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Summary Introduction: Craniomaxillofacial surgeons address congenital, developmental, 
and acquired deformities of the cranium, face, and jaws, relying on precise planning for op
timal outcomes. Virtual surgical planning (VSP) integrates digital imaging and computer-aided 
design to enhance preoperative planning and intraoperative precision. 
Methodology: A systematic review and meta-analysis were conducted across databases, fo
cusing on studies published between 2013 and 2023. The search terms included “Virtual 
Surgical Planning,” “VSP,” “Surgical Planning,” “3D Printing,” and “Craniofacial Surgeries” or 
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“Craniomaxillofacial Surgeries.” Articles that reported outcomes on operative time, accuracy, 
or cost were included. 
Results: A total of 146 studies were included in the final analysis. The outcomes were grouped 
into 3 key categories: accuracy, operative time, and cost-effectiveness. VSP showed a median 
deviation of 1.14 mm compared to 1.83 mm for non-VSP (P = 0.46). VSP groups had an average 
angular deviation of 2.67°, compared to 3.32° for non-VSP groups (P = 0.805). The average 
matching percentage was 96.12% for VSP, compared to 87.5% for non-VSP (P = 0.264). Operative 
time for VSP was 3.7 h compared to 4.32 h for non-VSP (P = 0.477). Cost analysis showed VSP at 
a lower average material cost ($2128) compared to non-VSP ($3416) (P = 0.294). 
Conclusion: Although numerous studies highlight the advantages of VSP in the craniomax
illofacial field, our meta-analysis found no statistically significant differences compared to the 
traditional methods. Variability in study designs and outcome measures may contribute to 
these findings, highlighting the need for more standardized, procedure-specific research to 
fully assess the clinical impact of VSP. 
© 2025 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by 
Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and 
similar technologies.     
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Craniomaxillofacial surgery encompasses a wide range of 
surgical interventions aimed at correcting congenital, 
developmental, or acquired deformities of the cranium, 
face, and jaws.1 These surgeries are often complex and 
require precise three-dimensional (3D) planning and ex
ecution to achieve optimal functional and aesthetic 

outcomes.1 Precision to within 1 mm in execution is often 
necessary, whether in correcting orbital deformities or 
achieving ideal occlusion in orthognathic surgery. Devia
tions from the plan can significantly impact the patient’s 
function and appearance and may require additional 
surgery.2 
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With the advancements in imaging, artificial intelligence, 
biomaterials, and software technology, the field of craniofacial 
surgery has witnessed improvements in preoperative surgical 
planning and outcomes.3 One such advancement is virtual sur
gical planning (VSP), a tool that integrates digital imaging, 
computer-aided design, and 3D printing and allows the surgeon 
to carry out detailed 3D preoperative planning and design ne
cessary surgical guides for intraoperative execution of the 
surgical plan.4 VSP allows surgeons to create detailed 3D 
models of the patient’s craniofacial anatomy, facilitating the 
visualization of anatomical structures and the simulation of 
surgical procedures.5 

Over the last 3 decades, the integration of VSP in max
illofacial and craniofacial surgery has been rapidly adopted 
globally.6 It aids in the accurate assessment of deformities, 
enables precise osteotomies and reconstructions, and facil
itates customization of surgical guides and implants.7 By pro
viding a virtual roadmap for the surgical procedure, VSP helps 
minimize intraoperative imperfections and reduce the margin 
of error.8 This technology also enhances communication among 
the surgical team and improves patient understanding and 
consent by offering a visual representation of the planned 
surgery.6 

Recent studies have underscored the transformative impact 
of VSP in craniofacial surgery, noting significant improvements 
in preoperative planning accuracy, surgical precision, and re
ductions in surgical time.9–11 However, the integration of VSP is 
not without challenges. Issues such as inadequate commu
nication between surgeons and engineers, as well as soft tissue 
impedance to bony movements, are some ongoing concerns.6 

Despite these advancements and obstacles, there is a lack of 
comprehensive studies evaluating the accuracy, cost-effec
tiveness, and impact of VSP on surgical duration across dif
ferent craniomaxillofacial procedures. Although previous 
research has primarily focused on VSP’s role within specific 
procedural domains—including orthognathic surgery, trauma 
reconstruction, craniosynostosis repair, and oncologic re
constructions—there is a pressing need for a broad, up-to-date 
overview of the main outcomes to better understand how VSP is 
used across craniomaxillofacial surgery as a whole. This study 
aimed to address that gap by providing a high-level analysis of 
the accuracy, operative time, and cost-effectiveness of VSP by 
offering a comprehensive perspective of its current role and 
potential impact in modern surgical practice. 

