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A B S T R A C T

Background and objective: Three-dimensional (3D) reconstruction of head and neck tissues has 
extensive clinical applications, but due to the complexity and variability of tissue structure, there 
is still a lack of a complete scheme to reconstruct the head and neck tissues. This study aims to 
establish a tissue-specified multi-directional cross-sectional image sequence construction method 
to capture diverse tissue contour information,
Methods: The image sequences that are most conducive to acquiring the boundary contours of the 
target tissue are constructed from 3D MRI images of the head and neck in a non-traditional way 
based on the characteristics of each target tissue, and an effective registration strategy is used to 
integrate the boundaries of the target tissue segmented from multiple image sequences. The 
NURBS (Non-Uniform Rational B-Splines) surface modeling method is used to construct the 3D 
structure of the head and neck based on the segmented tissue boundaries, and then the con
structed structure is used to build a fluid-structure interaction model to simulate airway collapse.
Results: The multi-directional cross-sectional image sequences of head and neck tissues were 
reconstructed, which successfully supplemented the missing boundary information in unidirec
tional image sequences commonly used in anatomical reconstructions. The boundaries of the 
tongue and soft palate were obtained from three corresponding sequential images respectively, 
and nonlinear registration methods were developed to match the intersections of the target tissue 
boundaries segmented from different image sequences. The complete 3D head and neck structure, 
including the surrounding tissues of the upper airway, was accurately reconstructed, and then 
directly converted into a finite element model through a meshing procedure. The head and neck 
numerical models successfully simulate airway collapse in both the obstructive sleep apnea pa
tient and the normal subject, providing detailed information on soft tissue deformation and 
predicting the values of the airway critical closing pressure.
Conclusions: A complete 3D reconstruction scheme from multi-directional image sequence con
struction to nonlinear boundary registration and NURBS surface generation is established. The 
constructed model can accurately reflect the characteristics of real anatomical structure, and can 
be directly used for complex numerical simulations of upper airway collapse.
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1. Introduction

Three-dimensional (3D) reconstruction of human tissues is of great significance for clinical applications and research, such as 
surgical navigation, virtual surgery, tissue reconstruction, notably, the widely utilized biomechanical simulation analysis [1–5]. For 
example, some geometrically simplified numerical models of airway collapse have been applied to surgical planning and treatment 
outcome prediction for obstructive sleep apnea (OSA) [6–8]. These applications urgently need powerful 3D modeling technology to 
deal with complex human tissues. The construction of the head and neck 3D model has an important impact on the research of 
physiological functions such as breathing, speech and swallowing [9–13]. 3D MRI adopts 3D spatial encoding technology, and the 
image signal acquisition comes from volume excitation, which effectively reduces the adverse effect of the slice spacing of 2D MRI on 
the spatial resolution of the image, and is conducive to image reconstruction in other directions than the direction of image shooting. 
However, the human head and neck contain numerous tissues and organs with complex anatomical structures, which pose a serious 
challenge to the construction of 3D models based on medical images [14,15]. Although some 3D models have been constructed for the 
partial structure of the head and neck in specific studies, such as the tongue and soft palate [16–20], there is still a lack of a unified 
scheme for the construction of head and neck tissues.

Computer Aided Design (CAD) technology is widely used in industrial fields, such as the shape design of automobiles, ships, and 
aircrafts, as well as in the medical field [21,22]. Different from the standard parts design in industry, the human tissue morphology is 
complex and individual differences are large. This challenges the direct application of CAD technology in 3D modeling of human 
anatomy, highlighting the urgent need to develop a CAD approach specifically suited for modeling human tissues [23,24]. CAD 
modeling is based on powerful spline curve and surface technology, as well as flexible Boolean operations [25], which can provide 
technical support for complex human tissue modeling.

Unlike voxel-based modeling, CAD modeling essentially utilizes boundary curves to generate geometrical structures [26]. How
ever, conventional unidirectional axial, sagittal, or coronal images restrict the boundary curve of the target tissue to a fixed orientation 
plane. This limitation makes it challenging to capture boundary details in other orientations, introducing uncertainties into the model. 
The problem is especially pronounced when the curvature of the tissue boundary varies significantly, as accurate modeling requires 
boundary information from multiple directions. Given the substantial morphological differences among various tissues, it is essential 
to develop imaging techniques that provide cross-sectional views in multiple orientations to better capture the geometry of each 
specific tissue in the head and neck region.

