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Abstract

In this paper, the objective is to generate a mesh model of a spine that simulates numerically the biomedical properties of two
vertebrae (L4 and L5) of human spine and an inter vertebrae disc using Finite Element Analysis (FEA) technique. Here, different
types of non-linear filters and different edge detection techniques are used to segment the edges and the results are compared. The
result shows that median filter obtains improved segmented output results in terms of edge length density, average magnitude,
final threshold, initial position, and fine-tuned image. The behaviour of spine FEA model is analysed in terms of various
parameters like equivalent elastic strain, total deformation, maximum principal elastic strain, minimum principal elastic strain,
shear elastic strain, normal elastic strain, and minimum and maximum principal stress, equivalent stress, shear stress and normal
stress. These parameters are used to analyse the human spine model under different conditions and different angles using ANSY'S
simulation tool. Further, MATLAB is carried out to implement various filters and edge detectors on proposed spine model.

Keywords Filters - Edge detection - MRI - Finite element analysis

Introduction

In this era, lower back pain is considered as a serious
disease and this is referred as Lumbar Degenerative
Disc Disease (LDDD), which is caused due to
overloading and aging. Pathological conditions that af-
fects the lumbar spine includes osteoporosis, low back
pain (LBP), herniation or spondylolisthesis has acute
problems [1]. The diagnosis of such ailments and pa-
thologies treatment require quantitative analysis on
MRI spinal images of multiple anatomic structures in
multiple anatomic planes from multiple imaging mo-
dalities [2].

This poses a challenge in computer and manual processing
methods.
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*  Manual processing methods is infeasible for MRI images
due to inefficiency, tediousness and inconsistency [3].

» Computer processing methods achieves initial success on
efficient processing of spinal images [4, 5].

However, it is unable to handle images, since the image
segmentation leads to extreme challenging that involves: 1)
Different structure appearance on disc and vertebra; 2)
Different intensity profiles of MRI; 3) Different shapes in
different plane. The segmentation of image plays a major role
in image processing. It is used to identify the edges of image
objects with multiple contour pixels set. The pixels represent
the object information and it is classified into two types, name-
ly edge and region based segmentation. The proposed study
uses edge based segmentation to extract the edges [6]. The
filtering operation in an image is used to deblur digital images.
It is used to smoothen the images using appropriate masking
function [7]. The filters are used to detach the noises from an
image and it enhances the image. For the pre-processing op-
eration, the boundary is discovered in MRI images using var-
ious edge detection algorithm. These images are further sent to
other processing stages for the creation of 3D meshes and its
analysis [8]. Finite element method (FEM) is a common meth-
od or tool used in numerical simulation to analyse the thermo-
dynamics or mechanics of image structure. The proposed
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study uses Finite Element Analysis (FEA) to analyse the stress
behaviour of L4 and L5 lumber joints [9]. This method allow
new design to be tested completely before manufacturing the
prototype. There exist several method [10—-14] to analyse the
condition of affected or damaged spine and to finalise the
treatment. However, no standardised FEA method combined
with digital image processing is available for verification, val-
idation of designs. Only, very few studies are reported to test
the condition of other parts of body [15].

Hence, the objective of the study is to ease the process of
diagnosis in the medical filed for clinicians to observe the
condition of Lumbar Chronic Disc Malady (LDDD) to protect
the coverings of outer tissues. This can be executed using the
execution of 3D surface from the true image segmentation and
mesh generation. This 3D model obtained from this state-of-
art model is simulated by FEA. The study aims at the gener-
ation of 3D objects of human spine to analyse the biomechan-
ical behaviour [16-25]. This is initially carried out through
filtering to smoothen the image and segmentation using vari-
ous edge detection technique. Further, the generation of 3D
meshing is used to calculate the various stress factors at dif-
ferent loading condition and angles.