Methodology 

Literature search 

This study was conducted following the preferred reporting 
items for systematic reviews and meta-analyses (PRISMA) 2020 
guidelines. The search strategy was designed by an experienced 
research librarian and was not formally registered. The com
pleted PRISMA checklist and flow diagram are provided as  
Supplementary Files 1 and 2. The structured methodology fo
cused on human subjects within the last 10 years to ensure the 
inclusion of the most current and pertinent data. The search 
was performed across several databases, including PubMed, 
MEDLINE, Scopus, Embase, and the Cochrane Library, from 
January 2013 to August 2023. Predefined search terms were 
used to identify relevant studies, including “Virtual surgical 

planning,” “VSP,” “Surgical planning,” “3D printing,” and 
“Craniofacial surgeries,” or “Craniomaxillofacial surgeries,” or 
“Maxillofacial surgery.” Only studies published in English were 
included to maintain consistency in the review process and 
reliability in data extraction. 

Study selection process 

After the search was completed, 2 reviewers (H.H. and A.M.P.) 
assessed the results against the title and abstract in accordance 
with pre-established inclusion and exclusion criteria. Conflicts 
were resolved through consultation with a third author (S.H.) 
until a consensus was achieved. Full texts were screened to 
ascertain suitability for final inclusion. Covidence (a web-based 
collaboration software platform that streamlines the produc
tion of systematic and other literature reviews) was used to 
assist in managing the literature and screening process.12 The 
inclusion criteria encompassed articles using VSP technologies, 
including augmented or virtual reality, 3D printing, and com
puter-aided designs. Studies must describe at least one out
come: operative time, accuracy, or total cost of the 
intervention. Exclusion criteria were to exclude non-English 
studies and those that did not detail VSP. The quality of evi
dence was assessed using the Newcastle-Ottawa Scale. 

Data extraction 

The extracted variables from each study included the article 
title, year of publication, last author’s name, study design, 
sample size, operative time, and cost in U.S. dollars. 

The main outcomes were categorized into 3 key areas: ac
curacy, operative time, and cost-effectiveness. Accuracy was 
assessed using several metrics, including deviation in milli
meters (mm), angular deviation in degrees (°), matching per
centage (%) (which quantifies how closely the final surgical 
outcomes align with the planned anatomy), and anatomical 
volumetric outcomes in cubic millimeters (mm³). 

Cost reporting varied across the included studies, with in
consistencies in methodology and level of detail. To standardize 
the analysis, cost data were categorized into 3 main groups: 
material cost only, material and other costs, and operation 
costs. Material cost only included, but was not limited to, ar
tificial bone flaps, customized cranial prostheses, plastic layers 
and composition materials, bioplastic filament coils, wax sup
porters, and plastic wires. Material and other costs en
compassed additional expenses such as software, labor, 
imaging, and 3D printing. Operation cost included in
traoperative surgical expenses and costs associated with op
erative time. All costs were reported in U.S. dollars, and for 
studies using other currencies, values were converted based on 
the average exchange rate for the corresponding year. 

Operative time was measured in hours, and data were 
collected for the VSP group and, where available, the non- 
VSP group. 

Statistical analysis 

For the meta-analysis, we used the R software (version 4.3.1) to 
perform a random-effects model, accounting for variations in 
study designs and demographics. We calculated the mean and 
mean difference for continuous data, and the median, 
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interquartile range, and median difference for non-normally 
distributed continuous data. The odds ratio was calculated for 
the binary data, which are presented with 95% confidence in
tervals. Statistical significance was set at P < 0.05. 
Heterogeneity was significant if I2 exceeded 50% or the -value 
was < 0.05. 