Another key challenge is aligning boundary information from different orientations. In our previous studies, we employed a linear 
registration method to align curves from parallel planes, but this approach is inadequate for multi-directional imaging [27]. The 
boundaries segmented from two intersecting images of the same tissue should intersect. Due to the partial volume effects and errors in 
the image reconstruction process, this basic property that should exist is destroyed.

Aiming at the problems mentioned above, the objective of this article is to establish a multi-directional image reconstruction and 

Fig. 1. Flowchart for tissue 3D reconstruction and numerical simulation.
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nonlinear registration method based on 3D MRI images of the head and neck to build realistic 3D structures around the upper airway. 
Then, the 3D head and neck models were used to simulate the collapse of the upper airway.

2. Methods

3D MRI scans of the entire head and neck were conducted in a healthy subject and a patient with obstructive sleep apnea, both in a 
supine position. The raw 3D image was reconstructed into sagittal sequences, and the slice spacing was consistent with the pixel size, i. 
e., 0.67 mm. Based on such a sagittal sequence image the structures of head and neck tissues were reconstructed. This study was 
approved by the Ethics Committee of Capital Medical University, Beijing, China. The participant signed the informed consent prior to 
participation.

Fig. 1 is a flowchart of the specific steps for constructing the 3D structure of head and neck tissues in this study.

2.1. Reconstruction of multi-directional cross-sectional images

Due to the complexity of the head and neck structure, employing conventional boundary segmentation based on parallel two- 
dimensional series of images in the axial, coronal, or sagittal planes for three-dimensional structure reconstruction of a specific 

Fig. 2. The generation of multi-directional plane image sequence of the tongue. Each white line on the midsagittal plane in the subfigure (a) is a 
projection of the oblique section in the image sequence, perpendicular to the contour of the mandible shown by the red curve. The subfigure (b) is a 
3D display of some reconstructed oblique cross-sectional images. The subfigures (c) and (d) show the results before and after calibration, 
respectively.
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tissue may not yield optimal results. In this study, for each target tissue, we need to reconstruct one or more group of multiple parallel 
or non-parallel plane or curved images based on its structural characteristics, which are utilized for the reconstruction of the tissue 
structure. This approach allows us to extract as much tissue boundary information as possible from the reconstructed images, ulti
mately resulting in a more realistic 3D structure of the target tissue. For most head and heck tissues, a suitable set of image sequences is 
usually enough to build a 3D structure. However, the tongue and soft palate require more image sequences to reconstruct their 3D 
structure. Although the sagittal plane images can clearly display some contours of the tongue or soft palate, they could not provide 
information on the lateral edge of the tongue or soft palate. In such a case, a group of non-parallel images perpendicular to the mid- 
sagittal plane, as well as curved surface images were needed to effectively show the lateral boundaries.

2.1.1. Oblique cross-sectional plane image
Taking the construction of multi-directional plane image sequence of the tongue as an example, the following is the basic math

ematical algorithm for obtaining multi-directional cross-sectional images:
Based on the characteristics of the target tissue, a reference curve C(s) should first be manually selected on the sagittal plane, as 

shown by the red line in Fig. 2a.
The reference curve C(s) lies within the sagittal plane x = xi, and is parameterized as: 

C(s)= (xi, y(s), z(s)) (1) 

where s is the parameter the curve.
According to the required number N of planar images, N points are selected on the reference curve Pn(s) = (xi,y(sn),z(sn)),n = 1,2,

⋯,N.
A plane perpendicular to the sagittal plane is constructed, which passes through the point Pn(s) and perpendicular to the reference 

curve. Therefore, the normal vector of the plane is the tangent vector of the curve T(s) at the point Pn(s), that is 

Tn(s)=
dC(s)

ds
=

(

0,
dy(s)

ds
,
dz(s)

ds

)

s=sn

(2) 

Using Tn(s) as the normal vector of the plane, we can obtain the plane equation passing through the point Pn(s): 

Tn(s) • ((x, y, z) − (xi, y(sn), z(sn)))=0 (3) 

For all points Pn on the curve, where n = 1,2,⋯,N, repeating the above process generates a set of multi-directional sequence 
planes. The grayscale value of each pixel on each plane is obtained from the original 3D scan image based on the spatial coordinates of 
the point. In this way, the construction of the set of multi-directional sequence plane images is completed.

