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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

Introduction

Orthognathic surgery is a well-established treatment for
dentofacial deformities aimed at achieving functional
improvement, facial harmony, and enhanced quality of
> Yuki Kunisada life [1, 2]. Although contemporary techniques demon-
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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.
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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:

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

e (ases 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.

@ Springer
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Patients who underwent orthognathic surgery
2019 (n=102)

2020 (n = 108)
2023 (n = 154)
2024 (n = 154)

\

.

Excluded:
Transition period (2021-2022):
Introduction and optimization of three-dimensional surgical simulation

-

(alveolar osteotomy, plate removal, SARPE)

.

Excluded:
Cases combined with genioplasty or non-orthognathic procedures
(e.g., tooth extraction, cyst enucleation, sialolith removal)

-

Excluded:
Orthognathic procedures with insufficient case numbers for procedure-specific analysis
(Horseshoe-LF1 + IVRO, Segmental-LF1 + IVRO)

N\
Excluded:
Orthognathic procedures outside the study scope

n

Final study population included in the analysis
(n = 344)

T . T . T . S . S .

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

@ Springer

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-LF1 combined with IVRO, were excluded. The remaining
cases constituted the final study population (n=344) included in the
analysis
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3D-VSP and Additive Manufacturing Workflow

Virtual Osteotomy &
Interference Evaluation

Preoperative CT
Image Segmentation
& 3D Reconstruction,

1.0mm Slice

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

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.

Splint Design (CAD) &
In-house 3D Printing

Digital Occlusion

Plannin -
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Double-splint protocol
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urgery

—)

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

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.

@ Springer
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Table 1 Patient characteristics before and after implementation of three-dimensional virtual surgical planning (3D-VSP)

Operative time Blood loss
Type of 3D-VSP Sex Age (years)
Total (min) (mL)
Osteotomy implementation
Female Male Mean SD Mean SD Mean SD

Before 14 12 2 23.2 74 959 226 28.6 30.6
IVRO

After 10 8 2 27.8 6.9 113.2 40 38.5 48.2

Before 30 24 6 24.1 76 1758 413 88.3 75.2
SSRO

After 60 44 16 26 9.7 1488 345 62.1 65.4

Before 17 16 1 26.5 9.1 2246 448 145 190.3
LF1+IVRO

After 19 14 5 27.8 93 2172 408 77.6 59.2

Before 38 26 12 31.1 12.8 3252 417 1984 170.3
LF1+SSRO

After 88 65 23 27.4 8.4 2798 51.8 1884 371.3
Horseshoe Before 5 4 1 26.6 75 3374 227 251 166
LF1+SSRO  After 12 10 2 28.7 72 2945 497 189.2 158.4
Segmental Before 14 11 3 26.7 115 384 57.4 3011 1957
LF1+SSRO  After 37 30 7 30.3 10.3 3356 41.2 240.1 1545

Values are presented as mean + SD unless otherwise indicated.

Operative time is expressed in minutes and blood loss in milliliters.

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. 5A, C).

@ Springer

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.
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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,

@ Springer
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Table 2 Multivariable linear regression analysis of factors associated with operative time (minutes)

Table 2. Multivariable linear regression analysis of factors associated with operative time (minutes)

