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Abstract
Purpose  Three-dimensional virtual surgical planning (3D-VSP) is increasingly used in orthognathic surgery; however, 
procedure-specific evidence regarding its real-world impact on operative efficiency and intraoperative blood loss remains 
limited. This study evaluated the association between 3D-VSP implementation and operative time, and intraoperative blood 
loss across different orthognathic procedures.
Methods  This retrospective cohort study included consecutive patients who underwent orthognathic surgery at a single 
academic institution before (2019–2020) and after (2023–2024) the full implementation of 3D-VSP integrated with in-house 
additive manufacturing (n = 344). Procedure-specific multivariable linear regression analyses were performed, adjusting for 
age, sex, and surgeon experience.
Results  After 3D-VSP implementation, operative time was reduced by approximately 36 min in sagittal split ramus oste-
otomy (SSRO), 50 min in Le Fort I (LF1) combined with SSRO, and 42 min in segmental LF1 combined with SSRO, repre-
senting a 15–20% reduction in total operative time. No meaningful reduction was observed in intraoral vertical ramus oste-
otomy (IVRO)-based procedures. A statistically significant, but modest, reduction in intraoperative blood loss was observed 
only in SSRO. The time-saving effect was independent of surgeon experience.
Conclusion  The clinical benefit of 3D-VSP in orthognathic surgery is procedure-dependent and most evident in geometri-
cally complex SSRO-based operations. These findings support the targeted implementation of digital planning and additive 
manufacturing workflows to improve operative efficiency in routine practice.

Keywords  Orthognathic surgery · Surgical planning · Three-dimensional virtual surgical planning · Operative time · 
Intraoperative blood loss · Additive manufacturing · Sagittal split ramus osteotomy
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Introduction

Orthognathic surgery is a well-established treatment for 
dentofacial deformities aimed at achieving functional 
improvement, facial harmony, and enhanced quality of 
life [1, 2]. Although contemporary techniques demon-
strate high safety and predictability [3–5], operative time 
and intraoperative blood loss remain important clinical 
considerations, particularly in complex bimaxillary pro-
cedures. Prolonged operative time may increase anes-
thesia exposure, perioperative resource utilization, and 
institutional workload, whereas excessive bleeding may 
impair surgical visibility and perioperative recovery.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10006-026-01579-9&domain=pdf&date_stamp=2026-5-29
https://doi.org/10.1007/s10006-026-01579-9
mailto:de16013@s.okadai.jp


1 3

   94   Page 2 of 14 Oral and Maxillofacial Surgery           (2026) 30:94 

Historically, conventional orthognathic planning 
has relied on model surgery using physical casts [6–8]. 
Although widely adopted, this workflow is time-con-
suming, labor-intensive, and susceptible to cumulative 
manual errors [5, 8–10]. Advances in digital imaging, 
segmentation, and computer-assisted design have enabled 
three-dimensional virtual surgical planning (3D-VSP), 
allowing simulation of osteotomies, evaluation of bony 
interferences, and prediction of postoperative skeletal 
relationships [5, 9, 11, 12]. Numerous studies have dem-
onstrated improved positional accuracy and reproducibil-
ity using virtual planning compared with conventional 
techniques [5, 8, 9, 11–14].

In parallel, additive manufacturing technologies have 
expanded the clinical applicability of digital planning [5, 
15]. Three-dimensional printing enables the direct fabri-
cation of intermediate and final occlusal splints, surgical 
wafers, and life-sized anatomical models using virtual 
simulations [16]. This integration facilitates accurate 
translation of the virtual plan to the operative field and 
reduces discrepancies between the planned and achieved 
skeletal movements [17]. Thus, 3D-VSP and additive 
manufacturing should be regarded as components of a 
comprehensive digital workflow rather than as isolated 
technologies.

Despite strong evidence supporting the accuracy 
of 3D-VSP, its effect on operative efficiency in routine 
clinical practice remains unclear. Previous studies have 
primarily focused on positional accuracy, stability, or 
patient-specific implant workflows, with comparatively 
limited attention paid to real-world outcomes such as 
operative time and intraoperative blood loss [17, 18]. 
Moreover, the available data are heterogeneous and often 
fail to account for surgical complexity or surgeon experi-
ence. Whether digital planning translates into clinically 
meaningful reductions in operative time and intraopera-
tive blood loss across orthognathic procedures remains 
uncertain. Therefore, the current evidence remains insuf-
ficient to determine whether 3D-VSP improves operative 
efficiency in routine practice beyond improvements in 
skeletal positional accuracy.

