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Abstract
To solve the problem of location and segmentation of intervertebral discs in spinal MRI images, a method of intervertebral disc
segmentation and degeneration classification diagnosis based on wavelet image denoising and independent component analysis-
active appearance model (ICA-AAM) was proposed. Firstly, the spinal MRI image is decomposed by wavelet transform, and the
noise is filtered by soft threshold method. Then, aiming at the inadequacy of PCAmethod in AAM in describing data details, ICA
is used instead of PCA to model shape and texture models, and an improved AAM segmentation model is formed. Finally, the
intervertebral discs in MRI images are segmented by AAM model, and the degeneration classification of intervertebral discs is
diagnosed according to the gray level characteristics of the segmented region. The experimental results show that the method can
accurately locate and segment the intervertebral disc region and make classification diagnosis.

Keywords Human spine MRI image . Image segmentation . Wavelet denoising . Active appearance model . Degeneration
classification

Introduction

Spine-related diseases are a major problem facing modern hu-
man society. There is an urgent need for a computer-aided di-
agnosis and treatment system that can assist doctors in diagnos-
ing spine diseases. Magnetic resonance imaging (MRI) is con-
sidered to be the most sensitive non-invasive spinal imaging
modality. With the development of computer-assisted therapy
in clinical diagnosis, more and more researchers began to de-
vote themselves to computer analysis of magnetic resonance
spinal images [1–4]. The accuracy of MRI image segmentation

is very important for doctors to judge the real situation of the
disease and make correct diagnosis.

At present, the methods for automatic location and seg-
mentation of intervertebral discs mainly include two-level
probability graph model based on pixel level and object
level features, gradient histogram and support vector ma-
chine, model-based search methods, etc. For example, liter-
ature [5] considered prior information such as the relation-
ship between adjacent intervertebral discs, and proposes a
method of locating lumbar intervertebral discs based on
two-level probability map model with pixel and object-
level features, but the accuracy of location is not high and
the effect of location is poor for diseased intervertebral
discs. Literature [6] choose histogram of oriented gradients
(HOG) as the feature to train, and divides the lumbar spine
into two parts to locate, but it only relies on HOG, so the
accuracy is not high. Literature [7] proposed a method of
combining machine learning with probabilistic graph mod-
el. The pyramidal histogram of oriented gradients (PHOG)
and image projection descriptor (IPD) are selected as local
features of the image, and support vector machines (SVM)
are used to classify each pixel point. Finally, the global
optimal location results are obtained according to the
second-order chain graph model. This method has high lo-
cation accuracy, but the complexity of the algorithm is also
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large. At the same time, T1 and T2 images are needed.
Literature [8] proposed a model-based method. Firstly, the
vertebral curve was extracted by curve fitting, and then the
intervertebral disc was located by template matching. This
method does not use the information of adjacent interverte-
bral discs, and only the experimental results of 5 maps can’t
prove the reliability of the method.

Active appearance model (AAM) has been applied to med-
ical image segmentation and registration, face feature extrac-
tion and other fields [9, 10]. AAM model builds shape model
and texture model, and fuses them into appearance model that
controls both shape and texture changes. AAM model com-
bines the prior information of the image, and its model repre-
sents the average shape information of the image. At the same
time, it combines the appearance information of gray and tex-
ture images to make its performance better than the active
shape model (ASM). In the AAM, principal component anal-
ysis (PCA) is used to describe the details of the data. The
purpose of PCA analysis is to extract the principal compo-
nents of the shape and texture changes in training samples.
The premise of PCA analysis is that the data of samples should
obey multidimensional Gauss distribution [11–13]. However,
in practice, not all training set data obey Gauss distribution,
which will result in the inadequacy of PCA’s ability to de-
scribe data details. The feature vectors generated by PCA
analysis focus on describing the overall change of the object
to be segmented, but when the weight parameters of the object
to be change, the whole model will change, which will seri-
ously affect the effect of segmentation [14].

