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Abstract

With the emergence of medical imaging, the compression of volumetric medical images is essential. For this purpose, we propose
a novel Multiplicative Multiresolution Decomposition (MMD) wavelet coding scheme for lossless compression of volumetric medical
images. The MMD is used in speckle reduction technique but offers some proprieties which can be exploited in compression. Thus,
as the wavelet transform the MMD provides a hierarchical representation and offers a possibility to realize lossless compression.
We integrate in proposed scheme an inter slice filter based on wavelet transform and motion compensation to reduce data energy
efficiently. We compare lossless results of classical wavelet coders such as 3D SPIHT and JP3D to the proposed scheme. This scheme
incorporates MMD in lossless compression technique by applying MMD/wavelet or MMD transform to each slice, after inter slice filter

is employed and the resulting sub-bands are coded by the 3D zero-tree algorithm SPIHT. Lossless experimental results show that the

proposed scheme with the MMD can achieve lowest bit rates compared to 3D SPIHT and JP3D.
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1 Introduction

The volumetric medical images are actually the most data
used for diagnostic requirements. However, these images
represent a big data for storing and viewing, thus numbers
of methods have been developed to reduce size of volumet-
ric medical images in the aim to overcome limited network-
ing bandwidth and huge space for storage requirements.

Most of compression approaches of volumetric medi-
cal images are based on methods used in 2D images com-
pression and videos compression to efficiently reduce data
size. There are techniques that compress separately each
slice by using 2D coders [1, 2].

However, the recent compression techniques of 3D/4D
medical images exploit the redundancies in all dimensions.
To be efficient to exploit the redundancies in inter slice direc-
tion (z) and/or in temporal direction, these approaches fall into
one of three categories: approaches based wavelet transform,
approaches based motion compensation and approaches
based motion compensated temporal filtering (MCTF).

The approaches based wavelet transform are efficient in
reducing the redundancies in all dimensions and provid-
ing reversible compression, this permits lossless and lossy
compression.

The presented works in [3, 4] are based on 3D integer
wavelets transforms, where in [3] the 3D integer wavelet
transform performs in spatial direction x, y and z, after the
resulting sub-bands are coded by 3D Embedded Zerotree
Wavelet (3D EZW), the coder outperforms 2D coders by
exploiting third dimension in lossless compression and also
offers good performance in lossy compression. Although the
work presented in [4] uses the 3D integer wavelet packet
transform and the obtained sub-bands are coded with 3D Set
Partitioning in Hierarchical Trees (3D SPIHT), this coder
outperforms 2D coders and 3D EZW in lossless compression.

Actually, the reference for the compression of volumetric
medical image is the wavelet coder JP3D [5]. It is an exten-
sion of the JPEG2000 standard [6]. In lossless compression
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JP3D uses 3D integer wavelet transform in spatial axis x, y
and z, and codes the resulting wavelet coefficients by con-
text models: the Embedded Block Coding by Optimized
Truncation (EBCOT) [7]. In literature some works are pro-
posed to improve JP3D compression for medical images, as
in [8] the authors propose to include existing coding modes
to JP3D such as an intra-band prediction mode.

Several techniques use the motion compensation for
3D/4D medical images have been published. The coder of
3D medical images presented in [9] is based on motion
compensation and SPIHT, where the motion compensa-
tion is block based approach and performs in inter slice
direction of 3D image, after each reference and residuals
slices are decorrelated by 2D wavelet transform and coeffi-
cients are coded by 2D SPIHT, this technique outperforms
JPEG-LS coder in lossy and lossless compression.

The scheme presented in [10] is based on 3D motion
compensation in temporal direction of 4D medical images
followed by the 3D integer wavelet transforms and 3D
SPIHT. This scheme permits lossy to lossless coding.

Based on H.264/AVC video coding the authors of [11]
present two approaches: the first uses multi-frame motion
compensation in z direction to eliminate efficiently the
similarity between slices composed the volume, the sec-
ond uses multi-frame motion compensation in time direc-
tion. The two approaches are efficient and the best result is
achieved with the second approach.

