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Abstract

Objectives: The aim of this in vitro study was to determine accuracy defined by true-
ness and precision of computer-assisted implant surgery comparing two guided sur-
gery kits designed for either closed sleeves or open sleeves with a lateral window.
Material and methods: Each n=20 implants were placed fully guided (sleeve-bone dis-
tance of 2 or 4 mm) in identical replicas using a surgical guide with both closed sleeve
or an open sleeve, partially guided, or free hand. The achieved implant position was
digitized and compared with the planned position. Trueness and precision were de-
termined. The angular deviation was defined as the primary outcome parameter. The
means, standard deviation, and 95%-confidence intervals were analyzed statistically
with 1-way ANOVA and the Scheffé procedure.

Results: The accuracy of guided implant placement using closed and open sleeves
was comparable when the sleeve-bone distance was 2 mm. Accuracy decreased when
the sleeve-bone distance increased in both fully guided groups, more so in the open
than in the closed sleeve group. The least accurate method was the free-hand group.
Partially guided implant surgery was more accurate than free-hand placement, but
less accurate than the fully guided groups with 2-mm sleeve-bone distance.
Conclusions: The closer the sleeve to the bone, the more accurate and precise is
computer-assisted implant surgery using a closed system and a system using open
sleeves. Partially guided implant surgery using only the static guide for the pilot drill
is less accurate than both fully guided approaches, but more accurate than free-hand

surgery.
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1 | INTRODUCTION

Malpositioning of dental implants, one of the main reasons for future
hard- and/or soft-tissue loss (Hammerle & Tarnow, 2018), represents
a restorative challenge, might result in compromised esthetic results
(Evans & Chen, 2008), and can be hard to clean, which may lead to
future peri-implant inflammation (Canullo et al., 2016). This might
also result in immediate surgical complications when the implant is
mispositioned, for example, nerve damage, perforation of the corti-
cal plate, or damage of adjacent teeth (Tatakis et al., 2019).

Computer-assisted implant surgery (also referred to as guided
implant surgery) was shown to be more accurate to transfer the
planned implant position than a free-hand implant placement pro-
cedure (Guentsch et al., 2021; Tahmaseb et al., 2018; Tattan et al.,
2020; Van Assche et al., 2012; Vercruyssen, Hultin, et al., 2014; Zhou
et al., 2018). Guided implant surgery can be performed by using (i)
static guides that rest on the remaining dentition and/or soft tissue
and bone, with sleeves and keys depending on the specific implant
system or by using (ii) navigated systems where a camera surveils
the position of the handpiece in 3-dimensional relation to the jaw
(Gargallo-Albiol et al., 2020; Vercruyssen et al., 2014). When static
guides are used, the operator has the possibility (i) to use the guide
for the osteotomy and to place the implant fully guided through the
guide, (ii) to use the guide only for preparing the implant bed, placing
the implant free hand, or (iii) to use the guide for the pilot drill only
to find the appropriate position and to perform the remaining oste-
otomy and the implant placement free hand (Gargallo-Albiol et al.,
2020). Using a static guide for the pilot drill delivers more accurate
implant positioning than performing the implant surgery free hand,
but it is still less accurate than the fully guided approach (Guentsch
etal., 2021).

The accuracy of guided implant surgery using static guides is im-
pacted by several factors: (i) the sleeve height (El Kholy et al., 2019;
Naziri et al., 2016), (ii) the bone-to-sleeve distance (Guentsch et al.,
2021; Park et al., 2009), (iii) the height of the surgical key (EI Kholy
et al., 2019; Koop et al., 2013), (iv) the presence or absence of teeth
for supporting the surgical guide (Ersoy et al., 2008; Kessler et al.,
2021; Schnutenhaus et al., 2018), and (v) if a flap or flapless approach
is chosen (Vasak et al., 2011; Zhou et al., 2018). Another clinical as-
pect to consider is the anatomic location of the implant to be placed,
with smaller deviations in the anterior area than in posterior sites
(Vasak et al., 2011). A limited interocclusal distance to perform
guided implant placement is a known intraoperative complication
or limitation (Jung et al., 2009). Recent studies suggest that lateral
open sleeves might be bringing clinical advantages in posterior sites
and in patients with limited interarch distance (Tallarico et al., 2019).
The sleeves are usually C-shaped with the open part facing buccally
(Oh et al., 2021). This may also allow for better water irrigation and
cooling of the bur (Salomo-Coll et al., 2021). This raises the ques-
tion if these benefits are achieved at the expense of the accuracy of
the guided system. Accuracy is defined by the trueness (planned vs.
actual position) and the precision (difference among implants) of a
method (ISO-5725-1:1994 (E),2018).