Aiming at the inadequacy of PCA method used in AAM
model in describing data details, independent component
analysis (ICA) method is used to replace PCA method,
and the shape and texture model is modeled to improve
the ability of describing data details and form an improved
AAM based on ICA. ICA-AAM model was used to locate
and segment the intervertebral discs in the spinal MRI im-
ages, which was used to judge the degeneration of interver-
tebral discs and other pathological changes. The experimen-
tal results show that the proposed method can obtain clearer
segmentation image, higher segmentation accuracy and bet-
ter clinical diagnostic effect.

Wavelet image denoising

In the process of image formation, due to the influence of
system equipment, some important information in the image
is often polluted by noise, which adds difficulties to the correct
analysis of the image, thus affecting the doctor’s diagnosis. In
order to obtain high quality images, it is necessary to denoise
theMRI images. In this paper, the soft threshold method based
on wavelet multi-scale decomposition is used to remove the
noise of MRI image.

Wavelet decomposition

Wavelet transform is a method to describe multi-resolution
space. Compared with Fourier transform, wavelet transform
is a localized analysis of time (space) frequency. It refines the
signal step by step through scaling translation operation, and
finally achieves time subdivision at high frequency and fre-
quency subdivision at low frequency. It can automatically
adapt to the requirements of time-frequency signal analysis,
thus focusing on arbitrary details of the signal [15, 16].

For any input signal f(t), in function space L2(R), the con-
straint conditions are satisfied:

Cϕ ¼ ∫R
ϕ ωð Þj j2
jωj dω < ∞ ð1Þ

ϕ(t) is a basic wavelet or mother wavelet, and the continu-
ous wavelet transform is:

W f a; bð Þ ¼ 1ffiffiffiffiffiffijajp ∫R f tð Þϕ t−b
a

� �
dt ð2Þ

It can be seen that continuous wavelet transform is the
convolution of signal and wavelet function, and the wavelet
function is in fact a filter of signal processing. The inverse
transformation is:

f tð Þ ¼ 1

Cϕ
∫
Rþ

∫
R

1

a2
W f a; bð Þϕ t−b

a

� �
dadb ð3Þ

Through comparative analysis of experiments, the
denoising effect is better when using coif2 wavelet base to
decompose two layers. The image is decomposed and recon-
structed by Mallat tower algorithm. The low-pass and high-
pass filter coefficients provided by the wavelet filter. The sig-
nal through high-pass filter and low-pass filter, and the ap-
proximate low-frequency components (LL), Flat detail high
frequency component (LH), vertical detail high frequency
component (HL) and diagonal detail high frequency compo-
nent (HH) are obtained.

Wavelet denoising

After an image is decomposed by wavelet transform, the high-
frequency component represents the detail part and the noise
part, and the low-frequency component represents the approx-
imate part. Wavelet denoising is to remove the noise in high-
frequency components. The commonly used denoising meth-
od is wavelet threshold denoising. The idea of threshold
denoising method is to deal with the coefficients whose mod-
ulus is greater than or less than a threshold in each layer of
coefficients after wavelet decomposition [17]. In threshold
denoising, threshold functions reflect different processing
strategies and estimation methods for wavelet decomposition
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sparseness. The commonly used threshold functions are hard
threshold function and soft threshold function.

Hard threshold function can preserve local features such as
image edges, but the image will have pseudo-Gibbs effect.
Soft threshold processing is relatively stable. Therefore, soft
threshold method is adopted in this paper. The noise compo-
nent is removed completely when the wavelet coefficient is
smaller than the threshold value, and the signal component is
the main component when the wavelet coefficient is larger
than the threshold value, which is reserved after shrinking
the amplitude. The threshold function is expressed as:

Ŵ j;k ¼ sign W j;k
� � jW j;k j−T

� �
; jW j;k j≥T

0; jW j;k j < T

�
ð4Þ

Where, Wj, k represents the wavelet coefficients, T repre-

sents the threshold, and Ŵ j;k represents the new wavelet co-
efficients estimated by the soft threshold method.

