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ABSTRACT To prepare for the oral andmaxillofacial surgery for the facial symmetry of patients, midsagittal

plane of skull in brain computed tomography (CT) images is calculated with points manually chosen from

skull by doctor. But the extracted midsagittal plane of the skull is different by different doctor. Even the

extracted midsagittal plane of the same patient is also different by the same doctor in different times.

The manually extracting operation usually takes a long time to increase the doctor’s workload. Aimed at

this problem, a semi-automatic extracting method for midsagittal plane of skull is proposed in this paper.

First, the brain tissue is extracted by region growing method and the oriented bounding box (OBB) of the

brain tissue is built. Second, the middle symmetry plane of the OBB of brain tissue is extracted as the

initial midsagittal plane, which is updated by the mathematical translation and rotation method. Finally,

the symmetrical characteristic of the brain tissue based on the updated symmetry plane is calculated by

the mutual information method. This procedure is executed iteratively until the symmetrical characteristic

of the brain tissue based on the new symmetry plane is no more different from the previous result. The

final extracted symmetry plane is the midsagittal plane of skull in brain CT images of the patient. The

midsagittal plane which is extracted manually by doctor is used to compare and evaluate the accuracy of

this semi-automatic extracting symmetry plane method. The experimental results from both qualitative and

quantitative analyses showed that the method can reach or approach the accuracy of manual extracted, but

the stable level of this method is significantly higher than the manual method and this method can shorten

the operate time to reduce the doctor’s workload.

INDEX TERMS Oral and maxillofacial surgery, head symmetry plane, oriented bounding box (OBB),

mutual information.

I. INTRODUCTION

In daily-clinical practice, traffic accidents may lead to dam-

ages on oral and maxillofacial tissues, which may result

in the loss of function and badly deformation of oral and

maxillofacial. For example, some facial collapses would be

observed obviously when it collapses to a certain extent,

some eating obstacles would arise due to the loss of oral

and maxillofacial organs and some damages on skull may

The associate editor coordinating the review of this manuscript and
approving it for publication was Jiachen Yang.

even be life-threatening [1]–[3]. The oral and maxillofacial

surgery is an effective and important operation method for the

tumors, wounds and malformations in oral and maxillofacial

tissues [4]–[7]. When establishing an oral and maxillofacial

surgery plan for patients with craniofacial asymmetry using

3D cephalometric analysis, construction of the midsagittal

plane(MSP) of skull is the basis of themandibular reconstruc-

tion, orthognathic surgery, maxillofacial trauma and temporo-

mandibular joint reconstruction [8], [9].

In most current clinical applications, the extraction ofMSP

of skull is reconstructed manually in brain scans by oral and
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maxillofacial surgeons. This takes a lot time and requires

expertise and suffers from interexpert variability, which can

have a substantial effect on targeting in image guided oral

and maxillofacial surgery. In previous studies, two manual

extracting methods are developed and widely used to con-

struct the MSP of skull in the 3D images [10]–[12]. The first

involved the MSP of skull with three points on the midline

of the head. These three points had to be some distance away

from each other [13], [14]. The second method was to con-

struct a plane that passed through a point on the midline of the

head and was perpendicular to the horizontal plane [10], [15].

In these manual extracting methods, the points of skull

are chosen manually from the CT images by doctor and

the MSP of the skull is calculated by particular equations.

If the surgeon observes that the symmetry plane of skull is

not correct, the feature points would be repeatedly selected

and the symmetry plane of the head is recalculated. These

manually choosing and calculating steps are repeated over a

few times until the new symmetry plane of skull is correct.

And the extracted MSP of skull of a patient may be different

by different doctors. Even it is also different at different

times by a doctor. Furthermore, in patients with craniofa-

cial asymmetry, the craniofacial structures are likely to lack

symmetry. Thus, constructing the MSP of skull in patients

with craniofacial asymmetry is very difficult, because the

reference for determining the points with ideal symmetry or

that passes correctly through the middle of the craniofacial

area among the points used for determining the MSP of

skull isn’t correctly acquired before constructing it in these

patients.

