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This article will take an analytical Iook at how Iossy 
Joint Photographic Experts Group (JPEG) and wavelet 
image compression techniques affect medical image 
content. It begins with a brief explanation of how the 
JPEG and wavelet algorithms work, and describes in 
general terms what effect they can have on image 
quality (removal of noise, blurring, and artifacts). It 
then focuses more specifically on medical image diag- 
nostic content and explains why subtle pathologies, 
that may be difficult for the human eye to discern 
because of Iow contrast, are generally very well pre- 
served by these compression algorithms. By applying 
a wavelet decomposition to the whole image and to 
specific regions of interest (ROl), and by understand- 
ing how the Iossy quantization step attenuates sig- 
nals in those decomposition energy subbands, much 
can be learned about how tolerant various anatomical 
structures are to compression. High-frequency ana- 
tomical structures that have their energy represented 
by a few large coefficients (in the wavelet domain) will 
be well preserved, while, those structures with high 
frequency energy distributed over numerous smaller 
coefficients are the most vulnerable to compression. 
Digitized films showing subtle chest nodules, a subtle 
stress fracture, and CT and MR images are used to 
show these results. 
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T HE NEED FOR reduced transmission time 
and the massive archive storage requirements 

for digital medical image data has fostered an 
increased interest in the use of effective compres- 
sion techniques. Lossless compression algorithms 
allow for perfect reconstruction of the original data, 
but achieve compression ratios of only 2 or 3:1. 
Lossy techniques based on joint photographic ex- 
perts group (JPEG) of wavelet compression can 
reach higher ratios (from 5:1 to 100:1) in exchange 
for a slight to moderate degradation of the image. 
This report will take a closer look at how compres- 
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sion affects medical images. We will begin with a 
brief explanation of how lossy image compression 
techniques work. We will show some of the general 
effects that lossy compression can have on image 
quality. Then we will focus more specifically on 
how compression affects the diagnostic content of 
particularly subtle pathologies, ones that you might 
expect would be vulnerable to compression. Fi- 
nally, we will show how some types of images are 
more tolerant of compression than others and how 
spectral analysis can give us some clues that help 
explain why. 

IMAGE COMPRESSlON 

Among lossy compression methods, JPEG and 
wavelet-based compression schemes have been 
widely used for medical images. 1-~ They are both 
based on a well defined process that involves three 
steps. First, an image transformation (sometimes 
referred to as decorrelation or signal decomposi- 
tion) maps the image from greyscale values in the 
spatial domain to coefficients in the frequency or 
wavelet domain. This transformation is fully revers- 
ible, which means no information is lost during this 
step. The second step is a quantization stage. This is 
the lossy part of the algorithm, where the coeffi- 
cients ate approximated of truncated according to 
factors such as amplitude, position, and the amount 
of compression desired. Finally, an encoding pro- 
cess, generally based on ah entropy coding scheme 
such as Huffman or arithmetic coding, losslessly 
compresses the remaining coefficients into a com- 
pact data stream that represents the compressed 
image. Decompression simply reverses the process 
by doing ah entropic decoding followed by an 
inverse of the original transformation. To better 
understand how compression will affect medical 
images, we need to look a little more closely at how 
the JPEG and wavelet techniques approach these 
three steps. 

JPEG Compression 

The JPEG standard algorithm first decomposes 
the original image into 8 x 8 pixel blocks. A DCT 
(Discrete Cosine Transform) is applied individually 
to each block to generate an 8 • 8 block of 
coefficients representing energy in a range from 
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Fig 1. $pectral decomposit ion of a CT image 
(512 • 512 • 12): (A} Original CT image. (B) FFT power spec- 
trum of the CT image. (C) Subband Iocations f o r a  standard 
5-1evel wavelet decomposition. (D) 5-1evel wavelet decomposi- 
t ion of the CT image. The first level transforms the original 
image into a ternporary tow frequency information subband 
LL4 (not shown), and three other relatively high frequency 
subbands LH4 (vertical frequencies), HL4 (horizontal frequen- 
cies) and HH4 (diagonal frequencies), respectively represented 
as the upper right, Iower left, and Iower right quadrants. 
Applying the same process to the Iow frequency subband LL4 
generates LH3, HL3 and HH3 wi th a medium frequency 
content. After 5 decompositions, we obtain the three Iow 
frequency directional subbands LHO, HL0, HH0, and the very 
Iow frequency LL0 image (barely visible as the very small 
upper left quadrant), for a total of 16 subbands. (E) Percentage 
of energy distribution among the different subband levels for 
this CT image: SBi is defined as the total energy within 
subbands LHi, HLi and HHi, to give a nondirectional spectrum 
profile of the image. This graph shows that most of the energy 
193.47% for this CT image) is stored in the t iny Iow frequency 
LL0 subband. 
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lower to higher frequencies. Because most of the 
energy in an image usually resides in the low 
frequency range and because the human visual 
system is most sensitive there, a quantization table 
is applied to closely preserve the low frequency 
coefficients, and roughly approximate the high 
frequency coefficients (zeroing the highest). This 
preserves most of the information, but significantly 
reduces the entropy (amount of bits needed to 
encode the resulting coefficients). Thereafter, a 
zigzag reordering of the coefficients generates long 
sequences of 'zeros,' which ate eff~ciently com- 
pressed by run length encoding, while the nonzero 
coefficients are Huffman encoded. For our experi- 
ments, we used a standard JPEG compressor that 
handles the full 12 bits per pixel of greyscale 
information instead of scaling the original image to 
work with the more typical 8 bit JPEG compres- 
s o r s .  

