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Abstract: Patient-to-medical image registration is a crucial factor that affects the accuracy of image-
guided ENT- and neurosurgery systems. In this study, a novel registration protocol that extracts the
point cloud in the patient space using the contact approach was proposed. To extract the optimal
point cloud in patient space, we propose a multi-step registration protocol consisting of augmentation
of the point cloud and creation of an optimal point cloud in patient space that satisfies the minimum
distance from the point cloud in the medical image space. A hemisphere mathematical model
and plastic facial phantom were used to validate the proposed registration protocol. An optical
and electromagnetic tracking system, of the type that is commonly used in clinical practice, was
used to acquire the point cloud in the patient space and evaluate the accuracy of the proposed
registration protocol. The SRE and TRE of the proposed protocol were improved by about 30% and
50%, respectively, compared to those of a conventional registration protocol. In addition, TRE was
reduced to about 28% and 21% in the optical and electromagnetic methods, respectively, thus showing
improved accuracy. The new algorithm proposed in this study is expected to be applied to surgical
navigation systems in the near future, which could increase the success rate of otolaryngological and
neurological surgery.

Keywords: patient-to-image registration; image-guided ENT- and neurosurgery system; surface
registration; piecewise cubic Hermite interpolation

1. Introduction

An image-guided surgery system visualizes the three-dimensional position of a sur-
gical tool using preoperative medical images and provides the location of lesions and
surrounding areas in real time [1,2]. The imaging information of this type of system allows
surgeons to perform minimally invasive surgery and plan a path to the lesion in advance,
thereby improving the quality of the surgery and reducing the operating time [3]. Therefore,
this technology is widely used for different types of neurosurgery, such as tumor biopsy
and resection, craniotomy, and deep brain stimulation [4], as well as in head and neck
surgery, including sinusitis surgery [5]. Spatial registration, one of the core elements of
image-guided ENT- and neurosurgery systems, is the process of aligning the coordinates of
a medical image taken before surgery with the spatial coordinates of the patient acquired
during surgery in the same space [6]. If the registration between the two spaces is not
accurate, a gap arises between the position of the actual surgical tool and that of the virtual
surgical tool displayed on the image. Therefore, the registration technology is a crucial
factor that affects the accuracy of an image-guided ENT- and neurosurgery system [3,4,7].
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Patient-to-medical image registration methods can be divided into point registration
and surface registration methods [8]. A surface registration method finds the transfor-
mation matrix based on a point cloud in the patient space and the medical image space,
and does not require attachment of specific fiducial markers [9,10]. Therefore, this type
of registration method is free from problems such as skin swelling due to attachment
of fiducial markers [11], and additional medical imaging is unnecessary, thereby elim-
inating cost and hassle [2]. In surface registration, also called marker-less registration,
many corresponding points in each space are matched up through a sequential process
of coarse and precise registration [12]. Coarse registration, which is rough and relatively
inaccurate, is performed using the initial anatomical landmarks of each space, then precise
registration is performed by applying an iterative closest point (ICP) algorithm. ICP is
an optimization method that iteratively finds the medical image coordinates that satisfy
the minimum distance from the point cloud in the patient space, and a transformation
matrix is acquired when the sum of the Euclidean distances between corresponding points
is minimal [13,14]. Unfortunately, despite the various advantages of surface registration,
its accuracy continues to be controversial. Several studies reported that the accuracy of
the technique is similar to that of point registration [15], but many other studies reported
significantly lower accuracy [2,16]. Therefore, despite the various advantages of the surface
registration technique, concerns about its accuracy remain.

The acquisition and processing of the point sets of each space are essential to im-
proving the accuracy of a surface registration method that is based on the point sets in
the patient and medical image space [12]. While medical images such as CT often show
excellent resolution and accuracy [3,17], most previous studies focused on the extraction of
a point cloud in patient space; these studies showed that accuracy can be affected by such
factors as equipment performance or clinical proficiency [2,9,12,18]. The approaches to
extraction of the point cloud in patient space can be divided into contact-type approaches
that extract points by tracing probes on the surface of the face and non-contact approaches
that collect points using additional scanner devices [6]. In the latter, a scanner device
can be used to avoid contact with the surface of the face, thereby reducing the error due
to deformation of soft skin when obtaining the point cloud. Furthermore, this method
has the advantage of being able to obtain more point sets, which increases the accuracy
of registration. Recent studies reported on methods to reduce target registration error
(TRE), which utilize mobile 3D scanners to collect point clouds across the whole head [4,7].
However, scanners with guaranteed precision are generally very expensive [3]. In addition,
since the device differs from that used for commercial image-guided surgery systems, an
additional coordinate transformation process must be performed, which may result in
accumulation of errors [19].