In this paper, the proposed method aims to generate a
mesh model of a spine that simulates numerically the
biomedical properties of two vertebrae (L4 and L5) of
human spine and an inter vertebrae disc using Finite
Element Analysis (FEA) technique. In the proposed sys-
tem, the bony areas in MRI image is segmented using
edge detection techniques and the smoother surfaces
from boundary lines are obtained using filtering tech-
niques. Further, the proposed method aims to generate
high quality meshes that exploits linear characteristic for
the processing of mesh for agreement.

The use of FEA is used for conducting the experiments
under different bone lifting conditions and it is subjected to
different loads like 490 N, 539 N, 588 N, 637 N and 686 N.
Various weights (50 KG, 55 KG, 60 KG, 65 KG and 70 KG)
are used to carry out the stress weights at different angles (30°,
60° and 90°). The entire analysis is carried out in lumbar bone
(L4 and L5) that originates from pedicles curve. The lumbar
vertebrae regions is used as potential break zones and ana-
lyzed in the form of upright posture with different loading
conditions. The FEA results are matched with human lumbar
spine biomechanical properties [26]. The two vertebrae (L4
and L5) of human spine is regarded as the linear materials with
the exclusion of ligaments. The system analyses the behaviour
of contact between the bones, disc simulation and stress and
displacements on human lumbar spine. After the stress distri-
bution calculation, the maximum von misses stress and mag-
nitude value is estimated in the regions of L5/S1. The FEA is
used to estimate the stretching limits of lumbar spine.

The outline of the paper is mentioned as follows:
Section 2 provides the Filtering Human Lumbar Spine
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Images. Section 3 provides various edge detection tech-
nique. Section 4 discusses the Simulation on Real
Dataset using FEA. Section 5 shows the experimental
results and discussion. Finally, section 5 concludes the
paper with future work.

Filtering human lumbar spine images

The main aim of denoising methods in image tends to degrad-
ed noises from original image, which is given by

v(i) = u(i) + n(i) (1)
where.

w(i) observed value,

u(i) true value and

n(i) pixel noise perturbation
i pixel.in an image

The proposed study uses three different filters for the pur-
pose of testing the proposed model, which is given in follow-
ing section.

Mean filter

Mean filtering is the simplest method for images smoothen-
ing. Each image pixel with windowing function output is av-
eraged to obtain final result. This helps in removal of noises at
the time of sources of noise being zero-mean and additive. The
signal noise (x) in one dimensional window of length N is
given by,

xnvise(i) :X”VZGIS}’[SN (2)
where.
X; - random number, where the values of E[X] is considered

as zero and then it applies one 1 dimensional window W, on
Xnoise Signal and this results in

Wr(i) = (xnoise(i_r)a ~'7xnoise(0)» ~~~7xnoise(i + r)) (3)
Finally the mean of one dimensional window W, is given

by,

mean(W,(i)) = P; +r; = i—Xpoise(j) (2r 4+ 1) (4)

With increase in the size of window r, the following con-
dition is observed,

lim,—oomean(W,(i)) = 0o = 0 (5)

The expectation value E[X]=0 is not required and the
filtering is used to removing the entire noise present in the
image.
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The mean filters helps in avoiding the problem associated
with removal of useful information form an image and it
works well over uniform area. The information is made piece-
wise uniform by the use of this non-linear mean filter [27-30].

Trimmed and hybrid median filters

The median filter provides neighbourhood shape that affect
significantly the filter behavior. This information is passed
as in convolution over an image, however instead considering
the weighted sum of neighbourhood elements, the median
value is considered and the neighbourhood centered at 7, j is
given by N;; and the filter information is thus described by

y; = med ({xw|xuveN p (6)

The median filter performs better filtering than the linear
filters, since it rejects large noise values or outliers. The ab-
sence of outliers makes the median filter to perform at a poorer
way. The noises with large values is called as long-tailed
noise, since the probability density value of noises has longer
tails and the density weight is far from mean. On the other
hand, the noises without such characteristic is called as short-
tailed noise [31].

The former noise produces very less number of large noise
values and that does not affect the median and vice versa. This
constraint is handled using trimmed linear filter with a re-
moved of a percentage of large or small neighborhood values.