Therefore, a robust and accurate automatic extraction

method ofMSP of skull can be useful not only in research, but

in clinical practice [16], [17]. However, detecting the symme-

try plane of skull is difficult due to various noise artifacts,

pathologies and tilted head scans [18]. A few algorithms for

the detection of MSP of skull have been reported in the litera-

tures in whichmost of the works are concentrated a geometric

plane that separates the two hemispheres of the cerebrum by

the interhemispheric fissure in order to detect the symmetry

plane of skull, which is estimated as a same symmetry plane

passing through those hemispheres [10]. Because the skull

symmetry as a constraint has been included as an important

anatomical feature for evaluating cerebrum asymmetry.

In general, the present methods used for MSP detection

follow either a feature-based approach or a symmetry-based

approach [19]. In the first type of approaches, the aim is

to directly determine the inter-hemispheric plane from its

intensity and textural features. Brummer [20] proposed an

extraction approach by 3D extension of Hough transform to

detect MSP that appears as long lines in the coronal view,

and this approach involves detection of lines from the edge

maps of 2D brain images and then detecting MSP by fit-

ting a plane in brain volumes. Baji [21] proposed a method

to locate MSP based on the computation of the different

local texture between interhemispheric fissure region and

the surrounding tissue. Ramasamy [22] presented a learning-

based method for automatic and efficient localization of these

landmarks and the plane using regression forests. Given a

point in an image, this method first extracts a set of multi-

scale long-range contextual features. Then the random forests

models are built to learn a nonlinear relationship between

these features and the probability of the point being a land-

mark or in the plane. Jayasuriya [23] proposed a method

for identifying symmetry plane in 3D brain MRI images,

based on the analysis using fractal dimension and lacunar-

ity. Ekin [24] tried to extract midsagittal plane for by the

feature points that correspond to the interhemispheric fissure

and outlier-robust RANSAC algorithm, which is applied for

fitting a mid-sagittal line. A line fitting algorithm is devel-

oped to detect the MSP by Hu [25]. Volkau [26] extracted

the MSP using the calculation of the Kullback and Leibler

measures to characterize the difference between two distri-

butions. A method to segment brain volumes into left and

right cerebral hemispheres using the Graph Cuts algorithm

is developed by Liang [27]. Song [28] determined the MSP

based on a group of assistant parallel lines and correlation of

gravitational forces. Bergo [29] developed a heuristic max-

imization method to detect the MSP, which assumed that

the MSP contains the maximum area of Cerebrospinal Fluid

when ventricles are excluded. Teverovskiy [30] proposed an

intensity method based on cross correlation technique. This

method performs the cross correlation on an edge image in

order to capture the anatomical structures of the brain and

skull while ignoring intensity fluctuation and found the MSP

accurately on brain images. An automation method to find

the MSP based on the KL measure from MR brain images

was devised in Kuijf [31]. Wu [32], [33] presented a fast and

robust MSP extraction method based on 3D scale invariant

feature transform (SIFT), which mainly rely on the gray simi-

larity, 3D edge registration or parameterized surfacematching

to determine the fissure plane based on distinctive 3D SIFT

features. A learning-based method for automatic and efficient

localization of the MSP using regression forests is developed

by Liu [34]. Given a point in an image, this method first

extracted a set of multiscale long-range contextual features.

Then the random forests models are built to learn a nonlin-

ear relationship between these features and the probability

of the point being a landmark or in the plane. Automatic

segmentation of MSP using curve fitting was developed

by Kalavathi [35]. Schwing [36] proposed an approach for

mid-sagittal plane extraction based on hierarchical landmark

detection. Jayasuriya [37] presented a novel technique for

extracting the mid plane from volumetric magnetic utilizes

anatomical and radiological properties.

In the second type of approaches, the MSP is defined as

the plane that maximizes the similarity between the brain

and its reflection. Ruppert [38] presented an approach for

MSP extraction based on bilateral symmetry maximization.