Therefore, the commercial image-guided surgery systems that are currently in use ex-
tract point clouds in patient space through contact with the surface of the face. Accordingly,
in neurosurgery or head and neck surgery, clinicians perform surface registration by placing
a probe on the patient’s face as a convenient method of extracting the point cloud; several
clinical case reports of the surgical effects of this method have been conducted [5,20-22].
However, in all of these studies, only the original patient space coordinates obtained
through facial surface tracing were used, and no attempts have been made to improve the
point cloud in order to reduce the surface registration error. Therefore, the main purpose
of this study is to propose a novel registration protocol that extracts the point cloud in
patient space using the contact approach to increase the accuracy of surface registration of
an image-guided surgery system. The proposed registration protocol consists of a two-step
process: augmentation of the point clouds and creation of a proper point cloud. The
secondary purpose of this study is to validate the proposed registration protocol using a
hemisphere mathematical model and a plastic facial phantom.
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2. Proposed Registration Strategy

The surface registration method used for image-guided surgery systems refers to a
process of matching point clouds between preoperative medical image space and intra-
operative patient space. The 3D structure is first reconstructed based on pre-operative
tomographic medical images such as CT, and the point cloud on the facial surface is then
extracted. In addition, the point cloud of the facial surface is acquired using a probe or
scanner during surgery. Points in different spaces are used to perform coarse registration
using three or four representative fiducial markers. The final process is a precise regis-
tration process that aims to minimize the distance between the corresponding points. In
this study, a novel protocol is used to create a point cloud in patient space between the
initial coarse registration stage and the precise registration stage. The detailed process is
illustrated in Figure 1.
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Figure 1. Workflow of the proposed registration strategy.

2.1. Registration Optimization Phase 1: Augmentation of the Number of Points in Patient Space

In general, medical images include a large number of points due to their high reso-
lution. However, the point cloud in patient space is determined by the duration of the
facial tracing and the available camera samples of the surgical probe. Due to practical
limitations, it is difficult to obtain a large number of points in real surgical situations.
Therefore, starting with the point cloud obtained by tracing, the point cloud is augmented
using an interpolation technique and the surface registration performance is evaluated
according to the precise registration process (Figure 1). Here, the point cloud is increased
by 5% compared to the previous step. Furthermore, the precision registration method
utilizes the ICP method, which is the most widely utilized method (see Section 2.3 for
details). The surface registration error (SRE) is evaluated according to augmentation of the
point cloud, and the termination criteria are set when the absolute value of the difference
in SRE between two consecutive ICPs in the current and previous steps is within 0.1%.
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2.2. Registration Optimization Phase 2: Proper Point Set in Patient Space

In the second step, the proper point cloud is extracted to match the medical image-
based spatial point cloud using the augmented point cloud in patient space (Figure 2). An
interpolation polynomial is extracted based on the point cloud, and a virtual point cloud
that satisfies the minimum distance to each point in the corresponding medical image
space in the previous step (registration optimization phase #1) is extracted. In this study;,
the piecewise cubic Hermite interpolation method is used, which maintains a polynomial
form consisting of coordinate points with less overshoot and undershoot [23]. The process
of converting the interval of [xt, X, 1] to intervals of [0, 1] and obtaining the coefficients a,
a1, ap, az of the arbitrary cubic polynomial p(u) is shown below [24].

P(u) =ag+aju+ ayu?® + azu® 1)
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Figure 2. Refinement of the point set in patient space using a piecewise cubic Hermite interpolat-
ing polynomial.

The above cubic polynomial consists of four interpolation conditions, corresponding
to two function values and two differential values at both endpoints, as follows.

P(0) =P, P(1)=P, P(0)=VDP, P'(1)=VD @)

Polynomials that meet the above conditions can be expressed in the form of a matrix,
as follows.

