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Abstract. Cone-Beam CT (CBCT) and Intraoral Scan (IOS) are den-
tal imaging techniques widely used for surgical planning and simulation.
However, the spatial resolution of crowns is low in CBCT, and roots are
not visible in I0S. We propose to take the best of both modalities: a
seamless fusion of the crown from IOS and the root from CBCT into a
single image in a watertight mesh, unlike prior works that compromise
the resolution or simply overlay two images. The main challenges are
aligning two images (registration) and fusing them (stitching) despite a
large gap in the spatial resolution between two modalities. For effective
registration, we propose centroid matching followed by coarse- and fine-
registration based on the point-to-plane ICP method. Next, stitching of
registered images is done to create a watertight mesh, for which we recur-
sively interpolate the boundary points to seamlessly fill the gap between
the registered images. Experiments show that the proposed method in-
curs low registration error, and the fused images are of high quality and
accuracy according to the evaluation by experts.
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1 Introduction

The 3D visualization of teeth can assist with dental treatment planning [9,/12] as
well as pre-operational simulation of surgeries [16,21,22]. Cone-beam computed
tomography (CBCT) and intraoral scan (IOS) are 3D imaging techniques widely
used in such applications. CBCT provides information on dental and maxillo-
facial structures, whereas IOS provides highly accurate surface information on
tooth crowns and gingiva.

While providing comprehensive visualization, CBCT and IOS have their
shortcomings. The spatial resolution of crowns represented by CBCT is rela-
tively low, and the roots buried in the gingiva are not visible in IOS. In this
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paper, we leverage the strengths of both modalities: fusing the crown from I0S
and the root from CBCT into a single tooth image in a watertight mesh. Firstly,
the fusion requires aligning CBCT and IOS images of a patient, i.e., registration.
Next, the registered images need to be combined, for which we need the stitching
of images. The technical challenges are such that, CBCT and IOS are heteroge-
neous modalities, e.g., the spatial resolution of IOS tends to be much higher than
CBCT. Due to the differences, naive registration and stitching methods tend to
perform poorly. Thus, previous attempts at modality fusion simply overlay two
images, or compromise the resolution of I0S; a detailed review is as follows.

Most studies on integrating CBCT and IOS data focus on registration. Initial
attempts of registration utilized fiducial markers |10423}[24},26] which, however,
demanded significant manual intervention. Deferm et al. [6] focused on registra-
tion based on soft tissues rather than dental structures. Common techniques to
align dental regions include Principal Component Analysis (PCA) [29] and the
Iterative Closest Point (ICP) algorithm [1]. Some enhancements were made for
registration, including deep pose regression [2|, facial scans [13|, and Fast Point
Feature Histograms (FPFH)-based ICP [14]. However, the above methods are
limited to registration, and the output is a simple overlay of two images. Only
a few works attempted to produce a single output mesh, however, at the cost of
compromising the resolution. Hao et al. [11], and Liu et al. [17] output a single
image by retaining only the point cloud, and then reconstructing the mesh; but
this process risks compromising the fine details originally captured by 10S. Qian
et al. |20] also performed registration and stitching of IOS and CBCT meshes
which, however, suffered from incomplete stitching when the spatial resolution
of IOS is much higher than CBCT, which is the usual case.

In this paper, we investigate the multimodal fusion of CBCT and IOS into
a unified output to fully exploit the complementary aspects of the two modali-
ties. We first propose an effective registration consisting of three stages: centroid
alignment, coarse- and fine-grained registration based on a robust ICP method.
Next, we propose a novel method for mesh stitching to combine the registered
I0S and CBCT into a watertight mesh, which recursively interpolates the bound-
ary points to seamlessly fill the gap between the registered images. Experiments
show that our method incurs low registration errors, and the fused outputs are of
high quality and accuracy for clinical usage as evaluated by medical experts. To
our belief, our work is the first to integrate CBCT and IOS data into clinically
accurate and cohesive meshes without compromising the spatial resolution.

