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Abstract
Purpose

Surgically assisted rapid palatal expansion (SARPE) requires accurate positioning of the distraction
device to achieve controlled skeletal expansion while limiting dentoalveolar side effects. Conventional
workflows remain technique-sensitive and depend largely on intraoperative judgement. This proof-of-
principle study investigated the technical feasibility of a fully digital workflow integrating virtual surgical
planning (VSP) with patient-specific drill and placement guides for a customized SARPE device and
quantified the accuracy of transferring the planned device position to surgery in a single patient.

Methods

VSP included device positioning and screw trajectory planning. Patient-specific drill guide and patient-
specific placement guide were designed as dentition-supported, one-fit-only devices and additively
manufactured. A hybrid patient-specific SARPE device was positioned using these guides. Transfer
accuracy was evaluated by surface-based superimposition of the planned device geometry and its
postoperative position and quantified.

Results

Superimposition demonstrated close correspondence in the central palatal region containing the
expansion screw, whereas the largest deviations occurred at the lateral fixation arms. Dice similarity
coefficient was 0.17, the mean model-to-model surface distance was 2.78 mm, mean Hausdorff
distance was 1.00 mm and maximum Hausdorff distance 5.70 mm.

Conclusions

This fully digital workflow was technically feasible and successfully implemented. Although transfer
appeared most accurate in the functionally decisive central region, peripheral deviations and limited
global overlap preclude interpreting this single case as evidence of established accuracy. Cohort studies
with predefined regional accuracy endpoints are needed to determine reproducibility, identify sources of
error and assess whether the workflow provides clinically meaningful benefits over conventional SARPE
device positioning.

1. Introduction

Transverse maxillary deficiency in skeletally mature patients represents an indication for Surgically

Assisted Rapid Palatal Expansion (SARPE), particularly when orthopedic expansion alone is insufficient

due to increased skeletal resistance of the midpalatal suture [1, 2]. SARPE aims to achieve controlled
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skeletal widening of the maxilla while minimizing dentoalveolar side effects (e.g., buccal tipping, root
resorption and periodontal compromise), which are commonly associated with purely tooth-borne
expansion devices, particularly in periodontally compromised dentitions [3, 4].

Biomechanically, bone-borne or hybrid anchorage concepts have been shown to improve force
transmission to the maxilla and reduce unwanted dental movements compared to conventional tooth-
supported expanders. This is consistent with clinical observations demonstrating reduced dentoalveolar
side effects and improved skeletal expansion patterns when forces are applied directly to the maxillary
bone. However, currently available bone-borne distractors are often associated with increased surgical
invasiveness, limited patient comfort and technique-sensitive intraoperative placement [4-7]. These
findings support the concept of direct force transmission to the basal maxillary bone may reduce
undesirable dental effects, although clinical outcomes remain influenced by device design and surgical
technique.

From a surgical perspective, the outcome of SARPE is affected by the extent and configuration of
osteotomies and adequate mobilization of maxillary resistance zones. Variations in surgical techniques
have been associated with differences in expansion patterns, including asymmetric skeletal widening
and heterogeneous dentoalveolar responses [6, 7]. In addition, factors related to expander design and
surgical technique have been shown to influence expansion patterns, with asymmetric outcomes
reported even under standardized conditions, suggesting that intraoperative device positioning may
contribute to variability in treatment outcomes [8-10].

Despite ongoing refinements in surgical protocols and SARPE design, conventional SARPE workflows
remain largely dependent on intraoperative judgment, which limits reproducibility and standardization [6,
7]. In recent years, digital workflows integrating virtual surgical planning (VSP), computer-assisted
design and manufacturing (CAD/CAM) and patient-specific surgical guides have demonstrated improved
accuracy in orthognathic surgery [11-13]. However, the application of VSP and computer-assisted
surgery (CAS) to SARPE remains limited, as conventional SARPE protocols are predominantly based on
established surgical techniques and analog approaches [7, 14, 15].