Type of Osteotomy Variable B (95% CI, minutes) p-value
3D-VSP implementation (After vs Before) -8.1 (-43.8,27.5) 0.630
Age (years) +0.25 (-2.3,2.8) 0.830
IVRO
Male sex +0.6 (-61.1,62.4) 0.980
With less experienced surgeon +64.2 (18.7, 109.7) 0.009*
3D-VSP implementation (After vs Before) -36.3 (-52.2, -20.5) <0.001***
Age (years) -0.65 (-1.45, 0.16) 0.110
SSRO
Male sex +25.5 (8.4, 42.5) 0.009*
With less experienced surgeon +25.9 (9.1, 42.8) 0.003*
3D-VSP implementation (After vs Before) -11.3 (-48.5, 25.8) 0.540
Age (years) -0.07 (-1.9,1.7) 0.940
LF1 +IVRO
Male sex -3.0 (-53.4, 47 .3) 0.900
With less experienced surgeon +16.8 (-39.4, 73.0) 0.550
3D-VSP implementation (After vs Before) -50.3 (-69.3, -31.2) <0.001***
Age (years) -0.47 (-1.3,0.37) 0.270
LF1 + SSRO
Male sex +31.8 (13.4, 50.2) <0.001***
With less experienced surgeon +15.3 (-3.2,33.7) 0.100
3D-VSP implementation (After vs Before) -41.7 (-94.7,11.3) 0.110
Horseshoe LF1 + SSRO  Age (years) -0.12 (-3.6, 3.4) 0.940
Male sex +29.3 (-33.5,92.2) 0.330
3D-VSP implementation (After vs Before) -42.3 (-71.1, -13.5) 0.005*
Age (years) -0.88 (-2.1,0.34) 0.150
Segmental LF1 + SSRO
Male sex +23.4 (-8.4,55.3) 0.150
With less experienced surgeon -19.9 (-55.1,15.4) 0.260

All models were adjusted for age, sex, and surgeon experience.
f indicates the regression coefficient representing change in operative time (minutes).

Values in parentheses represent 95% confidence intervals.
Bold values indicate statistical significance.
*P <0.05, **P < 0.01, ***P <0.001.

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.
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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].
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Table 3 Multivariable linear regression analysis of factors associated with intraoperative blood loss (mL)

Table 3. Multivariable linear regression analysis of factors associated with intraoperative blood loss (mL)

Type of Osteotomy Variable B (95% CI, mL) p-value
3D-VSP implementation (After vs Before) -9.9 (-56.8, 36.9) 0.660
Age (years) ~1.78 (=5.10,/1.53) 0.270
IVRO
Male sex +58.5 (-22.6, 139.6) 0.140
With less experienced surgeon +53.6 (-6.2,113.3) 0.075
3D-VSP implementation (After vs Before) -31.8 (-61.4, -2.3) 0.035*
Age (years) -1.71 (-3.21, -0.22) 0.025*
SSRO
Male sex +59.1 (27.3, 90.9) <0.001***
With less experienced surgeon +6.0 (-25.5, 37.5) 0.700
3D-VSP implementation (After vs Before) -68.2 (-187.9, 51.4) 0.250
Age (years) -1.44 (-7.3,4.4) 0.620
LF1 +IVRO
Male sex +41.3 (-121.1, 203.7) 0.610
With less experienced surgeon -37.2 (-218.3, 143.9) 0.680
3D-VSP implementation (After vs Before) +11.8 (-117.1, 140.7) 0.860
Age (years) -1.23 (-6.9,4.4) 0.670
LF1 + SSRO
Male sex +196.8 (72.3, 321.4) 0.002*
With less experienced surgeon -49.8 (-174.6,75.0) 0.430
3D-VSP implementation (After vs Before) -62.2 (-262.2, 137.8) 0.510
Horseshoe LF1 + SSRO  Age (years) +0.46 (-12.8,13.7) 0.940
Male sex +16.8 (-220.2, 253.9) 0.880
3D-VSP implementation (After vs Before) -51.9 (-155.6, 51.8) 0.320
Age (years) -1.66 (-6.1,2.7) 0.450
Segmental LF1 + SSRO
Male sex +134.5 (19.8, 249.3) 0.023*
With less experienced surgeon +2.6 (-124.3, 129.6) 0.970

All models were adjusted for age. sex, and surgeon experience.

f indicates the regression coefficient representing the change in intraoperative blood loss (mL).
Values in parentheses represent 95% confidence intervals.

Bold values indicate statistically significant associations.

*P <0.05, **P <0.01, ***P <0.001.

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
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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

@ Springer

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.