The same authors of precedent work propose new
extension of their method [12]. The new is to use multi-
frame motion compensation in z and temporal dimensions
to exploit redundancies in all four dimensions [12]. This
method achieves an improvement compared to H.264/AVC
and JPEG2000.

The High Efficiency video coding (HEVC) is the video
coding standard [13] used for both video and image com-
pression. The standard is block based coding structure, the
blocks are intra coded to exploit spatial redundancy of pix-
els and/or inter coded to exploit temporal redundancy of
picture, HEVC is similar to H.264 but permits to achieve
high compression ratio by using more precise coding tools
such as large rang of block size. The coder offers also loss-
less mode to compress 3D medical images [14].

The motion compensation can also perform at the same
time with the wavelet transform as in the video wavelet
coding to eliminate redundancy efficiently in volumetric
images, this filter is MCTF. The first works in video cod-
ing introduced MCTF was based on the Haar filter [15, 16].
With emergence of the lifting scheme to calculate wavelet

coefficients, the authors of [17] propose two motion com-
pensated lifting schemes with the Haar lifting filter and
the 5/3 lifting filter, the results show that the motion com-
pensated 5/3 lifting filter outperforms the motion compen-
sated Haar lifting filter. The work presented in [18] applies
the motion compensation truncated 5/3 lifting filter which
consists to realize only prediction step of lifting scheme
this permit to reduce signal energy efficiently.

To obtain a temporal scalable representation of 4D med-
ical image and improve compression results the MCTF is
employed. Thus, the work presented in [19] uses the MCTF
technique based on mesh compensation wavelet lifting.
In [20] the Graph-based motion compensation wavelet lift-
ing is applied the results show this approach can outper-
form block and mesh approach in lossy compression.

The works presented in [21, 22] are block based
approaches, these approaches apply two different filters
with different prediction techniques for lossless compres-
sion, the filters are truncated filters and perform in tem-
poral direction after spatial decorrelation. These filters
permit to achieve better lossless compression bit rates
compared to approaches based on motion compensation or
wavelet transform in inter slice direction.

All precedent cited techniques use in vertical and hor-
izontal direction: wavelet transform or Discrete Cosine
Transform (DCT).

In this paper we propose to integrate the MMD in com-
pression process to demonstrate it efficiently to reduce
data size. The MMD gives good results as blur reducing
method for 2D images [23], and as images speckle reduc-
ing method for ultrasound medical images [24], although
this decomposition is reversible [25] and can even be used
in image compression. Also, we propose to integrate in
compression scheme the proposed filter in [22]. This filter
is based on the motion compensation and the 5/3 truncated
lifting filtering, in the following we call it MC _5/3 filter.

We compare lossless compression results of JP3D with
approaches based on different configuration of the spa-
tial filtering (x, y): approaches based on the wavelet trans-
form (the WT techniques), approaches based on the MMD
and the wavelet transform (the MMD WT techniques)
and approach based on the MMD (the MMD technique).
In inter slice direction, either MC _5/3 filter performs or
1D 5/3 integer wavelet filter.

The WT technique WT 3D-SPIHT is based on 3D inte-
ger wavelet transform and 3D SPIHT coding [26]; this is
also reference compression technique of the 3D medical
images used to evaluate the performance of the presented



techniques in this work. The second WT technique WT _
MC 5/3 uses 2D integer wavelet transform in (x, y) direc-
tions followed by the MC 5/3 filter in z direction, the sub-
band results are coded with 3D SPIHT.

The MMD WT techniques: MMDI1 3D-SPIHT and
MMDI1 MC 5/3 apply 1D MMD in x direction followed
by 1D integer wavelet transform in y direction. In inter
slice direction the MMDI1 3D-SPIHT applies 1D integer
wavelet transform 5/3 while the MMD1 MC 5/3 tech-
nique applies the MC_5/3 filter. The obtained sub-bands
for both are coded with 3D SPIHT.

Through the MMD technique: MMD2 MC _5/3 after
applying spatial decomposition of each slice with 2D
MMD the MC_5/3 filter performs in inter slice direction,
and also the sub-band results are coded with 3D SPIHT.