The clinical relevance of operative time reduction 
extends beyond statistical significance. Even moderate 
reductions may improve operating room turnover, opti-
mize resource allocation, and reduce cumulative anes-
thesia exposure in high-volume centers. Accordingly, the 
present study aimed to evaluate the procedure-specific 
impact of implementing 3D-VSP within an integrated 
digital workflow on operative time and intraoperative 
blood loss while adjusting for patient characteristics and 
surgeon experience.

Materials and methods

Study design and sample

This retrospective cohort study was conducted at the 
Department of Oral and Maxillofacial Surgery, Faculty 
of Medicine, Dentistry and Pharmaceutical Sciences, 
Okayama University, a tertiary academic medical center 
in Japan. Patients who underwent orthognathic surgery 
prior to the introduction of three-dimensional virtual 
surgical planning (3D-VSP) (January 2019–December 
2020) were compared with those treated after full imple-
mentation (January 2023–December 2024). The period 
between January 2021 and December 2022 was excluded 
as a transition phase in which the digital workflow 
and additive manufacturing processes were gradually 
introduced and standardized. This study protocol was 
approved by the Institutional Review Board of Okayama 
University (Approval No. 2507-069), and was conducted 
in accordance with the Declaration of Helsinki and the 
International Council for Harmonization Good Clinical 
Practice (ICH-GCP) guidelines. Due to the retrospective 
design and use of anonymized data, the requirement for 
informed consent was waived.

Participants

All consecutive patients undergoing orthognathic surgery 
during the study periods were screened.

Patients were categorized into the following surgical pro-
cedure groups:

 

	●   Intraoral vertical ramus osteotomy (IVRO).
	●   Sagittal split ramus osteotomy (SSRO).
	●   Le Fort I osteotomy (LF1) combined with IVRO.
	●   LF1 combined with SSRO.
	●   Horseshoe LF1 [19] combined with SSRO.
	●   Segmental LF1 [20] combined with SSRO. 

 
Inclusion criteria included patients undergoing one of the 

predefined procedures. Exclusion criteria included:

	● Procedures outside the predefined orthognathic catego-
ries (e.g., alveolar osteotomy, plate removal, and surgi-
cally assisted rapid palatal expansion).

	● Cases involving concomitant genioplasty.
	● Cases with concomitant non-orthognathic procedures.
	● Rare procedures with insufficient numbers for proce-

dure-specific analyses.
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A patient selection flow diagram is shown in Fig. 1.

Variables

Predictor variables

The primary exposure variable was the timing of 3D-VSP 
implementation (before vs. after). The procedure type was 
included as a categorical variable.

Outcome variables

The primary outcomes were operative time (minutes) and 
intraoperative blood loss (mL).

Operative time was defined as the duration from insertion 
of the pharyngeal pack after induction of general anesthesia 
to the completion of wound closure, as documented in the 
operative record.

Intraoperative blood loss was obtained from anesthesia 
records and calculated as the total suction volume minus the 
irrigation fluid volume. When available, gauze weight mea-
surements were included in the estimation. Given that oste-
otomies are performed under continuous irrigation, some 
measurement variability may occur.

Covariates

Covariates included age, sex, and surgeon experience.
Experienced surgeons were defined based on institutional 

criteria established with reference to the certification frame-
work of the Japan Society for Jaw Deformities. Surgeons 
were classified as experienced if they held either board cer-
tification or official accreditation in oral and maxillofacial 
surgery, and had independently performed more than 20 
orthognathic procedures. This case volume threshold was 
selected to provide a pragmatic and standardized definition 
of surgical experience across the study period.

Patients were classified as involving less-experienced 
surgeons when at least one primary operator did not meet 
the above criteria. In such cases, the procedure was per-
formed under the supervision of an experienced surgeon.

Surgeon experience was treated as a time-varying vari-
able, allowing individual surgeons to transition from the 
less-experienced to the experienced category as their cumu-
lative case volume increased during the study period.

Three-dimensional virtual surgical planning 
and additive manufacturing workflow

From 2023 onward, orthognathic surgery at our institution 
was performed within a structured digital workflow inte-
grating three-dimensional virtual surgical planning (3D-
VSP) and additive manufacturing.

Preoperative CT images were obtained using a stan-
dardized imaging protocol (slice thickness, 1.0 mm) and 
imported into dedicated craniofacial simulation software 
(Mimics Enlight CMF; Materialise, Leuven, Belgium).