Against this background, the present proof-of-principle study introduces a fully digital workflow that
integrates VSP with patient-specific, additively manufactured drill and placement guides for SARPE. This
approach is designed to enable a precise and reproducible transfer of the preoperative plan to the
intraoperative setting by linking three-dimensional (3D) virtual planning data directly to guided surgical
execution. The primary objective of this study was to assess the technical feasibility and clinical
applicability of this workflow, with particular emphasis on the accuracy of the intraoperative transfer of
the VSP. By addressing these limitations of conventional SARPE procedures, this concept aims to reduce
operator dependency and improve procedural consistency.

2. Materials and Methods
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2.1 Study Design and Ethical Approval
Ethical approval

for this study was obtained from the ethics committee, University of Ulm (approval number: 131/25;
approval date: August 6, 2025). This research was conducted in full accordance with the ethical
standards of the institutional ethics committee and with the Helsinki declaration, respectively its later
amendments [16]. For this proof-of-principle study, all data were anonymized and de-identified prior to
analysis and written consent of the patient was obtained. Full compliance with data protection and
safeguarding of data were ensured and no information which could identify the patient was collected.
Reporting was based on the recommendations of the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) initiative [17].

2.2 Study Cohort

A 25-year-old male patient was treated at the Department of Oral and Plastic Maxillofacial Surgery,
Military Hospital Ulm, presenting with a transverse maxillary deficiency with skeletal Class Ill dysgnathia
and mandibular midline deviation and pronounced laterognathia. The patient had a history of completed
orthodontic treatment during childhood and reported functional impairment, including difficulties in
incisal biting and progressive temporomandibular joint symptoms. Clinical examination revealed a
marked skeletal and dental Class Il relationship with a retrognathic maxilla, anterior edge-to-edge bite
(overjet - 2 mm, overbite 0 mm) and an unilateral posterior crossbite associated with transverse
maxillary constriction and mandibular asymmetry.

Based on the clinical and radiological findings, the patient was scheduled for SARPE with transverse
maxillary distraction using a bone-borne distraction device.

2.3 High-resolution 3D-imaging

Pre- and postoperative imaging was performed using cone-beam computed tomography (CBCT) (Axeos,
Sirona Dental Systems GmbH, Bensheim, Germany). Image acquisition was conducted with a
dentomaxillofacial field of view, enabling high-resolution 3D visualization of the maxillary complex. The
CBCT datasets were reconstructed with isotropic submillimetric voxel sizes, allowing precise evaluation
of osseous structures and their spatial relationships (i.e., dentition, dental roots, course infraorbital
nerve) for surgical planning. Imaging demonstrated a transverse maxillary deficiency in the context of
skeletal dysgnathia, characterized by a constricted maxillary arch and associated occlusal
discrepancies.

2.4 Intraoral Scanning

Intraoral digital impressions were acquired using a hyperspectral, multi-modal imaging scanner (TRIOS 6,
3Shape, Copenhagen, Denmark). Full-arch scans of the maxilla and mandible, including occlusal
registration, were obtained following a standardized scanning protocol. These datasets were merged
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with CBCT data to generate a comprehensive virtual 3D model of the makxilla, serving as the basis for
fully digital VSP.

2.5 Digital Workflow for Virtual SARPE Planning

2.5.1 Data Processing

Preoperative CBCT datasets of the midface were acquired and exported in Digital Imaging and
Communications in Medicine (DICOM) format. Intraoral scans were obtained as Standard Tessellation
Language (STL) files. Both datasets were imported into dedicated planning software (coDiagnostiX®,
Dental Wings GmbH, Chemnitz, Germany) to enable multimodal data fusion.

Registration of CBCT and intraoral scan data was performed using surface-based matching of dental
structures, allowing precise alignment of hard tissue anatomy with high-resolution dental surface
information. This fused dataset served as the basis for subsequent virtual surgical planning.