Ardekani [39] proposed an algorithm for the automatic detec-

tion of the mid-sagittal plane in 3D brain images. The

algorithm seeks the plane with respect to which the image

exhibits maximum symmetry. For a given plane, symmetry is
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FIGURE 1. Overview of the proposed method’s framework.

measured by the cross-correlation between the image sections

lying on either side. The search for the plane of maximum

symmetry is performed by using a multiresolution approach

which substantially decreases computational time. Liu [40]

developed an algorithm for extracting the axis of bilateral

symmetry from each axial brain slice and combining results

frommultiple slices to determine the central plane of bilateral

symmetry for the 3D head. Kruggel [41] proposed an MSP

detection method by considering the symmetry plane as a

first order approximation. An edge-based cross-correlation

method was proposed by Liu [42] that separated the plane

into 2D symmetry axis on each slice. Zhang [43] proposed

a construction method for the MSP based on the principal

component analysis for grey scale similarity. Rupper [38]

extracted the optimal MSP with 3D Sobel edge operator

and multiscale correlation. Tuzikov [44], [45] measured the

similarity between the image and its reflection to obtain the

MSP. Qi [46] developed an automated ideal midline esti-

mation system using slice selection algorithm, edge detec-

tion and Hough transform. Prima [47] developed an iterative

approach to find MSP. This method worked by assuming an

initial guess of the MSP and updating it by computing the

local similarity measures between the two sides of the head

by applying the block matching procedure in brain images.

Zhang [48] propose a method to automatically extract the

Mid-sagittal Plane and re-alignment of 3D head image within

the scanner coordinate system by tilt correction. This method

expresses the problem of Mid-sagittal Plane extraction as

a registration problem and compute a degree of similar-

ity between the image and its reflection with respect to a

plane. Stegmann [49] use a sparse set of profiles in the plane

normal direction and maximize the local symmetry around

these using a general-purpose optimizer to detect the MSP.

Davarpanah [50] introduced aMSS extractionmethod, which

used fractal dimension and lacunarity as two independent fac-

tors of the voxels’ values in order to determine the symmetry

degrees in each axial slice.

Although a variety of works have been made in both

methodology and performance in addressing the issue of

MSP detection, existing methods are still not reliable and

accurate enough or fast to be used in brain scanning. Most

of them relied on manual operation, which may easily suffer

from image noise, skull shape or the deformation of edge.

In addition, them are too time consuming to achieve real-time

performance in clinical setting. Meanwhile, the automatic

techniques of extraction of MSP are significant improvement

for better applicability and accuracy. These automatic meth-

ods can eliminate the subjective error of doctors and reduce

the operating time. However, due to eyeball, soft tissues

and neck tissues besides the skull in brain images [51], it is

difficult to automatically extracted MSP of skull in brain CT

images.

Therefore, in this paper, we proposed an semi-automatic,

fast, accurate, and robust extraction method of MSP of Skull

in brain CT images. It does not rely on any preprocessing

of the images such as edge enhancement or image denois-

ing. We extract brain tissue for feature points in a patient’s

3D brain CT images with region growing algorithm and

obtain Oriented Bounding Box(OBB) of the brain tissue to

build initial symmetric plane. Then we extract the MSP of

the skull using mathematical transformation and the mutual

information of this initial symmetric plane. We evaluate

this method using a large clinical dataset of 10 patients.

We also compare our method to the doctor’s manual extrac-

tion method, which is a publicly available implementation

of extraction approach for the MSP of the skull in clinical

practice.

The rest of the paper is organized as follows. Section II

describes the framework of our novel approach, including its

design consideration and flowchart, and elaborates the theo-

retical basis and processing steps of this work. Experimental

results and discussion are presented in Section III. Finally,

Section IV concludes the paper.

II. METHODOLOGY

In this section, we propose the framework of this work.

The framework consists of three components, as illustrated

in Figure 1: the extraction algorithm of brain tissue in brain

CT images, the build technology of initial symmetry plane

based on OBB and the updated method of MSP of the skull.

