling 
or printing of multiple guides using the 
same production cycle. However, due to 
the lack of evidence showing equal degrees 
of accuracy, clinicians are still hesitant to 
produce shorter guides. Surgical guides can 
be supported by teeth (tooth-supported), 
mucosa (mucosa-supported) or bone 
(bone-supported), or a combination. The lit-
erature reports conflicting results regarding 
the relationship between the type of guide 
support and the accuracy of postoperative 
implant position in relation to preoperative 
virtual planning. Several studies found that 
tooth-supported guides delivered more 
accurate results than mucosa- or bone-sup-
ported guides (Van Assche et al. 2012; 
Tahmaseb et al. 2014; Wismeijer et al. 2018). 
Furthermore, some reported that within the 

Fig. 3a: Guide designs supported by four teeth

Fig. 3b: Guide designs supported by three teeth

Fig. 3c: Guide designs supported by two teeth

category of tooth-supported guides, sce-
narios with STGs showed the most accurate 
results (Pozzi et al. 2016). However, little is 
known about the influence of the number or 
type of teeth supporting a surgical guide on 
the accuracy of sCAIS cases. The authors hy-
pothesized that the quality of guide stability 
and support is directly linked to the number 
and type (anterior/posterior) of supporting 
teeth. The specific aim of this arm of the 
in-vitro investigations was to evaluate the 
influence of guide design variables, meaning 
the number of teeth supporting the surgical 
guide and the location of the implant site, on 
the accuracy of sCAIS.

The analysis demonstrated that the 
number, location, and anatomical mor-
phology of supporting teeth can indeed 
influence the precision of surgical guides in 
sCAIS-executed STG cases. Short surgical 
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guides, covering four neighboring teeth, 
produced an equivalent degree of accu-
racy to that provided by full-arch surgical 
guides. Additionally, in posterior implant 
sites, surgical guides supported by three 
posterior teeth produced the same accu-
racy achieved by full-arch guides. This is a 
novel finding with a potentially significant 
impact on guide design and production 
parameters. It is plausible that the cuboi-
dal geometry of posterior teeth, with the 
associated increased surface area and 
geometrical topography, would provide 
more guide stability and accuracy than the 
same number of pyramidal-shaped anterior 
teeth. This information includes evidence 
for clinicians and technicians that in STG 
cases, partial-arch guides, when designed 
and produced correctly, can effectively 
replace full-arch guides.

It was previously suggested by Arisan 
et al. that the use of two or more immobile 
teeth for the support of surgical guides is 
necessary to reduce deviation values (Arisan 
et al. 2010). The authors treated 54 patients 
by placing dental implants using sCAIS. How-
ever, the authors did not specify the exact 
number or the position of teeth used for 
guide support. For that reason, direct com-
parison with our results cannot be made. 
Furthermore, the in-vitro results by the 
Bern research team showed that the use of 
surgical guides supported by only two teeth 
demonstrated significantly higher deviation 
values than implants placed using surgical 
guides supported by four teeth or more.

We highlight the fact that this study 
primarily looked at guide accuracy in STG 
cases. Surgical guides designed for extended 
edentulous spaces (two or more missing 
teeth) might require the use of additional 
tooth support to produce the same accuracy. 
To facilitate the decision-making process, 
we created a decision-tree diagram (Fig. 4) 
that could aid clinicians and technicians in 
the guide design process. It is notable that 
the use of four teeth (two on each side of the 
STG) for guide support yielded as accurate 
results as full-arch guides and that this might 
become the standard length of surgical 
guide produced for STG surgeries. However, 
other variables should also be considered 
when designing short guides, such as mate-
rial thickness for strength, guide teeth offset 
for fit, and the quality of the guide milling or 
guide-printing procedures.

IN FO CUS

I M PA C T O F G U I D E D S L E E V E 
H E I G H T A N D D R I L L I N G 
D I S TA N C E S O N T H E A CC U R A C Y 
O F S C A I S (F I G S 5 A & 5 B)

Drill guidance and drill-related deviations 
have been found to play a significant role in 
implant placement accuracy (Fauroux et al. 
2018). In a previous study, Schneider et al. 
demonstrated that lateral drill movement 
resulting from tolerance of surgical instru-
ments can be reduced by decreasing the drill 
length and increasing the key height above 
the sleeve (Schneider et al. 2009, Schneider 
et al. 2015). Choi et al. suggested that making 
the drill-guiding channel longer can reduce 
angular deviation values in dental implants 
(Choi et al. 2004). Whether this surgical toler-
ance and lateral movement would translate 
into a significant deviation in a clinical sce-
nario has not been established. Therefore, 
the aim of the first part  of the Bern in-vitro 
digital studies was to investigate the effect 
of sleeve height, drilling distance and drilling 
key height on the accuracy of dental implants 
placed with an sCAIS approach.

