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Abstract 

Objectives  This systematic review aimed to investigate and compare the accuracy of free-hand and computer-aided 
implant surgery (CAIS) approaches in dental implant placement.

Material and methods  The PICO question as follows: In patients receiving dental implants, does computer-aided 
implant surgery superior in accuracy compared to non-computer-aided implant surgery? The primary outcome 
was angular deviation between the planned and placed position of the implant. An electronic search was made 
to identify all relevant studies reporting the accuracy of CAIS approaches and freehand for dental implant placement. 
The data were extracted in the descriptive description, and a meta-analysis of single means was performed to esti‑
mate the deviations for each variable using a random-effects model.

Results  Out of 1609 initial articles, 55 were selected for data extraction. The mean value of angular, entry, and apex 
deviations were 7.46°, 1.56 mm, and 2.22 mm for freehand, 5.94°, 1.13 mm, and 1.43 mm for pilot drill-sCAIS, 2.57°, 0.72 
mm, 0.88 mm for fully guided-sCAIS (fg-sCAIS), and 3.67°, 1.01 mm, and 1.36 for dynamic CAIS (dCAIS), respectively. 
Significant differences were found between the freehand and CAIS approaches (p < 0.04). Fg-sCAIS was significantly 
more accurate than dCAIS systems at the entry (p < 0.001).

Conclusions  Compared to the freehand approach, both sCAIS and dCAIS improve implant placement accuracy, 
with angular deviations ranging from 2° to 6°. Detailed planning is crucial for CAIS, particularly for fg-sCAIS, which 
demonstrated the highest accuracy than others. As apex deviations of 1 to 2 mm have been observed in CAIS 
approaches, a 2-mm safety margin should be implemented to minimize surgical risks.

Introduction
Dental implants have proven to be a reliable treatment 
option, offering long-term stability for treating partial 
and complete edentulism [1]. The optimal positioning 
of dental implants is an essential criterion for achieving 
ideal prosthetic restorations and aesthetic outcomes. 
Complications such as injuries to anatomical landmarks, 
compromised esthetics, mechanical issues, and marginal 
bone loss can be mitigated through well-planned three-
dimensional (3D) implant placement [2, 3]. One effective 
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approach to achieve pre-planning implant positioning 
is the implementation of digital presurgical implant 
planning. Using computer-aided implant surgery (CAIS) 
facilitated by either a surgical template or a navigation 
system, the planned procedure can be accurately 
transferred to the patient during surgery. Key diagnostic 
tools include cone beam computed tomography (CBCT) 
scans, intraoral scans, computer-aided design software 
(CAD), and computer-aided manufacturing (CAM). This 
workflow establishes a digital approach that guides drills 
during osteotomy, facilitating precise implant placement 
as required for static computer-aided implant surgery 
(sCAIS) or dynamic computer-aided implant surgery 
(dCAIS) [4].

In sCAIS, three approaches—pilot-guided, semi-
guided, and fully-guided surgery—are differentiated by 
the design and sleeve diameter in the template, which 
may influence the surgical outcomes [5–10]. The fully 
guided approach directs all drills and implant placement, 
the pilot-guide limits guidance to the initial drill, and 
the semi-guided approach provides partial guidance but 
excludes implant insertion. Additionally, the accuracy of 
template fixation also plays a critical role. It is classified 
into four types based on the clinical situation: mucosa 
support, bone support, teeth support, and mixed tissue 
support.

The application of dCAIS has been utilized in vari-
ous scenarios, including tumor resection, and zygomatic 
implant surgery, demonstrating significant benefits with 
highly accurate assistance [11, 12]. Unlike sCAIS, it 
relies on a registration and tracking system to guide the 

surgeon’s performance, allowing for greater flexibility 
of movement. Navigation systems offer real-time visu-
alization of surgical instruments and the operative field 
using registration methods with optical tracking tech-
nology. However, they appear to be more technically 
sensitive than sCAIS, requiring the determination of a 
learning curve for their effective use in implant place-
ment [13–16].

Given the rapid development and widespread adoption 
of these technologies, along with the growing body 
of literature on CAIS in recent years, it is crucial to 
consolidate all available data on the accuracy of various 
sCAIS and dCAIS approaches. Hence, the primary aim 
of this systematic review was to evaluate and compare 
the accuracy of freehand techniques and different CAIS 
systems in achieving the preoperatively planned implant 
position.