The approaches using MMD permit a lossless improve-
ment compared with the classic approach such as 3D SPIHT
and JP3D.

The paper is organized as follows. In the next section the
2D integer wavelet transform and the 2D MMD are pre-
sented. In Section 3 the proposed compression technique is
introduced, the lossless compression results of volumetric
medical images are discussed in Section 4. Our conclusion
is followed in the final section.

2 Spatial decompositions

The proposed compression approaches use the 5/3 integer
wavelet transform or the MMD in spatial direction (x, y).
The wavelet transform and the MMD produce a hierarchi-
cal representation by applying successive levels of decom-
position along horizontal and vertical axis of the image, this
representation permits to create a low sub-band (approxi-
mation of the image) and high sub-bands (details) (Fig. 1).

2.1 The 5/3 integer wavelet transform

The 5/3 integer wavelet transform is realized by lifting
scheme which consists in three steps split, predict and
update [27]. Thus, the input signal x[#] is splitting in two
samples even x[2n] and odd x[2n + 1], after predict and
update steps are applied as following:

H[2n+1]= x[zn+1]{wJ , M
L[2n]:x[zn]+[H[2n—l]ZH[2n+l]J’ o
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Fig. 1 Representation of 2D three decomposition levels

where L-J: corresponds to round operators, H is high fre-
quency coefficients and L is low frequency coefficients.
In first level the three steps of lifting perform first in hori-
zontal direction of the image, the obtained coefficients are
vertically filtered to produce one low frequency and three
high frequency sub-bands. In the next level the three steps of
lifting are applied to low frequency sub-band in horizontal
and vertical directions. Thus, this process is repeated until
the given level. These obtained low frequency sub-band and
high frequency sub-bands permit to reconstruct the original
image by reversing steps of lifting. The lifting scheme gen-
erates integer coefficients that allow lossless compression.

2.2 The MMD

As wavelet transform, the MMD [23-25] is considered as
successive levels of decomposition. In level one each two
samples of input signal represent two polyphase components.

The polyphase components of input signal x[n] are
defined as followed:

xi[n]:x[Z(n—l)H'J A ie{1,2}. 3)

Two pairs of filters are used for analysis and synthesis
({4}, D) and ({f}, R) respectively [24]. This system of anal-
ysis and synthesis permits the perfect reconstruction X, = x..

The linear analysis filter /, and the linear synthesis filter
/; are defined as followed:

wlk)=n[2(k-1)+i] Vie{L2} “)
filk])=f2(k-1)+i] Vie{l2}, &)
with:

filk]=n""k] Vie{l2}. ©)

The linear analysis filter 4, permits to obtain the low
frequency coefficients Y1.
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In compression, before the application of the linear
analysis filter £, all pixels are amplified with positive sca-
lar C1 to calculate high frequency coefficients (Fig. 2).

The high frequency coefficients are calculated with the
nonlinear analyses filter D as following:

p aizd
2=y » )
ﬁ[Z—x—}J, x| <X
X
where:
x=x,+Cl Vie{l,2}, ®)

with f is a positive scalar.

The homogeneous regions are numerous in medical
images, these regions are characterized by high frequency
coefficient values Y2 identical to f, thus in our compres-
sion scheme f value is deducted from the high frequency
coefficients value in the aim to obtain more zero coeffi-
cients in high frequency sub-bands. The resulting high
frequency coefficients different than zero have small real
values, in the aim to conserve these values in compres-
sion, they are multiplied by positive scalar C2. In final we
obtain the high frequency coefficients ¥"2 as following:

Y'2=|(Y2-B)xC2-a |, )

where a value represents the smallest value of (Y2 —f) x C2)
obtained when Y2 > g and x', — x', = 1 this permits to obtain
more zero coefficients in high frequency sub-bands.

For not to penalize the compression scheme after calculat-
ing high frequency coefficients Y2, the low frequency coef-
ficients are used in next step without coefficient C1 (Fig. 2).

