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(ABSTRACT) 

Image compression reduces the amount of space necessary to store digital images 

and allows quick transmission of images to other hospitals, departments, or clinics. 

However, the degradation of image quality due to compression may not be acceptable to 

radiologists or it may affect diagnostic results. A preliminary study was conducted using 

several chest images with common lung diseases and compressed with JPEG and wavelet 

techniques at various ratios. Twelve board-certified radiologists were recruited to perform 

two types of experiments. 

In the first part of the experiment, presence of lung disease, confidence of presence 

of lung disease, severity of lung disease, confidence of severity of lung disease, and 

difficulty of making a diagnosis were rated by radiologists. The six images presented were 

either uncompressed or compressed at 32:1 or 48:1 compression ratios. 

In the second part of the experiment, radiologists were asked to make subjective 

ratings by comparing the image quality of the uncompressed version of an image with the 

compressed version of the same image, and judging the acceptability of the compressed 

image for diagnosis. The second part examined a finer range of compression ratios (8:1, 

16:1, 24:1, 32:1, 44:1, and 48:1).



In all cases, radiologists were able to judge the presence of lung disease and 

experienced little difficulty diagnosing the images. Image degradation perceptibility 

increased as the compression ratio increased; however, among the levels of compression 

ratio tested, the quality of compressed images was judged to be only slightly worse than the 

original image. At higher compression ratios, JPEG images were judged to be less 

acceptable than wavelet-based images but radiologists believed that all the images were still 

acceptable for diagnosis. 

These results should be interpreted carefully because there were only six original 

images tested, but results indicate that compression ratios of up to 48:1 are acceptable using 

the two medically optimized compression methods, JPEG and wavelet techniques.
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INTRODUCTION 

Considerable advances have been made in diagnostic radiology since W.C. 

Roentgen first discovered that x-rays would expose film in 1895. Medical technology has 

led to many different applications that greatly improve and extend the quality of life by 

reducing exposure to harmful x-rays. Imaging modalities such as magnetic resonance 

imaging (MRI) and computer tomography (CT) now are capable of producing three- 

dimensional image representations of the body that aid in diagnosis. Much of this work is 

made possible through the use of digital images and computers that quickly process 

millions of bits of information. 

Although technology allows radiologists to read digital radiographs directly from 

computer monitors, 80 percent of diagnoses are still made from hard-copy images 

(Sochurek, 1988). Besides the potential for hard-copy radiographs to be misplaced or 

damaged, they may require a significant amount of time to locate, retrieve, and transfer. In 

addition, storing the images has become a huge problem for medical institutions. Images 

may be stored on computers, but a typical 14 x 17-inch radiograph scanned at a resolution 

of 70 um (S000 lines x 6000 pixels, 12 bits/pixel) requires 360 x 10© bits to store (Rabbani 

and Jones, 1991). With over a billion films exposed each year, medical institutions are 

looking to compression technology to solve their radiograph storage problems. 

Compression technology potentially has many other benefits. Several companies 

such as Eastman Kodak Company, AT&T, and Sprint believe that digital imaging systems, 

combined with compression technology, will result in easy transmission and/or access all 

over the world. Hospitals in rural areas would be able to transmit radiographs to specialists 

in large cities. Current technology, however, is limited by the efficient transmission of 

images over conventional telephone circuitry. A large number of bits is needed to represent 

the image, and transmitting them is a slow and error-prone process. On a high-resolution



monitor displaying about 1 million pixels, gray scale images with 8 bits per pixel (256 

shades of gray) require about 1 megabyte (MB) per image. Without compression, sending 

a 3-MB file over the phone with a 9600 baud (bits/sec) modem takes about 45 minutes 

under the best connection conditions (Baran, 1990). 

As images become increasingly complex in terms of bit-depth and resolution, the 

need for efficient image compression becomes clear. Efficient data compression will 

reduce the storage, access time, and bandwidth requirements of digital imaging systems 

(Jones, 1993). Success of an image compression scheme may be viewed in terms of the 

compression ratio (the ratio of the number of bits in the original image to the number of bits 

needed to store the reconstructed image) achieved and the quality of the reconstructed 

image. 

In medical applications, degradations in image quality may affect the diagnostic 

results since radiologists must be able to extract relevant information from the image in 

order to make a proper clinical diagnosis. Artifacts due to compression could cause 

radiological omissions or misinterpretations that affect the care and well-being of the 

patient. Therefore, reconstructed images must preserve all relevant diagnostic information 

from the original image. 

The next section contains some basic information about data compression and the 

two lossy compression methods, Joint Photographics Experts Group (JPEG) and wavelet 

techniques, which were used in this research.



BACKGROUND 

Image Compression 
  

Image compression consists of three stages: (1) Decomposition or transformation 

provides a representation that is more amenable to efficient coding. It is performed to | 

eliminate redundant information and it may involve extensive mathematical processing. (2) 

Quantization involves assigning many closely spaced signal values to a common value. 

This procedure potentially introduces errors that can affect the image quality of the 

reconstructed image. (3) Symbol Encoding is the representation of the symbols resulting 

from the decomposition and quantization stages as a means of achieving rates close to the 

fundamental information-theoretic limits. 

Compression is possible because data comprising a digital image are often 

redundant and/or irrelevant; some of the information can be thrown out without affecting 

the image quality. Redundancy can be of three types: (1) spatial redundancy, which is 

due to the correlation between neighboring pixel values, (2) spectral redundancy, which is 

due to the correlation between different color planes or spectral bands, and (3) temporal 

redundancy, which is due to the correlation between different frames in a sequence of 

images. When compressing radiographs, the compression technique utilizes spatial 

redundancy tn order to achieve the desired compression ratio. 