Results 

The primary search in the targeted database resulted in 
1378 articles. Among these, 510 duplicates were removed. 
Among the 868 studies, 551 were excluded based on the 
exclusion criteria outlined earlier. From the remaining 317 
studies, only 146 were included in the final analysis fol
lowing the authors’ consensus (Supplementary File 3). 

VSP and accuracy 

Out of the 146 articles identified, 81 reported on accuracy. 
Among these, 12 studies provided data regarding accuracy 
for control and experimental groups, while 69 reported 
accuracies only for the VSP group. 

Deviation 

Eight studies measured accuracy by reporting the deviation 
in mm for VSP and non-VSP groups (Figure 1). Only 4 of these 
studies found statistically significant differences between 
the groups. The median deviation for the VSP group across 
these 8 studies was 1.14 mm (IQR, 0.495–1.785 mm). For the 
non-VSP group, the median deviation was 1.83 mm (IQR, 
1.1–2.56 mm). The difference in medians was 0.69 mm (95% 
CI: −1.37 to 1.96 mm) (P = 0.46). 

An additional 63 studies reported accuracy in mm only 
for the VSP group, with a median deviation of 0.985 mm 
(IQR, 0.418–1.553 mm), compared to that of the non-VSP 
groups reported earlier, which had a median difference of 
1.825 mm (95% CI: −0.245 to 1.98 mm) (P = 0.07). 

Angular deviation 

Four studies compared angular deviation between VSP and 
non-VSP groups, with only 2 of these studies reporting sta
tistically significant differences between the group. The 
VSP group had a mean angular deviation of 2.67° (SD = 
3.57°), while the non-VSP group had a mean deviation of 
3.32° (SD = 3.56°), with a mean difference (MD) of 0.65° 
(95% CI: −4.29 to 5.60) (P = 0.805). 

Another 18 studies reported angular deviation only for 
the VSP group, with a median of 1.24° (IQR, 0.37–2.11°). 
When comparing these results to those of the studies that 
reported non-VSP group data, the median difference was 
0.66° (95% CI: −0.54 to 7.37°) (P = 0.38) (Figure 2). 

Matching percentage 

Nine studies assessed accuracy by measuring the matching 
percentage, with only 3 studies comparing the VSP and non- 
VSP groups. Among these 3 studies, only 2 reported statis
tically significant differences between the VSP and non-VSP 
groups. The VSP group in these 3 studies reported average 
matching percentages of 96.12% (SD = 3.80), while the non- 
VSP group had an average of 87.5% (SD = 9.7). The MD was 
8.62% (95% CI: −3.26 to 20.50) (P = 0.264). 

The other 6 studies reported matching percentages only for 
the VSP group, with a mean of 87.38% (SD = 17.05). When 
compared to the studies that reported matching percentages 
for the non-VSP group, the MD was −0.115 (95% CI: −17.69 to 
17.46), indicating no statistical difference (P = 0.90). 

Volume 

Three studies reported anatomical volumetric outcomes using 
VSP. Among these, only 1 study by Luu et al. compared the 
volume differences between the VSP and non-VSP groups; it 
showed that VSP significantly reduced osteotomy gap volumes 
in mandibular surgery, with the VSP group averaging 
104.53 mm³ compared to 354.73 mm³ in the non-VSP group.13 

The other 2 studies reported volumetric changes only for the 
VSP group. A study by Lazzarotto et al. used VSP in orthognathic 
surgery to enhance aesthetic outcomes through precise fat 

Figure 1 Accuracy comparison of the VSP and non-VSP groups in mm. This figure represents studies that have compared the VSP 
and non-VSP groups in terms of accuracy outcomes, measured in mm. The blue dots indicate the accuracy in the VSP group, while 
the red dots represent the non-VSP group. The studies included in this comparison are listed on the left, and the horizontal axis 
shows the deviation in mm. Mean, median (Med), and root mean square (RMS) values are also provided for comparison. 
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grafting, revealing a MD of 6.01 cm³ between the clinically es
timated injected volume and volume verified post-operatively 
through CT imaging. They concluded that this method sig
nificantly restored facial convexity and cheekbone contour.14 