Author contributions Author ContributionsYuki Kunisada (YK):
Conceptualization, Methodology, Surgical planning and preoperative
simulation, Surgical procedures, Formal analysis, Data interpretation,
Writing — original draft. Norie Yoshioka (NY), Akiyoshi Nishiyama
(AN): Surgical planning and preoperative simulation, Surgical pro-
cedures, Writing — review & editing. Masanori Masui (MM), Koichi
Kadoya (KK), Hiroaki Takakura (HT), Koki Umemori (KU), Kyoichi
Obata (KOb), Kisho Ono (KOn): Surgical procedures, Surgical plan-
ning and preoperative simulation, Investigation, Data curation. Soichi-
ro Ibaragi (SI): Conceptualization, Surgical planning and preoperative
simulation, Surgical procedures, Supervision, Project administration,
Writing — review & editing. All authors have read and approved the
final version of the manuscript.

Funding Open Access funding provided by Okayama University. This
study did not receive any specific grants from funding agencies in the
public, commercial, or nonprofit sectors.

Data availability The datasets generated and/or analyzed during the
current study are not publicly available due to ethical restrictions and
patient privacy concerns, but are available from the corresponding
author on reasonable request.

Declarations

Consent to participate The requirement for informed consent was
waived by the Institutional Review Board because of the retrospective
nature of the study and the use of anonymized clinical data.

Ethics approval This study was approved by the Institutional Review
Board of Okayama University (Approval No. 2507-069).

Declaration of generative Al and Al-assisted technologies in the manu-
script preparation process During the preparation of this study, the au-
thors used ChatGPT/OpenAl in order to assist with English language
editing, including spelling and grammar checks. After using this tool/
service, the authors reviewed and edited the content as required and
took full responsibility for the content of the published article.

Clinical trial number Not applicable.

Competing interests YK has received honoraria for lectures from Ma-
terialise. The other authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Al-Asfour A, Waheedi M, Koshy S (2018) Survey of patient
experiences of orthognathic surgery: health-related quality of
life and satisfaction. Int J Oral Maxillofac Surg 47(6):726-731.
https://doi.org/10.1016/j.ijom.2017.12.010

2. Meger MN, Fatturi AL, Gerber JT, Weiss SG, Rocha JS, Scariot
R, Wambier LM (2021) Impact of orthognathic surgery on quality
of life of patients with dentofacial deformity: a systematic review
and meta-analysis. Br J Oral Maxillofac Surg 59(3):265-271.
https://doi.org/10.1016/j.bjoms.2020.08.014

3. Altwaijri A (2024) Minimally invasive approaches in orthog-
nathic surgery: a narrative review of contemporary techniques
and their clinical outcomes. J Pharm Bioallied Sci 16(Suppl
2):S1652-S1656. https://doi.org/10.4103/jpbs.jpbs_1226_23

4. Salma RG, Al-Shammari FM, Al-Garni BA, Al-Qarzace MA
(2017) Operative time, blood loss, hemoglobin drop, blood trans-
fusion, and hospital stay in orthognathic surgery. Oral Maxillofac
Surg 21(2):259-266. https://doi.org/10.1007/s10006-017-0626-1

5. Starch-Jensen T, Hernandez-Alfaro F, Kesmez O, Gorgis R,
Valls-Ontanon A (2023) Accuracy of orthognathic surgical plan-
ning using three-dimensional virtual techniques compared with
conventional two-dimensional techniques: a systematic review. J
Oral Maxillofac Res 14(1):el. https://doi.org/10.5037/jomr.2023.
14101

6. Anwar M, Harris M (1990) Model surgery for orthognathic plan-
ning. Br J Oral Maxillofac Surg 28(6):393-397. https://doi.org/1
0.1016/0266-4356(90)90037-1

7. Bell WH, Jacobs JD, Quejada JG (1986) Simultaneous reposi-
tioning of the maxilla, mandible, and chin. Treatment planning
and analysis of soft tissues. Am J Orthod 89(1):28-50. https://doi
.org/10.1016/0002-9416(86)90110-7

8. Farrell BB, Franco PB, Tucker MR (2014) Virtual surgical plan-
ning in orthognathic surgery. Oral Maxillofac Surg Clin North
Am 26(4):459—-473. https://doi.org/10.1016/j.coms.2014.08.011

9. Gupta S (2025) Effectiveness of traditional and virtual surgical
planning in orthognathic surgery: a systematic review and meta-
analysis. Cureus 17(2):¢79033. https://doi.org/10.7759/cureus.79
033