In the section on the brain tissue extraction, an algorithm for

extracting the brain tissue based on region growing method

is used in brain CT images. Generally, the brain CT images

are divided into two categories of skull and brain tissue.

The grayscale value of image pixel of brain tissue is lower

than that of skull. A method based on OBB is developed

to build the initial symmetry plane in the extracted brain

tissue. Furthermore, we update the symmetry plane progres-

sively with mutual information of the brain tissue. As a

result, this approach guarantees that the MSP of the skull is
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FIGURE 2. Different part of brain of CT images: (a) the upper part of brain
tissue, (b) the lower part of brain tissue.

automatically and correctly extracted on the OBB of the brain

tissue and achieves a more vivid effect.

A. BRAIN TISSUE SEGMENTATION METHOD

According to the grayscale value of the brain CT images,

the area of that are divided into two categories of skull and

brain tissue, which grayscale value are significantly different

in CT image. Region growingmethod can segment effectively

and correctly a specific set of gray values in an image based

on the gray-scale difference between pixel of that image. The

region growing method is an iterative image segmentation

method with three elementary parts: seed points selection,

definition of similarity, and criteria for convergence to ter-

minate the iterative process [52]. The initial region begins

as the exact location of the seeds. Then, the regions are

grown from these seeds to adjacent points depending on a

region membership criterion (e.g. grayscale intensity). Keep

examining whether the adjacent points of seeds should be

classified into the seed points until the criterion is not met

any more [53].

In the brain CT images, the gray value of brain tissue

is significantly higher than that of the skull and image sur-

rounding background. But the eye area and brain tissue are

high similarity in terms of the gray value. For this reason,

segmentation of brain tissue using region growth method will

also segment the eye area. Fortunately, in the upper part of

brain of the CT image, there is no area such as eyes. Figure 2

shows brain CT images of the different parts: Figure 2(a) and

Figure 2(b) are the upper part and the lower part of brain,

respectively. According to the brain anatomy, the MSP of

upper and lower part of brain are approximately same in the

images. Therefore, we segment the upper part of brain in the

images to extract its MSP as the MSP of whole brain tissue.

In this paper, a semi-automatic region growing met-

hod [53], [54] is used to segment the brain tissue in CT

images. This method requires doctor to select a seed point

manually in a particular image, which divides the brain into

the upper part and lower part. It is easy to select this particular

image and the centroid of isolated brain tissue regions of that

as a seed point. The similarity definition is used to deter-

mine whether the unlabeled pixels are added to the detec-

tion region. This definition refers to the difference of image

FIGURE 3. 26 neighborhoods of region growing.

intensity between the neighboring pixels. The similarity con-

dition is formulated as follows:

|I (xk , yk) − I (x, y)| < θ, (xk , yk) ∈ N26 (1)

The unlabeled voxel (xk , yk ) in the 26-adjacent N26 can

be added to brain tissue region, if the difference between the

grayscale value of I (xk , yk ) and seed voxel I (x, y) is less than

the given threshold θ . And this voxel (xk , yk ) is added to the

seed queue voxel for next iteration. This process is shown

in Figure 3.

Since this method relies on the difference between the

grayscale value of the voxels in the 26 neighborhoods,

the given threshold θ plays a decisive role in this process.

The extraction brain tissue regions are different with differ-

ent given threshold. Figure 4 shows the segmentated brain

tissue regions for different thresholds. In this case, the best

segmentation result is when the given threshold is 50. Finally,

the pixels of segmented brain tissue and other tissues are

marked 1 and 0 in the CT images, respectively.

B. EXTRACT INITIAL SYMMETRY PLANE OF BRAIN TISSUE

BASED ON ORIENTED BOUNDING BOX METHOD

The basic idea of the oriented bounding box(OBB) algorithm

is to replace the complex geometric objects with a slightly

larger and simpler geometry as a bounding box. It is one of the

important methods for the preliminary detection of collision

interference [55]. According to its characteristics, it is used to

extract the initial symmetry plane in this paper. The extracting

steps of the OBB bounding box of the upper part of brain

tissue are as follows.