Irrelevancy relates to the environmental factors while an observer views an image. 

For example, scene content (including noise), image size and viewing distance, display 

characteristics, and the observer must be taken into consideration when compressing an 

image. Limitations and variations of the human visual system (HVS) when presented with 

certain stimuli under various viewing conditions influence the ability of the eyes to process 

the data, thus affecting the subjective quality of the compressed image.



Ideally, an image compression technique removes redundant and irrelevant 

information, and then efficiently encodes what remains. However, in real world 

applications, it is often necessary to throw away both nonredundant and relevant 

information to achieve the desired degree of compression (Jones, 1993). Designers of 

image processing algorithms must trade-off the amount of space saved by throwing away 

information with the perceptibility of artifacts in the resulting image. 

Lossless Versus Lossy Compression. There are two general classes of 

compression techniques: lossless and lossy. Lossless images, also known as bit- 

preserving or reversible compression, are compressed and decompressed without any loss 

of image data. The decompressed image is identical, pixel-for-pixel, to the original image. 

However, only modest compression ratios (up to 4:1) can be achieved with this type of 

compression. 

In lossy compression schemes, also known as irreversible compression, image data 

is discarded in order to achieve higher compression ratios. Lossy compression is more 

efficient than lossless techniques because data that can be predicted about the image or that 

the HVS cannot see is eliminated. As compression ratio increases, degradations 1n the 

image become more visible. Compression algorithms discard data selectively; therefore, 

under certain conditions, the human eye can barely perceive any degradation in the quality 

of the resulting image. If the degradations are not visually apparent, then the image may 

be called visually lossless or perceptually lossless. 

JPEG Compression. In 1993, Joint Photographics Expert Group (JPEG) 
  

compression became the standard algorithm for continuous-tone, multi-level, still images 

for both gray scale and color. Consultative Committee of the International Telegraph and 

Telephone (CCITT) and the International Standards Organization (ISO) sponsored the 

development of the standard. Two basic compression methods, a discrete cosine transform



(DCT) based method for lossy compression and a predictive method for lossless 

compression were included in the JPEG standard (Wallace, 1992). This paper focuses on 

the DCT-based lossy compression technique. 

JPEG uses a one-pass, threefold process to compress images. First, the DCT 

technique reduces the data redundancy in the image’s pixel values. This technique breaks 

the image into 8 x 8 pixel blocks and transforms each image block into coefficients that 

correspond to different spatial frequencies. The basis image block contains 64 transform 

coefficients with each coefficient proportional to the fraction of energy in the original block 

at that particular spatial frequency. DCT discards the coefficients in the functions with high 

spatial frequencies and preserves the lower spatial frequencies because visual information is 

concentrated in the lower spatial frequencies. The spatial frequency decompositions 

produced by the DCT allow the HVS sensitivity variations to be taken into account in the 

quantization procedures. Next, quantization is performed on the data. The 64 coefficients 

are uniformly quantitized according to a quantization table (QTABLE). The QTABLE is 

specified by the application or user and it compresses the data according to the desired 

image quality. Higher compression ratios can be achieved at the expense of reduced image 

quality. Finally, 

encoding is performed on the coefficients based on their statistical characteristics to 

compress the data even further. 

Noticeable deteriorations in image quality start at 25: 1 compression ratios. Errors 

due to the compression of high-frequency edges are spread over the entire basis image 

block, rather than localized to the vicinity of the edge. At high compression ratios (i.e., 

24:1 and higher), artifacts may appear as homogeneous gray-scale blocks across an image, 

and these can be annoying to the viewer. Figure 1 shows the JPEG technique flow 

diagram when beginning with digitized data from the image.



Image Compression 

  

  
Original image Lp Forward DCT |» Quantization |» Encoding ‘more Data 
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Image Data |» Decoding |» Transform Image 

  

        
  

Figure 1. JPEG Flow Diagram of Image Compression and Decompression. 

Wavelet Compression. The mathematical foundations for wavelet theory was 
  

established in the 1950s, but it was not until the mid-1980s that it gained attention from 

other fields. The first person to use wavelets was Dr. Jean Moriet, a French geologist who 

devised a method using wavelets to help find oil deposits underground. He wrote 

equations to describe a set of overlapping simple curves, which made it possible to mimic 

complex graphs better than Fourier analysis, which uses sine and cosine curves of varying 

frequency and amplitude to describe periodic functions. A few years later, Dr. Y ves 

Meyer, a mathematician at Paris Dauphine University, constructed a family of wavelets 

which proved that it was the most efficient family of curves for modeling complex 

phenomena (Meyer, 1993). 

Though wavelet theory was proven on paper, it was not until Dr. Stephen Mallat at 

New York University developed wavelets to describe images that wavelet theory became 

popular in the digital imaging community (Mallat, 1989). Using wavelets, Dr. Mallat was 

able to decompose an original image into a set of images at increasing detailed resolutions. 

When the entire set of images was put together, the original image remained intact. If the 

application did not demand a lossless image then some additional wavelets could be 

discarded. Dr. Ingrid Daubechies of AT&T Bell Laboratories continued to work on



of data needed to store an image to 1/40th of the amount that would be needed with other 

methods (Kolata, 1991). 

Wavelet transformations decompose the original signal into a sum of wavelets with 

different locations and overlapping scales while Fourier transforms decompose the signals 

into sine and cosine waves with different frequencies and amplitudes. Many wavelet 

curves exist, but a typical wavelet curve contains a single central spike and two small 

negative spikes on either side. As shown in Figure 2, a wavelet lasts for a finite duration 

of time, unlike a sine or cosine wave that can oscillate in a fixed frequency infinitely. 