Materials and method
The present systematic review followed the guidelines of 
the “Preferred Reporting Items of Systematic Reviews and 
Meta-Analysis (PRISMA) [17]. The PICO question was 
developed: “In patients receiving dental implants, is CAIS 
superior to freehand surgery in terms of the accuracy of 
the planned versus placed implant position?” (Table  1). 
CAIS involves the following key steps: (a) implant plan-
ning using digital planning software, (b) determining 
implant positioning based on 3D radiographic and pros-
thetic data, and (c) transferring the planned osteotomy 

Table 1  Search tree according to PICO question

PICO—Question “In patients receiving dental implants, does computer-aided implant surgery have an advantage compared to non-computer-
aided implant surgery regarding treatment accuracy, clinical outcome, patient satisfaction, reduce complications surgical time, 
and treatment costs? „

Population (#1) P = Fully or partially edentulous patients receiving dental implants
a. Dental implant, oral implant, endosseous implant, implant fixture
b. MeSH: “Dental implantation”, “Maxillofacial Prosthesis Implantation”, “dental implant”, “Surgery, Oral”

Intervention (#2) I = Implant placement using computer-aided surgery or non-computer-aided surgery
a. free hand, guided dental implant placement, dental surgical guide, dental guided surgery, dental surgical template, computer 
assisted dental implant, navigation, freehand, fully guided, pilot drill guided, Surgery, Computer-Assisted, Surgery, Oral, dental 
implant, Maxillofacial Prosthesis Implantation, Dental implantation
b. MeSH: “Surgery, Computer-Assisted”, “pilot drill guided”, “fully guided”, “free hand”, “dental navigation”, “computer assisted dental 
implant”, “guided dental implant placement”, “dental surgical template”, “dental guided surgery”, “dental surgical guide”, “guided 
dental implant placement”, “dynamic”, “robot”

Comparison (#3) C = computer-aided or non-computer-aided treatment protocols
a. pilot-drill, free hand, non-guided, implant insertion, implant placement, conventional surgery
b. MeSH: “Dental implantation”, Endosseous”

Outcome (#4) O = Accuracy, complications, patient reported outcomes, surgical time, costs of computer-assisted and non-computer-assisted 
surgery
a. Deviation, minutes, operative time, surgical time, mm, costs, complications, patient satisfaction
b. MeSH: “efficiency”, “operative time”, “duration of therapy”, “economics”, “Dimensional Measurement Accuracy”, “Intraoperative 
Complications “, „Postoperative Complications “, “Patient Reported Outcome Measures”

Search combination #1 AND (#2 OR #3) AND #4
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position to either a dynamic navigation system or a static 
surgical template (pilot-, semi- or fully-guided).

Eligibility criteria
The following inclusion criteria were defined:

•	 Only clinical studies (randomized and non-
randomized clinical trials (RCTs and non-RCTs), 
prospective and retrospective observational studies);

•	 Studies including at least ten patients;
•	 Studies reported the deviation between the planned 

and placed implant position;
•	 Articles written in English or German;
•	 Studies reporting on conventional and/or digital 

dental implant placement, including the used systems 
(software, applications, radiographic assessment, 
techniques).

The following exclusion criteria were defined:

•	 Cadaver, animal, and in vitro study;

•	 Case report, case series, and technical note;
•	 Patient received zygomatic implant or orthodontic 

implants;
•	 Narrative and Systematic reviews;
•	 Insufficient information on defined criteria.

Search strategy
A search strategy was developed based on the PICO 
question and applied for an electronic search in the 
PubMed and Cochrane databases (Table  1). The search 
syntax was constructed using combinations of free-text 
words and Medical Subject Headings [MeSH/EMTREE].

The following search path is exemplary for the PubMed 
database: (freehand) OR (guided dental implant place-
ment)) OR (dental surgical guide)) OR (dental guided 
surgery)) OR (dental surgical template)) OR (computer-
assisted dental implant)) OR (dental navigation)) OR 
(freehand)) OR (fully guided)) OR (pilot drill guided)) 
OR (Surgery, Computer-Assisted)) AND ((((Surgery, 

Fig. 1  Prisma flow chart
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Fig. 2  Risk of Bias assessment
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Oral) OR (dental implant)) OR (Maxillofacial Prosthesis 
Implantation)) OR (Dental implantation))).