If the whole pixels of segmented brain tissue are be used

to calculate the OBB bounding box, the computation time is

very long. So the coordinates of the boundary pixels of the

segmented brain tissue are searched by row scan method in

this work.

Assuming that each object consists of a triangle, the first-

order (mean) and second-order (covariance matrix) statis-

tical properties of the vertex coordinates of the object are

used to calculate the position and orientation of the OBB.

The set of triangle vertices is regarded as a three-variable

probability distribution function. When calculating the OBB

bounding box, the mean and the covariance matrix of the

triangle vertices are used to calculate the center position

and direction of the bounding box. Let the vertex vec-

tor of the i-th triangle of the set of triangles be p[i], q[i]

118206 VOLUME 7, 2019
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FIGURE 4. The segmentation result of brain tissue with different given thresholds: (a) sementation result with 10 threshold, (b) sementation
result with 20 threshold, (c) sementation result with 40 threshold, (d) sementation result with 50 threshold.

and r[i], the number of triangles of the bounding box be n,

and the subscripts j and k represent the components of

(x, y, z).

The mean of the vertices of the triangle patch is as follow:

u =
1

3n

n
∑

i=1

(

pi + qi + r i
)

(2)

The elements of the covariance matrix are as follow:

Djk =
1

3n

n
∑

i=1

(

pijp
i
k + qijq

i
k + r ij r

i
k

)

, 1 ≤ j, k, ≤ 3 (3)











pi = pi − u

qi = qi − u

r i = r i − u

(4)

The three eigenvectors of the covariance matrix are

obtained from the numerical calculation, and the eigenvec-

tors are unitized as a base. Since it is a symmetric matrix,

the eigenvector bases are orthogonal to each other. Assuming

the matrix is C, the direction axes of the OBB bounding box

can be determined using the three feature vectors of C.

If the OBB is calculated by using the triangle vertices,

the amount of this calculation is a large burden so that it

takes a long time. For reducing the amount of computation,

this paper proposes an improved OBB algorithm based on by

using the above segmentation of brain tissue regions based on

the original OBB algorithm. The main idea of the improve-

ment of the OBB algorithm is that the boundary points of the

brain tissue region are used to replace the triangular patch

points in this paper.

The main steps of the improved OBB algorithm in this

work are as follows:

1) Obtain the boundary points of brain tissue

FIGURE 5. Obtain the boundary points of the brain tissue by the
layer-by-layer progressive search.

The pixels of segmented brain tissue and other tis-

sues are marked 1 and 0 in the CT images, respectively.

According to the marked value of the segmented brain tissue,

we search from both sides (as shown in Figure 5) until the

first 1 occured. Search rules are as follows:

if (Pi) = 1,

Pi is boundary point;

else

contiune to search; (5)

In which, pi is the point of the CT image. The

algorithm uses the layer-by-layer progressive search to

obtain the boundary points of the brain tissue, as shown

in Figure 5.

The two points A and B represent the two boundary points

of the line, point A is the boundary point searched from left to

right, and point B is the search result in the reverse direction.

All rows of CT brain image data have two vertices per line,
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and the vertex coordinate set is equivalent to the triangular

patch set in the OBB algorithm.

2) Calculate the mean coordinate and the covariance

matrix of the vertex coordinate set

The mean coordinates of the vertex coordinate set is calcu-

lated by Equation (6).

(

µx , µy, µz

)

=
1

n

(

n
∑

i=1

pi(x),

n
∑

i=1

pi(y),

n
∑

i=1

pi(z)

)

(6)

In which, (µx , µy, µz) is themean coordinates of the vertex

coordinate set and (pi(x), pi(y), pi(z)) is the coordinates of the

i-th boundary point.

The covariance matrix of the vertex coordinate set is cal-

culated as Equation (7).


























Cjk =
1

n

n
∑

i=1

pijp
i
k

pij = pij − µj

pik = pik − µk .