Non Local Means (NL) Filter

Non Local Means (NL) filter based on a non-local averaging
of all pixels in the image. Consider a noisy discrete image
v={v(i) | i € I}, and the value estimated for a pixel (i) is given
by NL[v](i) and this is represented as a pixels weighted aver-
age in the image,

NLPV|(i) = 2 w(i, ))v()) (7)

Jjel

where {w(i,j)}, - family of weights that depend on pixel sim-
ilarity, and it should satisfy a condition 0 <w(i,j) <1 and

2w(i,j) =1
J

The similarity between any two pixels 7 and j depends
mainly on similarity between gray level intensity vectors
v(V;) and v(V)) and the fixed size square neighborhood is
given by N, and this is centered around a pixel k. This
similarity measurement is estimated in terms of reducing
function of a Euclidean distance. The NL-means filtering
compares the similarity between the grey levels in a single
point and further it measures the whole neighborhood
geometrical configuration [12].

Edge detection for human lumbar spine
images

LoG edge detection

The Laplacian of Gaussian (LoG) of an image f(x,y) is repre-
sented in terms of second order derivative. The LoG operates
under two different effects, the first effect is used to smoothen
the given image and second effect computes the Laplacian and
this helps to obtain double edge image. The edges are usually
located the discovery of zero crossings between any two dou-
ble edges. The Laplacian function is implemented using a
mask and it is used to find the darker or lighter edge side in
a pixel.

Marr-hildreth edge detection

The Marr-Hildreth edge detection method is used to detect the
edges in the form of a continuous curves that has a fast vari-
ations and well-built in brightness of an image. This is a easier
process and it image convolution is used along with LoG
function or it can be calculated as DoG quick approximation.
Further, filtered results provide zero-crossings that helps in
finding the edges. This method involves smoothening image
using Gaussian function and then 2D Laplacian is applied to
smoothen the image further. If there exist a sign change greater
than threshold level, the pixel is marked as edge. The
Hysteresis is used to run the Laplacian, similar to canny edge
detection [32].

Robinson edge detection

The Robinson edge method is easier to be implemented since
it relies on the value of coefficients (0, 1 and 2). There are
symmetrical masks around directional axis with zeros. The
results of only 4 different masks are computed and other four
masks result is obtained by negating first four results. The
gradient magnitude is considered as a maximum one and it
is obtained by the application of 8 masks to the neighborhood
pixel. The approximation of gradient angle takes place in the
form of zeroes line angle in the mask and that yields atmost
response.

Kirsch edge detection

Kirsch edge detection uses the similar principle as
Robinson edge detection method. The masks is defined
by the selection of a single mask and then it is routed to
eight compass directions. The magnitude of edges are de-
fined in terms of maximum obtained edge convoluted val-
ue of each mask. The maximum magnitude obtained from
a mask represents the direction [8, 33-36].

@ Springer
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Simulation on real dataset using FEA
Generation of mesh

The FEA approximates the solution to a boundary value
specifically for the differential equations, which is
regarded as a numerical technique. The optimal valida-
tion is generated for the proposed model and pre-
processing phase is used to perform the initial start for
simulation. The simulation using FEA is used to check
the performance of the proposed model. The proposed
model is divided into finite surfaces using ANSYS soft-
ware, it is then transformed into volumes, which helps
in the formation of 3D meshes using the process of
meshing. The mesh illustrates the geometrical model
that helps in labelling the element and it is applied on
the proposed spine model by resolving the constraints
under different boundary conditions. This formation is
called as grids and it distributes the points in physical
region, which is used mainly for numerical application.
The 3D structures helps in formation of mesh on solids
and surfaces. These meshes is carried out for simulation
using real medical data set spine model.