The digital workflow consisted of image segmentation 
and three-dimensional reconstruction, followed by virtual 
osteotomy simulation. The maxillary and/or mandibular 
segments were repositioned according to predefined occlu-
sal and skeletal objectives. Bony interference between the 
proximal and distal segments was evaluated, and bone 
trimming was adjusted as necessary before finalizing the 
planned occlusion.

Based on the final virtual plan, intermediate and final 
occlusal splints were digitally designed and fabricated using 
three-dimensional printing in an in-house dental laboratory. 
For bimaxillary procedures, a double-splint (intermediate 
and final wafers) protocol was routinely employed.

In addition, life-size three-dimensional anatomical mod-
els were printed and used intraoperatively as visual refer-
ences to confirm skeletal morphology and the magnitude of 
planned segmental movements.

Patient-specific cutting guides and positioning guides 
were not used in this study.

A schematic representation of the digital workflow is 
shown in Fig. 2.

Data completeness and sample size 
considerations

Data completeness was assessed prior to analysis. Cases 
with missing primary outcome data (operative time or blood 
loss) were excluded from the analysis. No data imputations 
were performed.

Because this was a retrospective study that included all 
eligible consecutive cases during predefined periods, no 
formal a priori sample size calculations were conducted. 
However, the total sample size was considered adequate 
for detecting moderate differences in operative time based 
on the observed variance and effect sizes in preliminary 
analyses.
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Fig. 1  Flowchart of case selection for orthognathic surgery. Patients 
who underwent orthognathic surgery between 2019 and 2024. Cases 
from the transition period (2021-2022), during which three-dimen-
sional surgical simulation was gradually introduced and optimized, 
were excluded. Orthognathic procedures outside the study scope 
(alveolar osteotomy, plate removal, or surgically assisted rapid palatal 
expansion) were excluded. Cases combined with genioplasty or other 

non-orthognathic procedures were also excluded. In addition, rare 
orthognathic procedures with insufficient case numbers for procedure-
specific analysis, including Horseshoe-LF1 combined with IVRO and 
Segmental-LFl combined with IVRO, were excluded. The remaining 
cases constituted the final study population (n=344) included in the 
analysis
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Statistical analysis

Procedure-specific comparisons between the groups were 
performed using Welch’s t-test to account for unequal vari-
ances and sample sizes.

Subgroup analyses according to surgeon experience were 
performed using two-way analysis of variance (ANOVA), 
with 3D-VSP implementation (before vs. after) and surgeon 
experience (less experienced vs. experienced) as factors. 
Post hoc within-group comparisons were conducted using 
Sidak multiple-comparisons test when appropriate.

Multivariable linear regression analyses were conducted 
using R statistical software (version 4.5.1). Operative time 
and intraoperative blood loss were modeled separately 
as dependent variables. Age (continuous), sex (male vs. 
female), surgeon experience (less experienced vs. expe-
rienced), procedure type, and 3D-VSP implementation 
(before vs. after) were included as explanatory variables. 
The reference categories were female sex, experienced sur-
geon, and before implementation of 3D-VSP. The interac-
tion terms between the surgeon experience and 3D-VSP 
implementation were tested. 

Because this was a retrospective cohort study that 
included all eligible consecutive patients during the study 
period, no formal sample size calculations were performed 
a priori.

All statistical tests were two-sided, with P < 0.05 consid-
ered statistically significant. The 95% confidence intervals 
(CIs) were calculated where appropriate.

Results

A total of 344 patients were included in the analysis (118 
before and 226 after 3D-VSP). Baseline demographic and 
surgical characteristics of the patients are summarized in 
Table 1.

Operative time

Procedure-specific comparisons using Welch’s t-test dem-
onstrated significant reductions in operative time for SSRO-
based procedures following the introduction of 3D-VSP 
(Table 1; Fig. 3). Operative time decreased by approxi-
mately 27 min in SSRO (175.8 vs. 148.8 min, P = 0.0033), 
45 min in LF1 combined with SSRO (325.2 vs. 279.8 min, 
P < 0.0001), 43 min in horseshoe LF1 combined with SSRO 
(337.4 vs. 294.5 min, P = 0.0279), and 48 min in segmental 
LF1 combined with SSRO (384.0 vs. 335.6 min, P = 0.0097). 

No statistically significant differences in the operative 
time were observed between the IVRO and LF1 combined 
with IVRO groups.