2.1.2. Curved section image
For constructing the curved section image, a curve is drawn on a selected sagittal image based on the characteristics of the target 

tissue, as illustrated by the red line in Fig. 3. This curve is then projected parallelly onto all sagittal images i, where i = 1,2,⋯,M. The 
grayscale values of each pixel on the curved section are obtained from the original 3D scanned image at the spatial coordinates of the 

Fig. 3. The construction of a curved section image of the tongue. The left subfigure is a selected curved section image ranging from the tip of the 
tongue to the base of the tongue. The curved cross section is generated by translating the red curve in the direction perpendicular to plane of the 
sagittal image. The right subfigure is a planar image obtained by expanding the curved cross section shown in the left subfigure line by line, as 
shown by the dashed lines between the two subfigures.
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respective points. In this way, the curved section image is constructed.

2.1.3. Image calibration
After reconstructing multi-directional sectional images, these sections of different orientations will be calibrated. First, the 

midsagittal plane is used as the reference plane to determine the intersection line between the oblique sectional image and the 
midsagittal image. Next, the key feature points of the same anatomical structure along the intersection line are identified in both the 
midsagittal and oblique sectional images. Their alignment is then checked. If there is a discrepancy, the positional offset is calculated, 
and the oblique sectional image is adjusted by translating it according to the offset.

2.2. Boundary segmentation

The Matlab programs were written to segment the boundaries of tissues. For the boundary segmentation on 2D planar cross- 
sectional images, the spatial 3D coordinates of the extracted boundary points were stored as separate files. For the boundary seg
mentation of nasal airway and pharyngeal airway, we used a semi-automatic level set method, which handled changes in topology 
naturally, allowing the contour to split or merge, making it more efficient for segmentation of complex and irregular shapes [28]. 
Different from the boundary segmentation on the plane section image, the curved section image needs to be expanded into a plane 
image before the boundary segmentation operation was performed on the target tissue. After the boundary was segmented in the plane 
image formed by the expansion of the curved sectional image, the corresponding coordinate chart file was called to convert the index 
coordinates into spatial 3D coordinates.

2.3. Registration between multi-directional boundary curves

When more than one set of image sequences is needed to determine the boundary contours of a target tissue, the boundaries 
obtained from different image sets must be registered. Because the boundaries of the tongue or soft palate were from three image 
sequences, their boundary contours from different image sequences need to be registered. When registering the boundaries awaiting 
registration on other planes, the tissue boundary on the sagittal images remained fixed as a reference, and the boundaries in other 
planes should match the reference curve on the sagittal planes through different degrees of displacement or deformation.

The boundary contours of the tongue and soft palate were from three image sequences involving sagittal plane, oblique section and 
curved section, and the boundary curve on the oblique plane images or the curved surface images usually had no common intersection 
point with contour curves on the sagittal planes before registration. A two-step registration procedure was used to match the boundary 
curves segmented from three sets of images to build a high-precision 3D model of the tongue, as well as the soft palate, with com
plementary boundary contour curves. The first step was the initial registration of the boundaries on the planes of sagittal image and 
oblique image, and the second step was the registration of the initially registered boundaries on the planar images and the boundaries 
on the curved surface images.

2.4. Reconstruction of tissue 3D structure

The tissue boundaries obtained after above procedures can be represented by smooth spline interpolation functions. In the seg
mentation procedure, the sampling distance of the boundary points was less than one pixel, so the dense boundary points could ensure 
that the interpolated spline function accurately represented the original tissue boundary. The tissue contour was constructed by 
creating a surface that enclosed these boundary curves. Compared with B-spline curves, NURBS (Non-Uniform Rational B-Splines) 
curves are easier to control and can describe complex shapes, so we use NURBS functions to describe boundary curves. All boundary 
curves were input into NX-UG modeling software, through which the NURBS surface describing the tissue shape was generated [27].