2.5.2 Virtual SARPE Planning

Following data integration, a patient-specific 3D model of the maxilla was generated. Virtual planning of
the SARPE device was performed according to a backward-planning concept, defining the spatial
positioning of the SARPE device and fixation screws (Fig. 1) [18]. Special attention was given to the
anatomical constraints of the maxilla, including tooth roots and alveolar bone morphology.

The virtual workflow comprised the following steps:

Anatomical assessment of the maxillary bone and adjacent critical structures

Virtual positioning of the expansion device in relation to the palatal vault

Planning of screw trajectories with respect to root positions and cortical bone availability

Verification of implant positioning in multiplanar CBCT views

This planning approach ensured anatomically guided and biomechanically optimized positioning of the
SARPE device.

2.5.3 Computer-Aided Design and Manufacturing of
Patient-Specific Models and Guides

Based on the finalized virtual plan, patient-specific drill guides (PSDG; Fig. 2) and patient-specific
placement guides (PSPG; Fig. 3) were designed using CAD/CAM technology. The guide design was

directly derived from the planned implant positions and screw trajectories, enabling accurate
intraoperative transfer of the VSP.

PSDG and PSPG geometry were precisely adapted to the patient-specific anatomy to ensure stable and
reproducible intraoperative seating. Emphasis was placed on a dentition-supported one-fit-only design, in
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which the guide is uniquely constrained by the maxillary dentition [19, 20]. PSDG incorporated
replaceable titanium drill sleeves (Steco-System-Technik GmbH & Co. KG, Hamburg, Germany),
corresponding to the planned screw diameters and lengths as defined in the VSP [21].

2.6 Additive Manufacturing of Patient-Specific Models and
Guides

Patient-specific physical maxillary dentition models (PSPMDM,; Figs. 2 & 3), PSDG and PSPG were
fabricated using additive manufacturing (AM). The PSPMDM was produced in transparent material
(MED610, Stratasys, Eden Prairie, USA) to enable visualization of the underlying anatomical structures.
Dentition and tooth roots were selectively rendered in opaque white material (Vero Pure White, Stratasys,
Eden Prairie, USA) to enhance spatial orientation and to facilitate preoperative assessment of screw
positioning in relation to dental root anatomy.

To further evaluate the feasibility of screw insertion under clinical conditions, a physical model of the
head of a 90° angled screwdriver (MODUS 2, Medartis, Basel, Switzerland) was generated. This
component was digitized using an intraoral scanner (TRIOS 6, 3Shape, Copenhagen, Denmark) and
subsequently manufactured using the same additive manufacturing workflow, allowing simulation of
intraoperative accessibility and angulation constraints.

In addition, the PSDG were designed as segmented guides, separated into right and left maxillary
components (quadrants | and Il), to improve intraoperative handling, accessibility and positioning
accuracy (Fig. 3).

All components were manufactured using a multimaterial printer (DentaJet J5, Stratasys, Eden Prairie,
USA), enabling the simultaneous fabrication of structures with distinct optical properties within a single
model. Following printing, all models and guides underwent standardized post-processing procedures,
including support removal and cleaning, prior to clinical application.

2.7 Manufacturing of the Patient-Specific SARPE Device

The patient-specific SARPE device (PSSD; Fig. 3) was manufactured using a hybrid design that combined
a commercially available titanium expansion screw (Titan hyrax®, Dentaurum GmbH & Co. KG, Ispringen,
Germany) with individually contoured 1.0 mm mini locking plates (DePuy Synthes, Zuchwil, Switzerland).
In accordance with the manufacturer’s instructions, the retention arms were adapted and rigidly
connected to the palatal anchorage components. These connections were achieved by precision laser
welding, ensuring a stable, durable and mechanically reliable assembly.

Device positioning followed established biomechanical principles. The expansion screw was aligned
parallel to the occlusal plane to avoid lever effects and positioned with a clearance of approximately 1-2
mm from the palatal mucosa. Furthermore, the expansion screw was oriented in line with the mesio-
palatal cusps of the first molars to ensure functional activation and accessibility of the activation key
(Dentaurum GmbH & Co. KG, Ispringen, Germany).
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2.8 Stepwise Surgical Procedure

The procedure was performed under general anesthesia in accordance with institutional standards for
perioperative antimicrobial prophylaxis and sterile preparation.