Wavelets are used in pairs with one wavelet used to represent the high frequency 

components corresponding to fine details (left) and another wavelet to represent low 

frequency components corresponding to smooth parts of a signal (right). 
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Figure 2. Typical Wavelet Curves (Bruce, Donoho, and Gao, 1996).



Once a given signal has been decomposed into a coarse-scale wavelet and fine- 

scale wavelet, they are translated and scaled to produce wavelets at different locations and 

durations. For example, figure 3 is a sawtooth wave decomposed into eight pairs of 

wavelets. Each wavelet pair has the same shape as the wavelet pair in figure 2, but with 

differing locations and durations. The coarse-scale wavelets portray the smooth rising part 

of the sawtooth, while the fine-scale wavelets capture the jump in the sawtooth. 
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When a curve has an abrupt change, or has some discontinuity, the wavelet 

transform performs far more efficiently than Fourier transforms. While 16 wavelets are 

used to represent a sawtooth wave in figure 3, 256 different sine waves, each witha 

different frequency and amplitude are required to represent the same sawtooth in Fourier 

analysis (Bruce, Donoho, and Gao, 1996). The efficiency of wavelets to portray signals 

and images with discontinuities and abrupt change is a key to their usefulness in image 

compression. Since basis functions are overlapping, artifacts appear as smooth curves 

spread throughout an image, rather than hard-edged blocks, as in JPEG compression. 

Thus, higher compression ratios while preserving important features of the image can be 

achieved with wavelet analysis. 

Wavelets have potential applications in consumer industries and medical fields. In 

the field of radiology, a radiologist could visually scan through a database of x-ray images 

reconstructed in coarse detail. When the doctor finds the x-ray images he/she wants to 

examine more closely, he/she can have the computer perform additional calculations to add 

in more of the wavelets used to store the details of the image. The final reconstructed 

image would look like the original. Figure 4 shows the wavelet technique flow diagram 

when starting from digitized data of an image. 

Image Compression 

Original Ly Wavelet Quantization |» Encoding Compressed | 
    

  Image Transform Image Data                 

Image Decompression 

Compressed Decodi | Inverse Wavelet Reconstructed 
Image Data ne Transform Image | 

Figure 4. Wavelet Technique Flow Diagram of Image Compression and Decompression. 

      

 



Comparison of JPEG and Wavelet Compression. At moderate compression ratios 

(i.e., between 16:1 and 24:1), it is not clear whether the wavelet technique is superior to the 

current JPEG standard. At high compression rates (i.e., greater than 24:1), the smooth 

overlapping basis functions of wavelets may be less offensive to the HVS than the hard- 

edged blocking artifact of JPEG. Researchers have found that errors produced by wavelet | 

compression above degradation detection levels were less objectionable because they were 

smooth, but that the detection threshold was approximately the same for both methods 

(Jones, Daly, Gaborski, and Rabbani, 1994). 

When medical images are compressed at high ratios, compression artifacts may 

affect image quality. Natural noise errors may blend into radiographic images and 

radiologists may associate noise with anatomy in the original image. Although radiologists 

may see past distinctive JPEG blocking artifacts and be able to make accurate diagnoses, 

they may not be able to see past the wavelet curves. Misinterpretations of images could 

result. 

10



Literature Review 

The consequences of misinterpretation of medical images due to compression 

artifacts has generated much research. Experimenters have rated different image 

compression techniques using perceptual tests, but it is difficult to compare findings across 

researchers since they use different methods and test conditions. Furthermore, there is no 

standard set of images used to conduct research in the area of radiology. Researchers use 

varying standards of image area, input dynamic range, mean gray level, luminance 

distribution, resolution, and spatial activity level. (Clarke, 1995). The next section 

summarizes some of the recent work in data compression using a variety of compression 

techniques and methodologies. Table 1 (page 18) presents key findings from the 

compression literature review for medical images. 

11



Previous Research. Berman, Long, and Pillemer (1993) conducted a study to 

determine the effects of quantization table manipulation on the interpretation of cervical 

radiographs. Compression tests were conducted on the Digital X-ray Prototype Network 

(DXPNET) allows remote users to download cervical radiographs from the National Health 

and Nutrition Examination Survey (NHANES) was being developed. This system needed 

to compress images using a lossy technique because of limitations in Internet transfer rates 

and system storage capacity. JPEG compression was chosen because it supports several 

different processing modes: lossless, lossy, and progressive transmission. 

Three experiments were conducted by the researchers. The first experiment tested 

the hypothesis that low-order bit-planes contained mostly noise and, therefore, did not 

contribute significantly to the visual interpretation of the image. Fifteen cervical 

radiographs were viewed by four readers who were familiar with the visual structures of 

cervical radiographs but had no medical background. After examining a reference image, 

the readers were asked to judge whether or not the bit-plane of each cervical radiograph 

showed defining structures or characteristics of the vertebrae. Results suggested that the 

largest change 1n perceptible vertebra structure occurred between bit-planes 5 and 6. 

In the second experiment, a rheumatologist accustomed to reading conventional film 

radiographs viewed images to determine the effectiveness of bit-plane-driven compression. 

Four different images varying in quantization table step sizes were compared to a reference 

original. The step sizes used corresponded to compression ratios of 5:32:1, 7.98:1, 

16:27:1, and 41.11:1. Although no loss of information was detected, changes in the “pixel 

arrangement” at a local level were noticed. These differences were difficult to discern and 

were believed not to change the overall image quality. 

The third experiment was identical to the second except the variations in QTABLE 

step sizes for the images were larger. The compression ratios examined were 16.27:1, 
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41.11:1, 89.77:1, and 148.72:1. Images with large quantization step sizes (corresponding 

to 89.77: 1 and 148.72:1 compression ratios) showed blocking and loss of information. 