The publication period of eligible publications was 
extended from January 1, 2005, to September 6, 2023.

Study selection and data extraction
Initially, all articles were checked for possible relevance 
to the topic through their title and, if not applicable, 
excluded [executed by KF, ES, JW]. Then, the abstracts 
of the remaining articles were examined for eligibility 
criteria and possible relevance [conducted by KF, ES, 

Fig. 3  Angular deviation: Combined
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JW]. Finally, in a third stage, the full texts were checked 
to determine whether they met the inclusion criteria and 
contained relevant information concerning computer-
aided and/or non-computer-aided surgery in terms of 
complications, surgical time, treatment costs, patient-
reported outcomes, and clinical outcome [executed by 
KF, ES, JW]. This was carried out independently by two 
reviewers. Disagreements during the selection process 
were discussed and resolved after each stage; articles 
were only included if consensus between both authors 
could be found. No articles were excluded due to non-
consensus. Data were collected and filed in an Excel 
database and EndNote.

The following data were extracted by two independent 
reviewers [executed by KF, JW] from each relevant full-
text article, as far as available, and summarized in a data 
extraction form:

•	 Author(s), year of publication, country
•	 Study design, outcomes
•	 Time of implant insertion (immediate, delayed, late)

•	 Time of implant loading (immediate, delayed, late)
•	 Configuration of the missing teeth (Fully edentulism, 

partially edentulous)
•	 Location of the implants (front, premolar, molar, 

lower/upper jaw)
•	 Number of patients and implants
•	 Implant System and Planning software (brand and 

type)
•	 Specifications/type of drill guide/navigation system
•	 Support of drill guide (soft tissue, tooth, bone, pins)
•	 Flap designs
•	 Duration/time involved
•	 Postoperative evaluation
•	 Complications, Costs, Clinical outcomes, Patient-

reported outcomes
•	 Results and conclusions

The two reviewers repeatedly compared the collected 
information [executed by KF, JW]. In addition, the 
corresponding author was requested to provide further 

Fig. 4  Platform horizontal: Combined
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written explications if the available data in the article 
needed to be included or clarified.

Quality and risk of bias assessment
The quality of the selected observational studies was 
evaluated according to the STROBE (Strengthening the 
Reporting of Observational Studies in Epidemiology) 
statements. CONSORT (Consolidated Standards 
of Reporting Trials) statements were applied for 
randomized clinical trials. The bias risk assessment of 
each study was evaluated using the "Rob 2 Tool". This 
tool helps to assess the risk of bias in randomized 
trials [18]. This tool includes algorithms that map 
responses to signaling questions to a proposed risk-
of-bias judgment for each domain in the five domains, 
including the following: (a) bias arising from the 
randomization process, (b) bias due to deviations 
from intended interventions, (c) bias due to missing 
outcome data, and (d) bias in the measurement of 
the outcome and bias in the selection of the reported 
result. The algorithm’s specific mappings of each 
possible combination of answers to the signaling 
questions (including responses of “No information”) 

were comprised to grade the risk of bias into the 
classification low risk of bias, some concerns, or high 
risk of bias [19]. The “robvis (visualization tool)” 
web application was used to represent the bias risk 
assessment of the selected studies graphically.

Summary measures and synthesis of results
A descriptive analysis of the articles included was 
performed, and the following data were recorded in a 
descriptive summary: (1) author, (2) year, (3) country, 
(4) study design, (5) clinical setting, and (6) details of 
population, interventions, comparison, and outcomes.

The following outcome variables were analyzed 
(Fig. 1):

•	 2D deviation (horizontal): the deviation of platform 
and apex between the implant planned and placed 
position in the  x  and  y  dimensions of space in 
millimeters (mm). Deviation in depth (z-axis) was 
not considered;

•	 3D deviation (global): the deviation of platform 
and apex between the implant planned and placed 

Fig. 5  Platform vertical: Combined
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position in the three dimensions of space (x, y, and z), 
in mm;

•	 Platform deviation (vertical): vertical distance (depth) 
between the planned position and placed position of 
the implant platform (z-axis), in mm;