2.8.1 Step 1: Guided Osteosynthesis Preparation Using
Patient-Specific Drill Guides

PSDG were inserted sequentially on a quadrant-by-quadrant basis. PSDG demonstrated accurate
dentition-supported seating with high positional stability (Fig. 4). Transmucosal guided drilling was
performed in accordance with the predefined VSP protocol using a 1.5-mm angled drill system (Fig. 4).

2.8.2 Step 2: Guided Insertion of the Patient-Specific
SARPE Device

Following removal of the PSDG, the PSSD device was inserted using a 3D-printed PSPG (Fig. 5).
Dentition-supported PSPG demonstrated accurate dental and PSSP fit and facilitated precise PSSP
positioning according to the VSP.

Fixation of the PSSP was achieved using locking screws (diameter 2.0 mm, length 10-12 mm; DePuy
Synthes, Zuchwil, Switzerland), resulting in stable osteosynthetic anchorage at the palatal vault.

2.8.3 Step 3: Surgically Assisted Maxillary Osteotomies

A vestibular incision was made from region 16 to 26. Following elevation of a mucoperiosteal flap, the
anterior maxillary wall, the zygomaticomaxillary buttress and the infraorbital nerve were exposed.
Subperiosteal mobilization of the nasal floor and septum was performed. Horizontal osteotomy lines
were marked bilaterally at the Le Fort | level and osteotomies were carried out symmetrically on both
sides. Subsequently, a median osteotomy was performed in the region of teeth 11/21 using piezoelectric
instrumentation (Mectron Medical Technology, Carasco, Italy) in combination with chisels.

2.8.4 Step 4: Functional Verification of Expansion

Trial activation of the PSSP was performed up to approximately 4 mm (20 turns x 0.2 mm). Symmetrical
lateralization of the maxillary segments was achieved, accompanied by the formation of a midline
diastema. The device was subsequently returned to its initial position.

2.8.5 Step 5: Wound Closure

A V-Y advancement flap was used for upper lip lengthening using resorbable sutures (Vicryl 4 - 0,
Ethicon, Sint-Stevens-Woluwe, Belgium).

2.9 Postoperative 3D Accuracy Analysis

Page 8/24



Postoperative accuracy of PSSD positioning was assessed using a standardized 3D image analysis
workflow [22].

Preoperative VSP data (coDiagnostiX®, Dental Wings GmbH, Chemnitz, Germany), postoperative CBCT
datasets and intraoral scan data were imported into open-source software (3D Slicer, version 5.10.0;
released November 10th, 2025) for segmentation, registration and quantitative 3D analysis [23].

A two-step image registration protocol was applied to align all datasets within a common coordinate
system. First, the preoperative CBCT dataset was aligned with the postoperative CBCT using an initial
manual approximation followed by automated rigid registration (BRAINSFit algorithm). Subsequently, the
intraoral scan was registered to the postoperative CBCT using surface-based matching of dental
structures, enabling high-resolution assessment of the dental and device-related interfaces. The planned
implant positions (including screw trajectories) were then aligned with the corresponding postoperative
PSSP and screw positions.

Segmentation of the postoperative PSSD components was performed using a threshold-based approach
to isolate metallic structures, followed by manual refinement to exclude adjacent bone. The resulting
segmentation was converted into a 3D surface model representing the intraoperatively achieved implant
configuration.

Rigid surface registration between the planned and postoperative models was performed using 3D
Slicer's model registration module to determine the spatial relationship between planned and achieved
PSSD positioning.

Quantitative deviation analysis was conducted using the Model-to-Model Distance module. Point-to-
surface distances between the planned and postoperative models were calculated, generating color-
coded deviation maps to visualize spatial discrepancies. In addition, angular deviations of screw
trajectories were assessed using principal axis analysis.