2 2 1 1 Py
-3 3 =2 -1 P

P(u) = [u® u® u 1] 0o o0 1 0 V1130 (3)
1 0 0 0 o

2.3. Final ICP Refinement

The extracted medical images and patient spatial point clouds are finally matched by
applying the ICP algorithm [15]. The ICP algorithm calculates and matches rotational and
translation matrices such that the mean difference between two spatial points is minimized,
and is defined by the following formula:

N
f(R,t) = argming ) || (Rs;+t) —c; || 2 )
i=1
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Here, R and t, respectively, refer to the rotational and translation matrices that can
minimize the positional error of the two-point cloud. s; and ¢; denote the point cloud in
patient space and medical image space, respectively. Optimization processing is done as
follows. The distance from one point in the reference space to all points in the transform
space is calculated, and the closest point is set as the corresponding point. Corresponding
points are extracted by repeating the above process for all points in the reference space, and
rotation and translation transformation matrices between the two point sets of the corre-
sponding relationship are calculated. Coordinate transformation is performed through the
transformation matrix, and the final transformation matrix is iteratively calculated until the
criteria are satisfied. The algorithm iterates until it reaches one of two convergence criteria:
either the absolute value of the difference in SRE between two consecutive iterations is
below 0.001 or the number of maximum iterations is reached (set as 30 iterations) [25].

3. Validation Study Based on Hemisphere Model
3.1. Hemisphere Modeling

To evaluate the performance of the proposed surface registration algorithm, a hy-
pothetical hemisphere model [26] was created using MATLAB R2018b (MathWorks, Inc.,
Natick, MA, USA). The surface points of the hemisphere were constructed so that the
distribution of points was uniform (Figure 3A). In order to uniformly distribute the points
on the surface of the hemisphere, the outer area of a hemisphere with a radius (r) of 1 was
divided by the number of points N. A square was obtained, with area A and side length d.
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Figure 3. Hemisphere model (A-C).

The unit angle My was calculated by dividing a semicircle with the arc 7 belonging to
the hemisphere by the length (d) of one side of the square (A) and rounding up the result.

My = round(g) (6)
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The length 7t of the semicircle with a radius (r) of 1 was divided by the unit angle M,
to calculate the gap dy between circles with a constant latitude, and the width of the square
A was divided by djy to calculate the gap (d,) between points with constant hardness.

T A
dg=— and d,=
0 Mg an ) d@

@)

The set of points was placed at constant intervals (d,) in circles with constant latitudes
and d, values, using the previously calculated values of dyg and d,. The radius of the
hemisphere was set to 100 mm considering the size of the human face, and it was modeled
for eight cases, ranging from 1527 points to 12,100 points, to evaluate the effectiveness of the
number of medical image point clouds. The point cloud in the patient space represented the
patient’s face traced in a left-to-right motion (Figure 3B). The point sets were constructed
in the same form as the hemisphere model, and the number of point clusters was limited
to 200.

The six target positions (3 rows x 2 columns) were located inside the hemisphere
model to evaluate the TRE. The interval between targets was set at 50 mm. The coor-
dinates of each target were [0,0,25], [0,—50,25], [0,—100,25], [0,0,—25], [0,—50,—25], and
[0,—100,—25].

3.2. Performance Evaluation of the Proposed Registration Strategy

The performance of registration was evaluated by SRE and TRE. The SRE was obtained
by calculating the average distance between the point cloud in the medical image space
(i=1....n) and the point cloud that was augmented and registered with the proposed
strategy (i = 1....n). TRE was obtained by calculating the distance between the target
location in the medical image space and the target location in the transformed patient space
by applying the transformation matrix obtained through the ICP algorithm [27].

_ Y || CT point; — Patient point; ||
n

SRE (8)

TRE =|| TargetcrP — TargetCameraP || ©)

Here, CT point; denotes the ith point of the medical image and Patient point; denotes
the ith point of the patient after the transformation is applied. In addition, TargetcrP
denotes the location of the target measured in the medical image space, and TargetcgyeraP
denotes the points that were generated after applying the transformation matrix of the
target measured in the patient space.

3.3. Results of the Proposed Registration Strategy Using the Hemisphere Model

To evaluate the proposed registration method, the initial condition (coarse registration
effect) was set to coincide with the origin of the hemisphere model composed of the
point sets in the medical image and patient space. The rotation matrix was calculated
using the ICP optimization process due to the mismatch between the points in each
space. The SRE and TRE values were calculated by transforming the points in patient space
(Figures 4 and 5). Compared to the initial condition, the SRE was reduced by approximately
1.3% and 33% for the conventional and proposed method, respectively. As the number
of points in the medical image increases, the overall trend of SRE decreases. Overall, the
error when the proposed algorithm is applied is reduced by an average of about 0.4 (0.2)
mm compared to the error when the conventional registration method is used. When the
registration results of the proposed method are visualized, the number of points in patient
space increases, but the overall error value decreases (Figure 4).
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Figure 4. Comparison of surface registration error (SRE) between the conventional and proposed registration strategies

using the hemisphere model.
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Figure 5. Comparison of target registration error (TRE) between the conventional and proposed registration strategies using

the hemisphere model.