Active appearance model (AAM)

AAM model is a shape and appearance model established
after statistical learning of shape and texture of the object. It
is obtained by adding texture training to the ASM method.
The algorithm has a good effect on target extraction and good
robustness. AAMmodel is a point distribution model (PDM),
which uses finite marker points to approximate the shape of an
object. Suppose an image uses n marker points to represent
shape, and each marker point is two-dimensional, that is, n
marker points contain 2n coordinate information. The shape of
the target can be expressed by coordinate vectors as follows:x-
= (x1, y1, x2, y2,⋯, xn, yn).
In AAM, the samples are aligned by Euclidean distance

calibration of shape vectors, and the texture vectors are stan-
dardized. The statistical models of shape and texture can be
expressed as:

x ¼ xþ Psbs; g ¼ g þ Pgbg ð5Þ

Where, x and g represent average shape and texture respec-
tively. Ps and Pg are matrices composed of feature vectors of
shape and texture respectively. bs and bg represent parameters
of shape and texture model respectively. Principal Component
Analysis (PCA) is used to analyze the shape and texture vec-
tors in the samples, and a joint parameter b of shape and
texture is obtained.

b ¼ Wbs
bg

� �
¼

WbTs x−x
� 	

PT
g g−g
� 	

0
@

1
A ð6Þ

Where,W is a diagonal matrix with weights, which is used
to balance the unit dimension difference between shape and

texture coordinates. Through principal component analysis of
joint parameters, the model of correlation between shape pa-
rameters and texture parameters can be obtained.

x ¼ xþ Qsc; g ¼ g þ Qgc ð7Þ

Where, Qg and Qs represent the texture and shape vectors
in the joint model, and parameter c can control both the shape
and texture parameters.

AAM’s target search is an optimization process. By
adjusting model parameter c and attitude parameter t, the dif-
ference between the image synthesized by the model and the
image searched by the model is continuously reduced. Shape
X in the image can be obtained by transforming x:X = Tt(x).
Similar to the shape in the image, the texture gim in the image
can also be obtained by transformation and offset adjustment:
gim = Tu(g). where u is the adjustment parameter.

Model parameters c and t determine the shape and position
of the model in the image frame. In the matching process, the
image on shape X is cut down to get sample gim, and then the
sample is projected into the normalized space by the inverse
transformation of Tu:gs = T−1(gim), and then compared with
the texture gm produced by the model. Therefore, the error
between the current model and the target can be expressed
as [18–20]:

r pð Þ ¼ gs−gm; p
T ¼ cT jtT juT� � ð8Þ

The aim of AAM search optimization is to minimize the
error E(p) = rTr, so the root mean square solution can be ob-
tained.

∂p ¼ −Rr pð Þ ð9Þ

Where,R ¼ ∂rT
∂p −

∂r
∂p

� 	−1
∂rT
∂p . The search process of AAM is

to repeat the algorithm steps until the error r is not reduced.

Image segmentation based on ICA-AAM
model

In the AAM model, PCA method is used to describe the de-
tails of the data in order to extract the principal components of
the shape and texture changes in the training samples.

Firstly, the target object in all training samples is calibrated
manually. Procrustes analysis is used to align the calibration
points of the samples, eliminating the translation, rotation,
scaling and other factors between samples, and then the two-
dimensional point distribution model (PDM) of the target ob-
ject is obtained. Using PCA to analyze aligned samples, the
shape model is obtained.

s ¼ sþ Psbs ð10Þ
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Where, s is the average shape vector, Ps is a matrix
consisting of covariance eigenvectors of all calibration points.,
and bs is the shape model vector, which contains the weight of
each eigenvector. The shape change of the model is controlled
by changing bs.

Similar shape model is established. Through gray sampling
of calibrated samples, one-to-one texture samples correspond-
ing to the pixels in the training set are obtained. Alignment
and normalization of texture, and then PCA analysis to get
texture model:

t ¼ t þ Ptbt ð11Þ

In the formula, t is the average texture vector, Pt is the
matrix composed of feature vectors, and bt is the texture model
vector, which controls the texture change of the model.