Accuracy was evaluated using three complementary geometric metrics:
* Dice similarity coefficient (DSC):

DSC was used to quantify volumetric overlap between planned and postoperative implant geometries. It
is defined as twice the intersection volume divided by the sum of both volumes. Values range from 0 (no
overlap) to 1 (complete congruence), reflecting spatial agreement.

* Model-to-model surface distance (M2M):

M2M distance quantified mean geometric deviation between planned and achieved positions. For each
surface point, the shortest Euclidean distance to the corresponding opposing surface was calculated.
Lower values indicate higher geometric accuracy.

* Hausdorff distance (HD):
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HD was used to determine the maximum surface deviation between planned and postoperative models.
It represents the largest of all shortest point-to-surface distances and reflects the worst-case local
discrepancy.

3. Results
3.1 Study Cohort

This proof-of-principle study included a single case presenting with transverse maxillary deficiency
requiring SARPE using a PSSD. Treatment was performed at the Department of Oral and Plastic
Maxillofacial Surgery, Military and University Hospital Ulm, Germany.

The indication for surgery was based on a skeletally determined transverse discrepancy that could not
be adequately compensated by orthodontic treatment alone. Preoperative planning was performed using
a fully digital workflow, incorporating CBCT and intraoral scan data for VSP, followed by CAD-based
design of PSDG, PSPG and manufacturing of a hybrid PSSD.

3.2 Clinical Follow-Up

Postoperative follow-up (4 months) included standardized clinical assessments focusing on functional
outcome, device stability and potential complications. The postoperative course was uneventful. Wound
healing was regular, with no signs of infection, dehiscence or implant-related complications. Sensory
function in the distribution of the infraorbital nerve remained intact. The device demonstrated stable
anchorage throughout the observation period, with no signs of loosening or mechanical failure. At
follow-up, the patient remained clinically stable with satisfactory functional outcome and no need for
revision surgery.

3.3 Accuracy Analysis of Patient-Specific SARPE Device
Positioning

Postoperative 3D accuracy analysis was performed using CBCT-based evaluation combined with
intraoral surface registration to assess the spatial relationship between the virtually planned and the
postoperative achieved PSSD position (Fig. 6).

3.3.1 Qualitative Assessment

Superimposition of the preoperative VSP and postoperative datasets demonstrated a high overall
concordance between the planned and achieved PSSD positioning (Fig. 7). The central expansion screw
region exhibited a high degree of positional accuracy, whereas deviations were primarily observed at the
lateral anchorage arms. Color-coded surface distance maps revealed a non-uniform distribution of
deviations, with increasing discrepancies toward the lateral maxillary regions, particularly in the anterior
region of the second quadrant.
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3.3.2 Quantitative Accuracy Analysis

This analysis demonstrated a measurable geometric correspondence between the virtually planned and
the postoperative PSSD position (Table 1), with region-dependent variability in positional accuracy
(Table 1). MSD was 2.78 mm, indicating a moderate global surface deviation between planned and
achieved device position. In line with the qualitative assessment, lower deviations were observed in the
central palatal region, reflecting accurate transfer of the planned distraction vector. Surface-based
analysis using HD revealed a mean deviation of 1.00 mm and a maximum deviation of 5.70 mm,
indicating overall low average discrepancies with localized peak deviations.

Volumetric agreement, expressed by DSC, was 0.17, reflecting limited volumetric overlap between
planned and postoperative PSSD positions. Rigid transformation analysis demonstrated a total
translational deviation [Distance between centers (DBC)] of 2.21 mm, with axis-specific components of
-0.01 mm (X-axis), 0.57 mm (Y-axis) and 2.14 mm (Z-axis), indicating a predominant displacement along
the vertical axis. Rotational deviation (RD) amounted to 6.19° (roll), 6.57° (pitch) and 2.72° (yaw),
suggesting moderate angular discrepancies between planned and achieved PSSD orientation.

Page 11/24



Table 1

Quantitative 3D accuracy analysis of PSSD placement: Volumetric, surface-based and
rigid transformation metrics comparing VSP and postoperative PSSD positioning.