The aims of this in vitro study were (a) to assess precision and
trueness of a guided surgery system that uses closed sleeves versus
a system with a sleeve that has a lateral window (open sleeve) and (b)
to compare their accuracy against free-hand implant placement and
partially guided placement (pilot drill only). The null hypothesis was
that the kind of sleeve system, open or closed, has no impact on the

accuracy of implant placement.

2 | MATERIAL AND METHODS

2.1 | Experimental preparations

The experimental set-up was described recently (Guentsch et al.,
2021). In brief, 120 identical mandibles were replicated from a cone-
beam computed tomography (CBCT) scan of a partially edentulous
patient who lost a mandibular right first molar (IRB approved proto-
col#: HR-1807025341). A standard tessellation language (STL) file
of the mandible was generated from the 3D image data set of the
CBCT. The STL file was transferred for stereolithographical printing
(Grey resin version 4 using the Form 3B printer; all Formlabs Inc) of
identical replicas.

An implant planning software program (coDiagnostiX; Dental
Wings GmbH) was used to virtually plan a single implant (Bone level
tapered 4.1x10 mm; Institut Straumann AG) for the mandibular right
first molar position. Standardized surgical guides extending over
3/4 of the mandible (lower left canine to lower right second molar)
were designed for the planned implant at the bounded edentulous
space. All guides were 3D-printed with a Class | biocompatible
resin (Surgical Guide resin, Formlabs Inc). Surgical guides for fully
guided implant surgery were planned for (i) either a @5 x 5-mm
guided sleeve (T-sleeve; Institut Straumann AG) to represent the
“closed sleeve” group, (ii) a @5.25 x 6-mm C-guide sleeve (Size M,
Versah) to represent the “open sleeve” group. The sleeve heights
specified the free distances of the sleeve-to-bone levels of 2 and
4 mm (coded as H2 and H4). For the partially guided group, a sleeve
with a @2.2 x 6 mm (drill sleeve with funnel; steco-system-technik
GmbH) was used, corresponding to the diameter of the pilot drill.

The sleeve-to-bone distance for this guide was 2 mm.

2.2 | Treatment groups

The sequential drilling of all osteotomies in the closed sleeve groups
was performed according to manufacturer's recommendations for the
standard fully guided system (Figure 1A). The implants were placed
through the guide. In the open sleeve groups, the drilling sequence
of Densah burs (Versah) followed the appropriate implant reference
guide for Straumann implants. The pilot drill and the VT1828 drill
were used with a G-Stop Vertical Gauge Medium and 5 mm, 10 mm,
and 13 mm G-Stop Keys, to allow initially continuous key-sleeve guid-
ance (Figure 1B). The remaining drills were used with a G-Stop Vertical
Gauge Medium and 13 mm G-Stop Keys. All drills were used in the
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(A)

FIGURE 1 Experimental set-up: replica of a mandible with a
static surgical guide for the Straumann system using a closed sleeve
with inserted key handle and drill in place (a) in comparison to the
Versah guided surgery system with an open sleeve with lateral
window and with a vertical stop. The keys come in different length,
are attached to the drill and follow a sequence that is depending

on the planned implant position (b)

clockwise cutting mode. The implants were placed without the guide.
The static guide in the partially guided group was only used for the
pilot drill. The remaining drilling sequence was performed free hand.
No guide was used in the free-hand group. The full surgical drilling
sequence was performed free hand and the best effort was made to
reproduce the implant position planned for other groups. All surgical
procedures were performed by the same operator for consistency.