Root-mean-square errors (RMSE) analysis revealed that when the compression 

ratio increased using bit-plane-driven compression, there were consistent increases in 

RMSE. Furthermore, researchers concluded that a constant step size of 64 in the 

QTABLE, corresponding to a 41.11: 1 compression ratio, results in images without gross 

visible losses of information. 

Goldberg, Pivovarov, Mayo-Smith, Bhalla, Blickman, Bramson, Boland, and 

Llewellyn (1994) applied a commercially available wavelet algorithm to digitized 

radiographs and cross-sectional images. Twelve original images were compressed to ratios 

ranging from 10:1 to 60:1 and were randomly displayed in pairs on a high-resolution (1792 

x 2252 pixels) diagnostic workstation. One image in the pair was always the original and 

the other image was the compressed version. Seven board-certified radiologists were 

asked to respond to two questions: (1) Is there appreciable image degradation? If so, in 

which image? (2) If degradation is noted, would it impact diagnosis of the case? The 

researchers found that only one image below a 40:1 compression ratio was judged to 

significantly affect diagnosis. Quantitative error analysis revealed that the average error per 

pixel and the RMSE increased at a much slower rate than the associated compression ratio. 

Therefore, the researchers believe that compression ratios of at least 20:1 are possible for 

digitized radiographs using compactly supported wavelets without affecting diagnostic 

image quality on a high-resolution display. 

MacMahon, Doi, Sanada, Montner, Giger, Metz, Nakamori, Yin, Xu, Yonekawa, 

and Takeuchi (1991) studied the effect of a proprietary DCT-based compression technique 

on the diagnostic accuracy of chest radiographs. Sixty posteroanterior and anteroposterior 

screen-film chest radiographs (120 images total) were digitized and compressed. 

Radiologists viewed laser-printed radiographs with no compression, with 25:1 
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compression, and with 50:1 compression. In less than 60 seconds, they were to determine 

which of four abnormalities were present based on a five-point rating scale, where one 

indicated a definite absence of an abnormality and five indicated the definite presence of an 

abnormality. A one-tailed ¢ test applied to the composite receiver-operating characteristic 

(ROC) curves showed that there was no difference in accuracy between the uncompressed 

images and 25:1 compressed images, but there was a statistically significant difference 

between 25:1 compressed images and 50:1 compressed images. Therefore, the researchers 

conclude that data compression ratios as high as 25:1 may be acceptable for compressing 

digital chest radiographs using the adaptive block cosine transform coding technique, 

especially for primary diagnosis or long-term archiving. 

Kj@lstad, Kegelmeyer, Sund, and Braathen (1994) examined an algorithm for 

automatically detecting lesions in digitized mammograms. The algorithm was tested on 62 

mammogram films compressed with JPEG and wavelet compression techniques. The 

compression ratio for the same quality/comparison ratio depended upon the amount of 

tissue versus background in the image. Since the compression ratio varied so much, the 

authors recommended that image comparison of compression algorithms should be made 

across a constant quality or compression index, rather than at a constant compression ratio 

or bits/pixel. Additionally, the authors found JPEG to preserve fine detail better than 

wavelets at low compression rates. However, wavelets maintained good image quality 

over a wide compression range. When images compressed to 75:1 with wavelets were 

viewed, observers matched them with images compressed to 15:1 with JPEG. 

Ishigaki, Sakuma, Ikeda, Itoh, Suzuki, and Iwai (1990) used an adaptive 

quantization DCT method to compress CR chest images. They used normalized mean- 

squared error (MSE) analyses, rank ordering, and ROC analyses to evaluate one original 

and five reconstructed versions (3:1, 6:1, 13:1, 19:1, and 31:1) of the same image. All the 

images were viewed on a cathode-ray tube monitor (1024 x 1536 pixels). 
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In the rank ordering tests, radiologists evaluated and ranked images according to 

image quality from best to worst. As the compression ratio increased, degradation in the 

image became more noticeable. The radiologists were able to correctly identify target 

shadows 1n images that were compressed to 31:1. Images that contained high spatial 

frequency target shadows, such as thin linear shadows and small nodules, were easier to 

correctly rank than low spatial frequency target shadows, such as large masses and 

calcifications, because thin linear shadows and nodules were more sensitive to degradation 

of image quality. 

In the ROC analyses, radiologists determined the presence of pulmonary nodules 

and linear shadows. There was a statistically significant difference in the sensitivity for 

detecting pulmonary nodules and linear shadows (p < 0.01). Images with a compression 

ratio of 25:1 showed a statistical difference as compared to other images with compression 

ratios of 20:1 or less. 

On the basis of this research, the authors concluded that plain CR chest images with 

a compression ratio of 10:1 are acceptable with the use of their adaptive quantization DCT 

technique, with the upper limit being a 20:1 compression ratio. 

Cosman, Gray, and Olshen (1994) compared and contrasted three dominant 

approaches to measuring image quality: (1) computable objective distortion measures such 

as MSE or SNR, (2) subjective quality as measured by psychophysical tests or 

questionnaires with numerical ratings, and (3) simulation and statistical analysis of a 

specific application of the images, e.g., diagnostic accuracy in medical images measured by 

clinical simulation and statistical analysis. 