Category Measurement Value
Volumetric metrics

Dice similarity coefficient (DSC) [%] 0.17

Mean surface distance (MSD) [mm] 2.78
Surface-based metrics

Hausdorff distance (HD) [mm]

Mean 1.00

Maximum 5.70
Translational and rotational metrics

Distance between centers (DBC) [mm]

X -0.01
Y 0.57
Z 2.14
Total 2.21

Rotational deviation (RD) [°]

X (roll) 6.19
Y (pitch) 6.57
Z (yaw) -2.72

4. Discussion

The present proof-of-principle study demonstrates the technical feasibility of a fully digital workflow
integrating VSP for SARPE. This finding is consistent with previous work in orthognathic surgery, where
CAD/CAM-based guides and patient-specific osteosynthesis have been shown to enable highly accurate
plan transfer with reduced operator dependency [13, 22].

4.1 Interpretation of 3D Accuracy Findings

Quantitative analysis in the present study demonstrated a MSD of 2.78 mm, with a mean HD of 1.00 mm
and a maximum deviation of 5.70 mm. These values indicate a moderate overall geometric deviation
with localized peak discrepancies. Importantly, the spatial distribution of these deviations was non-
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uniform and predominantly confined to the lateral fixation structures, whereas the central region
demonstrated high positional concordance. This pattern is biomechanically plausible and clinically
relevant. The central palatal region represents the functional core of PSSD, where accurate positioning
directly determines the vector and symmetry of maxillary expansion. In contrast, the lateral fixation arms
are subject to increased anatomical variability, including differences in soft tissue thickness, palatal
curvature and screw trajectory constraints. Similar region-dependent variability has been reported in
other patient-specific implant applications, particularly in anatomically complex regions such as the
orbit, where deviations are often localized at peripheral implant extensions rather than central reference
structures [24]. The observed DSC of 0.17 reflects limited volumetric overlap between planned and
postoperative PSSD geometry. However, this metric must be interpreted with caution. As previously
demonstrated, overlap-based metrics such as DSC are highly sensitive to small positional deviations in
thin or elongated structures and may underestimate geometric agreement in such configurations [25,
26]. Therefore, surface-based metrics such as MSD and HD might be considered more appropriate for
evaluating accuracy in non-volumetric implant geometries. Rigid transformation analysis revealed a total
translational deviation of 2.21 mm, predominantly along the vertical axis and rotational deviations of up
to 6.57°. These findings suggest that deviations were not random but followed a systematic pattern,
likely related to intraoperative seating of the device and soft tissue interaction. Comparable systematic
deviations have been described in template-guided dental implant placement, where minor
discrepancies may arise from guide seating, manufacturing tolerances and intraoperative handling [21].

4.2 Comparison of Conventional SARPE with Digital SARPE
Workflows

Conventional SARPE procedures are characterized by a high degree of intraoperative variability,
particularly with respect to osteotomy design and device positioning. Several studies have demonstrated
that expansion patterns may be asymmetric even under standardized conditions, suggesting that
intraoperative factors play a critical role in treatment outcome [8, 9]. The present digital workflow
addresses this limitation by directly linking preoperative planning with template-guided intraoperative
execution. In contrast to conventional approaches, where screw placement and device positioning are
performed freehand, the use of dental-supported, additively manufactured PSDG and PSPG enables
predefined control of screw trajectories and SARPE device positioning. This concept is analogous to
established computer-assisted workflows in orthognathic surgery, which have demonstrated improved
reproducibility and accuracy compared to conventional techniques [11, 13, 22, 27]. In orthodontics,
recent developments such as virtually planned Miniscrew-Assisted Rapid Palatal Expansion (MARPE)
systems also aim to improve expansion control. However, these approaches primarily focus on
appliance design rather than surgical guidance and therefore do not fully address the variability
associated with intraoperative device placement and maxillary expansion [14]. The present study
extends this concept by integrating surgical guidance into this workflow, thereby enabling a
comprehensive digital treatment pathway.