(7)

In which, Cjk is the covariance of the vertex coordinate

points, j and k correspond to the x, y and z coordinate, respec-

tively. The corresponding covariance matrix is as follows:




cxx cxy cxz
cyx cyy cyz
czx czy czz



 (8)

3) Calculate three eigenvectors of the covariance matrix

The eigenvectors of the covariance matrix are converted

to standard orthogonal basis, which are the direction of the

three coordinate axes of the bounding box. The new coordi-

nate direction generally does not coincide with the Cartesian

coordinate system.

The X, Y axis represents the direction axis in the Cartesian

coordinate system, and the X’, Y’ axis represents the new

direction axis of the brain tissue, as shown in Figure 6.

The extreme points on the new coordinate axis are calcu-

lated based on the projection point values of the respective

boundary points in the coordinate direction. In this work,

X ′max−X ′min,Y ′max−Y ′min and Z ′max−Z ′min represent

the extreme points of the sagittal, coronal and cross direction

of the new direction axis of the brain tissue, respectively. The

length, width and height of the OBB are calculated according

to the as Equation (9).

OBB.width = X ′ max−X ′ min

OBB.length = Y ′ max−Y ′ min

OBB.height = Z ′ max−Z ′min (9)

Figure 7 shows that the extracted OBB of the upper part of

brain tissue by the above method. And the symmetry plane

in the x direction as the initial symmetry plane of the upper

part of brain tissue, which is shown in Figure 8. The initial

symmetry plane divides the upper part of brain tissue into two

parts, which are approximately symmetrical parts.

FIGURE 6. Axis of OBB of brain tissue.

C. EXTRACT THE ACCURATE SYMMETRY PLANE OF BRAIN

TISSUE BASED ON ORIENTED BOUNDING BOX METHOD

Although the initial symmetry plane of the upper part of

brain tissue is extracted by OBBmethod, the symmetry plane

is not accurate. In this work, the mathematical translation

and mutual information method is used to get the accurate

symmetry plane. The initial symmetry plane is performed

translation and rotation transformation continuously within

ten pixels of the initial plane. The mutual information of

the new left and right parts of the brain tissue is calculated

with each transformation step. Then, the symmetry plane

with maximum value of mutual information is the optimal

symmetry plane of the upper part of brain tissue. Finally,

according to the same symmetry plane of the brain tissue and

skull, this optimal symmetry plane of the upper part of brain

tissue is as the symmetry plane of the skull.

1) MUTUAL INFORMATION METHOD

Mutual information is usually used to describe the statistical

correlation between two systems, or to describe how much

information is the same with another [56], [57]. The value

of mutual information is closely related to entropy, which is

used to represent the complexity and uncertainty of a system.

For a grayscale image, its grayscale value is regarded as a

random variable. The grayscale value of each point is used

as an event in one random variable, and the occurrence of

grayscale value of each level is calculated according to the

grayscale information of an image The probability of an

image can be defined as Equation (10), where hi is the number

of pixels with gray value i and N is the total number of

pixels.

pi =
hi

N
(10)

The joint entropy H (A,B) is a statistical measure of the

correlation between the random variables A and B [59]. For

two random variables A and B, their probability distribution

are pA(a) and pB(b). And their joint probability distribu-

tion is described as pAB(a, b), H (A,B) can be calculated as

Equation(11-13). Mutual information is calculated with the

value of entropy and joint entropy as Equation(14).

H (A) = −
∑

a

pA(a) log pA(a) (11)
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FIGURE 7. OBB of the upper part of brain tissue.

FIGURE 8. The initial plane of symmetry of the upper part of brain tissue based on the OBB method.

FIGURE 9. Translation and rotation within 10 pixels: (a) translation in 2D view; (b) rotation in 2D view; (c)
translation in 3D view, (d) rotation in 3D view.

H (B) = −
∑

b

pB(b) log pB(b) (12)

H (A,B) = −
∑

a,b

pAB(a, b) log pAB(a, b) (13)

I (A,B) = H (A) + H (B) − H (A,B) (14)

2) MATHEMATICAL TRANSLATION AND ROTATION

The initial symmetry plane of the upper part of brain tissue

basically determines the range of the final symmetry plane.

