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Abstract

Three-dimensional (3D) facial scanning integrated with cone-beam computed tomogra-
phy (CBCT) has improved digital planning and postoperative assessment in orthognathic
surgery. This retrospective pilot study evaluated the accuracy of digital surgical planning,
skeletal and soft-tissue movements, and postoperative edema evolution in 12 patients
undergoing bimaxillary orthognathic surgery. Pre- and postoperative CBCT scans, facial
scans, and virtual surgical plans were analyzed. Planning accuracy was assessed by com-
paring predicted and postoperative cephalometric measurements. Skeletal and soft-tissue
displacements were evaluated using corresponding landmarks, while postoperative edema
was evaluated through 3D facial scan superimposition. Before Bonferroni correction, signif-
icant differences were observed for the SNB angle (p = 0.005) and the Mandibular Plane
Angle (p = 0.008); after adjustment, only the SNB angle remained statistically significant.
Significant positive correlations between skeletal and soft-tissue displacements were found
for Point B along the x-axis (p = 0.769, adjusted p = 0.048) and y-axis (p = 0.797, adjusted
p = 0.032), and for Pogonion along the z-axis (p = 0.988, adjusted p < 0.016). No statistically
significant differences in postoperative edema remained after Bonferroni correction. Over-
all, digital surgical planning showed good agreement between planned and postoperative
outcomes, while 3D facial scanning proved useful for evaluating soft-tissue response.

Keywords: orthognathic surgery; three-dimensional facial scanning; virtual surgical
planning

1. Introduction

Orthognathic surgery is a branch of maxillofacial surgery focused on correcting skeletal
and dentoalveolar discrepancies through three-dimensional repositioning of the maxillary
and mandibular bases. It is indicated when orthodontic treatment alone cannot restore
proper balance between masticatory function, facial aesthetics, and skeletal harmony, often
improving patients’ self-perception and psychological well-being [1,2].

Its objective is to improve facial harmony and proportions, achieve symmetry, establish
proper dental occlusion, and ensure both occlusal and skeletal stability, all within a context
of optimal periodontal, muscular, and joint health [3]. Facial analysis is essential for
diagnosis, allowing evaluation of proportions and relationships among skeletal, dental, and
soft-tissue structures [4,5]. Achieving these outcomes requires close collaboration between
the orthodontist and the maxillofacial surgeon. Preoperative orthodontic treatment is
essential for establishing proper dental alignment and preparing the dental arches for
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surgery [6]. Its main objectives are the correction of crowding and tooth rotations, flattening
of the Curve of Spee and Curve of Wilson, and appropriate positioning of the maxillary and
mandibular incisors within their respective alveolar bone bases. In selected cases, tooth
extractions may be necessary to accomplish these goals.

The accuracy and completeness of orthodontic preparation can be effectively assessed
using three-dimensional (3D) printed pre-surgical models [7]. Once the final occlusion
has been simulated and the absence of pre-contacts verified, the patient can be considered
ready for surgery.

Today, surgical planning is commonly performed using dedicated digital software
integrated with CBCT data and the patient’s facial scan. Compared with conventional
methods, three-dimensional virtual planning improves surgical accuracy and treatment
predictability of both hard and soft-tissue outcomes and enables the creation of a virtual
treatment objective (VTO) and precise digital surgical planning [7].

The postoperative phase is also crucial for treatment success. Patients are closely
monitored in the first 24-48 h, and common effects such as edema, bruising, and temporary
limitation of mandibular movement typically resolve over time.

Following surgery, increased capillary permeability induced by inflammatory medi-
ators leads to leakage of plasma and proteins into the interstitial compartment [8]. This
alteration of microcirculatory balance results in fluid shifts between vascular and interstitial
compartments, with an increase in tissue volume, particularly evident in the perioral and
perimandibular regions.

Edema generally reaches its peak within the first 48 h after surgery [9] and then
gradually decreases until complete resolution [10]. Three-dimensional monitoring of
edema through 3D scans allows objective quantification of volumetric changes in soft
tissues over time, providing useful data for evaluating the postoperative course and the
effectiveness of edema management procedures [11,12].

In recent years, facial scanners have become valuable diagnostic tools in orthodontics.
They provide non-invasive, radiation-free, high-definition 3D images of the face, enabling
detailed aesthetic analysis and improved treatment planning, and consequently better
treatment personalization [13]. Moreover, these devices are clinically reliable for routine
practice [14] and improve both patient—clinician communication and interdisciplinary
collaboration through realistic three-dimensional facial visualization [15].

Facial scans can also be integrated with CBCT data for comprehensive three-
dimensional analysis, particularly in orthognathic surgery planning. This integration
is clinically reliable [16] and enhances the accuracy, personalization, and predictability of
treatment outcomes.

Despite the increasing use of digital workflows in orthognathic surgery, the combined
evaluation of digital planning accuracy, skeletal-soft-tissue relationships, and postoperative
edema within a single three-dimensional workflow remains limited. Therefore, this retro-
spective pilot study aimed to assess the predictability of orthognathic surgery outcomes
through the assessment of hard- and soft-tissue changes. Specifically, the objectives were
to assess the accuracy of digital surgical planning in predicting postoperative hard- and
soft-tissue outcomes, to investigate the relationship between skeletal movements and the
corresponding soft-tissue response, and to evaluate the ability of three-dimensional facial
scanning to monitor postoperative edema and volumetric changes over time.