The researchers found that distortion measures are easy to calculate, but they do not 

accurately represent perceptual differences in images. Small spatial shifts in an image result 

in large numerical distortions but no visual distortions. In addition, the measures do not 

directly incorporate subjective criteria into system design. Subjective quality and 
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subsequent statistical analysis can highlight averages, variability and other trends in the 

data. Often, a scale of 1 to 5 is used, but there is no standard scale. Diagnostic accuracy is 

usually measured using ROC analysis. ROC curves plot the vanation in the probability of 

falsely declaring a signal absent when it is there and the probability of falsely declaring a 

signal present when it is not there. Although ROC analysis is the dominant technique for 

quantifying diagnostic accuracy in radiology, application of the method deviates from 

clinical practice of radiologists. Furthermore, the method relies on Gaussian assumptions 

of the image data which radiographic images may not meet. Finally, most clinical detection 

tasks are not binary which makes ordinary ROC analysis difficult. 

Using the three common quality measures, an experiment was conducted with hard- 

copy CT images of the lung and mediastinum areas (30 images each) compressed with 

predictive pruned tree-structured vector quantization (PTS VQ) at six compression levels: 

0.57, 1.18, 1.33, 1.79, 2.19, and 2.63 bits/pixel. Viewing was done by three radiologists 

during three test sessions at least two weeks apart. Judges used a grease pencil in order to 

mark the location of abnormalities on each image. There were no limits to viewing time, 

viewing distance, or lighting conditions. 

Plots of distortion rate versus bit rate were made for the images. As expected, 

images that were compressed to lower bit rates received worse quality scores. To evaluate 

diagnostic accuracy, a standard diagnostic truth about each image was determined. 

Sensitivity of the radiologist’s diagnosis was measured against the diagnostic truth of each 

image. The lung sensitivity was similar at high and low bit rates, but the mediastinum 

sensitivity was low at low bit rates. 

Several statistical analysis tools were used on the data. Behrens-Fisher t-statistic 

was used to compare the sensitivity, the probability that something is detected given that it 

is present in the image, and predictive value positive (PVP), the chance an abnormality is 

actually present given that it is marked, at different bit rates. This statistic takes into 
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consideration that within group variances are different. Results indicate that 0.56 bits/pixel 

is unacceptable for diagnostic use. Judges preferred not to mark any abnormality in images 

compressed at that rate unless they were fairly confident the abnormality was there. 

Images compressed at 1.8, 2.2, 2.64, and 12 bits/pixel are clearly acceptable for diagnostic 

use. 
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Jones, Daly, Gaborski, and Rabbani (1994) summarized a comparison between 

wavelet and JPEG compression by applying similar quantization and encoding strategies to 

radiographic images. Utilizing this method tsolates the differences between the two 

techniques. The resulting images for both compression techniques yielded reconstructed 

images with errors well below detection threshold. Rough estimates of entropy rates using 

symbol and zigzag encoding and corresponding RMSE were calculated using data collected 

from the authors and another independent observer on images that were at the detection 

threshold and above the detection threshold. At the detection threshold, entropies and 

RMSE were similar for each image using both compression techniques. Zigzag encoding 

on JPEG always performed slightly better than band-encoding for JPEG compression, but 

the superior encoding method for wavelet compression was image specific. Additionally, 

the detection of errors for both compression techniques was about the same at low and high 

frequencies. Above detection threshold, errors produced by wavelet compression were 

less objectionable because they were smooth. JPEG produced artifacts with hard-edged 

blocks. Therefore, they concluded that the smooth artifacts in wavelet compression may be 

desirable in consumer applications but may be disadvantageous in diagnostic applications 

because natural distortions may be associated with the anatomical structures in the image. 

Stein, Watson, and Hitchner (1989) used five different compression techniques, 

Adaptive Block Truncation, Block Discrete Cosine Transform (with and without a human 

visual system scaling factor), Laplacian Pyramid, and Cortex Transform coding to compare 

bit-rate performance based on subjective measures, rather than statistical measures. Only 

one test image was manipulated by varying compression rates and compression techniques. 

When levels of distortion were varied, psychophysical testing determined which images 

appeared perceptually equivalent to each other. 

Naive and experienced groups of subjects were tested. Subjects rested on a chin 

support so that all spatial frequencies in the images remained constant. Two Lenna 
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images, One original and one reconstructed, were displayed side by side for two seconds. 

Subjects had to determine which image was the reconstructed image, with the reconstructed 

image placed randomly on either the left or nght side. The QUEST staircase method 

(Watson and Pelli, 1979) was utilized to sequence the images in an efficient manner. If the 

subject gave a correct response then the next trial would show an image with less 

quantization, and if he or she gave an incorrect response, the next subsequent image would 

have more quantization. Trials end when the subject correctly chooses and image 82% of 

the time. 

When viewing perceptually equivalent images, the DCT-based compression method 

consistently had the lowest bit-rate as measured by entropy (bits/pixel) and the lowest 

signal-to-noise ratio (SNR) in both subject groups. Laplacian pyramid coding had 

consistently high bit-rates in both groups and the Cortex transform coding had inconsistent 

bit-rates between groups. Block structures were easily discriminated in ABTC compressed 

images by both groups. 

Further analysis showed that the normalized mean-squared error based SNR is not 

a good measure of distortion for perceptually equivalent images. The objective testing 

method used in this study was able to help identify images that were perceptually equivalent 

so that they could be tested against computational fidelity metrics. 

Pearson and Pearson (1985) conducted a pilot study to examine the effect of 

increased bandwidth compression and image quality on image interpretability using soft- 

copy display. Fifteen U.S. Army image interpreters used rating scales and choice menus to 

evaluate images compressed to 0.125, 0.25, 0.50, 1.0, and 2.0 bits/pixel, where the 

smaller ratios represent higher degrees of compression because bandwidth 1s compressed. 

Their performance was measured by completeness of classification, identification of 

military equipment, accuracy of equipment counts, and speed of interpretation. Analysis- 

of-variance (ANOVA) procedures revealed statistically significant results of compression 
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ratio and image quality on completeness of identification, accuracy of equipment counts, 

and speed of performance. 