Fig. 2  Schematic representation of the three-dimensional virtual sur-
gical planning (3D-VSP) and additive manufacturing workflow. Pre-
operative computed tomography (CT) images (1.0-mm slice thick-
ness) were imported into craniofacial simulation software for image 
segmentation and three-dimensional reconstruction. Virtual osteotomy 
simulation was performed, and maxillary and/or mandibular segments 
were repositioned according to finalizing the surgical plan. Based on 
the finalized virtual plan, intermediate and final occlusal splints were 

designed using computer-aided design (CAD) and fabricated via 
in-house three-dimensional printing. For bimaxillary procedures, a 
double-splint protocol was routinely employed. Life-size three-dimen-
sional printed anatomical models were also produced and used intra-
operatively as visual references to confirm skeletal morphology and 
planned segmental movements. Patient-specific cutting guides were 
not utilized
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Intraoperative blood loss

Changes in intraoperative blood loss varied across proce-
dures (Table 1; Fig. 4). Although the SSRO group showed 
a reduction of approximately 26 mL (88.3 vs. 62.1 mL), 
this difference was not statistically significant in the unad-
justed analysis. No significant differences in blood loss were 
observed among the other procedures.

Effect of 3D-VSP according to surgeon experience

To further explore whether the effect of 3D-VSP imple-
mentation differed according to surgeon experience, a two-
way ANOVA was performed with 3D-VSP implementation 
(before vs. after) and surgeon experience (less experienced 
vs. experienced) as factors in SSRO and LF1 combined with 
SSRO.

In SSRO, the operative time was significantly reduced 
after 3D-VSP implementation in both the less experienced 
group (Sidak-adjusted P = 0.0034) and experienced group 
(Sidak-adjusted P = 0.0259). Similarly, in LF1 combined 
with SSRO, operative time decreased significantly in both 
the less experienced group (Sidak-adjusted P = 0.0301) and 
experienced group (Sidak-adjusted P < 0.0001) (Fig. 5 A, C).

No statistically significant interaction was observed 
between surgeon experience and 3D-VSP implementation, 
indicating that the magnitude of time reduction was compa-
rable across experience levels.

Regarding intraoperative blood loss, no significant dif-
ferences were observed before and after implementation 
in either group, and no significant interaction was detected 
(Fig. 5B, D).

These findings suggest that the efficiency gains associ-
ated with 3D-VSP are not confined to specific levels of sur-
gical experience.

Multivariable analysis

After adjusting for age, sex, procedure type, and surgeon 
experience, 3D-VSP implementation remained indepen-
dently associated with shorter operative time in SSRO-
based procedures. No meaningful reduction was observed 
in the IVRO-based procedures.

Regarding intraoperative blood loss, a statistically signif-
icant but modest reduction was observed only in the SSRO 
group after multivariable adjustment.

Male sex was associated with longer operative time 
and greater blood loss in several SSRO-based procedures. 

Table 1  Patient characteristics before and after implementation of three-dimensional virtual surgical planning (3D-VSP)
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Fig. 3  Comparison of opera-
tive time before and after the 
introduction of three-dimensional 
simulation according to surgical 
procedure. Scatter plots show 
operative time for each othogna-
tic procedure. Each dot repre-
sents an individual patient, and 
horizontal bars indicate the mean 
± standard deviation. Statistical 
comparisons were conducted 
using Welch's t-test. IVRO, 
intraoral vertical ramus oste-
otomy; SSRO, sagital split ramus 
osteotomy; LFI+IVRO, Le Fort I 
osteotomy combined with IVRO; 
LFI+SSRO; Le Fort I osteotomy 
combined with horseshoe-
LFI+SSRO, horseshoe Le Fort 
I osteotomy combined with 
SSRO; segmental-LFI+SSRO, 
Significance levels are indicated 
as follows; n.s not significant; 
*p⩽0.05; **p⩽0.01;***p⩽0.001
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Fig. 4  Comparison of intra-
operative blood loss before 
and after the introduction of 
three-dimensional simulation 
according to surgical procedure. 
Scatter plots show intraoperative 
blood loss for each orthognathic 
procedure. Each dot represents an 
individual patient, and horizontal 
bars indicate mean ± standard 
deviation. Statistical comparisons 
were performed using Welch's 
t-test. IVRO, intraoral vertical 
ramus osteotomy; LFI+SSRO, Le 
Fort I osteotomy combined with 
IVRO; LFI+SSRO, Le Fort I 
osteotomy combined with SSRO; 
segmental-LFI+SSRO, segmental 
Le Fort I osteotomy combined 
with SSRO. Significance levels 
are indicated as follows' n.s.., not 
signficant
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Increased age was associated with slightly reduced intraop-
erative blood loss in patients with SSRO. Surgeon experi-
ence independently influenced operative time for IVRO and 
SSRO; however, no significant interaction between surgeon 
experience and 3D-VSP implementation was detected.