TRE using the conventional registration protocol and the proposed registration pro-
tocol is demonstrated in Figure 5. Depending on the number of points in the medical
image space (8 cases), the TRE varies by about 0.6 mm for the conventional method, and
the registration using the proposed protocol was found to be 0.2 (0.1) mm smaller on
average. In addition, as the target was located at an inferior position, the conventional
registration method showed a larger TRE. However, there was almost no difference in TRE
(0.075-0.083 mm) according to the target location.

4. Application to Plastic Facial Phantom
4.1. Design of the Plastic Facial Phantom

To evaluate the applicability of the proposed registration strategy, a plastic facial
phantom was created. The basic structure of the phantom consisted of the upper part of a
mannequin (the upper part of the chest, the neck, and the head; Figure 6B) and a frame
to show the location of the lesion to be inserted inside the mannequin (Figure 6C). The
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lesion location was printed using an industrial 3D printer (ZPrinter 650, 3Dsystems, Rock
Hill, SC, USA) and consisted of three rows in the center on the coronal plane. To evaluate
the TRE, 5 lesion targets were placed from the surface of the face towards the back of the
head at 20 mm intervals, and a frame with a total of 15 lesion targets (5 targets x 3 rows)
was fabricated.

! " Reﬂec||le probe

(A) Optical tracking system (B) Electromagnetic tracking system (C) Target frame

Figure 6. Apparatus and experimental setup (A-C).

4.2. Apparatus and Experimental Protocol

CT was performed using medical imaging equipment (Brivo CT 385, General Elec-
tronics Medical Systems, Milwaukee, WI, USA) to acquire the location information of the
phantom surface. Cross-sectional CT images were taken at 0.5 mm intervals (resolution,
512 x 512 pixels). In addition, an optical tracking device and an electromagnetic tracking
device, which are commonly used in clinical practice, were used to acquire the points in
the patient space. For the optical devices, three optical cameras (Optitrack Flex 3, Nat-
ural points, Corvallis, OR, USA), like those that are generally used for motion capture
systems [28,29], and a passive surgical probe (Northern Digital Inc., Waterloo, ON, Canada)
were used (Figure 6A). The 3D coordinates of four infrared markers attached to passive
probes were obtained using the optical system. The optical system consisted of the three
optical cameras, the data acquisition S/W, and the surgical probe. An Aurora electromag-
netic tracking system (Northern Digital Inc., Waterloo, ON, Canada) was used to acquire
the point cloud of the facial surface (Figure 6B). The system consisted of an electromagnetic
field generator, a tracker attached to the surface of the forehead, and a pointer tool to
extract the point cloud of the facial surface.

The Medical Imaging Interaction Toolkit (MITK) library was used to acquire 2D
tomographic images and the 3D shape of the facial phantom from CT DICOM files. The 3D
point sets of the facial surface were extracted using the marching cube technique, and the
acquisition range of the 3D points was limited in range from the lip area to the top of the
forehead. Patient space coordinates were obtained by tracing the surface of the face using
the optical and electromagnetic equipment. The tracing time did not exceed 20 s in order
to accurately reflect real clinical situations.

4.3. Experimental Results of the Proposed Registration Strategy

For initial registration (coarse registration) of the point cloud acquired from the
medical image and patient space, four coordinate points on the facial surface that could
easily be identified were roughly selected. The locations of the four feature points in this
study were the tip of the nose, the tips of both eyes, and the glabellar. Subsequently, the
transformation matrix (rotation and translation) of the two spaces was extracted using the
singular value decomposition method to perform the initial registration. Figure 7 illustrates
a typical case of initial registration and shows the difference with ICP precision registration.
The difference in the position of the point cloud between the initial registration and the
ICP registration in all experimental cases using the plastic facial phantom was found to
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be about 2 mm on average. Successful initial registration was performed, leading to ICP
refinement optimization without local minima.