The appearance model is obtained by fusing shape and tex-
ture models. After unifying the parameters of the two models
and PCA analysis, the appearance model is finally formed.

a ¼ aþ Paba ð12Þ

In the formula, a is the average appearance model vector,
Pa is the feature matrix, and ba can control the change of shape
and texture at the same time.

PCA analysis aims to extract the principal components of
shape and texture changes in training samples. Its premise is
that the sample data must obey the multi-dimensional Gauss
distribution. However, in many practical applications, the
training data do not all obey this distribution model. At the
same time, the feature vectors generated by PCA analysis
focus on describing the overall change of the object to be
segmented. When the weight parameters of the object are
changed, the whole model will change. In addition, PCA
needs the data of samples to obey the multi-dimensional
Gauss distribution. In practice, not all the data of training sets
obey the Gauss distribution, which results in the inadequacy
of PCA’s ability to describe the details of data. Aiming at the
inadequacy of PCA method in describing data details,
Uzlimcii [21] replaces PCA method with ICA method. An
active appearance model (ICA-AAM) based on independent
component analysis (ICA-AAM) is proposed, which is ap-
plied to ventricular segmentation in cardiac MRI and achieves
better segmentation results.

In this paper, seven vertebral bodies of T12-S1 in T2-
weighted images are segmented accurately, and quantitative
analysis of degenerative changes of intervertebral discs is car-
ried out based on this. Although the shape of lumbar interver-
tebral disc in MRI is similar, its shape and texture are different
due to individual differences. Its shape and texture model are
difficult to obey multi-dimensional Gauss distribution. PCA-
AAM segmentation will inevitably lead to large errors. ICA-
AAMs was introduced to segment intervertebral discs.

Independent component analysis (ICA), also known as
blind signal separation, is an extension of second-order statis-
tical analysis to higher-order statistical analysis, and is widely
used in mixed signal separation. Taking shape model as an
example, ICA can be expressed as:

X ¼ A⋅S ð13Þ

Where, X = (x1, x2,⋯, xm)
T represents the m-dimensional

shape vector, A is the mixed matrix of m ×m, S = (s1, s2,⋯,
sn)

T represents the n-dimensional source signal vector, whose
components are independent of each other. The purpose of
blind source separation is to decompose the shape vector X
to be analyzed into statistically independent components by
some linear transformation.

Ŝ ¼ UX ð14Þ

Where, Ŝ is the estimated vector of S, which is called inde-
pendent component (IC), and U is the unmixing matrix. The
joint approximative diagonalization of eigen matrix (JADE)
algorithmwith strong robustness is used to solveU, so that the
non-Gauss ian proper ty of ŝk in Ŝ ¼ ŝ1;⋯; ŝnð ÞT i s
maximized.

PCA ranks the separated principal components according
to their variances from large to small, while ICA algorithm
itself does not rank the separated independent components. In
most cases, the sorting of source signals has little effect on the
problems considered, but this work needs to determine the
sorting order of independent components. Amethod of sorting
based on the deviation of independent component modulus is
proposed. For example, formula (15) and formula (16), ac-
cording to the deviation between the modulus of each inde-
pendent component and the average modulus, the independent
components are sorted. First, the modulus Mi(i = 1,⋯, n) of
each independent component is calculated, and then the aver-

age M of each independent component is calculated.

Mi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

k¼1
sikð Þ2

s
ð15Þ

M ¼ 1

n
∑
n

i¼1
Mi ð16Þ

Where, sik is the k-th element in the i-th independent com-

ponent. The deviation r ¼ jMi−M j between the modulus of
each independent component with the average modulus are
calculated and sorted according to its value from large to
small. Experiments show that this sort method is effective
and easy to calculate.

When building ICA-AAMs model, the gray distribution of
vertebral body and adjacent soft tissues in waist T2-weighted
images varies greatly. ICA analysis of shape and texture in-
formation will make the final appearance model describe
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details more fully. Therefore, in this work, both shape model
and texture model are generated by ICA.