As bandwidth compression increased and image quality decreased, interpreter 

performance decreased significantly. The results suggest that although good-image quality 

is preferred at high compression ratios, the factor is less critical at low compression ratios 

when determining completeness of target identification. Also, accuracy in equipment 

counts may be less cognitively complex than classification and identification. Less visual 

detail may be necessary for counting, even when identification is not possible. 

Additionally, medium- and poor-image quality yielded longer response times than good- 

quality images. When performance time is crucial, good-image quality is preferred. 
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Methodologies in Signal Detection Theory. A model called signal detection theory   

was developed to approximate how people behave in detection situations. A signal may or 

may not be detected in a background of random noise or activity. When there is a weak 

signal, it is difficult to detect the signal's presence and errors are often made. When there 

is high noise, the possibility exists that the noise may be mistaken for a signal. 

Conversely, the signal may be masked by the high noise and the signal is not detected 

(Figure 5). The signal detection theory model often has been applied to diagnostic 

radiology research involving compression since compression artifacts contribute to the 

noise in an image. Obviously, it is unacceptable for noise to be mistaken for a signal or 

presence of disease, or for the image degradation to mask the presence of disease. Many 

researchers examining diagnostic tasks in radiology plot ROC curves to predict when 

observers will detect a signal. ROC curves describe the relationship between the 

probability of reporting yes when a stimulus is present and the probability of reporting yes 

when it is absent (Figure 6). Each point on the ROC curve represents the data obtained 

under a specific condition and a fixed intensity stimulus. The design aids the analysis of 

results when observers use varying criteria in order to make ratings. 
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Figure 5. Theoretical Frequency Distributions of Noise and Signal Plus Noise for Three 

Magnitude of Sensory Observation 

Different Values of Signal Strength (Geschieder, 1985). 
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Figure 6. _ Receiver-operating Characteristic Curve in which Variation in the Observer's 
Criterion Results in Different Points Along the ROC Curve. 

Three basic procedures exist in order to examine observer sensitivity and criterion. 

These methods are described in detail in Psychophysics: Method, Theory and Application 

by Gescheider (1985). They are the Yes-No procedure, the Forced-Choice procedure, and 

the Confidence Rating procedure. 

The Yes-No Procedure observers must judge the presence of a signal in a series of 

trials. Usually, there are over 300 trials per session and the likelihood of signal plus noise 

and noise only trials are given. An ROC curve can be plotted to show the proportion of 

hits and false alarms for a particular signal strength. The same curve can be obtained by 

varying the probability of signal occurrence or varying payoff conditions. The yes-no 

procedure was not feasible in this study because of the number of images necessary in 

order to conduct the experiment. 
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The Forced-Choice Procedure obtains measures of an observer’s sensitivity despite 

fluctuations in criterion. On a particular trial, at least two observation intervals are 

presented and the observer’s task is to identify which observation interval contained a 

signal. An assumption is made that when no response bias exists toward an observation 

interval, the observer will choose the observation interval containing the largest sensory 

observation. This method collects data more efficiently than the yes-no procedure. The 

forced-choice method was not feasible in this study because many images would be 

necessary, and it would demand too much time from the radiologist in order to conduct the 

experiment. Several experimental sessions would be required because once radiologists 

saw an image at a particular level of compression, the same image could not be presented 

again in the same experimental session. 

Confidence Rating Procedure is economical because data can be collected in one 

experimental session. It is used when the signal probability and payoff contingencies are 

fixed. During a session, the observer reports his/her confidence of whether a signal was 

presented in a particular trial, depending on the criterion level. The proportion of responses 

in each rating category criterion level are tabulated for the signal-to-noise trials and for the 

noise trials. 

Although models in signal detection theory often are used to conduct research in 

diagnostic radiology, typical experiments require many images and many hours of a 

radiologist’s time. During development and refinement of algorithms, it is necessary to 

conduct quick studies of the effects of compression on images. Therefore, none of the 

models of signal detection theory were used in this experiment. As new compression 

algorithms are written, better methods of evaluation that examine compression ratios over a 

wide range are needed. 
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RESEARCH OBJECTIVES 

Evaluative techniques, including objective measurement of human observers 

through human factors experiments are necessary since the image quality of radiographs 

affects the ability of radiologists to make correct diagnoses. First, preliminary data was 

gathered on how various compression techniques (JPEG and wavelet techniques) and 

compression ratios affect the ability to make a diagnosis on digitized chest images. Next, 

the effects of compression technique and compression ratio on the perceived severity of 

disease in digitized chest images was studied. It was expected that images viewed at higher 

compression ratios would increase their ratings of perceived severity. Second, information 

on the level of compression ratio in which degradation in image quality could be 

discriminated was collected for JPEG and wavelet techniques. It was hypothesized that 

wavelet compression would yield better subjective impressions of image quality than JPEG 

and that increasing compression ratios would decrease their subjective image quality 

ratings. Furthermore, although degradation in image quality may be noticeable to 

radiologists, it was unclear whether they would accept or reject the images for diagnosis. 

Therefore, this research attempts to answer several questions: 

° Does compression ratio affect the ability to make diagnoses on images? 

° Does compression technique affect the ability to make diagnoses on images? 

° Does compression ratio affect the perceived severity of disease in digitized chest 

images? 

° Does compression technique affect the perceived severity of disease in digitized 

chest images? 
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Among the levels of compression ratio examined, at what level can degradation in 

image quality, using JPEG, be discriminated? Is this level acceptable to 

radiologists for diagnosis? 

Among the levels of compression ratio examined, at what level can degradation in 

image quality, using wavelet compression, be discriminated? Is this level 

acceptable to radiologists for diagnosis? 