Coarse registration

—— |ICP refinement

(C) Transverse plane (D) Isometric viewpoint

Figure 7. Coarse registration (representative trial) (A-D).

Figure 8 shows a comparison of the results of the conventional and proposed regis-
tration methods using experimental data from the plastic facial phantom. For the optical
tracking system, the average SRE value using the conventional method was 1.36 mm, while
the proposed registration method showed a reduced average SRE value of 1.07 mm and an
increase in accuracy of about 21% (p < 0.01). Additionally, the SRE value in the proposed
registration method decreased by about 15% compared to the conventional registration
method, and the difference was significant (p < 0.01).

[] Conventional P Proposed

Figure 8. Comparison of SRE between the conventional and proposed registration strategies using

the plastic facial phantom.

Figure 9 visually illustrates the difference in SRE between the conventional and
proposed registration methods for representative experimental data from 20 replications.
The colormap shown on the right side of the figure indicates that the SRE increases as the
color goes from blue to red (i.e., blue represents zero). Both the optical and electromagnetic
tracking systems produced a wide distribution of blue across the facial surface using the
proposed registration method compared to the conventional method, and a significant
reduction in errors (red). In the rest of the experiments, both the optical and electromagnetic
systems produced similar results (color distributions).
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Figure 9. Visualized comparison of SRE between the conventional and proposed registration strate-
gies (representative trials) (A,B).

Table 1 shows a comparison between the registration methodologies (conventional
method vs. proposed method) and the TRE value according to the location of the diseased
area. Compared to the existing method, the proposed registration method in this study
showed reduced TRE values regardless of the location of the target.

Table 1. Comparison of TRE between the conventional and proposed registration strategies and
between target locations in the optical and electromagnetic systems.

Optical System Electromagnetic System
Conventional Proposed Conventional Proposed
Front 3.10 (0.8) 1.79 (0.6) 4.23(0.8) 3.37 (1.0)
Middle 3.55(0.7) 2.65 (0.3) 4.44 (0.9) 3.58 (1.1)
Rear 4.16 (0.6) 3.32(0.5) 4.90 (1.0 3.78 (1.0)

5. Discussion

Various attempts have been made to improve the surface matching performance of
surgical navigation systems. Recently, in an attempt to reduce the TRE, point clouds in
patient space have been extracted using a non-contact method via scanners and other
devices [2,7,9,12]. Cao et al. (2008) extracted patient space coordinates using a commercial
laser range scanner. The facial surface and the cortical surface of the brain were measured
using different cradles, and the size of the scanner device was large and cumbersome,
which limited task performance. Recently, Fan et al. (2014, 2017) attempted to easily
extract point clouds in patient space using a mobile scanner (Go!SCAN scanner, Sense
3D scanner). The authors were able to extract a point cloud by scanning up to the back
of the actual head, resulting in improved matching accuracy. However, since scanners
with guaranteed precision are generally expensive and are not integrated with commercial
navigation systems [3], their use necessitates an additional coordinate transformation, and
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there is an increased possibility that cumulative errors will occur in this process. Therefore,
the objective of this study is to propose a new protocol that can reduce the registration error
by utilizing the face surface tracing method that is currently in widespread clinical use.

In the registration result of the hemisphere model, the SRE tended to decrease as
the number of points increased, and the accuracy of the proposed registration protocol
was excellent for all cases (Figures 4 and 5). Previous studies have attempted to increase
the accuracy of registration by increasing the number of points acquired in the patient
space, and the highest accuracy was achieved at 300,000 points [18]. Similar studies also
showed that when the number of points increases (up to 40,000), the registration error
(about 2 mm) decreases rapidly [7]. This is because the larger the number of points, the
higher the positional accuracy of the corresponding points in different spaces. The more
points that are located within the same area, the smaller the distance between the points in
the corresponding space, thus reducing SRE [10]. However, since the acquisition of many
points requires a lot of time and processing steps [7], an appropriate number of points
must be determined. The first strategy proposed in this work is based on the results of the
existing studies mentioned above. It aims to improve accuracy by performing the matching
process in a stepwise manner and establishing appropriate thresholds of differences from
previous-stage errors.