Tel et al. applied VSP in surgeries for complex craniofacial tu
mors, documenting a precise match with a MD of 1.226 cm³ 
between planned and actual volumes, thereby improving ac
curacy and patient safety.15 

Operative time 

Fifty-nine studies assessed the operative time, with 25 
comparing the VSP and non-VSP groups. Eight of these stu
dies reported statistically significant shorter durations for 
the VSP group. The mean operative time for the VSP group 
in these 25 studies was 3.7 h (SD = 2.84 h), compared to 
4.32 h (SD = 3.28 h) for the non-VSP group, with a MD of 
−0.62 h (95% CI: −2.32 to 1.08) (P = 0.477). Thirteen of the 
25 studies provided data for meta-analysis. The common 
effect model showed a MD of −0.264 h (approximately 
16 min), and the random-effects model showed a MD of 
−0.442 h, indicating substantial variability (I² = 71%, P < 
0.01). The remaining 34 studies reported an average op
erative time of 3.88 h (95% CI: 2.74 to 5.02; SD = 3.27 h) for 
VSP group only, which was shorter than the non-VSP times 
reported by the 25 studies, though the difference was not 
statistically significant (P = 0.61) (Figures 3 and 4). 

Cost 

Forty-seven studies explored the cost analysis for VSP, cov
ering materials only, materials and other combined ex
penses, and operation costs. 

Material cost 

Twenty-eight studies examined the material costs for VSP. 
Five of these studies compared the costs between the VSP 
and non-VSP groups. Four of these studies reported statis
tically significant differences between the groups. The 
average cost reported by these 5 studies was $2127.95 (SD = 
$1630.19) for the VSP group and $3416.36 (SD = $1972.16) 
for the non-VSP group, with a MD of $1288 (95% CI: −954 to 
3531; P = 0.294). 

One of the 28 studies reported the material cost for only 
the printed skull in the non-VSP group, with an average of 
$12.16 The remaining 22 studies reported costs for only a 
few, more basic materials, such as bioplastic filament coils 
and plastic component materials, exclusively for the VSP 
group. The mean cost was $141.19 (SD = $257.44). 

In comparison, the mean of the reported material costs for 
all the non-VSP group in all studies was $2849 (SD = $2245), 
while it was $509 (SD = $1039) for the VSP group. The MD was 
$2339.85 (95% CI: $72 to $4752; P = 0.05) (Figure 5). 

Material and other costs 

Seventeen studies reported costs for materials and other ex
penses. Four studies compared the VSP and non-VSP groups. 
Among these, 2 studies reported a statistically significant lower 
cost for the VSP group compared to the non-VSP group.17 One 
study reported no statistically significant difference,18 and one 
study reported a significantly higher cost for the VSP group 
compared to the non-VSP group.19 The average costs reported 
by the 4 studies were $7205.38 (SD = $11,577) for VSP and 
$8219.70 (SD = $11,784.26) for non-VSP, with a MD of $1014.31 
(95% CI: −15,175 to $17,203; P = 0.906). 

Figure 2 Accuracy comparison of the VSP and non-VSP groups in angular deviation. This figure compares the accuracy, measured 
in angular deviation (°), between the VSP and non-VSP groups. Blue dots represent VSP group data, while the red dots represent the 
non-VSP group data. Mean, median (Med), and maximum (Max) values are shown. 
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Contrastingly, 12 studies reported the cost of materials 
and other equipment solely for the VSP group, and one 
study reported these costs only for the non-VSP group.20 

The average VSP cost reported by the 12 studies was 

$3042.19 (SD = $3075.62). The average cost for materials 
and other expenses reported by all studies for the non-VSP 
group was $8175.76 (SD = $10,205). The MD was found to be 
$5133 (95% CI: −3979 to $14,246; P = 0.327). 