•	 Angulation: angular deviation between the central 
axes of the planned position and the final position of 
the implant, in sexadecimal degrees (°)

In the present systematic review, the mean and stand-
ard deviation (SD) of the outcome variables were pre-
sented based on the weights in each subgroup using the 
Cochrane Handbook for Systematic Reviews version 6.0 
[20]. Using the random effect models in a single mean 
meta-analysis, we estimated the mean differences of 
deviation for each outcome variable and a forest plot for 
all outcomes. Several comparisons were made between 
freehand and different CAIS approaches. The mean dif-
ferences were calculated for the planned/placed deviation 
(Angular deviation, horizontal deviation at Platform and 
Apex, vertical deviation at Platform and Apex, and global 
deviation at Platform and Apex). The mean difference, 

standard error (SE), 95% confidence interval (95% CI), 
and p-values were reported. We conducted meta-analy-
ses for studies with similar techniques for the same out-
comes and positions using the random effect-models. 
All statistical analyses were performed in Stata 17 and 
Microsoft Excel, with all statistical significance set at 
p < 0.05.

Results
Out of 1609 potential articles, 82 were included in the 
quantitative and qualitative analysis. Sixty-nine reports 
were excluded after full-text assessment. Figure 2 shows 
the complete flowchart of the study selection process. 
The types of studies included for each system can be 
observed in Table 2. A total of 57 studies were included 
in this systematic review: 26 RCTs, 22 prospective clini-
cal studies, and nine retrospective clinical studies. Stud-
ies unsuitable for the research question were excluded, 
according to Fig. 2.

Five different implant insertion approaches have been 
identified, including the free-hand approach and four 

Fig. 6  Platform global: Combined
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types of CAIS. Four of them are based on CAIS: pilot-
drill-guided (pd-sCAIS), partially-guided (pg-sCAIS), 
fully-guided (fg-sCAIS), and dCAIS. 18 studies used 
freehand, with 631 implants in 452 patients; eight 
used pd-sCAIS, with 278 implants in 120 patients; 19 
used pg-sCAIS, with 1222 implants in 519 patients; 35 
fg-sCAIS, with 2103 implants in 825 patients, and 15 
used dCAIS with 1050 implants in 945 patients.,

Most studies compared the accuracy of a single 
insertion method with one [9, 21–48], two [49–54], 
or three alternative techniques [5, 7, 8, 10, 55–58]. 
Others reported accuracy independently, without direct 
comparison between different insertion methods [59–
94], as presented in Table 3.

25 studies focused on edentulous patients, 23 used 
sCAIS, two used dCAIS, and one compared both 
approaches. Regarding comparative studies, two studies 
compared the sCAIS with/without fixation pins [51, 91]. 
For the single-arm study, sCAIS with fixation pins were 
reported in 6 studies [38, 44, 68, 75, 77, 83].

Seventeen studies were conducted in the meta-analysis, 
shows a mean deviation at implant platform and apex 
of 1.56  mm (95% CI: 1.38–1.73) and 2.22  mm (95% CI: 

1.89–2.56) in freehand approach, 1.13 mm (95% CI: 0.99–
1.26) and 1.43  mm (95% CI: 1.21–1.66) in pd-sCAIS, 
0.72  mm (95% CI: 0.62–0.81) and 0.86  mm (95% CI: 
0.65–1.06) in fg-sCAIS, and 1.01 mm (95% CI: 0.88–1.14) 
and 1.36 (95% CI: 0.43–2.29) in dCAIS, respectively. 
However, no studies evaluating pg-sCAIS were included.

The mean angular deviations were observed 7.46° 
(95% CI: 5.87–9.05) in freehand approach, 5.94° (95% CI: 
4.82–7.07) in pd-sCAIS, 3.72° (95% CI: 2.06–5.38) in pg-
sCAIS, 2.57° (95% CI: 2.29–2.86) in fg-sCAIS, 3.67° (95% 
CI: 2.63–4.71) in dCAIS and 2.20° (95% CI: 2.06–2.34) in 
a combination of fg-sCAIS and dCAIS (Figs. 3, 4, 5, 6, 7, 
8, 9, Tables 4, 5, 6, 7).