4.3 Clinical Relevance

Page 13/24



From a clinical perspective, the most relevant finding is the high positional accuracy in the central region.
This suggests that the planned distraction vector might be reliably transferred to the patient, which is
critical for achieving symmetrical skeletal expansion. Furthermore, the absence of intraoperative
complications and the stable postoperative course, without hyperplasia of the palatal mucosa or
overgrowth of the PSSD, support the clinical feasibility and safety of the presented approach. The ability
to perform SARPE with predefined screw trajectories and implant positioning may reduce the risk of
iatrogenic root injury and improve reproducibility, particularly in this anatomically challenging topography
[28]. Additionally, template-guided drilling in combination with locking screws and plates allows for
orthogonal alignment of screw trajectories even within the anatomically constrained palatal vault [29].
This may help to reduce unintended compression of the PSSD against the palatal mucosa associated
with non-orthogonal insertion of the locking screws, which can lead to impingement of the SARPE device
on the palatal soft tissues. Even small angular deviations may result in amplified positional
discrepancies at the screw tip and shaft, what may affect the positioning of SARPE devices. Given the
anatomical variability of the palatal vault, non-orthogonal screw insertion may therefore contribute to
unintended positional discrepancies of the device relative to the palatal mucosa. This could be clinically
relevant, as SARPE device-associated mucosal hyperplasia may impair patient comfort. Collectively, the
presented workflow may contribute to improved patient compliance and tolerance of the therapy.

4.4 Limitations

Several limitations must be acknowledged. First, this study represents a proof-of-principle investigation
based on a single case. Consequently, no statistical analysis or generalizable conclusions can be drawn.
Second, the accuracy analysis is influenced by segmentation and registration processes, which are
known sources of error in 3D image analysis [30]. Third, the use of CBCT data introduces inherent
limitations in spatial resolution and artifact susceptibility, particularly in the presence of metallic
structures. In addition, the DSC metric is of limited interpretability in this context, as discussed above.
Future studies should therefore prioritize surface-based and transformation-based metrics when
evaluating implant accuracy.

4.5 Future Perspectives

Future research should focus on prospective studies with larger patient cohorts to validate the clinical
benefits of this workflow. Correlations between device positioning accuracy, expansion symmetry and
long-term stability should be investigated. Moreover, integration with intraoperative imaging or
navigation could further enhance accuracy, although this must be balanced against increased
complexity and resource requirements. The presented concept also provides a foundation for further
development of fully patient-specific SARPE devices, potentially incorporating additively manufactured
monolithic designs with optimized biomechanical properties.

5. Conclusions
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In conclusion, the present findings support the hypothesis that a fully digital, template-guided workflow
enables accurate and reproducible transfer of VSP to SARPE procedures. While measurable deviations
were observed, these were predominantly localized and did not affect the functionally relevant
components of the device. The results are consistent with existing literature on CAS and patient-specific
implants and highlight the potential of digital workflows to improve precision and standardization in
SARPE.
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AM

Additive manufacturing

CAD/CAM

Computer-aided design/Computer-aided manufacturing
CAS

Computer-assisted surgery

CBCT

Cone-beam computed tomography
CT

Computed tomography

DBC

Distance between centers

DICOM

Digital Imaging and Communications in Medicine
DSC

Dice similarity coefficient

HD

Hausdorff distance

MARPE

Miniscrew-Assisted Rapid Palatal Expansion
mm

Millimeter(s)

M2M

Model to model surface distance
PSDG

Patient-specific drill guide

PSI

Patient-specific implant

PSPG

Patient-specific placement guide
PSPMDM
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Patient-specific physical maxillary dentition model