10. Sen E, Duran H, Sari M, Akbulut N, Demir O (2024) Orthog-
nathic surgery improves quality of life: a survey -clinical
study. BMC Oral Health 24(1):844. https://doi.org/10.1186/s1
2903-024-04638-3

11. Gaber RM, Shaheen E, Falter B, Araya S, Politis C, Swennen
GRJ, Jacobs R (2017) A Systematic Review to Uncover a Uni-
versal Protocol for Accuracy Assessment of 3-Dimensional Vir-
tually Planned Orthognathic Surgery. J Oral Maxillofac Surg
75(11):2430-2440. https://doi.org/10.1016/j.joms.2017.05.025

12. Tabchi Y, Zaoui F, Bahoum A (2023) Accuracy of hard and soft
tissue prediction using three-dimensional simulation software
in bimaxillary osteotomies: a systematic review. Int Orthod
21(4):100802. https://doi.org/10.1016/j.0rtho.2023.100802

13. Klasen JRS, Thatcher GP, Bleedorn JA, Soukup JW (2022) Vir-
tual surgical planning and 3D printing: methodology and appli-
cations in veterinary oromaxillofacial surgery. Front Vet Sci
9:971318. https://doi.org/10.3389/fvets.2022.971318

14. Udayakumar SIV, Kim D, Choi SY, Kwon TG (2023) 3D simu-
lation of interosseous interference in sagittal split ramus osteot-
omy for mandibular asymmetry. Maxillofac Plast Reconstr Surg
45(1):32. https://doi.org/10.1186/s40902-023-00400-x

15. Steinbacher DM (2015) Three-dimensional analysis and surgical
planning in craniomaxillofacial surgery. J Oral Maxillofac Surg
73(12 Suppl):S40-56. https://doi.org/10.1016/j.joms.2015.04.038

16. Zoabi A, Redenski I, Oren D, Kasem A, Zigron A, Daoud S, Mos-
kovich L et al (2022) 3D printing and virtual surgical planning in

@ Springer


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijom.2017.12.010
https://doi.org/10.1016/j.bjoms.2020.08.014
https://doi.org/10.4103/jpbs.jpbs_1226_23
https://doi.org/10.1007/s10006-017-0626-1
https://doi.org/10.5037/jomr.2023.14101
https://doi.org/10.5037/jomr.2023.14101
https://doi.org/10.1016/0266-4356(90)90037-l
https://doi.org/10.1016/0266-4356(90)90037-l
https://doi.org/10.1016/0002-9416(86)90110-7
https://doi.org/10.1016/0002-9416(86)90110-7
https://doi.org/10.1016/j.coms.2014.08.011
https://doi.org/10.7759/cureus.79033
https://doi.org/10.7759/cureus.79033
https://doi.org/10.1186/s12903-024-04638-3
https://doi.org/10.1186/s12903-024-04638-3
https://doi.org/10.1016/j.joms.2017.05.025
https://doi.org/10.1016/j.ortho.2023.100802
https://doi.org/10.3389/fvets.2022.971318
https://doi.org/10.1186/s40902-023-00400-x
https://doi.org/10.1016/j.joms.2015.04.038

94

Page 14 of 14

Oral and Maxillofacial Surgery (2026) 30:94

17.

18.

19.

20.

21.

oral and maxillofacial surgery. J Clin Med. https://doi.org/10.339
0/jcm11092385

Chin SJ, Wilde F, Neuhaus M, Schramm A, Gellrich NC, Rana M
(2017) Accuracy of virtual surgical planning of orthognathic sur-
gery with aid of CAD/CAM fabricated surgical splint-A novel 3D
analyzing algorithm. J Craniomaxillofac Surg 45(12):1962-1970.
https://doi.org/10.1016/j.jcms.2017.07.016

Alkhayer A, Piffko J, Lippold C, Segatto E (2020) Accuracy of vir-
tual planning in orthognathic surgery: a systematic review. Head
Face Med 16(1):34. https://doi.org/10.1186/s13005-020-00250-2
Maung MM, Hasebe D, Kasahara M, Zheng ZY, Takeuchi R,
Sakuma H, Saito D et al (2025) Stability after maxillary setback
by horseshoe Le Fort I osteotomy in skeletal class II cases. Jour-
nal of Oral and Maxillofacial Surgery Medicine and Pathology
37(1):36—41. https://doi.org/10.1016/j.ajoms.2024.05.002