2. Materials and Methods
2.1. Sample Selection

The study sample comprised 12 patients (2 males and 10 females) who underwent
orthognathic surgery between 2023 and 2025 at the Department of Maxillofacial Surgery,

https:/ /doi.org/10.3390/app16146920


https://doi.org/10.3390/app16146920

Appl. Sci. 2026, 16, 6920

30f17

Sant’Anna Hospital, Ferrara. All patients had previously completed a phase of orthodontic
preparation at the Department of Orthodontics, University of Ferrara.

Six patients presented with skeletal Class II malocclusion, 4 with skeletal Class III
malocclusion, 1 with skeletal open bite, and 1 with severe facial asymmetry. All patients
underwent digitally planned bimaxillary orthognathic surgery, consisting of a Le Fort I
osteotomy of the maxilla and a bilateral sagittal split osteotomy (BSSO) of the mandible.
In three patients, digitally planned genioplasty was performed in conjunction with the
orthognathic procedure: one with severe facial asymmetry, one with skeletal Class 1I
malocclusion, and one with skeletal Class III malocclusion. Inclusion criteria were age
>18 years, the presence of a skeletal malocclusion requiring surgical correction, and no
history of previous orthognathic surgery. All patients were followed for a minimum of
6 months postoperatively. Exclusion criteria included age <18 years, previous orthognathic
surgery, and craniofacial syndromes or congenital craniofacial anomalies. Patients with
incomplete postoperative CBCT scans were not excluded from the study but were excluded
from specific analyses when reliable identification of the required anatomical landmarks
was not possible.

For each patient, preoperative records included intraoral and extraoral photographs,
extended field-of-view (FOV) CBCT scans, intraoral scans of the dental arches, scans of den-
tal models in surgical occlusion, and three-dimensional facial scans. Postoperative records
consisted of three-dimensional facial scans acquired at 1, 3, and 6 months after surgery,
together with an extended FOV CBCT scan obtained at least 6 months postoperatively.
CBCT scans were acquired using a NewTom VGi evo unit (NewTom, Cefla S.C., Imola,
Italy) with an extended field of view (24 x 19 cm), a voxel size of 0.3 mm, a tube voltage of
110 kV, a tube current of 9 mA, and an exposure time of 3.5 s. The same acquisition protocol
was used for all preoperative and postoperative CBCT examinations.

Some postoperative CBCT scans presented artifacts or incomplete image acquisition
involving the chin region and/or the nasal tip. As reliable landmark identification was not
possible in these areas, the corresponding patients were excluded from analyses involving
the affected landmarks and related cephalometric measurements. In accordance with
the ALARA (As Low As Reasonably Achievable) principle, no additional radiographic
examinations were performed.

In addition, two patients were unable to attend the 1- and 3-month postoperative
follow-up visits for facial scan acquisition and were therefore excluded from the analysis of
postoperative edema evolution.

Digital planning was performed using IPS Case Designer software, version 2.3.6.1 (KLS
Martin, Tuttlingen, Germany) (Figure 1A,B). The preoperative CBCT dataset was imported
into the software and oriented according to the Frankfurt horizontal plane and the facial
midline. Intraoral scans were then uploaded and integrated with scans of the dental models
in surgical occlusion to perform virtual surgical planning. The facial scan (OB] format) was
superimposed onto the skin surface reconstructed from the CBCT, enabling visualization
of the soft tissues in relation to the underlying skeletal structures (Figure 1C). Three-
dimensional facial scans were acquired using a structured-light facial scanner (EinScan H,
model 70565; Shining 3D Technology GmbH, Stuttgart, Germany) featuring a manufacturer-
reported accuracy of up to 0.05 mm and a working depth range of 200-700 mm. All
scans were performed in a controlled environment under standardized lighting conditions.
Participants were positioned according to the manufacturer’s recommendations, with
the scanner maintained at a working distance of approximately 50 cm. During image
acquisition, patients maintained a natural head position, teeth in maximum intercuspation,
relaxed lips, and closed eyes. Male participants with facial hair were asked to trim or shave
their beards to minimize interference with soft-tissue acquisition. The acquired images

https:/ /doi.org/10.3390/app16146920


https://doi.org/10.3390/app16146920

Appl. Sci. 2026, 16, 6920 40f17

were processed using the dedicated EinScan H software (EXScan H v1.0.5.3; SHINING 3D,
Hangzhou; China) and exported as OBJ (Wavefront 3D) files for subsequent analysis.

Figure 1. Surgical planning: hard tissues (A), CBCT-derived soft tissues (B), and facial scans (C).

To ensure consistent spatial orientation of the pre- and postoperative CBCT scans
within the same Cartesian coordinate system, rigid image registration was performed using
a dedicated software function. Anatomical landmarks located in regions unaffected by
surgery, including the frontozygomatic and temporozygomatic sutures, were identified on
both scans and used as reference points for superimposition.