PSSD

Patient-specific SARPE device
RD

Rotational deviation

SARPE

Surgically Assisted Rapid Palatal Expansion
STL

Standard Tessellation Language
VSP

Virtual surgical planning

3D

Three-dimensional
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Figure 1

VSP of patient-specific SARPE device (PSSD) positioning based on CBCT and intraoral scan data.
Multiplanar visualization of a fully digital backward-planning workflow for SARPE. Upper row: Coronal
views demonstrating the virtual positioning of titanium drill sleeves (yellow) in relation to adjacent
anatomical structures. Planned screw trajectories (light blue) are oriented along available cortical bone
while avoiding dental root structures. Middle row: Axial reconstructions enabling detailed assessment of
spatial alignment, screw angulation and planned screw length, with verification of safe intraosseous
positioning within the maxilla. Lower row: 3D reconstruction of the maxilla with superimposed planned
screw trajectories and the patient-specific drilling guide (PSDG), complemented by a panoramic
projection illustrating the overall distribution and number of planned screws.
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Figure 2

PSDG for guided placement of the patient-specific SARPE device. (A) Occlusal view of the dentition-
supported, additively manufactured PSDG demonstrating its bilateral design and precise adaptation to
the maxillary dental arch. Integrated metallic drill sleeves define the planned screw trajectories for
guided transmucosal drilling. (B) Lateral view illustrating the vertical offset and spatial relationship
between the guide body and the sleeve-bearing fixation segment, enabling controlled access within the
anatomically constrained palatal vault. (C) Side view of the quadrant-specific guide segment showing the
sequential arrangement of the drill sleeves corresponding to the virtually planned screw positions. The
sleeves provide predefined angulation and depth control for accurate transfer of the virtual surgical plan
to the operative field.

Figure 3

PSPG for guided positioning of the PSSD. (A) Occlusal view of the additively manufactured, dentition-
supported PSPG demonstrating precise anatomical adaptation to the maxillary dental arch and palatal
vault. (B) PSPG with inserted PSSD illustrating the predefined spatial relationship between guide and
device. (C) Lateral view highlighting the interface between the PSPG and the PSSD.
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Figure 4

Guided osteosynthesis preparation using PSDG. (A) Intraoral view showing quadrant-specific insertion of
the dentition-supported PSDG with accurate seating and high positional stability along the maxillary
dental arch. (B) Transmucosal template-guided drilling was performed through the integrated titanium
drill sleeves. (C) Detailed intraoperative view demonstrating controlled drill angulation and access within
the anatomically confined palatal vault, ensuring accurate execution of the VSP.

Figure 5

Guided insertion of the PSSD using the PSPG. (A) Intraoral frontal view demonstrating dentition-

supported seating of the 3D-printed PSPG. (B) Occlusal view illustrating guided insertion of the PSSD
through the PSPG, enabling transfer of the VSP to the palatinal vault (C) Intraoperative situation after
PSPG removal, showing the correctly positioned PSSD fixed to the palatal vault using locking screws.

Page 22/24



Figure 6

CBCT-based evaluation of planned versus postoperative PSSD position. (A) Coronal CBCT slice with
superimposed virtually planned PSSD (green) and postoperative achieved position (magenta),
demonstrating overall spatial correspondence in the central palatal region, with a progressive cranial
deviation observed in the second quadrant. (B) Corresponding coronal CBCT slice illustrating regional
deviations between planned and achieved device positioning, with discrepancies primarily located at the
lateral fixation arms in the second quadrant. These superimpositions are based on rigid registration of
CBCT datasets and were used in combination with intraoral surface registration to assess the spatial
relationship between the virtually planned and postoperative PSSD position.
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Figure 7

3D accuracy analysis of PSSD positioning based on CBCT and intraoral surface registration. (A) Color-
coded surface distance map illustrating the geometric deviation between the virtually planned and the
postoperative PSSD position. The color scale (right) represents point-to-surface distances (mm), with
lower deviations shown in dark blue/purple and higher deviations in yellow. (B) Superimposition of the
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planned PSSD onto the postoperative maxillary model, demonstrating overall spatial correspondence,
particularly in the central expansion screw region and in the posterior region of the first quadrant. (C)
Combined visualization including dentition and soft tissue surface from intraoral scan registration,
highlighting the spatial relationship between the PSSD and the maxillary anatomy.
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