Tai W, Leung YY, Li DTS (2022) Le Fort I osteotomy with seg-
mentation for the treatment of maxillary dentoalveolar protrusion:
a single-centre, 10-year outcome study. Int J Oral Maxillofac Surg
51(9):1197-1204. https://doi.org/10.1016/j.ijom.2022.01.012
Valls-Ontanon A, Ascencio-Padilla RDJ, Vela-Lasagabaster A,
Sada-Malumbres A, Haas-Junior OL, Masia-Gridilla J, Her-
nandez-Alfaro F (2020) Relevance of 3D virtual planning in
predicting bony interferences between distal and proximal frag-
ments after sagittal split osteotomy. Int J Oral Maxillofac Surg
49(8):1020-1028. https://doi.org/10.1016/j.ijom.2019.12.001

@ Springer

22.

23.

24.

25.

26.

Regan BO, Bharadwaj G (2007) The identification and protection
of the descending palatine artery in Le Fort I osteotomy: a forgot-
ten technique? Br J Oral Maxillofac Surg 45(5):412—414. https://
doi.org/10.1016/j.bjoms.2005.12.016

Park SY, Hwang DS, Song JM, Kim UK (2019) Comparison of
time and cost between conventional surgical planning and virtual
surgical planning in orthognathic surgery in Korea. Maxillofac
Plast Reconstr Surg 41(1):35. https://doi.org/10.1186/540902-01
9-0220-6

Thastum M, Andersen K, Rude K, Norholt SE, Blomlof'J (2016)
Factors influencing intraoperative blood loss in orthognathic sur-
gery. Int J Oral Maxillofac Surg 45(9):1070—1073. https://doi.org
/10.1016/j.ijom.2016.02.006

Ueki K, Marukawa K, Shimada M, Nakagawa K, Yamamoto E
(2005) The assessment of blood loss in orthognathic surgery for
prognathia. J Oral Maxillofac Surg 63(3):350-354. https://doi.or
2/10.1016/j.joms.2004.05.226

Su Z, Liu Y, Zhao W, Bai Y, Jiang N, Zhu S (2022) Digital tech-
nology for orthognathic surgery training promotion: a random-
ized comparative study. PeerJ 10:¢13810. https://doi.org/10.7717
/peerj.13810

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/jcm11092385
https://doi.org/10.3390/jcm11092385
https://doi.org/10.1016/j.jcms.2017.07.016
https://doi.org/10.1186/s13005-020-00250-2
https://doi.org/10.1016/j.ajoms.2024.05.002
https://doi.org/10.1016/j.ijom.2022.01.012
https://doi.org/10.1016/j.ijom.2019.12.001
https://doi.org/10.1016/j.bjoms.2005.12.016
https://doi.org/10.1016/j.bjoms.2005.12.016
https://doi.org/10.1186/s40902-019-0220-6
https://doi.org/10.1186/s40902-019-0220-6
https://doi.org/10.1016/j.ijom.2016.02.006
https://doi.org/10.1016/j.ijom.2016.02.006
https://doi.org/10.1016/j.joms.2004.05.226
https://doi.org/10.1016/j.joms.2004.05.226
https://doi.org/10.7717/peerj.13810
https://doi.org/10.7717/peerj.13810

	﻿Three-dimensional virtual planning reduces operative time in orthognathic surgery: a procedure-specific retrospective study incorporating additive manufacturing
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design and sample

	﻿Participants
	﻿Variables
	﻿Predictor variables

	﻿Outcome variables
	﻿Covariates

	﻿Three-dimensional virtual surgical planning and additive manufacturing workflow
	﻿Data completeness and sample size considerations
	﻿Statistical analysis

	﻿Results
	﻿Operative time
	﻿Intraoperative blood loss
	﻿Effect of 3D-VSP according to surgeon experience
	﻿Multivariable analysis

	﻿Discussion
	﻿References