Wavelet Compression 

The wavelet image transform, or multiscale 
wavelet decomposition, is usually based on a 
separable set of low pass/high pass filters applied 
several times to generate representations of the 
original image at various frequency scales in sev- 
eral orientations. The Mayo Foundation has been 
refining a wavelet compression scheme for the past 
2 years, and unless speci¡ further discussion of 
wavelet compression in this report will refer to this 
particular algorithm. The wavelet compression uses 
a 5-1evel DWT (Discrete Wavelet Transform) with 
the 9-tap/7-tap biorthogonal filters of Antonini. ~ 
Such a decomposition is shown on Fig ld f o r a  
computed tomography (CT) image of the head. The 
quantization and entropy encoding steps are com- 
bined using an algorithm called SPIHT (Set Parti- 
tioning in Hierarchical Trees), detailed in, ~-3 which 
exploits a tree-based organization that reflects the 
hierarchical structure of the wavelet decomposi- 
tion, (le, the relationships between coefficients 
representing the same location at different fre- 
quency scales), and which successfully refines 
coefficient values using a series of octavely decreas- 
ing thresholds. An arithmetic encoder can option- 
ally be applied to slightly increase compression 
performance, with a tradeoff of a longer computa- 
tion time. 

The main difference in the spectral decomposi- 
tion by DCT and DWT is that the DWT has its 

coefficients partially localized in both space and 
frequency, whereas the DCT coefficients are fully 
localized in frequency. This partial spatial localiza- 
tion has proven to be useful in analyzing the local 
spectral properties of particular regions of interest 
on an image such as anatomic structures or abnor- 
malities. 6 

EFFECTS OF COMPRESSlON 
ON IMAGE QUALITY 

The effect that compression has on image quality 
depends on the image content, spatial and spectral 
distribution, and the compression level (or quality 
factor) which determines the degree of the quantiza- 
tion. The following points summarize the different 
effects that can be observed on images compressed 
with JPEG or wavelet algorithms. 

Removal of noise. At low levels of compres- 
sion, with both JPEG and wavelet, the quantization 
step mostly discards high frequency decorrelated 
noise whose spectral content is represented by a 
large number of small high frequency coefficients. 
This reduction in noise, without any noticeable loss 
of diagnostic information, makes the decompressed 
image more pleasing to the human eye. There is 
some evidence that radiologists prefer such slightly 
compressed/decompressed images (eg, 2K • 
2.5K • 12 digitized chest films compressed at 
10:1) over the original images. 7,~ 

Blurring. Blurring occurs at moderate to high 
levels of compression with both the wavelet and 
JPEG algorithms when the quantization step starts 
to discard or very roughly approximate frequencies 
that describe visible structures, including coeffi- 
cients that may contain useful diagnostic informa- 
tion. 

Artifacts. At higher levels of compression, two 
types of artifacts can be observed with the JPEG 
algorithm, the "blocking" effect and "line/pattem" 
effect. The blocking artifact is a result of decompo- 
sition of the image into nonoverlapping 8 • 8 
blocks. A separate quantization occurs for each 
block, which doesn't insure continuity with neigh- 
boring blocks. Blocking artifact occurs at medium 
to high compression ratios where blocks get repre- 
sented mainly by the DC coefficient of the DCT 
(uniform gray level representing the block's aver- 
age), a n d a  few frequency coefficients. The line/ 
pattern artifact appears when only one or two 
frequency coefficients are preserved within a block. 
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In this case the decompression process sees a "pure 
wave" of one o ra  few frequencies, which appears 
as straight lines oras a mosaic pattern bounded by 
the block edges when transformed back into the 
spatial domain. (Fig 2A). These block artifacts 
could be eliminated by using a full frame DCT, 
which computes the DCT on the whole image 
instead of small 8 • 8 blocks for standard JPEG, 
but a full frame DCT is more computationally 
intensive. 