To obtain the accurate symmetry plane of the skull, the math-

ematical translation and mutual information method is used

based on the initial symmetry plane.

CT Image coordinate system and world coordinate system

are different. Firstly, this work transforms the two coordinate

system. The resolution, the origin of coordinates and the

layer thickness are all stored in CT image files. Using these

information, the two coordinate systems are transformed as

Equation(15-17), where pixelX , pixelY and pixelZ are the

image coordinate of the target point, andworldX ,worldY and

worldZ are the corresponding world coordinates of the target

point. PixelSpacing_X and PixelSpacing_Y are the spatial

resolution of pixel, SliceLocation and is the slice location

information of the point, SliceThickness and is the thickness

of a slice.

pixelX = worldX/PixelSpacing−X (15)

pixelY = worldY/PixelSpacing−Y (16)

pixelZ =
worldZ − SliceLocation

SliceThickness
+ 1 (17)

The projection of the initial symmetry plane on a CT

image is a straight line, which is described as Equation(18).

The translation and rotation transformation of the symmetry

plane is expressed as Equation(19), where ξ and ζ are both

small neighborhoods with a range of [−5, 5]. Positive value

of ξ indicates the translation to the left while negative to

the right. Positive value of ζ indicates the rotation in the

counterclockwise direction while negative in the clockwise.

Y = kx + b (18)

Y = tan(90 + ζ ) • (x + ξ ) + b (19)

In the above given range, translation and rotation oper-

ations are continuously performed. This process is shown
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FIGURE 10. The 6 pairs of symmetry points of skull.

in Figure 9. Meantime, the mutual information value of the

left and right brain tissue, which is divided by the new

symmetry plane, is calculated. Finally, the symmetry plane

with maximum mutual information is considered as the most

accuracy symmetry plane of the brain tissue. According to

the same symmetry plane of the brain tissue and skull, this

symmetry plane is as the symmetry plane of the skull.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we give a brief description of datasets, exper-

imental settings, recognition accuracy, performance compar-

ison and discuss the experimental results.

A. EXPERIMENTAL IMAGE DATASET AND SYSTEM

The 10 patients’ head CT image dataset were used in this

experiment with resolution of 512 × 512, slice thickness

less than 1.5mm, which are from a same hospital. All of

the 10 patients are male and their ages cover from 20 to

75. In order to protect patient privacy information, the image

dataset hides the hospital’s and patient’s name. Refer to the

previous research [8], [9], facial asymmetry index(FAI) is

used to evaluate the accuracy of this method. The 6 pairs

of symmetry points of skull are required to calculate FAI,

as shown in Figure 10, which marks the points as red color.

These symmetry points of each image dataset are manually

marked by the doctor for each database as ground truth. FAI

is calculated by these symmetry points as shown in Equation

(20).

FAI =

12
∑

i=1

|Rdi − Ldi| (20)

where Ldi and Rdi is the distance from the left or right point

of a pair of symmetry points to the extracted symmetry plane

of skull by this method, respectively. The smaller the FAI is,

the more accurate the symmetry plane of skull is.

Our system was implemented in Matlab 2015 on a PC

with 4 Intel(R) Core is-i7-6700U CPUs 2.60 GHz, 8 GB

DDR4 RAM and NVIDIA GeForce 940Mx GPU with 2 GB

video memory.

B. EXPRIMENTAL RESULTS AND ANSLYSIS

This section discusses the accuracy of the proposed

method from the following two aspects. On the one hand,

the extracted symmetry plane of skull by this method is com-

pared with the symmetry plane by doctor’s manual extrac-

tion method. The comparison results of the 10 patients’

head CT image dataset are shown in Figure11. The red and

blue plane are the symmetry plane of skull extracted by

the doctor and by this method, respectively. The experiment

results show that the difference of the symmetry plane of

skull extracted by the doctor and by this method is very

small.