The optimal point cloud extraction strategy in patient space that is proposed in this
study showed improved performance compared to the conventional registration method
in all cases (hemisphere and plastic facial phantom) (Figures 4, 5, 8 and 9 and Table 1).
The proposed registration protocol reduces SRE by generating patient space points that
correspond as closely as possible to the medical image data cluster through the first point
augmentation strategy. In this process, the target position error is decreased by reducing
the residual rotation and translation error. Then, a new point cloud is generated in patient
space by interpolation of the second strategy, in addition to the medical image and the
point cloud in the patient space that has been mapped. In this process, the points in patient
space that significantly affect residual rotation and translation error are eliminated and a
new point cloud in patient space that best corresponds to the one in medical image space is
created. Therefore, we believe that additional reductions in SRE and TRE are possible. As
discussed by Yoo et al. (2020b), the registration accuracy can be improved in some cases
by acquiring new point sets in patient space through least squares projection. We believe
that the registration performance was improved in the present study for similar reasons. In
addition, we expect that further improvements in registration accuracy can be achieved by
combining the proper point set in patient space proposed in this study.

The limitations of this study are as follows. First, since only a few lesion locations
were used for TRE analysis, the accuracy of registration for the locations of various actual
lesions could not be conclusively evaluated. In this study, TRE was evaluated using only six
lesion locations in the hemisphere model and 15 target lesion locations in the plastic facial
phantom. However, it was possible to confirm the superiority of the registration accuracy
of the proposed algorithm despite the limited set of lesion locations, and we found that
the error rate was reduced by 20% even when the locations of the target lesions were very
deep as compared to the existing algorithm. In the future, CT images of actual human faces
must be used to evaluate the error rate, given an accurate reflection of human anatomical
structure. Second, as the skin tissue of the plastic facial phantom is hard, it was not possible
to study the soft tissue of actual human skin and utilize the new technique in actual clinical
practice. When obtaining a point cloud in patient space, there are inherent errors in the data
due to the flexibility of actual human skin during probe tracing. Future research is required
to verify the new registration algorithm, including further experiments on phantoms with
skin-like soft tissue and, ultimately, actual clinical validation experiments.

In conclusion, in this study, a new surface registration protocol was proposed to
improve the accuracy of a surgical navigation system. To extract the optimal point cloud in
patient space before registration, we propose a multi-step registration protocol consisting
of augmentation of the point cloud and creation of an optimal point cloud in patient
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space that satisfies the minimum distance from the point cloud in medical image space.
Compared with the conventional method of surface registration, the new protocol showed
improvements in SRE and TRE of about 30% and 50%, respectively. In addition, a plastic
facial phantom was designed, which was used to verify the accuracy and usefulness of the
proposed registration method. The point cloud on the facial surface was obtained in the
patient space using optical and electromagnetic systems. As a result of registration, TRE
was reduced to about 28% and 21% in the optical and electromagnetic systems, respectively,
thus showing improved accuracy. The proposed algorithm is expected to be applied to
surgical navigation systems in the near future, which could increase the success rate of
otolaryngological and neurological surgery.

Author Contributions: Conceptualization, A.C. and J.-H.M.; methodology, A.C.; validation, S.-S.L.
and K.-Y.L.; data curation, S.C. and H.J.; writing—original draft preparation, A.C.; revision, T.-H.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Trade, Industry & Energy (MOTIE),
Korea Institute for Advancement of Technology (KIAT) through the Encouragement Program for the
Industries of the Economic Cooperation Region (P0002272).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Min, Z,; Zhu, D; Ren, H.; Meng, M.Q.H. Feature-guided nonrigid 3-D point set registration framework for image-guided liver
surgery: From isotropic positional noise to anisotropic positional noise. IEEE Trans. Autom. Sci. Eng. 2021, 18, 471-483. [CrossRef]

2. Fan, Y, Jiang, D.; Wang, M.; Song, Z. A new markerless patient-to-image registration method using a portable 3D scanner. Med.
Phys. 2014, 10, 101910. [CrossRef]

3. Wang, M.N.; Song, Z.]. Properties of the target registration error for surface matching in neuronavigation. Comput. Aided Surg.
2011, 16, 161-169. [CrossRef] [PubMed]

4. Fan, Y.; Yao, X.; Xu, X. A robust automated surface-matching registration method for neuronavigation. Med. Phys. 2020, 47,
2755-2767. [CrossRef]

5. Wick, E.H.; Mark, E.; Whipple, M.H.H.; Kris, .M. Computer-aided rhinoplasty using a novel “navigated” nasal osteotomy
technique: A pilot study. Ann. Otol. Rhinol. Laryngol. 2021. [CrossRef]