2.3 | Data acquisition

The achieved implant positions were digitized using a dental labora-
tory scanner (E4 scanner, 3shape) with accuracy of 4 um (claimed
by the manufacturer) and an implant scanbody (Cares RC Scanbody
4.1 x 10 mm, Straumann). Virtually planned (reference) and postoper-
ative implant STL files were superimposed using a best-fit algorithm
and compared with the treatment evaluation tool of the planning
software. The International Organization for Standardization (ISO)
standard 5725 uses the terms trueness and precision to describe ac-
curacy (ISO-5725-1:1994 (E),2018). Trueness refers to the closeness

of the agreement between the arithmetic mean of a large number
of test results and the true or accepted reference value. Precision
refers to the closeness of the agreement between test results. A
method can be considered accurate, when trueness and precision
are high. The 3D deviation at the crest and apex of the implant (as
root mean square between virtual pre-operative planning and post-
operative STL-file) as well as the angular deviation and the mesial-
distal, vestibular-oral, and coronal-apical deviation at the crest and
apex were evaluated (Figure 2). The treatment evaluation was per-
formed single-blinded (AG).

2.4 | Statistical analysis

In an a priori sample size calculation (using NCSS PASS 2019), the total
sample of n = 120 achieves 93% power to detect differences among
the means versus the alternative of equal means using an F test with
a .05 significance level. The size of the variation in the means is repre-
sented by the effect size f = om/c, which is 0.40. A post-hoc analysis
showed that the power of the study was in fact 99%.

Trueness was determined as difference between actual and
planned (=reference) position with each n = 20 measurements per
group using the magnitude of the values. Precision was calculated as
distances between each implant within a group (n = 191 values per
group). Means, standard deviations, and 95%-confidence intervals
were calculated for angulation and position discrepancies. Statistical
computations were done using a statistical analyzing software (IBM
SPSS Statistics 28). A one-way analysis of variance (ANOVA) was
conducted to assess the overall statistical significance of differences
among different groups. Scheffe’s multiple comparisons were used

to test the differences between the groups.
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FIGURE 2 Parameters assessed when comparing planned
(reference) and actual implant position
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3 | RESULTS

Computer-assisted implant surgery, fully or partially guided,
achieved a higher accuracy in terms of trueness (planned vs. actual
position) and precision (implants among each other) than free-hand
surgery and placement (Table 1).

The use of open or closed sleeves for fully guided osteotomies
achieved higher trueness for the angle deviation than partially guided
implant surgery using the guide only for the pilot drill and free-hand
implant surgery and placement (Figure 3). The lowest angle deviation
was achieved when the sleeve was closest to the bone. There was
no statistically significant difference (p = 1.00) between the closed

TABLE 1 Trueness data (as mean and standard deviation (SD) as well as their 95%-confidence interval (Cl)) for guides surgery with a guide
using a closed sleeve (Straumann) and open sleeve (Versah) in comparison to partially guided implant surgery using a pilot drill or free hand

Trueness
As difference to

the reference value Closed Sleeve Open Sleeve Closed Sleeve
(Comparing actual (S) (V) (S)
vs. planned implant Mean Mean Mean
position, n = 20 (SD) (SD) (SD)
implants each group) [95%-Cl] [95%-Cl] [95%-Cl]
Sleeve-Bone
Distance 2 mm 4 mm
Crest  Angle 1.351/ 1.49"7 1.57Y
inmm in degree (0.64) (0.67) (0.77)
[1.05-1.65] [1.17-1.80] [1.21-1.93]
A3D 0.28" 0.29" 0.371
(0.16) (0.15) (0.13)
[0.20-0.35] [0.22-0.36] [0.31-0.43]
Mesial- 0.08" 0.16 0.09/
distal (0.07) (0.15) (0.09)
[0.04-0.11] [0.09-0.23] [0.05-0.13]
Buccal- 0.221/7 0.17"7 0.1817
lingual (0.10) (0.12) (0.20)
[0.18-0.27] [0.11-0.23] [0.09-0.28]
Coronal- 0.12 0.09 0.13
apical (0.11) (0.09) (0.10)
[0.09-0.15] [0.05-0.13] [0.08-0.17]
Apex  A3D 0.491 0.53" 0.55"
inmm (0.31) (0.20) (0.22)
[0.34-0.63] [0.44-0.62] [0.45-0.65]
Mesial- 0.16" 0.28 0.22"
distal (0.13) (0.25) (0.18)
[0.09-0.22] [0.17-0.40] [0.13-0.30]
Buccal- 0.46 0.35" 0.34"
lingual (0.30) (0.19) (0.36)
[0.32-0.61] [0.26-0.44] [0.17-0.50]
Coronal- 0.12 0.09 0.12
apical (0.06) (0.09) (0.09)
[0.09-0.15] [0.05-0.13] [0.08-0.17]