Analysis of deviation values produced 
by using a different combination of sleeve 
heights, drilling distances, and guided 
key heights revealed that the accuracy of 
sCAIS was directly related to the combined 
distance apical to the guided sleeve and in-
versely related to the guided key height used 
above the sleeve (El Kholy et al. 2019). It is im-
portant to note that the authors did not find 
a significant impact for the drill length or the 
guided sleeve height when evaluated as indi-
vidual variables. It was the total free drilling 
distance (FDD), illustrated in Fig. 5, resulting 
from the combination of these two values 
that were found to have a significant impact 
on accuracy. In other words, using a 24-mm 
drill with a 2-mm sleeve height is expected 
to result in a longer FDD and consequently 
an increased 3D deviation than when using 
a 20-mm drill with a 6-mm sleeve height. 
Increasing the drilling key height had an 
inverse effect on the accuracy of dental im-
plants. This finding might be due to the fact 
that the increase in drilling key-height would 
result in a longer guiding channel through the 
drill key. Other factors that can potentially 
affect accuracy, such as guide thickness, a 
guide to teeth offset, guided sleeve to guide 
offset, and guide material were standardized 
throughout the treatment planning and pro-

Fig. 4: Decision-tree diagram to determine the extent of guide support needed

Fig. 5a: Free drilling distance vs 
osteotomy depth calculation in 
sCAIS: free drilling distance = drill 
length - (sleeve length + guided key 
height); osteotomy depth = drill 
length – (sleeve length + guided key 
height + sleeve height); osteotomy 
depth = implant length

Fig. 5b: Sleeve height: Distance from 
the apical border of the sleeve to the 
implant shoulder

Fig. 5c: Effect of the free drilling 
distance on angular deviations

Fig. 3d: Number of supporting teeth and guide accuracy

Fig. 3e: Influence of number of posterior supporting teeth on guide accuracy

Fig. 3f: Number of anterior supporting teeth and guide accuracy

duction processes. The formulas presented 
in Fig. 5 take into consideration the number 
of variables involved in determining the FDD.

Choices of sleeve height and guided key-
height have so far been made separately by 
the clinician or generated randomly by the 
planning software. However, if we examine 
the sCAIS process as a continuous con-
nected operation, we will discover that the 
above choices have a direct influence on the 
production of the intra-surgical drilling pro-
tocol. Therefore the relationship between 
both variables and their collective impact 
on the surgical execution and resultant 
accuracy should be considered. Whenever 
possible it is recommended to choose the 
surgical protocol option that results in the 
minimum amount of FDD to minimize the 
deviation between the virtually planned and 
postoperative implant positions. Choosing 
a surgical protocol that involves a shorter 
drill, lower sleeve height, and longer drill 
key can have a more favorable outcome 
on the accuracy of sCAIS procedures. It is 
indeed true that the choice is limited, due 
to the sleeve height being dictated by soft 
and hard tissue interferences. On the other 
hand, reducing sleeve height and drill length 
has a potential clinical advantage in patients 
with a limited mouth opening, especially in 
posterior implant locations. However, in 
those clinical situations, which permit mul-
tiple combinations of guided instruments, 
the final decision should be made with the 
above results in mind.

I M PA C T O F I M P L A N T M A C R O -
D E S I G N A N D I N S E R T I O N 
D E V I C E S (F I G S 6 A & 6 B)

In a systematic review, Tahmaseb et al. 
(2014) found that deviation values calcula- 
ted after only drilling the implant osteoto- 
my can differ significantly if measured after 
implant placement. Hence, the dimensional 
inaccuracies can be due to the drill or the 
implant macro-design or both. 