2.2. Digital Planning Accuracy and Soft-Tissue Prediction

Using a dedicated function of the IPS Case Designer software, a three-dimensional
cephalometric analysis was performed on the preoperative CBCT superimposed on the
corresponding facial scan (Figure 2). The main cephalometric landmarks were identi-
fied three-dimensionally at both hard and soft-tissue levels. The software automatically
calculated the predicted postoperative values for each cephalometric parameter based
on the planned surgical movements. Nine cephalometric angles were evaluated (ANB,
SNA, SNB, Mandibular Plane Angle, Skeletal Facial Angle, Facial Angle, Mentolabial
Angle, Nasolabial Angle, Z Angle). These cephalometric angles were selected because
they represent validated and commonly used skeletal and soft-tissue parameters in or-
thognathic diagnosis and treatment planning. Together, they provide a comprehensive
three-dimensional assessment of sagittal skeletal relationships, vertical facial pattern, and
facial soft-tissue profile.

The same cephalometric analysis was subsequently performed on the postopera-
tive CBCT, obtained at least 6 months after surgery, and superimposed on the 6-month
facial scan.

This procedure allowed comparison between the planned angular measurements and
those clinically achieved at both hard and soft-tissue levels.
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Figure 2. Identification of soft- and hard-tissue landmarks used for cephalometric analysis on the
facial scan (left) and CBCT-derived lateral cephalogram (right).

2.3. Relationship Between Skeletal Movement and Soft-Tissue Response

Pre- and postoperative CBCT scans were oriented in the same manner, placed within
the same Cartesian coordinate system, and superimposed on pre- and postoperative facial
scans. On the registered images, the following cephalometric landmarks were manually
identified: skeletal Point A, soft-tissue Point A, skeletal Point B, soft-tissue Point B, skeletal
Menton, soft-tissue Menton, skeletal Pogonion, and soft-tissue Pogonion. These landmarks
were selected because they feature both skeletal and soft-tissue counterparts, allowing for
the evaluation of the relationship between hard and soft tissues. For each point, Cartesian
coordinates (X, z, y) were recorded (Figure 3). The x-axis corresponded to mediolateral
displacement in the frontal plane, the z-axis to anteroposterior displacement in the sagittal
plane, and the y-axis to vertical displacement relative to the software-generated reference
planes. Pre- and postoperative coordinates were compared for each landmark to quantify
tissue displacement and assess the relationship between skeletal movements and the
corresponding soft-tissue response.

2.4. Postoperative Edema and Volumetric Assessment

Facial scans in STL format were analyzed using Geomagic Control X software (Control
X2020.1 3D Systems Inc., Rock Hill, SC, USA) to assess the percentage of surface coincidence
between scans acquired at different time points for the same patient.

The one-month postoperative scan was selected as the reference mesh, while the 3-
and 6-month postoperative scans were used for comparison. Meshes were superimposed
using the Best-Fit alignment algorithm to achieve optimal registration accuracy.

The software’s 3D comparison function was then used to generate a quantitative report
and a color-coded surface deviation map between the superimposed models.
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Figure 3. Point A, Point B, Pogonion, and Menton were selected on the soft tissues overlaid onto the
facial scan (A) and on the hard tissues (B), with the corresponding Cartesian coordinates.

The color-coded map displayed surface differences between the one-month postopera-
tive reference scan and the scans acquired at 3 and 6 months, using a scale ranging from
—1.5 mm to +1.5 mm. Surface deviations within the range of —0.5 mm to +0.5 mm (green)
were considered clinically negligible and represented stable soft-tissue regions. Positive
deviations (>+0.5 mm), displayed in yellow, orange, and red, reflected an increase in soft-
tissue volume and were interpreted as residual postoperative edema. Conversely, negative
deviations (<—0.5 mm), displayed in light blue and blue, indicated a reduction in tissue
volume relative to the reference scan, consistent with edema resolution and postoperative
soft-tissue remodeling. A tolerance threshold of £0.5 mm was adopted, in agreement with
the methodology reported by Pellitteri et al. [17].

In addition to the color-coded map, the software calculated the percentages of surface
area within tolerance, above tolerance (excess), and below tolerance (deficit). These metrics
provided a quantitative measure of volumetric changes over time and were used to assess
the evolution of postoperative edema at different follow-up intervals.

2.5. Statistical Analysis

An a priori power analysis was performed to determine the minimum sample size
required for the study. Assuming an expected correlation coefficient of 0.75 between skeletal
and soft-tissue measurements, a statistical power of 80%, and a significance level (o) of
0.05, a minimum of 11 participants was required.

A descriptive analysis of continuous variables was performed using the median and
interquartile range (IQR). Given the limited sample size, all inferential analyses were
performed using non-parametric statistical tests.

Statistical significance was set at p < 0.05. Because multiple statistical comparisons
were performed, p-values were adjusted using the Bonferroni correction. The adjustment
was applied separately within each family of homogeneous hypothesis tests (cephalometric
comparisons, correlation analyses, and postoperative edema analyses) to control the family-
wise error rate while avoiding overcorrection across unrelated analyses. Adjusted p-
values were used to determine statistical significance. All analyses were performed using
IBM SPSS Statistics (version 30.0; IBM Corp., Armonk, NY, USA) and G*Power software
(version 3.1.9.4).
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To assess intra-operator reliability, four measurements were repeated by the same
examiner after a 30-day interval. Reliability was evaluated using the intraclass correlation
coefficient (ICC).