*significant different (p<.05) to closed sleeve system.
#significant different (p<.05) to open sleeve system.
$significant different (p<.05) to H2 closed sleeve system.
&significant different (p<.05) to H4 closed sleeve system.
§significant different (p<.05) to H2 open sleeve system.
TIsignificant different (p<.05) to H4 open sleeve system.
tsignificant different (p<.05) to partially guided.
Jsignificant different (p<.05) to free hand placement.
S-Straumann Fully Guided Surgery System.

V-Versah Guided Surgery System.

Bold indicates statistically significant p-value of p<.05.

Open Sleeve
(V) Partially Guided Free Hand
Mean Mean Mean
(SD) (SD) (SD)
[95%-Cl] [95%-Cl] [95%-Cl] ANOVA

2 mm N/A F-value p
197! 2.83* 3.58" 13.2 01
(1.03) (0.79) (2.01)
[1.49-2.45] [2.46-3.19] [2.63-4.52]
0.68°* 0.54°% 0.56°% 17.4 01
(0.22) (0.16) (0.22)
[0.58-0.78] [0.46-0.61] [0.46-0.67]
0.43 0.20* 0.25°%" 16.8 01
(0.20) (0.15) (0.16)
[0.34-0.53] [0.13-0.27] [0.17-0.32]
0.46°* 0.44°* 0.44°* 10.7 01
(0.23) (0.21) (0.25)
[0.35-0.57] [0.34-0.53] [0.33-0.56]
0.08 0.12 0.12 1.1 .38
(0.07) (0.09) (0.11)
[0.05-0.11] [0.08-0.16] [0.07-0.17]
0.84 0.97°* 1.03" 8.9 01
(0.40) (0.25) (0.61)
[0.66-1.03] [0.86-1.09] [0.74-1.31]
0.53 0.39 0.47% 6.4 01
(0.34) (0.30) (0.31)
[0.38-0.69] [0.25-0.53] [0.32-0.61]
0.56 0.83%5 0.85% 7.1 01
(0.39) (0.26) (0.62)
[0.38-0.74] [0.70-0.95] [0.56-1.14]
0.08 0.12 0.12 1.1 .37
(0.06) (0.08) (0.09)
[0.05-0.11] [0.08-0.16] [0.08-0.16]
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FIGURE 3 Angular deviation for guided surgery with open and closed sleeve, as well as partially guided and free hand. The

angular deviation affects the position of the implant. The higher the angular deviation, the higher the distance to the bull’s eye (see Figure 4),
especially at the implant tip. *p < .05, significant different to closed sleeve H2 and H4; #p < .05, significant different to open sleeve H2 and
H4; $p < .05, significant different to open sleeve H2 only S-Straumann fully guided kit; V-Versah guided surgery system H2-2 mm bone to

sleeve distance; H4-4 mm bone to sleeve distance

sleeve group (1.35 + 0.64°) and the open sleeve group (1.49 + 0.67°)
when the sleeve-bone distance was set at 2 mm. The angular devia-
tion slightly increased when this sleeve-bone distance was increased
to 4 mm, but the difference between both groups were not statisti-
cally different to the 2-mm sleeve-bone distance nor was the vari-
ation significantly different between the closed (1.57 + 0.77°) and
open (1.97 + 1.03°) group (p = .93). In comparison, free-hand implant
surgery and placement showed the highest angular deviation with
3.58 + 2.01° (significantly different to both, closed and open sleeve
with 2-mm and 4-mm sleeve-bone distance, p = .01).