At the same compression ratio, is there a difference in perceived image quality 

between JPEG and wavelet compression? 
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METHOD 

This experiment was broken down into two parts: a diagnostic task and a 

comparison task. In the first part of the experiment, participants were asked to evaluate 

chest images varying in compression technique and compression ratio. In the second part 

of the experiment, participants were asked to make comparative judgments of image quality 

and to rate the acceptability of chest images for diagnosis. A wider range of compression 

ratios was examined in part two of the experiment. 

Participants 

In order to evaluate chest images, radiologists were used as participants because of 

their training in diagnostic radiology. Participants in the study were 12 board-certified 

radiologists (9 men, 3 women) from various hospitals in New River Valley, VA. They had 

a mean of 14.25 years of diagnostic experience with a range from 4 to 35 years. They 

reported a mean of 92 chest radiographs read per week with a range from 40 to 200 

images. A complete summary of the biographical information can be found in Appendix A. 

Each experimental session lasted between one to one and a half hours. No monetary 

compensation was given for their time, but a single-use camera was given for their 

participation. 

Materials and Apparatus 
  

Chest images were selected as the stimulus in this study since they represent the 

largest fraction of digital data in a typical, digital radiology department (Good and Gur, 

1992). Three of the six images (2500 lines x 2048 pixels, 12 bits/pixel) were selected from 

an internal Kodak database of chest radiographs generated with storage phosphor 

technology. No patient information was associated with them. After optimally tone scaling 
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several of the posteroanterior view images, three radiographs were chosen to be used in the 

experiment. The images were selected based upon the similarity and clarity of detail that 

could be seen in the lung and mediastinum areas so that any artifacts could be attributed to 

compression rather than a poor original image. The images were printed onto 14 in x 17 in 

diagnostic film made by Kodak. Two radiologists from a local hospital independently 

diagnosed the uncompressed radiographs. Two images were diagnosed to be normal, and 

the third image was diagnosed to have nodular shadows. Three more images (2560 lines x 

2048 pixels, 12 bits/pixel) with confirmed nodular disease or pneumothorax were given to 

the experimenter by a teaching radiologist. These films were scanned and digitized for 

compression (5120 lines x 4096 pixels). All patient information on the film was covered 

for purposes of this study. A detailed diagnosis of each image appears in Table 2. Many 

of the nodules on the chest images were located on the ribs and therefore, visually subtle. 

Table 2. Detailed Diagnosis of Six Chest Radiographs. 

  

Image Presence of Lung Disease Detailed Diagnosis 
  

A No Normal 

  

Several metastatic nodules ranging in size 

  

  

B Yes from 0.7 to 1.5 cm, bilateral 

C Y 10% pneumothorax, total opacification of 
es the left lung 

D No Normal 

  

Several small nodules ranging in size from 
E Yes 0.5 to 0.8 cm, bilateral, differential 

diagnosis includes infectious or metastatical 
    Several small nodules ranging in size from 

F Yes 0.3 to 1.5 cm, bilateral     
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Next, the images were compressed by Eastman Kodak Company using two 

proprietary compression techniques, optimized for medical images in typical viewing 

environments. The algorithms use QTABLES designed to preferentially weight 

coefficients corresponding to the most sensitive part of the HVS. Table 3 shows the JPEG 

quality values and wavelet scale factors used to generate the desired compression rate. 

Both the quality values and scale factors are approximations to the compression rate 

because of rounding errors. These quality values and scale factors modify the 

normalization array by a constant factor so that quantization step sizes in an image can be 

made smaller or larger. As quality values or scale factors get larger, quantization of the 

coefficient is coarser. 

Within each of the six original chest images, the average density was measured in 

four places. The average density of each compressed image was matched to the original 

image to achieve consistency of contrast within each image set. On a standard chest 

radiograph, the whitest white has a density of 0.25, however, the lungs can get as dense as 

2.5. The blackest black, which is usually outside the patient, reaches a density of 3.0 

(Kundel, 1990). The average density range of the six images is 1.60 - 2.16, which is near 

the preferred operating range of radiologists (J.C. Wandtke, personal communication, 

August 1995). 
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Table 3. Summary of JPEG and Wavelet Compression Characteristics for Each 

  

  

  

  

  

  

  

    

Chest Image. 

JPEG Wavelet Technique 

Image| Comp | Quality} Bit Rate | Output File Scale Bit Rate | Output File 

Rate | Value | (bits/pixel)| Size (bytes)| Factor | (bits/pixel)| Size (bytes) 