To evaluate the accuracy of digital surgical planning and soft-tissue prediction, the
difference (A) between the planned and postoperative values was calculated for each
landmark. A one-sample Wilcoxon signed-rank test was performed to determine whether
the median difference significantly differed from zero. Effect sizes (r) were calculated for
the Wilcoxon signed-rank tests and are reported to facilitate interpretation of the magnitude
of the observed differences.

For the analysis of skeletal-soft-tissue relationships, displacement magnitude was
calculated as the Euclidean distance between preoperative and postoperative coordinates
according to the following equation:

2 2 2
\/(pOStxaxis - prexaxis) + (pOStzaxis - prezaxis) + <P OStyaxis —-P reyaxis)

where x, y, and z represent the Cartesian coordinates of the landmark.

The association between skeletal and soft-tissue displacements was subsequently as-
sessed using Spearman’s rank correlation coefficient. Simple linear regression analyses were
performed for landmark-axis combinations with a nominal (unadjusted) p-value < 0.05
to quantify the relationship between skeletal and soft-tissue displacement; regression co-
efficients are reported as exploratory estimates, regardless of statistical significance after
Bonferroni correction.

Postoperative edema was evaluated by comparing volumetric measurements obtained
at 1, 3, and 6 months after surgery. Differences between follow-up time points were
analyzed using the Wilcoxon signed-rank test for paired samples.

3. Results

Intra-operator reliability was excellent for all repeated measurements (ICC range:
0.920-0.998). Detailed ICC values are reported in Appendix A, Table AT.

3.1. Digital Planning Accuracy and Soft-Tissue Prediction

The preoperative, planned, and postoperative values of the nine cephalometric angles
evaluated in the study are summarized in Table 1.

Table 1. Descriptive statistics of the nine cephalometric angles at the preoperative, planned, and
postoperative time points. Data are presented as median [IQR].

Cephalometric Angle I\I/’Il:c;)ilzir?ltg E/] Planned, Median [IQR] II\)/?:;?::SS‘;?]’
ANB —0.82 [—-2.28; 1.15] 2.83[0.26; 3.94] 3.29[1.41; 4.66]
SNA 81.20 [78.58; 83.04] 85.45 [81.31; 88.77] 84.41 [82.93; 85.62]
SNB 80.83 [76.97; 83.52] 82.03 [79.86; 83.62] 80.15 [79.46; 82.66]
Skeletal facial angle 89.46 [85.55; 92.88] 83.99 [82.10; 89.05] 85.22 [83.73; 88.15]
Mandibular plane angle 36.79 [31.40; 40.64] 31.59 [28.68; 34.98] 35.27 [30.28; 38.25]

Facial angle
Mentolabial angle
Nasolabial angle
Z angle

167.01 [157.50; 174.42]
142.10 [135.28; 146.51]
94.15 [72.74; 106.53]
83.35 [74.01; 85.35]

166.36 [163.63; 167.83]
136.92 [134.34; 144.87]
86.92 [79.19; 114.02]
80.61 [77.80; 82.10]

165.32 [163.16; 166.17]
136.16 [132.39; 144.87]
97.76 [82.60; 115.81]
80.60 [75.67; 81.90]

Comparison between the planned and postoperative measurements revealed statis-
tically significant differences for the SNB angle and the Mandibular Plane Angle before
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adjustment for multiple comparisons (Table 2). After Bonferroni correction, only the SNB
angle remained statistically significant. Effect size estimates are also reported in Table 2.

Table 2. Comparison between planned and postoperative cephalometric measurements. Data are
presented as median differences (A) and [IQR]. Statistical significance was assessed using the one-
sample Wilcoxon signed-rank test. Bonferroni-adjusted p-values and effect sizes (r) are reported. Z
Statistic = standardized test statistic.

Adjusted Effect

Parameter Median (A) IOR Z Statistic p-Value p-Value Size (1)
ANB angle —0.37 [—1.09; 1.34] 0 >0.99 >0.99 0.00
Facial angle —0.55 [—2.74; 0] —1.153 0.249 >0.99 0.36
Mandibular Plane Angle 2.37 [1.33; 4.36] 2.667 0.008 0.072 0.77
Mentolabial angle 0 [—6; 0] —0.405 0.686 >0.99 0.13
Nasolabial angle 0 [—0.26; 9.78] 0 >0.99 >0.99 0.00
Z angle —0.14 [—1.35;0.02] —1.682 0.093 0.837 0.53
SNA angle -1 [—2.97;0.39] —1.295 0.195 >0.99 0.37
SNB angle —1.22 [—2.08; —0.08] —2.8245 0.005 0.045 0.82
Skeletal facial angle 1.01 [—0.33; 3.05] 1.255 0.209 >0.99 0.36

Skeletal B-Point distance

12.00

10.00

3.2. Relationship Between Skeletal Movement and Soft-Tissue Response

Spearman’s correlation analysis was performed to investigate the association between
changes in skeletal landmarks and the corresponding soft-tissue landmarks (Table 3).

No statistically significant correlations were observed for Point A or Menton along
any of the three spatial axes after Bonferroni correction (adjusted p > 0.05).