Figure 3 Operating times for the VSP and non-VSP groups. This figure compares the operating times, measured in hours, between 
the VSP and non-VSP groups. Blue dots represent VSP group data, while the red dots represent non-VSP group data. 
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Operation cost 

Two studies reported operating costs for the VSP and non- 
VSP groups. King et al. estimated costs of $2306 (95% CI: 
$2094 to $2518) for the non-VSP group and $698 (95% CI: 

$668 to $728) for the VSP group, with a statistically sig
nificant difference (P < 0.0001).21 Rogers-Vizena et al. 
found a cost difference of $1036 (P = 0.2), noting that al
though the difference was not statistically significant, it 
was clinically significant in favor of VSP.22 

Figure 4 Meta-Analysis of operative time for the VSP and non-VSP groups. This figure shows a meta-analysis comparing operative 
times between the VSP and non-VSP groups. It includes mean differences (MD) and 95% confidence intervals (CI) for each study. 
Overall, VSP reduces the operative time, with an effect size of −0.264 (common effect model) and −0.442 (random-effects model). 

Figure 5 Material costs for the VSP and non-VSP groups. This figure compares the material costs between the VSP and non-VSP 
groups. Blue dots represent VSP group data, while the red dots represent non-VSP group data. The studies included in this com
parison are listed on the left, with costs shown on the horizontal axis in USD. 
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Discussion 

This large-scale meta-analysis of VSP in craniomaxillofacial 
surgery encompasses a broad geographic scope, including stu
dies from multiple countries (Table 1 and Figure 6). It aimed to 
provide surgeons with a general comprehensive overview of 
VSP’s main outcomes and, where possible, compare them to 
non-VSP groups. Although VSP demonstrates potential benefits, 
the evidence for its superiority remains inconsistent across 
different studies and outcome measures. 

Accuracy 

The analysis demonstrated that although 50% of the studies 
assessing mm deviations and angular accuracy found significant 
improvements with VSP, the overall pooled results across all 
included studies did not show a statistically significant differ
ence. This discrepancy may stem from variations in the mea
surement methods used across studies and the fact that not all 
factors influencing accuracy were fully accounted for. For in
stance, Sharaf et al. introduced geometric algebraic principles, 
highlighting that accuracy depends not only on mm and angular 
deviations but also on rotational components.23 Additionally, a 
separate meta-analysis by Chen et al. compared VSP to tradi
tional surgical planning (TSP) and found that although the 2 
methods were similar in terms of hard tissue accuracy, VSP 
demonstrated superior precision in soft tissue alignment and 
facial symmetry in orthognathic surgeries, suggesting its po
tential superiority over TSP. These findings highlight the ability 
of VSP to improve bony reconstructions and overall aesthetic 
and functional outcomes, which are critical in craniofacial 
procedures.24 

Table 1 Geographical distribution of the included studies.    

Country of Origin Number (%)  

Argentina 1 (0.6%) 
Australia 3 (2.0%) 
Austria 2 (1.3%) 
Belgium 4 (2.7%) 
Brazil 4 (2.7%) 
Canada 3 (2.0%) 
China 26 (17.8%) 
Denmark 1 (0.6%) 
Egypt 3 (2.0%) 
France 7 (4.7%) 
Germany 8 (5.4%) 
India 3 (2.0%) 
Iran 1 (0.6%) 
Italy 12 (8.2%) 
Japan 2 (1.3%) 
Malaysia 1 (0.6%) 
Mexico 4 (2.7%) 
Netherlands 5 (3.4%) 
Poland 3 (2.0%) 
Singapore 1 (0.6%) 
South Korea 7 (4.7%) 
Spain 5 (3.4%) 
Sweden 2 (1.3%) 
Switzerland 3 (2.0%) 
Taiwan 3 (2.0%) 
Turkey 1 (0.6%) 
UK 3 (2.0%) 
USA 28 (19.1%) 
This table displays the countries of origin of the studies, along 
with the number of studies from each country.  

Figure 6 Global geographical distribution of the included VSP studies. This figure demonstrates the geographical distribution of 
the included studies. 
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Operative time 

Eight studies (32%) comparing the VSP and non-VSP groups re
ported a statistically significant reduction in operative time. 
However, the overall meta-analysis of pooled data across all 
studies did not show a statistically significant difference. 