On the other hand, for quantitative comparison of the accu-

racy of the method, the FAI results of the doctor’s manual

extraction symmetry plane, the initial symmetry plane with

OBB of brain tissue, the optimal symmetry plane using trans-

lation operation, the optimal symmetry plane using transla-

tion operation and the optimal symmetry plane of this method

are calculated by the given 6 pairs of symmetry points of

skull according to Equation(20). The results of FAI are shown

in Table 1. And Figure 11 and Figure 12 show the FAI results

by different methods.

The FAI of dataset 1, 4, 7, 8, 9, 10 by this method are

smaller than the results by doctor manually marking. And the

FAI of other datasets by thismethod are bigger than the results

by doctor manually marking. The average FAI of the results

118210 VOLUME 7, 2019



W. Tan et al.: An Approach to Extraction Midsagittal Plane of Skull From Brain CT Images for Oral and Maxillofacial Surgery

FIGURE 11. The comparison results of the 10 patients’ head CT image datasets of doctor’s manual method and this
method: (a-i) figures are the result of the 10 patients’ head CT image datasets.
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FIGURE 11. (Continued.) The comparison results of the 10 patients’ head CT image datasets of doctor’s manual method
and this method: (a-i) figures are the result of the 10 patients’ head CT image datasets.
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FIGURE 11. (Continued.) The comparison results of the 10 patients’ head CT image datasets of doctor’s manual method and this
method: (a-i) figures are the result of the 10 patients’ head CT image datasets.

TABLE 1. The fai of extraction symmetry planes of different method.

by doctor manually marking and the results by this method

are about 39.90 and 34.87, respectively. This shows that the

accuracy of this method is almost equal to the accuracy of the

doctor’s manual method.

To further verify the accuracy of the proposed algorithm,

Student’s T test [59] is used to compare the difference

between the plane extracted by doctors and by this method.

First, a hypothesis is established that there is not significantly
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FIGURE 12. The FAI results by difference methods.

difference between the extraction results of the two methods.

Student’s T test is performed with the extracted results of

the 10 patients’ head CT image dataset by the two methods.

In this test, the significance indicates whether this hypothesis

is true. The calculation results show that P = 0.273, which

proves that the hypothesis is true. It further shows that there is

no significant difference between the accuracy of this method

and the doctor’s manual method.

In present, the extracted midsagittal plane of the skull is

different by different doctor. Even the extracted midsagittal

plane of the same patient is also different by the same doctor

in different time. And the manual method usually takes a

long time for doctors. However, the experiment results show

that this method is an automatically extracting process that

excludes the subjective factors of the doctor, and the robust-

ness of this method is significantly better than the manual

method.

Meanwhile, the average calculation time of this method is

less than oneminute, while the average calculation time of the

manual method by doctor is about five minutes. This method

can shorten the operate time to reduce the doctor’s workload.

IV. CONCLUSIONS

The midsagittal plane of skull in brain CT images is required

for the he oral and maxillofacial surgery for the facial sym-

metry of patients. In present, the midsagittal plane of skull is

extracted by doctor manual operation, which usually takes a

long time for doctors. Meanwhile, the extracted midsagittal

plane of the skull is different by different doctor. Even the

extracted midsagittal plane of the same patient is also differ-

ent by the same doctor in different time. In this paper, a semi-

automatic extracting method for midsagittal plane of skull is

proposed based on region growing method, OBB bounding

box and mutual information algorithm. The extracted sym-

metry plane of skull by this method is compared with the

symmetry plane by doctor’s manual extraction method. For

quantitative analysis of the accuracy of the method, the FAI

is used to evaluate the experiment results.

The FAI results show that some experiment results of

this method are smaller than the results by doctor manually

method. And the FAI of other datasets by this method are

bigger than the results by doctor manual method. The average

FAI of the results by doctor manual method and the results by

this method are almost same. This shows that the accuracy of

this method is almost equal to the accuracy of the doctor’s

manual method. But the stable level of this method signifi-

cantly higher than the manual method and this method can

shorten the operate time to reduce the doctor’s workload.
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