To reconstruct the original image (Fig. 3) the nonlinear
synthesis filter R is defined as following:

1
i(Y2)=—1H-r., (10)
1+-2
X1
n(r2)="27(r2). (n

1

In first level the 1D MMD is applied first along hori-
zontal direction of the image, the obtained coefficients are
vertically filtered to produce one low frequency sub-band
(Y1) and three high frequency sub-bands (¥2).

The Fig. 2 describes 1D MMD analysis filter, therefore
to calculate the low and the high sub-bands in next step,
each two coefficients of Y1 are considered as two polyphase
components.

X1 N X1 hi
N |
X J P
X2 @ X2 h2
| I e
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Fig. 2 Representation of 1D MMD for decomposition (Analysis)
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Fig. 3 Representation of 1D MMD for reconstruction (Synthesis)



3 The proposed volumetric image compression
techniques

We present three techniques of compression by using the
MMD in compression scheme based wavelet: MMD1 MC
5/3, MMD2 MC 5/3 and MMD1 3D-SPIHT approaches.

The MMDI1_MC 5/3 approach has the following pseu-
do-code (Algorithm 1).

All MMD approaches use the same step of Algorithm 1
by using different filters or decomposition in three direc-
tions. The 3D image is represented by a set of groups of
slices (GOS) composed of M consecutive slices in z direc-
tion (Step 2). After the spatial decorrelation is applied in
x, y directions for each slice composed GOS by using 2D
spatial transform (Fig. 4).

The MMDI MC 5/3 and the MMDI1 3D-SPIHT
approaches use 1D MMD in x direction followed by 1D
integer wavelet transform 5/3 in y direction (Step 3).
However, the MMD2 MC 5/3 approach uses 2D MMD
in x, y directions.

The obtained sub-bands are filtered in z direction; the
MMDI1 3D-SPIHT approach applies 1D integer wave-
let transform 5/3. However, the MMD1 MC _5/3 and the
MMD2 MC 5/3 approaches use MC_5/3 filter (step 4).

The MC _5/3 filter applies different prediction tech-
niques to reduce energy of obtained sub-bands, thus each
inter slice (to be predicted) is divided in blocks and each
block is either unfiltered or filtered by one of following
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Algorithm 1 Pseudo-code of the MMDI1_MC _5/3 approach

Input: 3D medical image (X)
Output: Compressed bit stream
Step 1: [x, y, z] = size (X)
Step 2: Each M consecutives slices represent GOS

z1 first slice of GOS

2=z1+M-1
Step 3: L levels of spatial decomposition

for level =1 to L

forzltoz2 +1

1D MMD in x direction

1D integer wavelet transform 5/3 in y direction

end for

X —x/2

yeyl2

end for
/* z2 + 1 represents first slice of next GOS used in MC_5/3 filter*/
Step 4: Inter slice filtering

for level =1 to L

MC _5/3 filter in z direction of GOS

end for
Step 5: Coding of sub-bands, motion vectors and etiquettes
Sub-bands coding with 3D SPIHT and arithmetic coder
Motion vectors and etiquettes coding with arithmetic coder
Step 6: Repeat from step 2 until all GOS are coded.

prediction techniques: the truncated 5/3 lifting transform
(only prediction step of lifting scheme is used) or the
motion compensation (Fig. 5).

The motion compensation is realized by block match-
ing with full search method using variable search win-
dows size (the size increase in next level of decomposition)

Inter slice DS
. D SPIHT
2D Transform filtering Compressed
_ —_ — | bit-stream

2 Reference slices

Original 3D medical image
and residual slices

GOS=8

Fig. 4 Compression scheme with 2 levels of decomposition of spatial transform (MMD or WT) and inter slice filtering (MC_5/3 or 5/3 wavelet filter)
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Fig. 5 The MC_5/3 filter with two levels of decomposition for GOS composed by 8 slices
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and blocks size of 16 x 16 pixels. The residual block rep-
resents difference between inter block and it most similar
reference block in search windows, which is localized by
motion vectors.