2.5. Establishment of finite element model and numerical simulation

Meshing is a crucial step in finite element simulation, which often determines whether the calculation results converge. The 
constructed NURBS surface is naturally smooth, and can be used directly for high-quality meshing of finite element models. A one-way 
fluid-structure interaction computational model based on commercial software Ansys (ANSYS, Inc. Pennsylvania, USA) was used to 
simulate the closure of the upper airway during inspiration. The fluid domain was the entire upper airway, and the k-ε model was used 
to analyze the air flow in the airway. The solid domain included all soft tissue and bony tissue. The interface of fluid-structure 
interaction was the interface between the airway and the surrounding tissues. The posterior wall was set up as a rigid wall due to 
the bony structure of the vertebrae. The mechanical parameters of different tissues were given in Table 1. The pressure boundary 
conditions were set at the inlet and outlet of the airway. The nostrils were the inlet and the pressure was set to zero. The lower end of 

Table 1 
Young’s modulus of the head and neck tissues.

Bone Skin Tongue Soft palate Muscle

Young’s Modulus (Pa) 1.72 × 1010 [29] 2 × 106 [29] 6 × 103 [5] 5 × 103 [5] 1 × 104 [29]
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the airway was the outlet, and the pressure was set to a negative value, which can cause the airway to collapse and close.
In the finite element model, the solid domain used globally adaptive tetrahedral elements with a mesh size of 0.8 mm for the soft 

palate tissue, and 2.5 mm for others. The fluid domain employed adaptive tetrahedral elements with a mesh size of 0.5 mm. The 
computational model was steady-state, with a minimum of 5 iterations and a maximum of 100 iterations per time step. The 
convergence criterion was defined as the residual of the force being less than 1 × 10− 3. The critical closing pressure of the upper airway 
was defined as the pressure difference between the outlet and inlet of the airway that caused the soft palate or tongue to deform and 
thus contact the posterior wall of the airway. Since zero gauge pressure was set at the inlet of the airway, the airway outlet pressure 
when the soft palate or tongue body made contact with the posterior wall of the airway at a single element was used as the closing 
pressure in practical calculation. By progressively reducing the outlet pressure every − 25 Pa, the transition from non-contact of the soft 
palate or tongue to initial contact of the posterior airway wall was observed.

3. Results

3.1. Reconstruction of image sequences for constructing different target tissues

For each target tissue around the upper airway, the construction of image sequences from the 3D MRI image for boundary seg
mentation was based on the structural characteristics of this specified tissue. Three sets of sequential images, including parallel sagittal 
plane images, non-parallel plane images, and curved surface images, were built for the reconstruction of the tongue. The recon
struction of image sequences with different orientations, but perpendicular to the sagittal plane, was based on the structure of the 
tongue on the sagittal sequence images. The planar sections with an arc-shaped opening, basically in the direction of tongue fibers, 
were oriented perpendicular to the reference curve along the posterior border of the mandible on the mid-sagittal plane. These multi- 
directional image planes transitioned gradually from the coronal plane to the axial plane as shown in Fig. 2. The structures of the tip, 
lateral sides, and base of the tongue were still not well reflected by these sectional images. The constructed curved surface images 
compensated for these shortcomings. Due to the non-planar nature of curved surface images, they could connect these regions in a 
single curved surface image. The curved surface image, which was perpendicular to the sagittal plane, was determined by the tongue 
midline or its vicinity on the mid-sagittal plane that connected the tongue tip region and tongue base region (Fig. 3). All curved surface 
images perpendicular to the sagittal plane could be unfolded into planar images without distortion, as shown in Fig. 3, which facil
itated the extraction of tissue boundary information on the curved surface images. Then the coordinates of the boundary points 

Fig. 4. The generation of multi-directional plane image sequences of different tissues. Subfigures (a), (b), and (c) are for the generation of the image 
sequences of the skull, mandible, and airway, respectively. The sequential images of the skull in (a) follow the white lines and are perpendicular to 
the plane of the axial image. The sequential images of the mandible in (b) follow the white lines and are perpendicular to both the U-shaped red 
reference curve and the plane of the axial image. The sequential images of the airway in (c) follow the white lines and perpendicular to the sagittal 
plane of the image. Subfigures (d), (e), and (f) are the 3D displays of some reconstructed oblique cross-section images corresponding (a), (b), and (c), 
respectively, and the contours of target tissues are represented by purple curves.
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segmented on the expanded plane image were converted to the coordinates on the original spatial position of the curved surface image.
The generation of three sets of multi-directional planar sectional images and curved surface images for the boundary contour 

segmentation of the soft palate was similar to that for tongue, including parallel sagittal plane images, arc-shaped open plane images, 
and curved surface images connecting the tip of uvula and the hard palate.