Point B demonstrated significant positive correlations between skeletal and soft-tissue
displacements along the x- and y-axes after Bonferroni correction, whereas the correlation
along the z-axis did not remain statistically significant. Linear regression analysis showed
that each unit increase in skeletal displacement was associated with an average increase of
0.485 units (95% CI: 0.225-0.745) along the x-axis, 0.596 units (95% CI: 0.203-0.990) along
the z-axis, and 1.158 units (95% CI: 0.633-1.683) along the y-axis in the corresponding
soft tissue. When displacement was expressed using the displacement index, each unit
increase in skeletal displacement corresponded to an average increase of 0.660 units (95%
CI: 0.207-1.113) in soft-tissue displacement (Figure 4A).

12.00

10.00

Skeletal Pogonion distance

Soft-tissue B-Point distance

6.00 8.00 10.00 12.00 ﬁ 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Soft-tissue Pogonion distance B

Figure 4. Simple linear regression analysis of Point B (A) and Pogonion (B).
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For Pogonion, only the correlation along the z-axis remained statistically significant
after Bonferroni correction, whereas the correlations along the x- and y-axes were not statisti-
cally significant. Linear regression analysis demonstrated that each unit increase in skeletal
displacement corresponded to an average increase of 0.820 units (95% CI: 0.242-1.398)
along the x-axis and 0.800 units (95% CI: 0.663-0.937) along the z-axis in the overlying soft
tissue. Analysis based on the displacement index showed that each unit increase in skeletal
displacement was associated with an average increase of 0.550 units (95% CI: 0.176-0.925) in
soft-tissue displacement (Figure 4B). No statistically significant correlations were observed.

Table 3. Spearman correlation analysis and simple linear regression between skeletal and correspond-
ing soft-tissue displacements. Data are presented as Spearman’s rho coefficients (p), 95% confidence
intervals (95% CI), unadjusted and Bonferroni-adjusted p-values, sample size (N), and unstandard-
ized regression coefficients () with their 95% confidence intervals. Regression was performed only
for landmark-axis combinations with a nominal (unadjusted) p-value < 0.05; a dash (-) indicates
that no linear regression was performed. The displacement index corresponds to the Euclidean
displacement magnitude.

Landmark Axis p 95% CI (p) p-Value Adjusted p N Slope () 95% CI (B)
x 0291  —0.357 to 0.750 0.359 >0.99 12 - -
Point A y 0.448  —0.189 to 0.819 0.145 >0.99 12 - -
0503  —0.118 to 0.842 0.095 >0.99 12 - -
x 0769  0.333 to 0.934 0.003 0.048 12 0.485 0.225 to 0.745
y 0797  0.395 to 0.943 0.002 0.032 12 1.158 0.633 to 1.683
Point B 0713  0.218 to 0.916 0.009 0.144 12 0.596 0.203 to 0.990
Displacement - - - - 12 0.660 0.207 to 1.113
index
x 0.685  0.075 to 0.922 0.029 0.464 10 0.820 0.242 to 1.398
y 0564 —0.124 to 0.886 0.090 >0.99 10 - -
Pogonion 0988  0.945 to 0.997 <0.001 <0.016 10 0.800 0.663 to 0.937
Displacement - - - - 10 0.550 0.176 to 0.925
index
x 0.115  —0.562 to 0.685 0.751 >0.99 10 - -
Menton y 0285 —0.431 to 0.770 0.425 >0.99 10 - -
—0418 —0.826 t0 0.275 0.229 >0.99 10 - -

3.3. Postoperative Edema and Volumetric Assessment

The median percentages of facial surface areas classified as below tolerance, within
tolerance, and outside tolerance at the 1-3- and 1-6-month follow-up intervals are reported
in Table 4. The results of the three-dimensional superimposition analysis are shown in
Figure 5A,B. Before adjustment for multiple comparisons, the percentage of facial surface
area within tolerance was lower at 6 months than at 3 months (p = 0.028). However,
this difference did not remain statistically significant after Bonferroni correction (adjusted
p = 0.084). No statistically significant differences were observed for any of the evaluated
surface area categories after correction for multiple comparisons (Table 4).

Color-map analysis showed positive surface deviations (red) in the chin and lower
facial regions, whereas negative surface deviations (blue) were mainly observed in the
middle third of the face (Figure 6A,B).
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Table 4. Comparison of the percentages of facial surface areas classified as below tolerance, within
tolerance, and outside tolerance between the 1-3- and 1-6-month postoperative follow-up intervals.
Data are presented as median [IQR]. Differences between follow-up intervals were assessed using the
Wilcoxon signed-rank test. Bonferroni-adjusted p-values and effect sizes (r) are reported.

Surface Area 1—'3 Months, 1—.6 Months, 7 Statistic p-Value Adjusted E‘ffect

Category Median [IQR] (%) Median [IQR] (%) p-Value Size (r)
Below tolerance 28.59 [23.79-40.83]  35.36 [23.01-51.72] 1.886 0.059 0.177 0.60
Within tolerance 4447 [35.11-50.50]  38.94 [27.01-48.80] 6.000 0.028 0.084 0.69
Outside tolerance  20.57 [17.40-29.85]  21.96 [20.64-25.99] 0.866 0.386 >0.99 0.27

100%

90%

80%

70%

60%

50%

40%

30%

20%

0%

EDEMA REDUCTION ANALYSIS: 1- VS 3-MONTH

1

2 3

BELOW TOLERANCE

Coviiison DR RECON NS

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
% & & - " 5 25 1 2 3 4 5 6 g ] 8 9 10
WTHNTOLERANCE - ABOVE TOLERANCE A BELOWTOLERANCE  # WITHINTOLERANCE  ~ ABOVE TOLERANCE B

Figure 5. Graphical representation of the percentage values for each patient in the three tolerance
categories comparing 1 and 3 months postoperatively (A) and 1 and 6 months (B).