Detailed regression coefficients, confidence intervals, 
and P values are presented in Tables 2 and 3. 

Discussion

This retrospective cohort study evaluated the association 
between the introduction of three-dimensional virtual sur-
gical planning (3D-VSP) within a digital workflow and 
surgical outcomes, including operative time and intraop-
erative blood loss, in routine orthognathic surgery. Using 
procedure-specific analyses adjusted for patient character-
istics and surgeon experience, we found that 3D-VSP was 

associated with a significant reduction in operative time 
for SSRO-based procedures, whereas its impact on IVRO-
based procedures was limited. A statistically significant 
reduction in intraoperative blood loss was observed only in 
the SSRO group, and the magnitude of this reduction was 
relatively small. 

The reduction in operative time was most evident in 
SSRO alone and in LF1 osteotomy combined with SSRO 
procedures, with decreases ranging from approximately 36 
to 50 min. These operations require complex three-dimen-
sional repositioning and careful management of bony inter-
ference [14, 21]. In maxillary surgery, interference around 
the descending palatine vessels often necessitates meticu-
lous bone trimming, whereas in mandibular SSRO, accurate 
resolution of interference between the proximal and distal 
segments is critical [22]. Three-dimensional simulations 
enable preoperative identification of these spatial constraints 
and improve the predictability of surgical movements [14, 

Fig. 5  Effects of three-dimen-
sional simulaion on operative 
time and intraoperative blood 
loss according to surgeon experi-
ence. (A, B) Operative time (A) 
and intraoperative blood loss (B) 
in sagittal split ramus osteotomy 
(SSRO) before and after the 
introduction of three-dimensional 
simulation, stratified by surgeon 
experience(stratified into less 
experienced and experienced 
surgeons). (C, D) Corresponding 
analyses for Le Fort I oste-
otomy combined with SSRO 
(LFI+SSRO). Data are presented 
as mean ± standard deviation. 
No significant interaction was 
observed between surgeon 
experience and the introduction 
of three-dimensional simulation. 
Significance levels are indicated 
as follows: n.s., not significant; 
*p⩽0.05; **p⩽0.01;***p⩽0.001
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21]. By allowing surgeons to anticipate technical challenges 
before entering the operating room, 3D-VSP likely reduces 
intraoperative decision-making time and repeated adjust-
ments. In this context, a reduction of 36–50 min, represent-
ing approximately 15–20% of the total operative time, can 
be considered clinically relevant, particularly in complex 
bimaxillary procedures.

Previous studies have also reported several advantages 
of 3D-VSP in orthognathic surgery. Systematic reviews 
have demonstrated improved surgical accuracy and pre-
dictability compared with conventional model surgery [5, 
11, 12]. In addition, CAD/CAM-fabricated occlusal splints 
and digitally generated surgical guides facilitate more reli-
able transfer of virtual plans to the operative field [8, 17]. 

Table 2  Multivariable linear regression analysis of factors associated with operative time (minutes)
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However, most previous investigations have focused pri-
marily on positional accuracy and postoperative skeletal 
stability rather than operative efficiency. The present find-
ings extend the existing literature by demonstrating proce-
dure-specific reductions in operative time associated with 
the implementation of 3D-VSP in routine clinical practice.

From an economic perspective, implementation of 
3D-VSP requires additional resources, including plan-
ning software, personnel time, and additive manufacturing 

infrastructure [13, 16]. Although the present study did not 
include a formal cost-effectiveness analysis, the observed 
reduction of 36–50 min in SSRO-based procedures may 
have economic implications in high-volume surgical set-
tings. Operating room time represents a substantial insti-
tutional resource, and cumulative reductions in operative 
duration may contribute to improved allocation of operat-
ing room resources. However, cost structures vary across 

Table 3  Multivariable linear regression analysis of factors associated with intraoperative blood loss (mL) 
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healthcare systems, and the financial impact of 3D-VSP is 
likely context-dependent.