Generating mesh

The surface mesh is produced using surface triangula-
tion in FEA and it resembles the volume mesh and

Fig. 1 Illustration of meshing on
proposed spine model

@ Springer

geometry model. The input to it is fetched and it forms
a different criterion for surface triangulation. ANSYS
software develops the surface mesh and uses complex
vertex post stressing of geometric model. This calculates
the TriMesh method and that involves triangular ele-
ments. The 2D parametric surface representation is used
to design the mesh elements and it is used to visualize
the 3D shape using node localities. The shapes of gen-
erated triangular element is generated in equilateral tri-
angular shape and the resolving process is slow. The
input surface is used to experiment the triangulation
point sets. The implicit equation is used to derive a
smooth input surface. Finally, a surface mesh with high
quality is generated using MRI scanning on a person is
used widely on computer graphics, geometric modeling
and finite element methods (Fig. 1).

Meshing

The FEA aims at searching the parameters of spine
geometry and that utilizes the help of finite element
mesh. Direct conversation method is used to attain spine
meshes specific to subject. In this method, the image
voxel is used to generate mesh and finally it is trans-
formed to hexahedral structures. The segregation of im-
age voxel separated parts takes place and it is then
transformed directly into meshes with brick elements.
The image densities are estimated and then it is used
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Fig. 2 Result of spine under
loading of 50 kg at 60°
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for defining the behavior of the material. In specific, the
behavior of the material is found using element-by-
element approach.

Here, the spine image intensity is directly related with the
values of image density and finally the values of Young’s
modulus is obtained. The modulus values are computed using
a numerical process but the accurate behavior at the time of
vertebrae tissues generation is considered as a challenging
task. The Tetrahedron method with fine components helps in
achieving the process of meshing and then the entire spine
region is embed into a smaller triangular shape.

Results and discussion

This section is used to estimate the efficiency of proposed
method. The proposed method uses Hausdorff distance and
error probability method in segmenting an image using pro-
posed boundary detection method.

Fig. 3 Result of spine under
loading of 55 kg at 60°

The proposed method is compared in terms of several edge
detection methods from various filters. The Table 1 presents
different metrics like edge length density, average magnitude,
final threshold, initial position, and fine-tuned image obtained
from image segmentation process. These results are collected
and noted for various filters like Mean Filter, Trimmed and
Hybrid Median Filters and NL Filter. Also, the method is
compared with other edge detection methods like LoG edge
detection, Marr-Hildreth Edge Detection, Robinson Edge de-
tection and Kirsch Edge detection.

Load displacement

The load displacement on L1 surface is estimated using cer-
tain measurements that include: 490 N, 539 N, 588 N, 637 N,
and 686 N, where the angle of estimation is varied in terms of
30°, 60° and 90° and the results are given in Tables 2, 3 and 4,
respectively. It is seen from the results that L1 surface has the
ability to tolerate a 686 N load (that represents a 70 kg healthy

0,108 {m}
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Fig. 4 Result of spine under
loading of 60 kg at 60°

person who stands straight in a relaxed state). The level of
tolerance is increased up to 2500 N, when a person lifts load
in his two arms in a straight position. It is further noted that the
L1 surface tolerates more as the load lifts becomes heavier. At
the time of heavy load, the L1 surface tolerates with load
displacement behavior at the time of axial compression. The
withstanding tolerance level on the proposed model shows the
biomechanical physiognomies on flexible vertebral bone.
Further, the results of different loads on various angles are
given in Figs. 1, 2, 3, 4, 5 and 6.

The result further shows an injury on a patient w.r.t bone
displacements, which is formed at the stage of L4 spinous
process. Further, the lamina bone stress is identified at facet
joint of L4 and L5. The post-operation result of the proposed
model geometry defines the distance between the two spinous

Fig. 5 Result of spine under
loading of 65 kg at 60°
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points has similar measurements obtained from both the ge-
ometries. Here, the spine bone load is directly proportional to
the stress concentration in pedicle region. L1 vertebral bone
displacement is initiated by vertebral body compression and
superior articular compression in downward direction. The
vertebra movement at the time of restraints and applied load
on the proposed model helps in the creation of high stress in
spine pedicle region. The outcomes of lumbar spine analysis is
shown in preceding diagrams under different weight condi-
tions like 50 - 70 kg that increases at a rate of 5 kg at different
angles, say, 30°, 60° and 90°.