The MC_5/3 filter can be represented by three predic-
tion errors:

The unfiltered block B[m, n]:

E [m,n] = B[m,n] . (12)

The truncated 5/3 lifting transform (without motion
compensation):

A[m,n]+C[m,n]J. 13)

Ez[m,n]:B[m,n]—L 2
The motion compensated prediction:
E3[m,n]=B[m,n]—A[m—dm,n—dn], (14)

where:

A, C: reference slices, and B: inter slice;

E [m, n], E[m, n], E,[m, n]: residual blocks;

(d,,d): motion vector of block B[m, n] to a position in 4.

The minimum is chosen among the three prediction
errors in order to determine the prediction error of the
block B[m, n] and its prediction method. The residual
blocks compose residual slices thus each inter slice can be
reconstructed by corresponding residual slice and it corre-
sponding motion fields and/or etiquettes [22].

The two approaches the MMDI MC 5/3 and the
MMD2 MC 5/3 apply the MC_5/3 filter to each GOS.
The last slice (Fig. 5) is the first reference slice in follow-
ing GOS.

After inter slice filtering the obtained GOSs are coded
by 3D SPIHT [26] for the all MMD approaches.

3D SPIHT is used to determine the zero trees by
exploiting the inter dependence between coefficients in
three dimensions x, y and inter slices. Therefore, if coef-
ficients in lowest frequency sub-bands are insignificant,
then probably all its descendants are insignificant in high
frequency sub-bands. Locating these zero trees in each bit
plane permits to reduce data size, the result bit stream is
coded by arithmetic coder. For the MMDI MC 5/3 and
the MMD2 MC 5/3 approaches the motion vectors and
etiquettes are also coded by arithmetic coder.

4 Experimental results

In this section, we present the lossless experimental
results on the proposed MMD methods for compression of
3D medical images.

We used three 3D test images generated by Computer
Tomography (CT) and three 3D test images generated by
Magnetic Resonance (MR) [28] as presented in Fig. 6.

All tested images are 8 bits pixels value. Each one is
composed of a set of slices; the size of each tested image is
presented in Table 1.

We use two different size GOS's 8 and 16 to test volu-
metric images for 2 and 3 levels of decomposition, respec-
tively, in x, y and inter slice directions.

The proposed approaches are compared to WT 3D-
SPIHT, WT MC _5/3 and JP3D. The WT 3D-SPIHT and
the WT_MC _5/3 represent 3D image with GOS (GOS =8
or GOS = 16). In the WT 3D-SPIHT 3D integer wavelet
transform 5/3 is performed in each GOS and in the WT
MC 5/3 2D integer wavelet transform 5/3 is applied on
each slice, followed by MC_5/3 filter in inter slice direc-
tion. The obtained sub-bands are coded with 3D SPIHT
for both approaches.

JP3D uses 3D integer wavelet transform 5/3 in spatial
axis x, y and z of 3D image, the resulting wavelet coeffi-
cients are partitioned into rectangular blocks, which are
coded separately by use of 3D context models EBCOT.

(b)

(H
Fig. 6 First slice of each 3D test image: (a) CT_carotid, (b) CT aperts,
(c) CT skull, (d) MR _liver tl, (¢) MR_ped_chest, (f) MR_sag_head

Table 1 3D medical images used for experiments

Name Volume Size

CT _carotid 256 x 256 x 64
CT aperts 256 x 256 x 96
CT skull 256 x 256 x 192
MR_liver tl 256 x 256 x 48

MR _ped_chest
MR _sag_head

256 x 256 x 64
256 x 256 x 48




In MMD schemes the MMD coefficients C1 and C2
are determined in the aim to obtain lossless compression
with lower bit rates, indeed the MMD coefficient values
influence the obtained bit rates, in this test § = 1.0 and
C1 = 50000 for all levels of decomposition and values
of C2 are presented in Table 2. After each application of
ID MMD filter the value of low-pass MMD coefficients
increase, so to obtain lossless compression with the same
value of C1 the value of C2 increase too for all MMD tech-
niques after each 1D MMD filter.