For each of the other structures, only one set of multi-directional planar images was needed to reconstruct the 3D structure. The 
planar images used to construct the nasal airway were basically perpendicular to the direction of the air flow (Fig. 4c and f). The 
corresponding multi-directional planar images for the skull (Fig. 4a and d), mandible (Fig. 4b and e), hyoid bone, and cricothyroid 
cartilage, were constructed based on their anatomical characteristics.

3.2. Registration of boundary curves on different image sequences

The boundaries of the tongue and soft palate were composed of their boundaries on sagittal plane images, multi-directional planar 
images, and curved surface images. A nonlinear registration method was proposed to calibrate the boundary curves obtained by 
segmentation on different image sequences, which included two steps. In the first step of the registration process, the position of the 
points awaiting registration in the boundary on the oblique section image and the position of the target points in the reference 
boundary on the sagittal image were determined. The two points awaiting registration were the intersections of the boundary curves 
on the oblique image and the sagittal image plane, and the two target points were the intersections of the boundary curves on the 
sagittal image and the oblique image plane which were given by equation (4) and equation (5), respectively. 

Ci(t) ∩ αj = Pijk (4) 

Dj(t) ∩ βi = Qijk (5) 

where Ci(t) was the boundary curve on the i-th oblique image plane βi, Pijk, k = 1, 2, was the point awaiting registration, Dj(t) was the 
reference curve on the j-th sagittal image αj, Qijk was the target point, i was from 1 to the total number of the oblique plane images, and j 
was from 1 to the total number of the sagittal images, t ∈ (0, 1) was the curve parameter. A displacement function d(t), which regulated 
the displacement that each point in the boundary awaiting registration should move. According to the distance between the point 
awaiting registration and the corresponding target point, the displacement function can be given by nonlinear interpolation of the 
distance. Then, the boundary curve awaiting registration was shifted or deformed to the position of the registered point according to 
the displacement function. The processes were shown as follows 

⎧
⎨

⎩

Qijkx − Pijkx = dix
(
αj, k

)

Qijky − Pijky = diy
(
αj, k

)

Qijkz − Pijkz = diz
(
αj, k

) ̅̅̅̅̅̅̅̅ →
interpolation

⎧
⎨

⎩

dix(t)
diy(t)
diz(t)

̅̅̅̅̅̅̅̅→
displacement

⎧
⎨

⎩

Gix(t) = Cix(t) + dix(t)
Giy(t) = Ciy(t) + diy(t)
Giz(t) = Ciz(t) + diz(t)

(6) 

where di(t) was the displacement function of each point on the curve Ci(t) on the oblique image plane βi obtained by spline inter
polation, Gi(t) was the boundary curve after registration on the image plane βi, the subscripts x, y, z represented the three components 

Fig. 5. The registration of the tongue boundary curves. In the left subfigure, the green boundary curve of the tongue located on the plane of the 
oblique section image is the curve awaiting registration, and the blue curve located on the sagittal image is the reference curve. The point awaiting 
registration marked by a green spot determined by Eq. (4) is the intersection point between the green boundary curve and the sagittal image, and the 
target point marked by a blue spot given by Eq. (5) is the intersection point of the blue boundary curve and the oblique section image. In the right 
subfigure, these green lines are the boundary curves of the tongue muscle on the oblique section images, the blue lines are the boundary curves of 
the tongue muscle on the sagittal planes, and the black line is the boundary contour of the tongue on the curved section image. These tongue 
boundary curves segmented from images in different directions have precise intersection points after the two-step registration.
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of the coordinates in the Cartesian coordinate system.
The procedures of the second step of the registration were similar to the first step. The resulted boundary curves determined in the 

first step registration were the reference boundaries now. The intersections between the boundaries on the curved images and the 
oblique and sagittal plane images were the points awaiting registration, and the intersections between the reference boundaries on 
oblique and sagittal images and the curved image surfaces were the target points. Thus, a displacement function was constructed based 
on the distance between the points awaiting registration and the target points. Then, each point of the boundaries on the curved image 
surfaces was moved accordingly based on the displacement function and the boundaries on the curved image surfaces were registered. 
Through the above two-step registration method, the boundary curves of the tongue (Fig. 5) and soft palate in different image planes 
were effectively registered.