2 Method

2.1 Overview

The proposed method consists of (i) IOS-CBCT registration; (ii) crown removal
from CBCT; (iii) mesh stitching. The inputs to our method are pre-segmented
IOS and CBCT meshes in which each tooth is individually segmented as its
tooth number. Note that several methods are available for such segmentation
[3H5L/15,/250[27,|128]. An overview of our method is illustrated in Fig.
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Fig. 1. Overview of Integration of IOS and CBCT images

2.2 T0OS-CBCT Registration

The IOS-CBCT registration involves aligning the crown portion of CBCT and
I0S. We propose a fine-grained registration consisting of three stages: 1) Cen-
troid Alignment, 2) Coarse Registration, and 3) Fine Registration.

1) Centroid Alignment: Let X1, X5, ..., X,, denote the collection of point
sets (mesh vertices) from CBCT meshes where X; denotes the point set of the
tooth number ¢. Similarly define Y7, ...,Y, for IOS data. We would like to align
X; and Y; for i = 1,...,n. We first perform a gross alignment before refined
registration. For initial alignment, we propose a simple yet effective method
called centroid alignment as follows. The centroids of CBCT and IOS point sets
are calculated, and let Cx, (resp. Cy,) denote the centroid of the point set of i-th
tooth in CBCT (resp. IOS) data. We find transformation R°"* through which
Cx, and Cy, are matched fori =1,...,n:

2 (1)

R*™ = arg min ZHCYi — R(Cx,)
R

i=1

where R denotes a rigid transform matrix. The centroids from both modalities
tend to be distributed along the dental arches. Thus, this is a computationally
efficient way of roughly aligning the modalities on an overall scale.

2) Coarse Registration: After centroid alignment, the meshes will overlap
but crowns may be misaligned (Fig.[1|(a)). The ICP algorithm [1] can be used for
a refined registration. Previous works attempted to apply ICP to all teeth using
correspondences based on features such as FPFH . However, techniques like
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FPFH feature matching may fail due to a mismatch between 10S and CBCT
resolutions. Instead, we perform coarse- and fine-registration based on distance-
based correspondence with the point-to-plane ICP [18]. In the coarse registration,
we find a single transformation applied to all teeth; in the fine registration, we
compute individual transformations for each tooth. Point-to-plane ICP leverages
the surface normal of the objects and has better convergence and performance
than vanilla ICP with a proper initial alignment [19]. In our case, the initial
alignment based on centroid alignment helped point-to-plane ICP perform well.
During the coarse registration, we used 10S as the target, and CBCT as source.
The correspondence and objective in a single ICP iteration are defined as follows.
Corr(y) := argmin|ly — z|| for y € Y}, and
zeX;

i

n

Rcoarse _ argénin Z Z ||(R(Corr(y)) - y) * NCorr(y) ||2 (2)

i=1 yev;

where ncor(y) denotes the surface normal for point Corr(y).

3) Fine Registration: The fine registration finds the transformation for
individual teeth, mainly to mitigate stitching errors in IOS. The intraoral scanner
sequentially captures dental structures, merging them into a single image, which
leads to cumulative stitching errors [8]. We consider registration of teeth in
groups similar to [14]. We form a consecutive group of three neighboring teeth.
If we denote a group as a set of three tooth numbers, there are n — 2 groups
given by {1,2,3},{2,3,4},...,{n—2,n—1,n}. The registration is done for each
group; as a result, the effect of cumulative stitching errors will be small, but the
neighboring teeth help stabilize the alignment of the center tooth.

We consider a novel sequential correction scheme as follows. Let us denote the
ith group as G; where G; = {i—1,i,i+ 1}. The registration of G2, Gs,...,Gr_1
are done in sequence, meaning that registration results of G;_; propagates to
G, and so on. The idea is that the correction made in a group will help reduce
stitching errors in the neighboring group. This is analogous to sequential filtering
with a sliding window of length 3. Since the stitching errors are present in I0S,
we designate I0S as the source and CBCT as the target during the iteration of
point-to-plane ICP. The registration objective for group G; can be shown to be

R?ne = arg min Z I (R(y) — Corr(y)) - ny||2 (3)
R yey'q_’ilUYiiUY;il

where Y7 := {Ri"(y)ly € Y/7'} for j = i,i+ 1 and Y/~ ' := ¥;. Thus, the

points in Y; is applied with composite transformation R?ﬁ’ o R?“e o R?EG{, and

such multiple corrections can enhance the registration accuracy.
2.3 Crown removal and Mesh stitching