Partially guided implant surgery using the guide for the pilot drill
only showed an angular deviation of 2.83 + 0.79°, which was signifi-
cantly higher than the fully guided groups with 2-mm sleeve-bone
distance (closed sleeve p = .004 and open sleeve p = .014, respec-
tively), and the closed sleeve group with 4-mm sleeve-bone distance
(p = .027). The trueness in regards of angular deviation appeared to
be numerically higher for the fully guided group with open sleeve
and 4-mm sleeve-bone distance (1.97 + 1.03°) in comparison to the
partially guided group (2.83 + 0.79°) but statistically this difference
was insignificant (p = .303).

The mesial-distal and the buccal-lingual deviation of each im-
plant is illustrated in Figure 4. This visualization allows illustration of
both, the trueness (the closer to the center, the higher the trueness)
and the precision (the closer the values to each other, the higher the
precision).

The bull's eye diagrams for the 2-mm bone-to-sleeve distance for
the closed (Straumann) and the open sleeve system (Versah) show
similar patterns. However, with an increase of the sleeve-bone dis-
tance to 4 mm, it shows that the open sleeve system, where there
is a lateral window on the buccal site, deviates more toward the lin-
gual and distal direction. The 3D-deviation at the crest level shows
that while there is no statistically significant difference between
closed and open sleeve group for the 2-mm sleeve-bone distance
(0.28 + 0.16 mm vs. 0.29 + 0.15 mm; p = 1.00), the 3D-deviation

for 4-mm sleeve-bone distance is significantly higher in the open
sleeve group (0.68 + 0.22 mm) than in the closed sleeve group
(0.37 + 0.13 mm; p = .01).

The differences among the implants in each group represent the
precision of the respective method and the results are presented
in Table 2. The highest values and therefore lowest precision for
the angular deviation was observed in the free-hand group with
a distance among implants of 2.25 + 1.95° and the highest preci-
sion for the open and closed sleeve groups with 0.76 + 0.54° and
0.76 + 0.60°, respectively (p = .01). The free-hand implant surgery
appears to be the least reliable.

4 | DISCUSSION

Computer-assisted implant placement using static surgical guides
with closed and open sleeves achieved in this in vitro study a higher
accuracy in terms of trueness and precision in comparison to free-
hand implant surgery and placement. High trueness and precision
were determined in both fully guided implant surgery groups, with no
statistical difference between the closed sleeve system (Straumann)
in comparison with a sleeve that has a lateral window (Versah) when
the sleeve-to-bone-distance was lowest (2 mm). However, when the
distance between sleeve and bone was increased, the closed sleeve
system achieved better results in terms of 3D deviation at the crest
and apex. Therefore, our hypothesis that the kind of sleeve system
has no impact on accuracy can only be rejected for the scenario that
the sleeve-to-bone distance is 24 mm. An increase in the sleeve-to-
bone distance appears to lead to a decrease in trueness and preci-
sion in the open sleeve system.

The accuracy of transferring the planned implant position to the
clinical situation relies on several steps, from the fabrication of the
surgical guide to the used surgical kits. The particular components of
a static surgical guide for computer-assisted implant placement was
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FIGURE 4 Mesio-distal and buccal-lingual implant positions projected on a Bull’s Eye. The red ring represents the 2-mm safety-zone.
The top row (dark blue) represents the distribution of values at the crest level, and the bottom row (light blue) illustrates the position of the
implant tips. Accuracy is defined by trueness and precision. The closer to the bull’s eye, the higher the trueness and the closer the values to

each other, the higher the precision

investigated by El Kholy et al., who investigated the impact of sleeve-
to-bone distance and the drilling distance on the accuracy of implant
surgery (El Kholy et al., 2019). The general results showed the further
the distance from the guide sleeve to the implant tip, the greater the
deviation. This deviation was lessened, however, when the guide key
height, or the total length the guide is in contact with the drill, was
increased. Relating this information to virtually designing the surgi-
cal guide indicates the closer the sleeve is to the planned platform,
the greater the potential accuracy. These findings are in alignment
with the presented results. The trueness and the precision of im-
plant placement were better for both, the closed sleeve or for the
open sleeve with a lateral window, when the sleeve was closer to