3.3. Construction of the 3D head and neck model

After registration, each boundary point of the tissue had its corresponding precise coordinates in the machine coordinate system, 
we could construct the 3D structure for any given tissue separately, and then assembled these separately constructed tissues together to 
form a 3D model of the entire head and neck. The common surface between adjacent tissues were formed by Boolean operations.

As an example, we compared the 3D structure of the tongue muscle reconstructed using our method of multi-directional non- 
parallel image sequences with the commonly used method based on parallel images obtained by scanning in one direction. Fig. 6 shows 
the reconstruction results using the multi-directional image sequences in our method (left) and the parallel sagittal image sequences in 
the commonly used voxel stacking method [30] (right). As can be seen from Fig. 6, the tongue body obtained by using only the tongue 
boundaries segmented from sagittal plane images is incomplete, showing the obvious absence of tissue on both sides.

Fig. 7 shows the constructed 3D structure of airway, tongue, soft palate, mandible, hard palate, nasal cavity, epiglottis, cricothyroid 
cartilage, trachea, skull, skin, etc., based on multi-directional cross-sectional images. The adjacency or contact between the tissues was 
accurately represented by the model. It could be seen that the contact region between the tongue and the soft palate, and the contact 
region between the genioglossus muscle and the mandible were consistent with the real anatomy. The front of the tongue was con
nected to the lower part of the mandible, the posterior part of the base of the tongue was adjacent to the hyoid bone, and the dorsum of 
the tongue was close to the soft palate.

The constructed nasal cavity model included the nostrils, nasal valves, inferior, middle, and superior turbinates, allowing easy 
calculation of the cross-sectional area and volume of the nasal airway, which was essential for the evaluation of nasal obstruction.

The epiglottic cartilage was constructed, the lower end was connected to the cricoid cartilage, and the front end was connected to 
the hyoid bone through a ligament. The hyoid bone was located at the lower part of the tongue base, and was pulled by the oblique 
upward stylohyoid muscle and downward sternocleidomis muscle, and the front end was under the action of the geniohyoid muscle.

3.4. Finite element simulation of upper airway obstruction

As an application example, the constructed 3D head and neck model was used to simulate airway collapse, a major clinical feature 
of sleep-disordered breathing. Fig. 8 shows the airway collapse process simulated by the one-way fluid-structure interaction numerical 
model. The simulation results showed that the displacement of the soft palate and the tongue muscle towards the posterior wall of the 
airway was the main cause of airway obstruction. The critical closing pressure at the outlet of the upper airway, which was used to 
describe the difficulty of airway collapse, was predicted by numerical simulation and given in Fig. 8. The more negative the value, the 
less likely the airway is to close. The numerical results showed that the patient with OSA had less negative critical closing pressure 
compared to the normal subject, indicating that the airway is more prone to collapsing and closing. The predicted critical closing 
pressure values of the normal subject and OSA patient are consistent with the in vivo measurements [31,32].

Fig. 6. A comparison between the tongue model constructed using the multi-directional boundary proposed in this paper and the model constructed 
using the voxel stacking method based solely on single-directional images.
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4. Discussion

This study proposes a comprehensive approach for 3D reconstruction of head and neck tissues, including multi-directional image 
reconstruction aligned with tissue structural features, nonlinear registration between complex boundary curves, and NURBS surface 
reconstruction for each tissue.

Even though artificial intelligence is highly anticipated in the field of image reconstruction, building complex 3D models of the 
head and neck remains a formidable challenge [33–35]. In this study, a novel reconstruction method of curved surface image is 
proposed, which makes up for the deficiency of plane cross-sectional images and provides complete information on the contours of the 
tongue and soft palate. To the best of our knowledge, this is the first study to utilize curved surface image for 3D reconstruction of tissue 
structures. Curved surface images are not restricted by planes and can represent multiple aspects of tissue boundaries on a single 

Fig. 7. The reconstructed 3D structures of head and neck tissues. The left panel shows the three-dimensional structure of the head and neck in the 
normal subject, while the right panel is a posterior view of the complete head and neck structure of the OSA patient.

Fig. 8. The distribution of surrounding tissue deformation during airway collapse and closure (left), as well as the corresponding airway obstruction 
plane (right). Pcrit is the critical closing pressure at the outlet of the airway.
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surface.
It is inevitable to perform boundary registration between boundaries from multiple sets of image sequences in multiple directions. 