1) Crown Removal: To replace the crown, we first remove the crown portion
of the CBCT. We first identify the boundary points of 10S mesh which are
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defined as a sequence of points that define a path in the graph induced by
vertices and edges along the boundary (cutoff of tooth from gingiva) of the IOS
mesh. As we traverse the path, the CBCT points near the path vertices are
identified. Those points in CBCT are interconnected via Dijkstra’s algorithm |[7]
to create a short path on the graph induced by the CBCT mesh. The mesh is
then split into parts based on the path, and the crown part is removed. There
are additional algorithmic details in the removal, and its pseudocode is provided
in the supplementary materials.

2) Mesh Stitching: After removing the crown part of CBCT, we stitch the
crown from the IOS mesh and the root from the CBCT mesh. The stitching
algorithm consists of three parts: 1) Mesh Generation, 2) Intermediate Point
Generation, 3) Interpolate Points. A pseudocode is given in Algorithm

Algorithm 1 Integrated Mesh Generation
Require: N: neighbor count, K: degree of interpolation, m: iteration count
1: function MESHGENERATION(IOS, CBCT, numTeeth, N, K, m):
for i < 1 to numTeeth do
10S; + Boundary points of IOS tooth number 4
CBCT; < Boundary points of CBCT tooth number i
midMesh < GENINTERPOINTS(IOS;, CBCT;, N, K, m)
midMesh < DowNSAMPLE(midMesh)
resultMesh; <— DELAUNAY3D (midMesh)

return array of resultMesh

9: function GENINTERPOINTS(A, B, N, K, m):

10: if m =0 then

11: return empty array with dimensions of A

12: ptsMid <+ INTERPOLATEPOINTS(A, B, N, K)

13: ptsA < GENINTERPOINTS(A, ptsMid, N, K, m — 1)
14: ptsB < GENINTERPOINTS(ptsMid, B, N, K,m — 1)
15: return CoNCAT(ptsA, ptsMid, ptsB)

16: function INTERPOLATEPOINTS(A, B, N, K):
17: Initialize empty array interpolatedPoints
18: Create KD-tree from B
19: for each point in A do

20: Find N nearest neighbors from B using KD-tree

21: for each neighbor do

22: Calculate K interpolated points between current point and neighbor
23: Add each interpolated point to interpolatedPoints

24: return interpolatedPoints

Mesh Generation: This is the top-level function that takes IOS and CBCT
inputs and generates intermediate points, i.e., calls function GENINTERPOINTS
(line 5) to fill the gap between I0S and CBCT boundaries. After the point
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generation, the voxel downsampling with 0.05 mm is applied to the generated
point cloud (line 6) to control the point density as appropriate for meshing.
Intermediate Point Generation: Function GENINTERPOINTS is key to the
proposed mesh stitching. The function recursively generates the intermediate
points in the boundary gap as follows. Given the initial boundary points of
IOS and CBCT, the function generates ptsMid between IOS and CBCT via
interpolation (line 12). Then the function recursively fills the gap between I0S
and ptsMid (line 13), and then ptsMid and CBCT (line 14).
Interpolate Points: Function INTERPOLATEPOINTS creates the intermediate
points given two point sets via interpolation. It uses a KD-tree for efficient neigh-
bor search and point correspondence between two sets (line 18). Following the
correspondence through N-nearest neighbor, K interpolation points are gener-
ated on the line segment connecting the corresponding points (lines 20-23).

In summary, the proposed stitching can effectively create meshes to smoothly
fill the gap between input meshes (Fig. b)) through recursive point genera-
tion/interpolation and downsampling.

3 Experiment

3.1 Dataset

The dataset consisted of 62 anonymized pairs of CBCT and IOS collected from
the Korea University Anam Hospital. This study was approved by the Institu-
tional Review Board of the same hospital (IRB No. 2020AN0410). The dimension
of CBCT images is 768 x 768 x 576 with the voxel size 0.3 x 0.3 x 0.3mm?. The
IOS scanner was Medit 1500 with an in vivo resolution of 50um. The teeth in the
CBCT and IOS datasets were individually labeled by two experts and confirmed
by an oral and maxillofacial surgeon. In the experiments, we used the annotated
CBCT and IOS as the segmented inputs to our method.