Significant differences in angular deviation were 
observed between freehand and all types of CAIS 
methods. Fg-sCAIS demonstrated significantly 
greater accuracy at the implant platform compared to 
both freehand and dCAIS. Additionally, dCAIS was 
significantly more precise than freehand at the global 
implant platform. However, only fg-sCAIS showed 
significantly higher accuracy than freehand for global 
implant apex deviations. Tables  8 and 9 summarize 
the mean implant accuracy reported across all studies 

Fig. 7  Apex horizontal: Combined
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included in the systematic review, stratified by fixation 
method. The analyses include both all fixation methods 
combined and a separate assessment for dental fixation 
exclusively (Table 10).

Discussion
CAIS approaches have been developed in implant 
dentistry to enhance the accuracy and reliability of 
translating preoperative digital implant planning into 
precise intraoperative execution, thereby improving 
clinical outcomes and procedural predictability. The 
findings of the present review indicate that both sCAIS 
and dCAIS are reliable techniques, achieving angular 
deviations that fall within clinically imperceptible ranges 
(95% CI: 2.06° to 5.38°) across all evaluated methods.

According to previous in-vitro studies, deviation occurs 
during the initial drilling phase and remains unchanged 
throughout the subsequent surgical drilling process in 
fg-sCAIS [95]. For pd-sCAIS and pg-sCAIS, the lack of 
rigid guidance during drilling increases the likelihood 
of larger deviations. In contrast, the flexibility in drill 

positioning during freehand and dCAIS approaches 
allows for real-time correction of misaligned drills. 
In particular, the dCAIS navigation system provides 
feedback that can assist in adjusting drill positioning 
during the procedure. However, since no studies have 
investigated planning changes during the operation, this 
factor remains unaddressed. Nevertheless, the findings 
of the present meta-analysis indicate that fg-sCAIS 
achieved the highest accuracy, a trend that has also been 
observed in in-vitro studies [15].

Significant discrepancies exist between the reported 
accuracy of clinical and in-vitro studies. In-vitro 
studies consistently demonstrate substantially higher 
accuracy for dCAIS compared to clinical studies, with 
some suggesting that dCAIS outperforms fg-sCAIS 
[96]. However, the findings of this systematic review 
reveal the opposite trend in clinical settings, where 
fg-sCAIS exhibits a greater accuracy. This reversal 
may be attributed to confounding factors in clinical 
environments, such as patient movement, swallowing, 
salivation, bleeding, and restricted mouth opening, which 
introduce greater variability in dCAIS performance. 

Fig. 8  Apex vertical: Combined
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Notably, fg-sCAIS appears to be less susceptible to these 
clinical confounders, as its in-vitro accuracy closely 
aligns with outcomes observed in clinical studies.

Besides the used CAIS approach, the anatomical 
region of the implant may also play an important role. 
Some included studies identified significant differences 
in accuracy between implants placed in the maxilla 
and mandible. Multiple studies reported that implant 
placement in the mandible was more accurate than 
in the maxilla across various methods, including 
freehand, pd-sCAIS, pg-sCAIS, fg-sCAIS, dCAIS, and 
combined pg-CAIS with dCAIS [10, 24, 67, 71, 74, 90, 
92]. Conversely, other studies noted that while implants 
in the mandible exhibited greater accuracy in angular 
deviation, those in the maxilla demonstrated reduced 
linear deviation during pg-sCAIS [61, 97].

However, implants in the maxilla had significantly less 
deviation than those in the mandibula in different stud-
ies [51, 57]. Also, no significant difference was measured 
between mandibula and maxilla for implant deviation 
during pg-sCAIS or fg-sCAIS [45, 62, 69, 82, 85]. Due 
to the outlined studies’ inhomogeneous reporting, a 

meta-analysis could not be performed on this topic. 
When the implant position was analyzed in the anterior 
or posterior region, a more precise result was found in 
the anterior region, showing significantly lower deviation 
than in the posterior regions for pd-sCAIS, pg-sCAIS, 
and fg-sCAIS [45, 67, 71, 90, 91]. Only two studies 
reported a larger deviation in the anterior region [74] or 
no significant difference between anterior or posterior 
inserted implants [65, 85].