The lossless compression bit rates are shown in Table 3
and Table 4. The columns 2, 3 and 4 list the bit rates
obtained by proposed MMD schemes. The columns 5 and
6 list the bit rates obtained by wavelet schemes. The latter
is lossless implementation of JP3D version 2.4.0 [29].

Table 3 shows that using MC_5/3 filter in MMDI _
MC _5/3 and WT_MC_5/3 approaches permits superior
results compared to all others approaches with 2 levels of
decomposition. Also the obtained bit rates of MR ped
chest and MR _sag head using MMD2 MC 5/3 achieve
an improvement compared to JP3D.

However, we observe in Table 4 GOS of 16 gives better
compression performance. Also, 3 decomposition levels
out performs smaller decomposition in all cases.

Table 2 C2 values used in MMD techniques for lossless compression

Filter MMDI MMD2

Axis X X y
C2, levell 25200 25200 25400
C2, level2 25400 25800 26600
C2, level3 25800 28200 30400
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The results of CT images in Table 4 show the bit rates
obtained by WT_MC_5/3 and JP3D outperform all the
other techniques. However, with image test CT skull the
MMDI1 MC 5/3 technique achieves nearest result to the
last two cited techniques with difference around 2% to 3%.

With image test MR _liver tl the WT _MC _5/3 technique
permits an improvement compared to the other techniques.

With test image MR ped chest the superior result is
obtained by the MMDI MC 5/3 technique with little
improvement compared to the WT MC 5/3 technique
1.98% and JP3D 3.8%. We note the MMD2 MC 5/3 tech-
nique achieves the same result to JP3D.

With the last test image MR _sag head the JP3D out-
performs all other techniques followed by two MMD
techniques (MMDI1_MC _5/3, MMD2 MC 5/3)and WT_
MC _5/3 technique.

The use of the MC_5/3 filter permits to obtain a good
bit rates in both compression schemes WT and MMD for
all images test compared to the same schemes without the
MC_5/3 filter: the MMD1 3D-SPIHT and WT 3D-SPIHT.
The MC_5/3 filter is more efficient to take advantage of inter
slice correlation in compression schemes WT and MMD.

5 Conclusions

We proposed a lossless compression technique for volu-
metric medical images. Our technique integrates MMD fil-
ter in wavelet compression scheme. The proposed method
applies 1D MMD/1D WT or 2D MMD to each slice com-
posed GOS followed by inter slice filter based on wave-
let transform and motion compensation. The coefficients of
transformed GOS are coded by 3D SPIHT algorithm.

Table 3 Average bit rate in bpp for lossless compression with 2 levels of decomposition (GOS = 8)

Technique MMDI 3D-SPIHT ~ MMDI_MC_5/3 MMD2 MC 53  WT 3D-SPIHT WT MC 5/3 JP3D
CT_carotid 1.743 1.649 1.782 1.629 1.553 1.633
CT _aperts 1.171 1.080 1.175 1.084 1.019 1.123
CT _skull 2.498 2.231 2.325 2.414 2.164 2.321
MR _liver _tl 2.815 2.528 2.721 2.642 2.403 2.594
MR_ped_chest 2.339 2.079 2.176 2.329 2.096 2.318
MR_sag_head 2.498 2.299 2.344 2.528 2.33 2.481
Table 4 Average bit rate in bpp for lossless compression with 3 levels of decomposition (GOS = 16)
Technique MMDI 3D-SPIHT ~ MMDI MC 53 MMD2 MC 53  WT 3D-SPIHT WT MC_5/3 JP3D
CT_carotid 1.682 1.616 1.747 1.58 1.53 1.507
CT aperts 1.116 1.044 1.138 1.041 0.996 0.944
CT _skull 2.404 2.186 2.282 2.333 2.126 2.144
MR _liver tl 2.689 2.456 2.641 2.544 2.352 2.407
MR _ped chest 2.245 1.974 2.051 2.264 2.014 2.052
MR _sag_head 2.407 2.271 2312 2.459 2.326 2.19
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Experimental results show that the proposed scheme
can achieves lowest bit rates compared with the classical
wavelet approach such as 3D SPIHT and JP3D.
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