ICA-AAM algorithm flow is as follows:

Step 1: Initialize all the components of the parameter vector:
model parameter c0, attitude parameter t0, texture
parameter u0, let p = p0, and get the average shape,
average texture and average length information of
the model by ICA method.

Step 2: Calculate the error r between the model and the
target.

Step 3: Calculate the lengthD of the contour points obtained
in the matching process, and calculate the error d
between the contour points and the corresponding
model points.

Step 4: Calculate the current error E(p);
Step 5: Set vector adjustment parameter K = 1;
Step 6: Update parameter vector p̂ ¼ pþ K∂p ¼ p−KRr;
Step 7: Calculate the new error vector r̂ with the updated

parameter vector p̂.
Step 8: If r̂k k2 < E, the new parameter isp ¼ p̂ and the

algorithm terminates..
Step 9: Otherwise, let K = 1.5, K = 0.5, K = 0.25 et al. con-

tinue step 6 until error r is no longer reduced.
Where, the value ofKis set according to the analysis
of many test results.

Experiment and analysis

Experimental setup

Lower back pain (LBP) as the most common form of spinal
disease, has become a research hotspot in the field of image
processing. At present, it is generally believed that the cause of
LBP is related to the degeneration of intervertebral disc. In this
experiment, the region of intervertebral disc will be located and
segmented through the process of MRI image processing, and
the degree of degeneration will be graded by SVM classifier
according to the gray characteristics of intervertebral disc.

In T2-weighted images of MRI, Pfirrmann classified the
degeneration of lumbar intervertebral disc into five grades
according to the structure of nucleus pulposus, the boundary
between nucleus pulposus and annulus fibrosus, signal inten-
sity and the height of intervertebral disc, as shown in Fig. 1.

Grade 1: The structure of the intervertebral disc is uni-
form white high signal, and the height of the interverte-
bral disc is normal.
Grade 2: The structure of the intervertebral disc showed
uneven white high signal; the difference between annulus
fibrosus and nucleus pulposus was obvious.

Grade 3: the signal intensity of the structure of the inter-
vertebral disc was uneven, and the signal intensity in the
middle is gray; the difference between annulus fibrosus
and nucleus pulposus was not obvious, and the height of
the intervertebral disc was normal or slightly decreased.
Grade 4: the intervertebral disc The signal of disc struc-
ture is uneven, showing black low signal; the difference
between nucleus pulposus and annulus fibrosus disap-
pears, and the height of intervertebral disc decreases nor-
mally or moderately.
Grade 5: the signal of disc structure is uneven, showing
black low signal; the difference between nucleus
pulposus and annulus fibrosus disappears, and the inter-
vertebral space collapses.

Tests were performed on T2-weighted image datasets of 32
patients. The repetition time (TR) and echo time (TE) are
between 3000 and 4000 ms and 112–121 ms, respectively.
The image size is 512 × 512 pixels. The image data set con-
tains 225 intervertebral discs. Each intervertebral disc is grad-
ed by experts. It contains 10 images of grade 1, 25 images of
grade 2, 90 images of grade 3, 82 images of grade 4 and 18
images of grade 5. The partitioning program is realized by
MATLAB programming.

Performance indicators

Sensitivity (also known as true positive rate), specificity (also
known as true negative rate) and accuracy (Accuracy) were
used to evaluate the grading results, which were defined as

Fig. 1 An illustration of Pfirrmann disc degeneration classification
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follows:

Sensitivity ¼ TP= TP þ FNð Þ ð17Þ

Specificity ¼ TN= TN þ FPð Þ ð18Þ

Accuracy ¼ TP þ TNð Þ= TP þ TN þ FN þ FPð Þ ð19Þ

Where, TP, TN, FP and FN were true positive, true nega-
tive, false positive and false negative respectively. In this ex-
periment, these performance parameters are obtained by com-
paring the results of automatic classification with those of
expert classification. The higher the sensitivity of diagnostic
test, the lower the rate of missed diagnosis. The higher the
specificity, the lower the rate of misdiagnosis.