Unlike the registration between boundaries on two sets of planer image sequences, this study involves the complex registration be
tween boundaries from multi-directional planer images and boundaries on curved surface images. The registration corrects the 
interpolation error when generating new image sequences as well as the boundary dislocations caused by partial volume effects, so that 
boundary curves obtained from different image sequences have the same intersection points. This boundary registration method 
provides a technical guarantee for accurate 3D structure reconstruction using multi-directional boundaries obtained on different image 
sequences.

Compared with the common modeling methods that only utilize the tissue boundary information obtained from single-directional 
scanning images, the multi-directional images and boundary registration approach proposed in this paper offers unique advantages, 
which can well meet the requirements of complex structure reconstruction by providing sufficient target tissue boundary information. 
Another advantage of our modeling approach is that it does not need to manually smooth the geometric model, since the NURBS 
surface enclosed by boundary curves is inherently a smooth structure. For the tongue geometry constructed by voxel stacking method 
as shown in Fig. 6, the rough surface of the tongue still requires further smoothing operations even if additional boundary information 
of other scanning directions is used. This smoothing operation may result in the loss of geometric features in the model.

The model we developed faithfully captures the features of the anatomical structure without any artificial smoothing. The geo
metric structures we construct are composed of boundary curves, and the surface of the tissue is precisely aligned with these 
boundaries. The accuracy of the geometric model is directly inherited from the precision of the boundary segmentation curves. The soft 
tissues and osseous tissues of the oropharynx have the correct connection mode and adjacent relationship according to the anatomical 
structure, and the tissues with different functions are distinguished and established separately.

The 3D model of the head and neck has a wide range of applications, not only for the evaluation of physiological functions such as 
breathing, swallowing and vocalization, and the planning of head and neck surgery [36,37], but also for the production of in vitro 3D 
experimental models [38]. The NURBS model can be seamlessly integrated into finite element analysis calculations, enhancing the 
potential of the head and neck geometric model we have built to be used in a wider range of simulation analyses [39,40]. In the article, 
we presented a simulation application based on this model as an example. The reason for choosing this particular simulation is that 
airway collapse involves complex factors, including complex anatomy of the head and neck, as well as complex calculation process for 
fluid-structure interaction. These aspects collectively impose strict requirements on the quality of the geometric model.

The constructed numerical model successfully simulated the airway collapse process and reasonably predicted the critical closing 
pressure of the airway, which is an important physiological parameter for measuring upper airway closure [41]. Currently, there is still 
a lack of comprehensive fluid-structure interaction models for the head and neck region to simulate airway collapse process [42]. Our 
simulation results provide comprehensive information regarding the deformation of various anatomical structures, including the 
tongue muscle, soft palate, airway wall, and epiglottis. The numerical simulation results show that the displacement of tongue and soft 
palate towards the posterior airway wall under the negative pressure of inspirations is the main factor leading to airway collapse and 
closure. The predicted critical airway closing pressure for obstructing the narrow upper airway in the OSA patient is significantly 
higher (i.e., the absolute value of negative pressure was smaller) than in the normal subject, which is consistent with clinical ob
servations. Our results show that the comprehensive head and neck model developed in this study can provide a good technical basis 
for studying the mechanical mechanisms of airway collapse.

A limitation of this study is the exclusion of the 3D reconstruction of vertebrae. This is due to the fact that MRI images provide a 
lower resolution of vertebrae compared to CT images, and thus vertebral reconstructions usually rely on CT imaging. However, the 
method used to generate multi-directional image sequences is still applicable to the reconstruction of vertebrae. Our numerical 
simulation model of upper airway collapse does not include the vertebral structure, but has no significant impact on the simulation 
results because the posterior wall of the upper airway, which is mainly composed of vertebrae, is generally considered to be an 
undeformable rigid wall during breathing and is therefore not affected by the structural details of the vertebrae in the finite element 
model.

5. Conclusions

The method we developed for constructing multi-directional image sequences based on tissue characteristics can be effectively used 
to identify detailed contours of complex head and neck tissues. The nonlinear registration strategy established in this study can 
successfully match the boundaries segmented from plane and curved surface images with different orientations. The 3D model con
structed based on the NURBS surface of the tissue contours can accurately characterize the realistic anatomical structure of the head 
and neck, which can be directly used to simulate the closure of the upper airway using the fluid-structure interaction method.
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