This finding may appear contradictory to some reports in the 
literature. For instance, Andrew et al. demonstrated that VSP 
reduced operative time in craniosynostosis repair, with shorter 
durations observed for single-suture and multiple-suture op
erations.25 They also noted that operative time further de
creased as surgeons became more familiar with the technique. 
Similarly, Mazzola et al. compared operative times in head and 
neck surgery and found a significantly lower mean procedure 
time in the VSP group (507.38 vs. 561.75 min, P = 0.042).18 

These results could be explained by the high variability in study 
designs, procedure types, and measurement methods. Although 
individual studies reported significant reductions, differences in 
surgical complexity, surgeon experience, and institutional pro
tocols may have diluted the overall effect. Additionally, the 
lack of standardized definitions for operative time and the 
presence of small sample sizes in several studies may have 
limited the statistical power to detect a significant difference. 

Cost-effectiveness 

The cost-effectiveness of VSP in craniomaxillofacial surgery is 
influenced by various factors. Although VSP often reduces ma
terial costs compared to traditional methods, these savings can 
be offset by higher expenses for software, labor, and imaging. 
Schneider et al. found that although VSP reduced surgery 
durations, it increased the overall costs by approximately $500 
due to higher material expenses.19 Despite these initial costs, 
the potential for shorter operative times, reduced hospital 
stays, and improved surgical precision with VSP may offer long- 
term financial benefits.18 A study by Resnick et al. found that 
VSP for bimaxillary orthognathic surgery is less expensive and 
requires significantly less time than standard planning. The 
average costs for VSP were $2765.94, compared to $3519.18 for 
standard planning.26 Furthermore, the improved accuracy of 
VSP may decrease the necessity for secondary surgeries, po
tentially offsetting its higher upfront costs. Nonetheless, there 
is a scarcity of data on the rate of revision surgeries, making it 
difficult to accurately predict the long-term cost savings of VSP. 
Given this gap, further research is needed. The first author 
(BAS), co-director of a multidisciplinary oculofacial plastic sur
gery clinic, highlights that those secondary reconstructions are 
more common than reported, underscoring the need for a 
collaborative multicenter study to assess their prevalence fol
lowing suboptimal primary reconstructions. 

Limitations 

This study does not stratify findings by specific procedure types 
(e.g., orthognathic surgery, craniofacial reconstruction, and 
craniosynostosis repair). This approach was intentionally 
chosen to provide a broad, comprehensive analysis of VSP 
across the entire field. Future research could expand on this by 
conducting procedure-specific meta-analyses to better de
lineate the advantages and limitations of VSP within each sur
gical category. Additionally, considerable variability exists in 

the study designs, surgical procedures, and reported outcomes, 
which affects the generalizability of the findings. For example, 
cost reporting across studies was inconsistent, with variations in 
methodology and categorization, making it difficult to establish 
a comprehensive view of overall expenses. Economic factors 
such as inflation rates also varied across the different study 
timelines, further complicating cost comparisons. 

Several of the included studies are retrospective with 
small sample sizes, potentially introducing selection and 
conclusion biases. Differences in technology and practi
tioner expertise across institutions further contribute to 
inconsistent results. Furthermore, VSP’s learning curve and 
its primary focus on bony reconstructions—without ade
quately addressing soft tissue interactions—add complexity 
to assessing its overall efficacy and cost-effectiveness. 

Conclusion 

Our systematic review and meta-analysis synthesized findings 
from 146 included studies evaluating the utility of VSP globally 
in craniomaxillofacial surgery. We found no statistically sig
nificant differences in accuracy (linear and angular positioning), 
operative time, or cost when compared to traditional planning 
methods; however, VSP showed favorable trends across these 
outcomes. Volumetric outcomes, though assessed in a limited 
number of clinical studies, indicated the utility of VSP in 
achieving anatomical accuracy in complex reconstructions and 
aesthetic procedures. 

Considering all variables, VSP remains an evolving tech
nology with potential benefits that may not have been fully 
documented due to the heterogeneity of study methodolo
gies, procedure types, and reporting discrepancies. For in
stance, long-term clinical outcomes in complex oncologic or 
primary trauma reconstruction have not been studied. High- 
level financial analysis of VSP’s impact on health care costs 
and the psychosocial impact on patients when revisional 
surgery rates are reduced may offer downstream benefits 
that are yet to be captured in the current literature. These 
results underscore the need for more rigorous, procedure- 
specific analyses to ascertain whether VSP offers clinically 
significant advantages across different surgical domains. 
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