Result analysis

Firstly, the proposed segmentation method is implement-
ed. An example of segmentation is given in Fig. 2. It can
be seen that this method can accurately locate and seg-
ment the intervertebral disc region from the vertebral MRI
images, which provides favorable conditions for the sub-
sequent classification of degeneration according to the
characteristics of the segmented intervertebral disc region.

In the experimental data set, 60% of them are used as
training images to construct the proposed ICA-AAM
model, and the remaining 40% are used as test images.
In order to prove the validity of ICA-AAM, this paper
compares it with the traditional AAM model, and the
classification results are shown in Table 1. The experi-
mental data were the average of five experiments.

It can be seen that the ICA-AAM model used in this paper
obtains 87.5% accuracy in disc degeneration classification
recognition, while the traditional AMM model only obtains
81.2% accuracy, which proves the effectiveness of ICA-AAM
model. This is because in the traditional AAM model, the
PCAmethod is used to describe the details of the data in order
to extract the principal components of the shape and texture
changes in the training samples. But it needs the data of sam-
ples to obey the multi-dimensional Gauss distribution. In prac-
tice, not all the data of training sets obey the Gauss distribu-
tion, which results in the inadequacy of PCA’s ability to de-
scribe the details of data. The similarity between ICA and
PCA is that both of them seek a feature space from the original
sample data, and then map the new data to the feature space to
obtain a set of feature vectors for classification and recogni-
tion. The difference is that ICA algorithm requires each com-
ponent to be statistically independent or as independent as
possible, while PCA is not. Therefore, ICA-AAM model has
better separability.

(a) spinal MRI image (b) Location boundary of

intervertebral disc

(c) Segmented intervertebral

disc region

Fig. 2 Intervertebral Disc
Segmentation in Spinal MRI
Images

Table 1 Grading diagnosis of
intervertebral disc degeneration
using this method

performance index Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 weighted mean

ICA-AAM Sensitivity (%) 83.25 86.83 89.42 82.06 92.44 86.41

Specificity (%) 92.45 90.76 86.53 89.97 92.69 89.01

Accuracy (%) 91.42 88.59 87.38 86.04 91.42 87.53

AAM Sensitivity (%) 79.43 84.53 79.94 76.83 86.27 79.80

Specificity (%) 85.85 82.82 82.62 83.64 82.67 83.16

Accuracy (%) 84.13 83.91 81.35 79.04 85.38 81.24
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This method is compared with several existing
methods, which are based on the histogram of oriented
gradients (HOG) proposed in literature [6], and based on
machine learning and probability graph model proposed
in literature [7]. In order to make a fair comparison, after
locating and segmenting the intervertebral disc region,
SVM is used to classify the degeneration based on gray
features. The classification results of various methods are
shown in Table 2.

It can be seen that the performance of literature [7]
method is higher than that of literature [6]. This is be-
cause the method of literature [6] only relies on HOG as
its feature, while the method of literature [7] chooses py-
ramidal histogram of oriented gradients (PHOG) and im-
age projection descriptor (IPD) as its local feature, which
improves the accuracy of localization to a certain extent.
The proposed method achieves the highest performance
because it uses the model-based method to construct
shape model and texture model through ICA analysis,
which is used to locate and segment the intervertebral disc
region and achieves high accuracy.

Conclusion

In this paper, a new method of intervertebral disc segmenta-
tion and degeneration classification diagnosis based on wave-
let image denoising and ICA-AAMmodel is proposed. ICA is
used instead of PCA to model the shape and texture model,
which improves the ability of describing the details of data.
The ICA-AAM model is constructed to segment and classify
the intervertebral discs in MRI images. Compared with tradi-
tional AAM, this method improves the accuracy of segmen-
tation, achieves a more accurate classification of 5 grades of
degeneration, and is better applied in clinical diagnosis. In
addition, the framework can continue to extract and analyze
other lumbar physiological parameters quantitatively.
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