6. Liu, Y, Song, Z.; Wang, M. A new robust markerless method for automatic image-to-patient registration in image-guided
neurosurgery system. Comput. Assist. Surg. 2017, 22, 319-325. [CrossRef]

7. Dong, Y.; Zhang, C.; Ji, D.; Wang, M.; Song, Z. Regional-surface-based registration for image-guided neurosurgery: Effects of scan
modes on registration accuracy. Int. ]. Comput. Assist. Radiol. Surg. 2019, 14, 1303-1315. [CrossRef] [PubMed]

8.  Manning, W.; Zhijian, S. Distribution templates of the fiducial points in image-guided neurosurgery. Oper. Neurosurg. 2010, 66,
ons-143-ons-151. [CrossRef]

9. Cao, A,; Thompson, R.C.; Dumpuri, P.; Dawant, B.M.; Galloway, R.L.; Ding, S.; Miga, M.I. Laser range scanning for image-guided
neurosurgery: Investigation of image-to-physical space registrations. Med. Phys. 2008, 35, 1593-1605. [CrossRef]

10. Yoo, H.; Choi, A.; Kim, H.; Mun, ]J. A novel surface registration for image-guided neurosurgery: Effects of intervals of points in
patient space on registration accuracy. J. Med. Imaging Health Inform. 2020, 10, 1466-1472. [CrossRef]

11. Eggers, G.; Miihling, J.; Marmulla, R. Image-to-patient registration techniques in head surgery. Int. |. Oral. Maxillofac. Surg. 2006,
35,1081-1095. [CrossRef]

12.  Fan, Y; Xu, X.; Wang, M. A surface-based spatial registration method based on sense three-dimensional scanner. J. Craniofac. Surg.
2017, 28, 157-160. [CrossRef] [PubMed]

13. Min, Z,; Wang, J.; Pan, J.; Meng, M.Q.H. Generalized 3-D point set registration with hybrid mixture models for computer-assisted
orthopedic surgery: From isotropic to anisotropic positional error. IEEE Trans. Autom. Sci. Eng. 2020. [CrossRef]

14. Besl, PJ.; McKay, N.D. Method for registration of 3-D shapes. Int. Soc. Opt. Photonics 1992, 1611, 586-606. [CrossRef]

15. Paraskevopoulos, D.; Unterberg, A.; Metzner, R.; Dreyhaupt, J.; Eggers, G.; Wirtz, C.R. Comparative study of application accuracy

of two frameless neuronavigation systems: Experimental error assessment quantifying registration methods and clinically
influencing factors. Neurosurg. Rev. 2010, 34, 217-228. [CrossRef]


http://doi.org/10.1109/TASE.2020.3001207
http://doi.org/10.1118/1.4895847
http://doi.org/10.3109/10929088.2011.579791
http://www.ncbi.nlm.nih.gov/pubmed/21631164
http://doi.org/10.1002/mp.14145
http://doi.org/10.1177/0003489421996846
http://doi.org/10.1080/24699322.2017.1389411
http://doi.org/10.1007/s11548-019-01990-6
http://www.ncbi.nlm.nih.gov/pubmed/31055765
http://doi.org/10.1227/01.NEU.0000365827.88888.80
http://doi.org/10.1118/1.2870216
http://doi.org/10.1166/jmihi.2020.3071
http://doi.org/10.1016/j.ijom.2006.09.015
http://doi.org/10.1097/SCS.0000000000003283
http://www.ncbi.nlm.nih.gov/pubmed/27941549
http://doi.org/10.1109/TASE.2020.3014420
http://doi.org/10.1109/34.121791
http://doi.org/10.1007/s10143-010-0302-5

Appl. Sci. 2021, 11, 5464 13 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Mascott, C.R.; Sol, ].C.; Bousquet, P; Lagarrigue, J.; Lazorthes, Y.; Lauwers-Cances, V. Quantification of true in vivo (application)
accuracy in cranial image-guided surgery: Influence of mode of patient registration. Neurosurgery 2006, 59, 146-156. [CrossRef]
Yoo, H.; Choi, A.; Kim, H.; Mun, J. Acquisition of point cloud in CT image space to improve accuracy of surface registration:
Application to neurosurgical navigation system. J. Mech. Sci. Technol. 2020, 34, 2667-2677. [CrossRef]