3.2 Experimental Results

We evaluated the registration accuracy at each stage based on a surface dis-
tance between I0S and CBCT points in Table a). For the method by Jang
et al. |14] which is the current state-of-the-art, none of the image pairs in the
dataset were properly aligned due to unsuccessful FPFH feature matching, as
indicated by ‘-’ in the first entry of Table [I[a) (a failure case is provided in
the supplementary materials). For comparison, Jang et al.’s method was divided
into stages and combined with our centroid alignment. Overall, Table (a) shows
that our method achieved significantly higher accuracy, which is perhaps due to
the synergistic effect of combining centroid alignment and point-to-plane ICP,
whereas Jang et al.’s vanilla ICP and FPFH matching [14] require a tight initial
alignment between objects. Moreover, the sequential error correction by the fine
registration (FR) makes further improvement, as can be observed in Table[I|(a)
by the reduction in error by adding the FR component to our method.
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Table 1. (a) Comparison of registration methods in SD (Surface Distance) error. CA:
Centroids Alignment (Ours), CR: Coarse Registration (Ours), FR: Fine Registration
(Ours), LR: Local Refinement [14], SEC: Stitching Error Correction [14], (b) Quality
assessment by experts for CBCT-only and fused modalities.(Score: 1-5)

Method SD (mm)
Jang et al. [14] - CBCT only|Modality Fusion
CA 1.1486 Incisor 2.571 3.929
CA +LR IEI 0.5591 Canine 2.393 3.893
CA +LR +SEC I14I 0.4244 Premolar 2.286 4.679
CA +CR 0.2540 Molar 2.250 4.607

Ours (CA+CR+FR)| 0.2318

(a) (b)

44 6@y
&
(a) CBCT Only (b) Modality Fusion

Fig. 2. Comparison of Overall Teeth Structure

Next, we present qualitative evaluations of the integrated outputs. Fig. [2]
presents an overall visualization of CBCT-only and integrated I0S and CBCT.
While preserving the positional relationship of the teeth, modality fusion pro-
vides a much higher resolution in the crown images. Fig. |3 provides a qualitative
comparison by tooth types. In all types, modality fusion exhibits significantly
enhanced precision in the crown representation. This is particularly evident in
Premolars and Molars, for which CBCT imaging often results in poor precision
at the contact surface due to the tight spacing between upper and lower teeth
during the image acquisition. Fig. [4] shows that our output in unified mesh ap-
pears natural and smooth, and restores intricate anatomical details of the crown.
However, the method by Qian et al. produces incomplete stitching, perhaps
due to the large discrepancy in point densities between I0S and CBCT.

Finally, we present the evaluation results from the medical experts. Table []
(b) presents the assessment scores on sample outputs in a 5-point Likert scale re-
ceived independently from 7 dental experts. The score represents the overall qual-
ity with a focus on clinically accurate representation: 5 is the highest and 1 is the
lowest rating. The modality fusion achieved significantly higher ratings across all
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Fig. 4. Comparison of Mesh Stitching Algorithm

tooth types than CBCT-only, particularly in premolars and molars. The overall
assessment by experts reads: “Overall, the results for teeth with modality fusion
were superior, especially in premolars and molars where anatomical details such
as marginal Tidges, cusps, and fissures were well-preserved.”

4 Conclusion

In this paper, we proposed a method for fully automated registration and mesh
stitching for a multimodal integration of CBCT and IOS data. We developed



Fusion of CBCT and Intraoral Scan Data 9

a coarse-to-fine registration strategy, mesh removal, and stitching to bridge the
modality gap, producing a single mesh output with high quality and accuracy.
Our advancement enables enhanced precision for many applications such as vir-
tual surgeries for personalized patient care through AR/XR technologies. Fu-
ture work includes extending and verifying the proposed framework on diverse
datasets varying in spatial resolution, image artifacts, patient conditions, etc.
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