A previous systematic review of dCAIS reported an 
angular deviation of 3.68°, a global coronal deviation 
of 1.03, and a global apical deviation of 1.34 mm [96]. 
Similarly, a systematic review focusing on sCAIS found 
a mean angular deviation of 3.5°, a global coronal devia-
tion of 1.2 mm, and a global apical deviation of 1.4 mm 
[98]. The findings of the present systematic review align 
closely with the dCAIS results reported in Jorba-García 
et  al. when considering the dCAIS group. However, 
some deviations were observed in comparison to the 
sCAIS results from Tahmaseb et al., likely due to differ-
ences in methodological differentiation within the sCAIS 
group. For fg-sCAIS, the results of the present review 

Fig. 9  Apex global: Combined
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demonstrate significantly higher accuracy than the ear-
lier review. Conversely, the results for pg-sCAIS appear 
consistent with those reported in previous reviews.

CAIS with robotics system assistance has been estab-
lished within the last few years [99]. To this point, only 
a small number of clinical studies have been performed. 
A systematic review of eight clinical studies showed the 
potential of robotic CAIS [100]. Concerning the implant 
accuracy, a higher accuracy was achieved than dur-
ing sCAIS or dCAIS. However, the improvement com-
pared to the results of fg-sCAIS within this review seems 
marginal. Therefore, further well-designed studies are 
required to validate and facilitate the broader clinical 
application of these integrated robotic systems.

Both dCAIS and sCAIS offer the advantage of accu-
rately translating pre-surgical planning into precise 
implant placement. fg-sCAIS is particularly noted 

for achieving higher implant placement accuracy and 
enhancing treatment predictability. However, it necessi-
tates the use of a dedicated surgical guide, which can sig-
nificantly increase procedural costs. Additionally, sCAIS 
has other drawbacks, such as extended preoperative 
planning time, the need for manufacturing and imple-
menting specialized tools, and the potential for technical 
errors or guide fractures.

Multiple studies have named the 3D printer used to 
manufacture surgical templates. However, no study has 
reported on the resin material used for 3D printing. The 
mechanical properties like the coefficient of elasticity, 
fragility, printability, and the resulting accuracy of the 
template may depend on the material used during the 
printing process. Hence, the printing material could 
significantly influence the implant accuracy inserted 
with sCAIS or dCAIS. Further parameters can affect 
the deviation of different CAIS methods, such as the 
generation of patient data via digital or conventional 
impression-taking [64, 72, 87], the flap design [80, 81], 
the degree of atrophic alveolar [84], the design of the 
sleeve structure [39–41, 45] or implant design [93], 
and insertion technique [79]. Additionally, different 
navigation systems can be used for dCAIS [94]. Further 
variables influencing the techniques are smoking habit 
[51], movement during CBCT or implant surgery, offset, 
and thickness of the static surgical template.

In contrast, dCAIS provides greater intraoperative 
flexibility, as it does not require a surgical guide and 
allows real-time adjustments. Despite this advantage, it 
is associated with a higher risk of implant malposition, 
primarily due to potential intraoperative deviations 
from the preoperative plan. This inherent risk highlights 
the importance of operator expertise and meticulous 
intraoperative monitoring when using dCAIS.

The maximal mean error in a single study of global 
deviation at implant platform and apex for freehand 
was 2.24 mm and 3.60mm, for pd-sCAIS 2.97 mm 
and 3.40 mm, for pg-sCAIS 2.34 mm and 2.59 mm, 

Table 7  Comparison of fg-sCAIS and dCAIS

*Statistical significance was considered achieved when the p-value was less than 0.05

Position Operation type Operation type Mean difference
(SE) [95% CI]

p-value
fg-sCAIS
Mean (SD)

dCAIS
Mean (SD)

Angular deviation 2.91 (0.96) 3.68 (1.19) 0.77 (0.58) [− 0.50 to 2.04] 0.20

Platform horizontal 0.59 (0.19) 0.88 (0.07) 0.29 (0.15) [− 0,18 to 0.75] 0.14

Platform vertical 0.45 (0.03) 0.50 (0.08) 0.05 (0.06) [− 0.22 to 0.32] 0.51

Platform global 0.72 (0.01) 1.01 (0.00) 0.29 (0.01) [0.25 to 0.33] 0.0012*

Apex horizontal 0.67 (0.21) 0.80 (0.16) 0.13 (0.19) [− 0.69 to 0.94] 0.58

Apex vertical 0.45 (0.03) 0.51 (0.08) 0.06 (0.06) [− 0.21 to 0.33] 0.44

Apex global 0.88 (0.15) 1.36 (0.67) 0.48 (0.49) [− 1.61 to 2.57] 0.43

Table 8  Overall studies, deviation of implant platform, apex, and 
angular deviation for all fixation methods