In addition to improving intraoperative efficiency, the 
introduction of 3D-VSP substantially shortened preopera-
tive planning time [23]. Prior to digital implementation, 
surgical planning relied on conventional model surgery per-
formed on physical casts. Transitioning to a virtual environ-
ment enables more rapid simulation of surgical movements 
and facilitates efficient revisions when modifications are 
needed. Digital adjustment of the surgical plan is particu-
larly advantageous in complex and asymmetrical cases. 
Furthermore, planning data can be stored in electronic for-
mat, eliminating the need for long-term physical storage of 
plaster models and improving data management and acces-
sibility. These workflow-related advantages may represent 
additional practical benefits of digital planning beyond 
reductions in operative time. However, preoperative plan-
ning time was not quantitatively measured in the present 
study.

In contrast, IVRO-based procedures involve more stan-
dardized osteotomy lines, limited segment repositioning, 
and less stringent three-dimensional precision requirements. 
These characteristics may inherently limit the additional 
benefits of detailed virtual planning. Therefore, the absence 
of a consistent operative time reduction in IVRO procedures 
supports a procedure-dependent rather than universal effect 
of digital planning.

With regard to intraoperative blood loss, the reduction 
observed in SSRO was small and became statistically sig-
nificant only after adjustment in the multivariable analy-
sis. Blood loss in orthognathic surgery is influenced by the 
magnitude of skeletal movement, surgical exposure, opera-
tive duration, and anatomical variability [24]. Furthermore, 
irrigation during osteotomy and estimation methods intro-
duce unavoidable variability into the measurements [25]. 
Although reduced operative time may indirectly contribute 
to decreased bleeding, this study was not designed to estab-
lish a causal relationship between 3D-VSP and hemostatic 
control. The primary observable benefit of digital planning 
in this cohort was improved operative efficiency rather than 
direct modulation of intraoperative bleeding.

Surgeon experience independently influenced operative 
time, particularly in SSRO-based procedures. Importantly, 
operative time decreased following 3D-VSP implementa-
tion across experience levels, and no interaction between 
surgeon experience and 3D-VSP was detected. This sug-
gests that digital planning enhances efficiency irrespective 
of surgeon seniority. In educational settings, 3D-VSP may 
serve as a shared spatial reference, aligning the operative 
strategies of attending surgeons and trainees [26]. Standard-
ized visualization and additively manufactured splints may 

reduce intraoperative uncertainty and facilitate structured 
communication among the surgical team.

In addition to operative efficiency, 3D-VSP provides 
several conceptual advantages that may influence surgical 
quality and consistency. Digital simulation allows objective 
visualization of skeletal discrepancies, precise quantifica-
tion of segmental movements, and reproducible communi-
cation among multidisciplinary team members. In contrast 
to conventional model surgery, virtual planning reduces reli-
ance on manual interpretation and facilitates a standardized 
workflow. These characteristics may enhance procedural 
predictability, reduce intraoperative uncertainty, and sup-
port quality control during complex orthognathic interven-
tions. Although the present study focused on operative time 
and blood loss, the broader value of 3D-VSP likely extends 
to surgical standardization and long-term reproducibility.

The present findings should be interpreted within the 
context of a comprehensive digital workflow that integrates 
virtual planning with in-house additive manufacturing of 
occlusal splints and anatomical models. The reliable trans-
fer of the virtual plan to the operative field likely contributes 
to the observed efficiency gains. However, the independent 
contributions of each workflow component could not be iso-
lated in this retrospective study.

This study has several limitations that merit consider-
ation. The before-and-after design across the two clinical 
periods introduced potential temporal confounding factors, 
including unmeasured changes in workflow, staffing, peri-
operative management, and gradual technical refinement. 
Although multivariate adjustment was performed, residual 
confounding factors related to case complexity and learning 
curve could not be excluded. Detailed anatomical variables, 
such as the magnitude of skeletal movement and asymmetry 
severity, were not available. Finally, this single-center study 
was conducted at an institution with in-house 3D printing 
capability, which may limit its generalizability to centers 
with different logistical infrastructures.

Despite these limitations, this study provides procedure-
specific real-world evidence regarding the implementation 
of three-dimensional virtual surgical planning in routine 
orthognathic surgery. In this cohort, the introduction of 
3D-VSP was most strongly associated with reduced opera-
tive time in geometrically complex SSRO-based procedures, 
whereas its effect was limited in IVRO-based procedures. 
The observed reduction in intraoperative blood loss was 
modest and confined to the SSRO group.

These findings suggest that the clinical impact of digital 
planning may be procedure-dependent rather than universal. 
Further multicenter prospective investigations incorporating 
detailed anatomical and workflow variables are warranted 
to clarify the mechanisms underlying these associations and 
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determine the clinical contexts in which digital planning 
provides the greatest value.
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