A

B

Figure 6. Examples of three-dimensional facial scan superimpositions at the 1-3-month (A) and
1-6-month (B) postoperative follow-up intervals. An increase in edema (red) is observed in the chin and
lower third of the face, whereas a progressive reduction in edema (blue) is observed in the middle third.
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4. Discussion

Facial scanning has become an increasingly valuable tool in dentistry because it offers
a non-invasive, rapid, and reproducible method for facial soft-tissue assessment. These
characteristics make it particularly suitable for repeated assessments over time. Three-
dimensional facial imaging enables detailed evaluation of facial soft-tissue morphology
and aesthetics, monitoring of growth-related changes [17], and assessment of asymmetries
and treatment outcomes in orthognathic patients [18].

The introduction of three-dimensional facial scanning has also provided a non-invasive
and quantitative approach to the evaluation of postoperative changes. Technologies such
as stereophotogrammetry and structured-light scanning have been shown to provide an
accurate assessment of soft-tissue volume, facilitating the monitoring of postoperative
edema and facial symmetry [12]. Furthermore, the possibility of comparing facial scans
acquired at different time points supports longitudinal evaluation of treatment outcomes.

The integration of facial scans with CBCT data may represent a viable adjunct com-
ponent of contemporary orthognathic surgery planning, enabling comprehensive three-
dimensional visualization of both hard and soft tissues. However, the accuracy of image
registration depends largely on the stability of the selected reference areas. Previous studies
have shown that the forehead, nasal dorsum, and malar regions provide the most reliable
landmarks for superimposition and longitudinal comparisons [16].

Overall, the combined use of cephalometric analysis, CBCT imaging, and three-
dimensional facial scanning allows a more comprehensive and patient-specific evaluation,
enhancing surgical planning, treatment predictability, and assessment of postoperative
outcomes.

4.1. Digital Planning and Soft-Tissue Prediction

Accurate prediction of both skeletal and soft-tissue changes is a fundamental prerequi-
site for successful orthognathic treatment, as functional stability and patient satisfaction
are closely related to the final aesthetic outcome. Consequently, the reliability of virtual
surgical planning has become a major focus of contemporary research.

Several studies comparing virtual planning with postoperative outcomes have demon-
strated the overall reliability of three-dimensional simulation software, although certain
limitations persist, particularly in the lower facial third. Early investigations reported
prediction errors exceeding 3 mm particularly in the lower facial region, mainly due to
inaccuracies in dataset integration and the limited ability of software algorithms to repro-
duce soft-tissue biomechanics [19]. Technological advances have progressively improved
predictive performance; however, the lower facial region remains the most variable area.

Recent evidence indicates clinically acceptable levels of accuracy, with mean prediction
errors generally below 1 mm and most measurements falling within 2 mm of the actual
postoperative outcome. Nevertheless, larger discrepancies have been reported in cases
involving extensive skeletal movements and in anatomically complex regions such as the
lower lip and labial commissures, where soft-tissue behavior is strongly influenced by
muscular activity [20,21]. In contrast, structures located in the upper facial third, including
the nose and upper lip, appear to be more predictable [22].

The introduction of quantitative metrics such as the Planning Accuracy Coefficient
(PAC) has further confirmed the high accuracy of virtual planning for skeletal structures
while highlighting the greater biological variability of soft-tissue responses [23]. Conse-
quently, a prediction error within +2 mm is generally considered clinically acceptable for
soft-tissue outcomes.

The findings of the present pilot study are consistent with the existing literature.
The comparison between the planned and postoperative measurements revealed a high
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level of agreement for most of the evaluated cephalometric parameters. After adjustment
for multiple comparisons using the Bonferroni correction, only the SNB angle remained
significantly different between the planned and postoperative measurements, whereas the
difference observed for the Mandibular Plane Angle did not retain statistical significance.
The small discrepancy observed for the SNB angle may reflect minor deviations between the
planned and achieved surgical movements, postoperative skeletal adaptation, differences in
mandibular positioning during postoperative CBCT acquisition, or the intrinsic limitations
of the virtual planning workflow in reproducing complex mandibular movements. Given
the limited magnitude of this difference and the pilot nature of the study, it was not possible
to determine the relative contribution of each of these factors.

For all other measurements, the close agreement between planned and achieved
outcomes supports the accuracy of the surgical VTO in reproducing both skeletal and soft-
tissue changes. This observation is in line with recent reports demonstrating a high level of
concordance between virtual planning and postoperative outcomes, despite the persistence
of minor discrepancies, particularly in sagittal movements and pitch rotations [24]. These
findings further support the use of virtual surgical planning in orthognathic surgery,
although intraoperative clinical verification remains essential to optimize both occlusal and
aesthetic outcomes.