Blocking artifacts do not occur on wavelet 
compressed images because the compression is 
calculated on the image a s a  whole, but a high 
degree of quantization of wavelet coefficients can 
generate wavelet-shaped or "rice" artifacts with 
orientation and spatial extension depending on the 
subband of the most distorted coefficients. Due to 
the decomposition in three directions (ho¡ 
vertical, and diagonal), and the lesser energy usu- 
ally present in high frequency bands, one is most 
likely to see either horizontal, vertical or diagonal 
"rice patterns" of short lengths in the image. As the 
compression ratio increases, the quantization will 
begin to affect lower frequency coefficients (usu- 
ally with greater values), thus generating longer 
"rice" shaped artifacts (see example of the "rice" 
artifact in Fig 2B). 

EFFECTS OF COMPRESSION 
ON DIAGNOSTIC CONTENT 

Now that we have considered the general effects 
of compression, we will take a closer look at how 
compression affects the diagnostic content of medi- 
cal images. Intuitively, we may expect that subtle 
findings (ones that are barely discernible in the 
original image, such asa  subtle stress fracture in a 
bone film, o ra  faint nodule on a chest film) are the 
types of pathology that might be most vulnerable to 
compression. In reality, this is not always the case. 
Subtle pathologies, that may be difficult for the 
human eye to discern because of low contrast, but 
which have a significant spatial extent, are typically 
characterized by low frequencies in the spectral 
domain, These pathologies ate quite tolerant to 
compression, as they are well preserved by the 
JPEG quantization table, or by the concentration of 
energy into fewer coefficients in low frequency 
wavelet subbands. Such subtle pathologies may 
remain visible even at high levels of compression. 
As an example, Fig 3 shows an enhanced region of 
interest (ROl) taken from two digitized chest fihns. 
At the center of each ROl is a small, uncalcified 
lung nodule, one benign and one malignant, shown 
as original and compressed at 40:1 and 80:1 with 

Fig 2. JPEG and wavelet compression artifact. Effects of quantization with JPEG and wavelet compression at 30:1 of the CT 
image in Fig 1. (A) The two  main JPEG artifacts are clearly visible here: the "blocky" effect due to over quantization of the 8 x 8 
blocks of coefficients, and the line artifacts within blocks. (B) Wavelet artifacts that Iook like "grains of rice" appear due to 
over-quantization that discards some wavelet coefficients and not others. Note: Our wavelet compression scheme has an option to 
optimize the compression quatity of CT images, wh~ch a[most compfete|y elirninates the rice effect at 30:1. 4 That opt ion was turned 
off for this example to emphasize the quantization effects. 
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Fig 3. Subtle nodules present on two digitized chest films scanned at a 2k x 2.5k • 12 bit resolution, after magnification and 
contrast enhancement, and shown at wavelet compression levels of 1:1, 40:1, and 80:1. From left  to  right for each nodule: original, 
compressed at 40:1, and compressed at 80:1. The upper row shows a benign nodule, and the Iower row shows a malignant nodule. 
The shape and contour are very well preserved even at 80:1. 

our wavelet algorithm. The low contrast detail has 
been well preserved and the nodule shape and 
contour are clearly identifiable even at 80:1 com- 
pression. 

It is high frequency features that are usually 
more vulnerable to compression. Ah important 
determining factor is how the energy is distributed 
among high frequency coefficients in the spectral 
or wavelet domain. The quantization process will 
better preserve high frequency pathologies repre- 
sented by a few large coefficients than it wilt high 
frequency pathologies with the same energy, but 
spread over numerous small coefficients. This is 
because small coefficients are more likely to be 
rounded to zero, even at low compression levels. 
The extreme example of high frequency image 
content with energy distributed over numerous 
smaller coefficients is random noise, and this is 
usually discarded first, as noted above. Fine, irregu- 
lar texture patterns would also contain many small, 
high frequency coefficients, so we wou]d expect 
tbem to degrade easity. Such ah example is sbown 
in Fig 4 where the trabecular pattern of bone (high 

frequency) degrades long before a subtle fracture 
(lower frequency). 