Marmulla, R.; Liith, T.; Miihling, J.; Hassfeld, S. Automated laser registration in image-guided surgery: Evaluation of the
correlation between laser scan resolution and navigation accuracy. Int. J. Oral. Maxillofac. Surg. 2004, 33, 642-648. [CrossRef]
Jiang, L.; Zhang, S.; Yang, J.; Zhuang, X.; Zhang, L.; Gu, L. A robust automated markerless registration framework for neurosurgery
navigation. Int. J. Med. Robot. 2015, 11, 436—447. [CrossRef]

Velusamy, A.; Anand, A.; Hameed, N. Navigation assisted frontal sinus osteoplastic flap surgeries—A case series. Indian ].
Otolaryngol. Head Neck Surg. 2021. [CrossRef]

Keeble, H.; Lavrador, J.P.; Pereira, N.; Lente, K.; Brogna, C.; Gullan, R.; Bhangoo, R.; Vergani, F.; Ashkan, K. Electromagnetic
navigation systems and intraoperative neuromonitoring: Reliability and feasibility study. Oper. Neurosurg. 2021, 20, 373-382.
[CrossRef] [PubMed]

Liu, Y.; Yu, H.; Zhen, H. Navigation-assisted, endonasal, endoscopic optic nerve decompression for the treatment of nontraumatic
optic neuropathy. Craniomaxillofac. Surg. 2019, 47, 328-333. [CrossRef]

Hintzen, N.T.; Piet, G.J.; Brunel, T. Improved estimation of trawling tracks using cubic Hermite spline interpolation of position
registration data. Fish. Res. 2010, 101, 108-115. [CrossRef]

Kulkarni, P.G.; Sahasrabudhe, A.D. A dynamic model of ball bearing for simulating localized defects on outer race using cubic
hermite spline. J. Mech. Sci. Technol. 2014, 28, 3433-3442. [CrossRef]

Lee, ].D.; Huang, C.H.; Wang, S.T. Fast-MICP for frameless image-guide surgery. Med. Phys. 2010, 37, 4551-4559. [CrossRef]
[PubMed]

Deserno, M. How to Generate Equidistributed Points on the Surface of a Sphere; Max-Planck-Institut fur Polymerforschung: Mainz,
Germany, 2004.

Min, Z.; Zhu, D.; Liu, J.; Ren, H.; Meng, M.Q.H. Aligning 3D curve with surface using tangent and normal vectors for computer-
assisted orthopedic surgery. IEEE Trans. Med. Robot. Bionics 2021, 3, 372-383. [CrossRef]

Kim, H.; Moon, J.; Ha, H.; Lee, J.; Yu, J.; Chae, S.; Mun, J.H.; Choi, A. Can a deep learning model estimate low back torque during
a golf swing? Int. ]. Biotech. Sports Eng. 2021, 2, 59-65.

Choi, A.; Kang, T.G.; Mun, ].H. Biomechanical evaluation of dynamic balance control ability during golf swing. J. Med. Biol. Eng.
2016, 36, 430-439. [CrossRef]


http://doi.org/10.1227/01.NEU.0000220089.39533.4E
http://doi.org/10.1007/s12206-020-0540-6
http://doi.org/10.1016/j.ijom.2004.01.005
http://doi.org/10.1002/rcs.1626
http://doi.org/10.1007/s12070-020-02291-0
http://doi.org/10.1093/ons/opaa407
http://www.ncbi.nlm.nih.gov/pubmed/33432974
http://doi.org/10.1016/j.jcms.2018.12.009
http://doi.org/10.1016/j.fishres.2009.09.014
http://doi.org/10.1007/s12206-014-0804-0
http://doi.org/10.1118/1.3470097
http://www.ncbi.nlm.nih.gov/pubmed/20964172
http://doi.org/10.1109/TMRB.2021.3075784
http://doi.org/10.1007/s40846-016-0141-0

	Introduction 
	Proposed Registration Strategy 
	Registration Optimization Phase 1: Augmentation of the Number of Points in Patient Space 
	Registration Optimization Phase 2: Proper Point Set in Patient Space 
	Final ICP Refinement 

	Validation Study Based on Hemisphere Model 
	Hemisphere Modeling 
	Performance Evaluation of the Proposed Registration Strategy 
	Results of the Proposed Registration Strategy Using the Hemisphere Model 

	Application to Plastic Facial Phantom 
	Design of the Plastic Facial Phantom 
	Apparatus and Experimental Protocol 
	Experimental Results of the Proposed Registration Strategy 

	Discussion 
	References