Overall, the present findings are consistent with the growing role of digital surgical
planning as a key component of contemporary orthognathic treatment, contributing to
more predictable, stable, and patient-specific functional and aesthetic outcomes.

4.2. Relationship Between Skeletal Movement and Soft-Tissue Response

The relationship between skeletal movements and soft-tissue response represents
one of the most challenging aspects of orthognathic surgery because of the considerable
interindividual variability in skin thickness, muscle tone, and soft-tissue volume [25].
Previous studies have demonstrated a strong correlation between mandibular displacement
and soft-tissue changes in the lower facial third, particularly in the chin region, whereas
vertical movements appear less predictable because of the influence of muscular and soft-
tissue factors [25]. Similarly, high correlations between skeletal and soft-tissue movements
have been reported for the chin, while weaker associations have been observed for the
upper lip and subnasale [26].

Overall, soft tissues tend to follow the direction of the underlying skeletal movements,
although the magnitude of the response is generally attenuated and influenced by indi-
vidual anatomical characteristics [27]. Consequently, horizontal and sagittal movements
are considered more predictable than vertical displacements [28]. Among facial regions,
the nasal tip has been identified as one of the least predictable landmarks following or-
thognathic surgery [29], whereas the chin and lower lip typically exhibit a more direct and
linear response to skeletal repositioning [30].

These observations are consistent with the findings of Rupperti et al. [31], who reported
a moderate correlation between skeletal and soft-tissue movements following Le Fort I
osteotomy. In their study, soft-tissue Point A and the upper lip closely followed skeletal
displacement, whereas subnasale showed a weaker response and a mean prediction error
of approximately 2 mm.

Despite the growing body of evidence, a standardized three-dimensional quantifi-
cation of the relationship between hard- and soft-tissue movements is still lacking [32].
Nevertheless, there is broad agreement that mandibular sagittal movements are among the
most predictable skeletal changes, whereas vertical movements and upper-lip responses
remain more variable.
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The results of the present pilot study are generally consistent with the available litera-
ture. After Bonferroni correction for multiple comparisons, significant positive correlations
were observed between skeletal and soft-tissue displacements at Point B along the x- and
y-axes, whereas the correlation along the z-axis did not remain statistically significant.
At Pogonion, only the correlation along the z-axis remained statistically significant after
adjustment. In these regions, soft-tissue movements generally followed the corresponding
skeletal displacements, although with a smaller magnitude of displacement. Conversely,
no significant correlations were found for Point A or Menton, possibly reflecting the greater
biological variability of soft tissues in these regions.

It should also be considered that a subset of patients underwent genioplasty in addition
to bimaxillary surgery. Whenever performed, genioplasty was digitally planned as an
integral component of the virtual surgical workflow. Nevertheless, because genioplasty
directly modifies the position of the chin, it may have acted as a confounding factor in
the evaluation of the skeletal-soft-tissue relationship at Pogonion and Menton. Therefore,
the findings at these landmarks should be interpreted with caution, as they may reflect
the combined effects of mandibular repositioning and genioplasty. Owing to the limited
sample size, separate analyses according to the presence or absence of genioplasty were
not feasible.

This variability may also be influenced by the heterogeneity of the study sample,
which included patients with skeletal Class II and Class III malocclusions, open bite, and
facial asymmetry. These conditions are characterized by distinct craniofacial morphologies
and soft-tissue adaptation patterns that may affect both the magnitude and direction of
soft-tissue response following skeletal repositioning. Consequently, part of the variability
observed in the skeletal-soft-tissue correlations may be attributable to differences in the
underlying dentofacial deformity, in addition to individual biological variability. Because
of the limited sample size, subgroup analyses according to malocclusion type were not
feasible. Future studies, including larger cohorts, should stratify patients according to the
underlying dentofacial deformity to determine whether skeletal-soft-tissue relationships
differ among specific malocclusion groups.

4.3. Postoperative Edema and Volumetric Changes

Postoperative edema is a physiological consequence of surgical trauma and represents
one of the main factors affecting the early postoperative aesthetic appearance. In recent
years, three-dimensional facial scanning has enabled objective quantification of edema-
related volumetric changes, providing a reliable method for monitoring postoperative
soft-tissue evolution over time [12].

Previous studies have shown that facial edema decreases rapidly during the first
weeks after surgery, followed by a more gradual reduction that may continue for up to
6-12 months postoperatively [10,11]. Most swelling resolves within the first month, and
facial morphology progressively approaches the preoperative condition by approximately
three months after surgery [11,33]. Patient-reported outcomes also indicate that edema
tends to persist longer than other postoperative sequelae, although only a small proportion
of patients continue to perceive significant swelling after the first month [34]. Based on this
evidence, the 1-month postoperative scan was selected as the first follow-up time point,
as it represents the transition between the acute postoperative phase and the subsequent
period of soft-tissue remodeling. The additional evaluations at 3 and 6 months allowed
assessment of the intermediate stages of edema resolution and the progressive stabilization
of the facial soft tissues.

The extent and duration of postoperative edema are influenced by several surgical
and patient-related factors, including the magnitude of mandibular setback, the use of
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compressive dressings, and masseter muscle thickness [9]. Furthermore, edema has been
reported to be more pronounced following bimaxillary procedures than after single-jaw
surgery [33].