Therefore, the third arm of this series of 
in-vitro investigations focused on the po-
tential impact of the implant macro-design 
on positional accuracy when using sCAIS. 
Ninety implant replicas with three different 
macro designs: soft tissue level (TL), bone 
level (BL) and bone level tapered (BLT) were 
placed in 30 dental models with two implant 
insertion devices: guided adapter (GPA) and 
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guided screwed-in mount (GSM). The pre- 
and postoperative implant positions were 
compared, and the mean angular deviation, 
crestal and apical three-dimensional (3D) 
deviation were calculated for each implant 
macro-design and each insertion device. 
Data were analyzed using ANOVA, post-hoc 
t-tests, and Bonferroni-Holm’s adjustment 
method. P values of less than 0.05 were 
considered statistically significant.

The results indicated that the accuracy 
of the BLT implants measured by 3D devia-
tion values at the crest and the apex were 
superior compared to that of the TL and BL 
implants, irrespective of the device used for 
placement. A possible explanation might 
be differences in drill design. The TL and BL 
implants are straight twist drills, while the 
BLT drills (except the pilot drill) are vertically 
fluted tapered drills. It is plausible that the 
drill design, i.e. straight or tapered geome-
try and its sharpness, has an influence on 
the accuracy of the osteotomy and hence 
an influence on the deviation (Cassetta et 
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al. 2013). Drill-engineering literature has 
reported that drill design influences the 
accuracy of the osteotomy (Stephenson & 
Agapiou 2016; Astakhov 2010; Patel & Verma 
2015). The straight flute drills for tapered im-
plants create a slightly narrower osteotomy 
at the apex than the twist drills that create 
an almost parallel-walled osteotomy.

A review of literature for drill mechanics 
showed that when a drill rotates in material 
it creates a self-excited vibration known as 
chatter. These vibrations often alter the 
dimensional accuracy of the drill by alter-
ing hole and bore geometry (Kuljanic et al. 
2008). These dimensional inaccuracies of 
the osteotomy could be translated into er-
rors in implant position. Additionally, TL and 
BL implants, when placed into a prepared 
osteotomy, make immediate contact with 
the osteotomy walls due to their parallel 
design. In contrast, the BLT implants make 
initial contact with the implant osteotomy 
only after the tapered 5-mm apical portion 
is subcrestal (Fig. 6a). Theoretically, the 

non-self-cutting threads of the TL implants 
follow the path of least resistance (i.e. the 
prepared osteotomy). Consequently, there 
is an increased tendency for the implant 
to enter the crestal half of the osteotomy 
more passively. The apical 5 mm of the 
BLT is self-cutting, and these aggressive 
threads may allow cutting/expansion of the 
bone (Karl 2012). Indeed, previous studies 
corroborated the hypothesis that sharp, 
self-tapping implants reduced inaccuracies 
of deviation into the path of least resistance 
in extraction sockets and dense sites (Van 
Assche 2010). This may result in better 
positional accuracy as compared to the TL 
designs but does not explain the difference 
between TL and BL implants.

C O N C L U S I O N S

1. The number and location of teeth 
providing guide support can significantly 
influence the accuracy of sCAIS. Surgical 
guides supported by posterior teeth pro-
duced better accuracy when compared 
with surgical guides supported by the same 
number of anterior teeth. In STG situations 
there is no difference in accuracy produced 
by full-arch guides and guides supported by 
4 teeth or more. Finally, surgical guide de-
sign variables need to be carefully selected 
to maximize the efficiency of guided implant 
surgery procedures.

2. The choice of guided sleeve height, 
implant length, and appropriate drilling 
protocol should not be viewed as individ-
ual decisions and should be collectively 
evaluated to maximize the benefit of using 
sCAIS. We highlight the importance of the 
free-drilling-distance (total distance below 
the sleeve traveled by the drill) calculation. 
Decreasing the free drilling distance apical to 
the guided sleeve and increasing the length 
of the guided key height above the sleeve can 
improve the accuracy of sCAIS procedures. 

3. The macro design of dental implants 
influences the accuracy of sCAIS, with 
tapered designs offering statistically signif-
icant positional accuracy compared to par-
allel-walled macro designs. An explanation 
might be the drill design, the thread design, 
or the insertion geometry.

4. There was no significant difference 
in accuracy between implants placed using 
screwed-in guided mounts or press fit uni-
versal adaptors.

Fig. 6a: Diagrammatic representation of the implant macro-designs assessed. a) TL, BL and 
BLT implants entering the osteotomy. Note the BLT implant is guided by the osteotomy  
walls only after the apical 5 mm has entered the osteotomy; b) TL, BL and BLT implants within 
the osteotomy

Fig. 6b: The effect of implant macro-design on 3D and angular deviation values