COMPRESSION TOLERANCE 

Different types of images exhibit different de- 
grees of tolerance to compression, where tolerance 
may be defined as the range of compression where 
the decompressed image is acceptable for interpre- 
tation. Subjectively, it is elear that chest films are 
tolerant to fairly high compression ratios (20:1 to 
40:1, or even 80:1 as in the example above), whi]e 
CT images are much harder to compress, and MR 
images are harder yet. This observation can be 
related to the relative amount of energy present in 
low versus high frequency subbands. For a set of 
ten typical images from each of these sources 
(digitized 2K X 2.5K X 12 chest films, 512 X 
512 x 12 direct captured CT and 256 x 256 x 12 
direct captured MR) we found that chest films 
averaged 99.69% of their energy in the lowest 
frequency (LL0) subband, versus 92.12% for CT 
and 78.03% for MR (see Fig 5A). Conversely, these 
chest films had only .31% of their energy in all of 
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Fig 4. Energy distr ibution and attenuation for two  ROIs in a digitized fi lm of a subtle stress fracture. (A) Digitized fi lm of a stress 
fracture (2343 rows • 1856 columns • 12 bits). The stress fracture is characterized by a focal sclerosis, inducing a slight change of 
density in the bone, typical ly Iow frequency. The trabecular bone pattern visible wi th in the bone shows relatively high directional 
frequencies along the vertical axis of the bone. (B) Shows the attenuation of subband relative energy on the whole stress fracture 
image for wavelet compression ratios of 10:1 to 100:1. Notice how the quantization process focuses on removal of energy in the 
higher frequency subbands. (C} Shows the subband energy distr ibution for the whole image and two  ROIs: the bone stress fracture 
(calcification) wi th  Iow frequency contents, and the trabecular bone pattern characterized by high vertical frequencies. The higher 
frequency bone pattern ~s more vulnerable than the stress fracture to being attenuated. 

| 

Fig 4 (com'd). (D) show the stress fracture area w i th  contrast enhancement: original (far left), compressed at 20:1 (second from 
left), 40:1 (third from left), 100:1 (fourth from left). Upper square delimits a typical bone trabecular pattern that  starts gett ing blurred 
at compression ratios between 30:1 and 50:1. Lower square represents the stress fracture, which remains well  preserved even when 
compressed at 100:1. 

the other bands, compared with 7.88% for CT and 
21.97% for MR (see Fig 5B). This signi¡ high 
frequency energy in CT and MR images is what 
makes them hard to compress. We suggest that this 
single measure-percentage of energy in (or not in) 
the lowest frequency subband-is a good predictor 
of overall tolerance to compression for images in 
general (although how specific features within ah 
image respond to compression requires a more 

careful analysis, as shown above). In the extreme 
case, ah image with no high-frequency information 
whatsoever is oversampled, and can be compressed 
with no loss of information by decimation. Typical 
high resolution chest films appear to be close to this 
limit. 

A related factor that affects image tolerance to 
compression is how the non LL0 energy is distrib- 
uted in the other subbands. Sharp peaks indicate 
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(A) Total energy distribution comparison for chest, CT, and MR. (B) Non LLO energy distribution comparison for chest, CT, 

some higher coefficients which should be preserved 
in those subbands, and preserving them comes at a 
cost of not preserving as much low frequency 
information. 4 In the case of the CT image in Fig. 1, 
LH0 and LH1 (high frequency vertical informa- 
tion) contained higher peaks (not shown here) 
because of the cont¡ by the patient's head 
brace. Other sharp contrast information, such as 
text burned into the image, contributes high fre- 
quency energy that reduces the images' tolerance 
for compression. 

CONCLUSlON 

Lossy compression in medical imaging naturally 
raises the question of whether or not clinically 
important information has been compromised. How 
much compression is acceptable? A major chal- 
lenge is to find a reliable way to quantify this 
degradation in terms that allow us to answer this 

question. Objective quantitative measurements, al- 
though easy to obtain, only show partial correlation 
with subjective visual evaluation for diagnostic 
purposes. In this study, we have tried to show and 
explain how JPEG and wavelet algorithms can 
affect image quality. We have als0 shown that 
subtle low contrast pathologies that are sometimes 
difficult to perceive with the human eye can be 
quite well preserved by these compression meth- 
ods. Conversely, irregular high frequency patterns 
are easily degraded. Thus, pathologies vary in 
vulnerability to compression based on how their 
energies are dist¡ in the spectral domain. The 
large variability of tolerance of medical images to 
compression, and what we have learned in this study, 
make it clear that further studies to evaluate compres- 
sion for diagnostic purposes should focus on particular 
modalities and specific findings, with quantitative mea- 
surements localized in both space and frequency. 
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