In the present study, a tolerance threshold of +0.5 mm was adopted to distinguish
minor surface deviations from more pronounced postoperative soft-tissue changes. Al-
though no universally accepted cutoff exists for three-dimensional facial surface analysis,
this threshold is consistent with previously published methodologies and provides a con-
servative criterion for interpreting postoperative soft-tissue changes [17].

The findings of the present study suggest that three-dimensional facial scanning
may be a useful tool for the longitudinal evaluation of postoperative volumetric changes.
The technique provided a reproducible and non-invasive method for the longitudinal
evaluation of postoperative volumetric changes. Over the follow-up period, both areas
above and below the tolerance threshold increased, suggesting the coexistence of regions
characterized by residual edema and areas undergoing progressive volume reduction. At
six months, the greater extent of areas below the threshold indicated a general trend toward
edema resolution and soft-tissue adaptation.

A characteristic spatial pattern was also observed. The lower facial third, particularly
the chin region, tended to exhibit persistent volumetric enlargement, whereas the midfacial
region showed a progressive reduction in volume over time. This finding may reflect
regional differences in tissue response and remodeling following orthognathic surgery.

The only statistically significant difference between the analyzed follow-up intervals
involved the percentage of surface area within tolerance, which was lower at 6 months
than at 3 months. Although the percentage of surface area within tolerance showed a
nominally significant difference before adjustment for multiple comparisons, this finding
did not remain statistically significant after Bonferroni correction. Therefore, the observed
trend should be interpreted with caution. Moreover, the observed surface deviations were
generally small, with most deviations remaining within or close to the predefined tolerance
threshold of +0.5 mm. Consequently, the detected changes are more likely to reflect
physiological postoperative soft-tissue remodeling than clinically meaningful differences.
Overall, these findings suggest that postoperative soft-tissue changes do not simply reflect
edema resolution but also involve ongoing morphological adaptation and remodeling
during the healing process.

4.4. Limitations

This study was conducted using a standardized protocol, and all included patients un-
derwent bimaxillary surgery. Although the a priori power analysis confirmed an adequate
sample size for this pilot investigation, the main limitation of this study is the relatively
small sample size and the unbalanced sex distribution, which may limit the generalizability
of the findings. A larger cohort would improve the robustness and generalizability of the
findings. Moreover, the limited sample size did not allow subgroup analyses according
to diagnosis, type of malocclusion, or surgical procedure (including the presence or ab-
sence of genioplasty), preventing the evaluation of their potential influence on the study
outcomes. Future studies should stratify patients according to malocclusion type and
surgical treatment, distinguishing among Class II, Class III, open-bite, and facial asymme-
try cases. Furthermore, longer follow-up periods would provide a more comprehensive
understanding of postoperative soft-tissue adaptation and remodeling. Furthermore, the
Bonferroni correction applied to control for multiple comparisons provides a conservative
approach that reduces the risk of false-positive findings but may have decreased the ability
to detect small but potentially relevant effects, particularly in this pilot study with a limited
sample size.
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Another limitation relates to the operator-dependent identification of anatomical
landmarks, which may introduce measurement variability, particularly for soft-tissue
points. Despite the high intra-operator reliability observed in the present study, this
potential source of error should be considered when interpreting the results.

Finally, two patients were excluded from specific analyses because of incomplete
postoperative imaging or unreliable landmark identification. Although these exclusions
were unavoidable, they reduced the sample size available for some comparisons and
may have decreased the statistical power of those analyses. Therefore, the corresponding
findings should be interpreted with caution. Nevertheless, despite these limitations, as
a pilot study, the present investigation provides preliminary evidence on the application
of three-dimensional digital planning and facial scanning in orthognathic surgery and
may serve as a foundation for future prospective studies, including larger and more
homogeneous patient cohorts.

5. Conclusions

The present findings suggest that the digital surgical planning workflow provided
a good agreement between the planned and postoperative outcomes, supporting its use
for orthognathic treatment planning. Significant positive correlations between skeletal
and soft-tissue displacements were observed at Point B and Pogonion in specific spatial
directions, highlighting the value of three-dimensional analysis for investigating postopera-
tive skeletal—soft-tissue relationships. Overall, soft tissues tended to follow the underlying
skeletal movements, although with a reduced magnitude of displacement. Although post-
operative soft-tissue changes showed considerable interindividual variability, longitudinal
three-dimensional facial scanning suggested progressive soft-tissue remodeling during the
healing period. As a pilot study, these findings should be considered preliminary and war-
rant confirmation in larger prospective studies, including larger and more homogeneous
patient cohorts.
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Appendix A

Table Al. Intra-operator reproducibility. Reliability was assessed using the intraclass correlation
coefficient (ICC). Values are reported with their corresponding 95% confidence intervals (CI).

Measurements ICC 95% CI Lower Bound 95% CI Upper Bound
Preoperative ANB angle 0.998 0.969 1.000
Preoperative Mandibular Plane Angle 0.920 0.218 0.995
Postoperative skeletal Point A (x-axis) 0.984 0.775 0.999
Preoperative skeletal Point A (z-axis) 0.996 0.936 1.000
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