the bone (sleeve-bone distance of 2 mm). When the sleeve-to-bone

distance was increased in the guided surgery groups from 2 mm to
4 mm, the values for angular deviation and any 2D and 3D deviation
were advantageous for the closed sleeve system. However, using
the surgical guide for the whole drilling sequence (closed or open
sleeve) resulted in higher accuracy than pilot drill only or free-hand
surgery. This is clinically relevant for the protection of critical an-
atomic structures and allows for reproducible restorative-driven
implant positioning for functional and esthetic outcomes (Widmann
& Bale, 2006). Younes et al. concluded their findings of a random-
ized clinical trial comparing free-handed, pilot-drill guided and fully
guided implant surgery in n=32 partially edentulous patients that
fully guided implant surgery should be considered the gold standard
when perfect implant positioning is required (Younes et al., 2018).
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TABLE 2 Precision data (as mean and standard deviation (SD) as well as their 95%-confidence interval (Cl)) for guides surgery with a guide
using a closed sleeve (Straumann) and open sleeve (Versah) in comparison to partially guided implant surgery using a pilot drill or free hand

Precision
As difference or Closed Sleeve  Open Sleeve Closed Sleeve
distance among (S) (V) (S)
implants (based on Mean Mean Mean
n = 191 comparisons (SD) (SD) (SD)
within each group) [95%-Cl] [95%-Cl] [95%-Cl]
Sleeve-Bone Distance 2 mm 4 mm
Crest Angle 0.76" 0.76" 0.83%
inmm in degree (0.54) (0.60) (0.73)
[0.68-0.83] [0.67-0.84] [0.72-0.93]
A3D 0.165" 0.13*/ 0.24'
(0.14) (0.10) (0.17)
[0.14-0.18] [0.12-15] [0.21-0.26]
Mesial- 0.11* 0.20° 0.10*/
distal  (0.09) (0.15) (0.11)
[0.09-0.12] [0.18-0.22] [0.09-0.12]
Buccal- 0.18/ 017 0.24*
lingual  (0.15) (0.12) (0.24)
[0.16-0.20] [0.15-0.19] [0.20-0.27]
Coronal-  0.14" 0.12V 0.11"
apical (0.10) (0.10) (0.09)
[0.12-0.15] [0.10-0.14] [0.10-0.13]
Apexin  A3D 0.33Y 0.19 0.35%
mm (0.24) (0.13) (0.28)
[0.30-0.37] [0.17-0.20] [0.31-0.39]
Mesial- 0.23"1 0.38° 0.25"/
distal  (0.18) (0.29) (0.22)
[0.21-0.26] [0.34-0.42] [0.21-0.28]
Buccal- 0.39/ 0.40™/ 0.51"
lingual  (0.28) (0.29) (0.47)
[0.35-0.43] [0.36-0.44]  [0.44-0.58]
Coronal-  0.137 0.13" 0.11"
apical (0.09) (0.10) (0.08)
[0.12-0.16] [0.11-0.14] [0.10-0.12]

*significant different (p<.05) to closed sleeve system.
#significant different (p<.05) to open sleeve system.
$significant different (p<.05) to H2 closed sleeve system.
&significant different (p<.05) to H4 closed sleeve system.
§significant different (p<.05) to H2 open sleeve system.
TIsignificant different (p<.05) to H4 open sleeve system.
tsignificant different (p<.05) to partially guided.
Jsignificant different (p<.05) to free hand placement.
S-Straumann Fully Guided Surgery System.

V-Versah Guided Surgery System.

Bold indicates statistically significant p-value of p<.05.