The parameters of stress distribution on a proposed spine
model at different loading conditions and angles is shown in
Table 5. The result shows that spine pedicel region acts with
high stress due to applied loading condition. The spine




J Med Syst (2019) 43: 34

Page 11 0of 13 34

Fig. 6 Result of spine under
loading of 70 kg at 60°

vertebral bone on upper body is affected to a certain extent and
it has higher Von-Misses stress values, which is calculated
from the results as shown in Table 5.

Conclusion and future enhancement

In this paper, the proposed system analyses the biomechanics
and structure of human lumbar spine MRI image under differ-
ent loading conditions. This involves three different phases:
preprocessing, conversion from 1D to 3D conversion and test-
ing of stress. The image processing involves two steps: noise
smothering using filters and image segmentation using edge

Table 5  Stress distribution result with different loads and angles

AR

detection techniques. The former performs the operation of
removing unwanted noises in MRI spine image and latter
detects the edges. The pre-processed operation is carried out
using MATLAB. The result shows that median filter obtains
improved performance than other algorithms. The result from
these pre-processed output is sent for 3D conversion using
FEA using ANSYS. The third phase involves the spine image
testing under different angles and loading conditions. The use
of FEA is used for conducting the experiments under different
bone lifting conditions and it is subjected to different loads.
Various weights are used to carry out the stress weights at
different angles. The entire analysis is carried out in lumbar
bone (L4 and L5) that originates from pedicles curve. The

S. No Weight Load(N) Angle at

Total Deformation (mm)

Equivalent (von-Misses) Stress(MPa) Equivalent Elastic Strain

1 50 490 30 2.8635¢-004 m
55 539 3.1499¢-004 m
60 588 3.4362¢-004 m
65 637 3.7226e-004 m
70 686 4.0089¢-004 m

2 50 490 60 4.9329¢-004 m
55 539 5.4261e-004 m
60 588 5.9194e-004 m
65 637 6.4127¢-004 m
70 686 6.906¢-004 m

3 50 490 90 8.0061e-006 m
55 539 8.8067e-006 m
60 588 9.6073e-006 m
65 637 1.0408e-005 m
70 686 1.1209¢-005 m

5.9289¢+007 Pa
6.5218e+007 Pa
7.1147¢+007 Pa
7.7076e+007 Pa
8.3005e+007 Pa
1.0521e+008 Pa
1.1574e+008 Pa
1.2626e+008 Pa
1.3678e+008 Pa
1.473e+008 Pa

3.3655e+006 Pa
3.702e+006 Pa

4.0386¢e+006 Pa
4.3751e+006 Pa
4.7117e+006 Pa

3.7783e-003 m/m
4.1561e-003 m/m
4.5339¢-003 m/m
4.9117e-003 m/m
5.2896¢-003 m/m
6.748¢-003 m/m

7.4228e-003 m/m
8.0976¢-003 m/m
8.7724¢-003 m/m
9.4472¢-003 m/m
2.1051e-004 m/m
2.3156e-004 m/m
2.5261e-004 m/m
2.7366e-004 m/m
2.9471e-004 m/m
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lumbar vertebrae regions is used as potential break zones and
analyzed in the form of upright posture with different loading
conditions. The FEA results are matched with human lumbar
spine biomechanical properties. The stress analysis outcomes
in spine lumbar vertebra under different external loads leads to
severe consequences when the frequency of excitation from
external load matches with natural frequency of the spine
lumbar vertebra bone. The result shows that the disc bone
has the ability to withstand the load between 500 to 2500 N.
The damage over nucleus pulpous takes place, when the load
increases above the threshold level. The outcomes provides a
better understanding of spine bone biomechanical behaviors.
In future, the same model can be applied over other parts of
body to check its biomechanical behavior.
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