Method Platform global Apex global Angular deviation

Freehand 1.76 mm (1.45–2.07) 2.33 mm (2.09–2.56) 7.21° (6.42–8.00)

Pd-sCAIS 1.62 mm (0.93–2.30) 2.09 mm (1.42–2.75) 5.78° (4.25–7.31)

Pg-sCAIS 1.19 mm (1.02–1.35) 1.47 mm (1.31–1.63) 4.23° (3.43–5.03)

fg-sCAIS 1.08 mm (0.92–1.24) 1.44 mm (1.24–1.64) 3.48° (2.89–4.06)

dCAIS 1.03 mm (0.92–1.14) 1.26 mm (1.10–1.42) 3.77° (2.96–4.58)

Table 9  Overall studies, deviation of implant platform, apex, and 
angular deviation for dental fixation only

Method Platform global Apex global Angular deviation

Freehand 1.76 mm (1.45–2.07) 2.33 mm (2.09–2.56) 7.21° (6.42–8.00)

Pd-sCAIS 1.28 mm (1.06–1.50) 1.76 mm (1.53–1.99) 5.12° (4.08–6.15)

Pg-sCAIS 1.24 mm (0.79–1.68) 1.52 mm (1.05–2.00) 3.26° (2.68–3.85)

fg-sCAIS 0.78 mm (0.60–0.96) 1.20 mm (0.90–1.50) 2.58° (2.10–3.05)
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for fg-sCAIS 2.05 mm and 2.26 mm, and for dCAIS 
1.37 mm and 1.86. Showing a large spread of devia-
tions between the planned/placed implant position. 
More than 2 mm deviations do not always cause clinical 
issues, but the larger the deviation, the chance grows. 
If the available bone does have sufficient quantity and 
quality freehand, pd-sCAIS and pg-sCAIS can be used. 
If the bone is not sufficient or exact implant positioning 
is required, fg-sCAIS and dCAIS can be used to reduce 
the deviation from the planned position. A safety mar-
gin of at least 2 mm should be held to prevent any harm 
to anatomical structures. In complicated cases, it can 
be extended up to 3.60 mm.

The limitations of this study regard the external 
validity, the personal experience of surgeons, the small 
number of sufficient clinical studies, and the strong 
representation of few study centers. The results of this 
meta-analysis may be biased since some of the study 
groups performed multiple independent studies. Among 
them were Schneider et al., Vercruyssen et al., Ozan et al., 
Tallarico et  al., Block et  al., Wei et  al., and Feng et  al. 
Magrin et  al., Pimkhaokham et  al. and Cassetta et  al.. 
Additionally, the varying experience levels of surgeons 
in implant dentistry, such as using sCAIS templated and 
dCAIS navigation systems, may affect clinical implant 
accuracy. Since there are various possible combinations 
of 3D printers and resins, the results may differ from 
those of other adopters. To receive more information 
on the implant accuracy deviation, we emailed all 
study groups to ask for missing data (Appendix). After 
completion, we had only a few studies with sufficient data 
for the meta-analysis. Additionally, due to a few clinical 
studies applying pd-sCAIS or pg-sCAIS, no significant 
differences were found between the pd-sCAIS, pg-sCAIS, 
and fg-sCAIS protocols.

Conclusion
Compared to the freehand approach, both sCAIS and 
dCAIS improve implant placement accuracy, with 
angular deviations ranging from 2° to 6°. Thorough 
preoperative planning is crucial for CAIS, especially for 
fg-sCAIS, which has shown the highest accuracy than 
others. Given that apex deviations of 1 to 2  mm have 
been noted in CAIS approaches, a 2-mm safety margin 
should be implemented to minimize surgical risks. 
While fg-sCAIS is generally regarded as the clinical gold 
standard, the limited number of studies on pd-sCAIS 
and pg-sCAIS prevents definitive conclusions about 
their efficacy. Future clinical research should focus on 
evaluating long-term outcomes and cost-effectiveness 
to develop evidence-based guidelines for the optimal 
application of CAIS techniques.
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