When using the surgical guide, the fit and stability of the
guide is confirmed clinically; however, the inherent tolerances in
the guide components are a potential source of error. Cassetta
et al. looked specifically at the intrinsic error effects on the total
error of fully guided surgery and to determine if limiting this
tolerance can reduce the intrinsic error (Cassetta et al., 2013,
2015). This was completed by fabricating a metal shell, which at-
tached to the head of the surgical handpiece and allowed for the

Open Sleeve

(V) Partially Guided  Free Hand
Mean Mean Mean
(SD) (SD) (SD)
[95%-Cl] [95%-Cl] [95%-Cl] ANOVA

2 mm N/A F-value P
1.32°8Y 0.91" 2.26" 62.0 01
(0.90) (0.76) (1.95)
[1.19-1.45] [0.80-1.02] [1.98-2.54]
0.23° 0.19¥ 0.25'" 17.3 .01
(0.16) (0.15) (0.21)
[0.21-0.25] [0.17-0.21] [0.22-0.28]
0.19° 0.20° 0.18" 25.2 01
(0.13) (0.14) (0.13)
[0.17-0.21] [0.18-0.22] [0.16-0.20]
0.16%/ 0.24% 0.30*t 17.0 01
(0.14) (0.17) (0.21)
[0.14-0.18] [0.21-0.26] [0.27-0.33]
0.20°¢ 0.17%¢ 0.18° 13.3 01
(0.22) (0.12) (0.14)
[0.15-0.19] [0.16-0.19] [0.17-0.20]
0.36% 0.29¥ 0.73°#t 671 01
(0.25) (0.25) (0.55)
[0.32-0.39] [0.25-0.32] [0.65-0.80]
0.32 0.40° 0.42 19.4 01
(0.23) (0.28) (0.29)
[0.29-0.35]  [0.36-0.44] [0.38-0.46]
0.308 0.31% 0.747#t 38.2 .01
(0.25) (0.23) (0.56)
[0.26-0.34]  [0.27-0.34] [0.66-0.82]
0.13" 0.17* 0.17* 10.9 01
(0.12) (0.13) (0.12)
[0.12-0.15] [0.16-0.19] [0.15-0.18]

direct attachment of the guide tubes of differing lengths. In turn,
this minimized the amount of movement between the hand piece
and the guide tube. The more guidance is, the lower the angular
deviation. They showed that there is significant intrinsic error due
to the mechanical components of the fully guided surgical systems,
despite all the other clinical sources of error. The sleeve with the
lateral window does allow for a higher degree of movement when

the operator is not using the inner sleeve surface for guidance of
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the key. This potential source of error can be overcome when the
keys are used in an ascending order for the initial drills that assures
a continuous key-sleeve guidance and allows an accurate implant
path preparation. Koop et al. showed that it is crucial to use the
drill in a centric position, parallel to the sleeve for a minimal devi-
ation during the implant bed preparation (Koop et al., 2013). They
further suggested that longer drill keys and sleeves are critical for
optimal accuracy. However, this can be a clinically challenging in
posterior sites.

Oh et al. suggest that open sleeves might be advantageous in
molar sites as they allow for smaller amount of mouth opening,
making it possible to perform implant drilling in cases with an in-
sufficient interarch space (Oh et al., 2021). In their in vitro study,
they compared accuracy in terms of trueness of computer-assisted
implant surgery placing each n=10 implants in typodonts using
closed-form guides (with and without sleeves) with open-form
guides (with and without sleeves) that had a C-shape and a lateral
window buccally. The primary outcome parameter was the angular
deviation in mesial-distal (MD) and buccal-lingual (BL) direction.
The authors observed higher angular deviations in BL direction
than in the MD direction for both, using a guide with an open sleeve
(BL 3.52 + 2.76° versus MD 0.84 + 1.07°) and for the guide with a
closed sleeve (BL 1.49 + 1.46° vs MD 0.90 + 0.96°) (Oh et al., 2021).
These findings can be confirmed with the present results where a
higher deviation in the buccal-lingual direction toward lingual was
measured in comparison to the mesial-distal deviation. The angular
deviation for the closed sleeve system appears to be comparable to
the presented data (1.35 + 0.64°). However, the open sleeve system
in this study resulted in clearly better data in respect to angular de-
viation (1.49 + 0.69°). Tallarico et al. reported a randomized clinical
trial, where a combination of open and closed sleeves were used in
placing implants n=16 utilizing surgical guides with lateral windows
and n=33 implants using guides with closed sleeves (Tallarico et al.,
2019). Using open sleeves resulted in 3.30 + 3.31° angular deviation
and in the closed sleeve group, an angular deviation of 1.35 + 1.57°
was observed. Oh et al. as well as Tallarico et al. simply removed
the buccal circumference and used the same surgical kit with both,
guides with open and closed sleeves. However, a surgical kit specif-
ically designed to take advantage of a lateral window and long key-
sleeve guidance (Versah) was used in this study, which may explain
that there was no statistical difference between guides with open
and closed sleeves. Which underlines the importance of selecting
the best combination of sleeve/drill parameters in order to minimize
probable errors in regards to angle deviation and deviations at the
crest and apex of the implant (Apostolakis & Kourakis, 2018). The
results of this study suggest that a long key-sleeve guidance is im-
portant for open sleeve systems.

The statistically calculated differences may not have in all cir-
cumstances clinical relevance. When interpreting the data, it should
be considered how this translates clinically. A good example is given
by Choi et al. who described that a one-degree angle deviation trans-
lates to 0.34-mm length deviation in the 10-mm fixture apical area.
A 5-degree angle deviation translates to 1.7 mm length deviation. If

the space between implant and tooth root were set to 1.5 mm during
implant planning, a 5-degree angle error will impair the adjacent
tooth root. Thus, the angle deviation should not exceed 3 degrees
in order that the implant is installed safely without the tooth being
damaged (Choi et al., 2004). In the presented study, only the fully
guided groups using static surgical guides fulfilled these criteria,
but the free-hand surgery and placement exceeded it. Computer-
assisted implant surgery is therefore superior to free-hand implant
placement, especially when there is proximity to critical anatomical
structures.

The methods used in this study are not without inherent limita-
tions. Inaccuracies have been investigated regarding the CBCT im-
aging techniques (Fokas et al., 2018), the digitization of the intraoral
situation (Cho et al., 2015), the superimposition of dental situation
and the CBCT (Han et al., 2021), and the fabrication of the surgical
guide (Cassetta et al., 2013). Inaccuracies at each step of the digi-
tal workflow can individually and cumulatively affect the accuracy
of computer-assisted implant surgery. Further limitations might be
based on the methods for post-operative capturing of the actual im-
plant position. However, using a completely digital registration ap-
pears to be as accurate as using a post-operative CBCT (Tang et al.,
2019). Data interpretation may also depend on the study design to
analyze the accuracy of the implant placement (Bover-Ramos et al.,
2018). Bover-Ramos et al. compared the different study types (in
vitro, clinical, or cadaver) and its impact on the accuracy data (Bover-
Ramos et al., 2018). They showed that while approximately 1.6 times
higher deviations were detected in clinical trials than in in vitro stud-
ies, the differences between the study types were not statistically
significant. Future research investigating factors that influence the
accuracy of implant placement should be extended to include tech-
nological and system-related factors, clinical factors, and operator

experience.

5 | CONCLUSIONS

Within the limitations of this study, the following conclusions can

be made:

e Computer-assisted implant surgery produced implant placement
with higher trueness and precision compared with free-hand im-
plant surgery.

e The closer the sleeve to the bone, the higher trueness and preci-
sion for both open and closed sleeve systems.

e No statistically significant difference in trueness was detected
between the closed sleeve and the open sleeve with the lateral
window, when the bone-sleeve distance was 2 and 4 mm.

e Anincrease in the bone-sleeve distance leads to a decrease of the
precision, especially in the open sleeve system where the lateral
window in the sleeve allows for a higher tolerance.

o While partially guided implant surgery using only the static guide
for the pilot drill is significantly less true and precise than the fully
guided approach with 2-mm sleeve-bone distance, it is still more
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true and precise (not statistically significant but potentially clini-
cally relevant) than the free-hand placement.

e The accuracy of the open sleeve system with a 4-mm bone-sleeve
distance is statistically insignificant different from partially guided
implant surgery.
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