A 8:1 3.13 1.6212 1037568 0.0689 1.6300 1043200 

A 16:1 9.00 0.7514 480896 0.1755 0.7530 481920 

A 24:1 15.00 0.5006 320358 0.2715 0.4960 317440 

A 32:1 21.00 0.3750 240000 0.3660 0.3740 239360 

A 44:1 31.25 0.2710 173440 0.5150 0.2690 172160 

A 48:1 35.00 0.2502 160128 0.5500 0.2510 160640 

B 8:1 2.88 1.4790 969277 0.0655 1.4840 972554 

B 16:1 7.00 0.7530 493486 0.1490 0.7550 494797 

B 24:1 11.50 0.4980 326369 0.2230 0.5010 328335 

B 32:1 16.13 0.3750 245760 0.2940 0.3750 245760 

B 44:1 23.13 0.2730 178913 0.4020 0.2720 178258 

B 48:1 25.50 0.2500 163840 0.4400 0.2500 163840 

C 8:1 3.13 1.4930 978452 0.0710 1.4680 962068 

C 16:1 7.88 0.7470 489554 0.1610 0.7450 488243 

C 24:1 12.88 0.5010 328335 0.2470 0.5010 328335 

C 32:1 18.50 0.3740 245105 0.3390 0.3730 244449 

C 44:1 29.00 0.2730 178913 0.4690 0.2730 178913 

C 48:1 33.63 0.2500 163840 0.5110 0.2500 163840 

D 8:1 4.00 1.4675 939200 0.0840 1.4660 938240 

D 16:1 9.18 0.7450 476800 0.1800 0.7520 481280 

D 24:1 14.38 0.5013 320832 0.2660 0.5000 320000 

D 32:1 19.55 0.3768 241152 0.3500 0.3730 238720 

D 44:1] 27.13 0.2710 173440 0.4750 0.2680 171520 

D 48:1 29.63 0.2490 159360 0.5100 0.2470 158080 

E 8:1 2.38 1.5210 996803 0.0566 1.5110 990249 

E 16:1 5.88 0.7500 491520 0.1360 0.7490 490865 

E 24:1 9.88 0.4940 323748 0.2070 0.4950 324403 

E 32:1 13.50 0.3740 245105 0.2620 0.3740 245105 

E 44:1 19.38 0.2730 178913 0.3450 0.2730 178913 

E 48:1 21.50 0.2490 163185 0.3750 0.2490 163185 

F 8:1 2.00 1.5280 977920 0.0400 1.5280 977920 

F 16:1 4.88 0.7545 482880 0.0950 0.7570 484480 

F 24:1 8.00 0.5028 321792 0.1443 0.5020 321280 

F 32:1 11.25 0.3750 240000 0.1910 0.3750 240000 

F 44:1 16.63 0.2697 172608 0.2590 0.2700 172800 

F 48:1 18.25 0.2502 160128 0.2770 0.2500 160000                 
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Procedure 

Each experimental session was conducted in the radiologist's natural viewing 

environment, which was either a viewing room or the radiologist's office. He/she was 

given a brief introduction to the experiment, a consent form to fill out (Appendix B), anda 

biographical form to complete (Appendix C). Next, part one of the experiment, a 

diagnostic task, was explained (Appendix D). 

In part one of the experiment, radiologists viewed six images that varied by two 

compression techniques and three compression ratios. They viewed an image and 

immediately recorded their ratings on a data sheet placed in front of them (Appendix E). 

After viewing an image, they verbally gave a clinical diagnosis of the patient, which was 

recorded by the experimenter. Part two of the experiment immediately followed part one 

with an opportunity for a rest break. 

In part two of the experiment, radiologists viewed 72 images that varied by two 

compression techniques and six compression ratios. The radiologist was asked to make a 

simultaneous comparison between two chest radiographs, an uncompressed image and a 

compressed image. The uncompressed image (1:1) was the standard and a compressed 

image was the comparison image. Radiologists recorded their responses on a data sheet 

placed in front of them (Appendix F). On the viewbox, the standard image was placed 

either on the right or on the left, but the image remained on the same side for the 

presentation of treatment combination for a given image. 

In order to simulate clinical practice, no constraints were placed on image viewing 

time or viewing distance in either experiment. A practice image preceded the actual 

experimental trials to familiarize the radiologist with rating questions and test procedures 

and to answer any questions. Each radiologist was given one practice image and an 

opportunity for more practice, but none of the participants opted for other practice images. 
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Experimental Design 

Part One - Diagnostic Task. The design of part one of the experiment used two 6 x 

6 Latin squares in which “Radiologists” were the participants. In this design, it is assumed 

that the treatment effects do not interact with the row and column effects, “Radiologist” and 

“Image”, respectively. Each radiologist was presented with one of six treatments at one 

level of image. Table 4 shows the order of presentation that was given to the radiologists. 

This design was selected because of limitations in the number of original images that could 

be obtained and the number of radiologists that could be recruited. Each radiologist could 

only view each image at a certain treatment once because after a diagnosis on the image Is 

made, the same image could not be presented to that radiologist again. 

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 4. Presentation Order of Chest Images to the Radiologists for the Diagnostic Task. 

Image A| Image B| Image C | Image D| Image E | Image F 

Radiologist 1 | Treatment2 | Treatment 1 | Treatment3 | Treatment 4 | Treatment 6 | Treatment 5 
Radiologist 2 | Treatment 1 | Treatment 5 | Treatment 6 | Treatment 2 | Treatment3 | Treatment 4 

Radiologist 3 | Treatment3 | Treatment 2 | Treatment 1 | Treatment 5 | Treatment 4 | Treatment 6 

Radiologist 4 | Treatment4 | Treatment6 | Treatment 2 | Treatment 1 | Treatment 5 | Treatment3 
Radiologist 5 | Treatment 5 | Treatment3 | Treatment 4 | Treatment 6 | Treatment 2 | Treatment 1 

Radiologist 6 | Treatment6 | Treatment 4 | Treatment 5 | Treatment3 | Treatment 1 | Treatment 2 

Radiologist 7 | Treatment3 | Treatment2 | Treatment 4 | Treatment 5 | Treatment 6 | Treatment 1 
Radiologist 8 { Treatment 1 | Treatment 5 | Treatment 6 | Treatment 2 | Treatment3 | Treatment 4 

Radiologist 9 | Treatment5 | Treatment3 | Treatment | | Treatment 6 | Treatment4 | Treatment 2 

Radiologist 10] Treatment 2 | Treatment 1 | Treatment3 | Treatment 4 | Treatment 5 | Treatment 6 

Radiologist 11] Treatment6 | Treatment4 | Treatment 5 | Treatment 1 | Treatment 2 | Treatment3 

adiologist 12] Treatment4 | Treatment6 | Treatment 2 | Treatment3 | Treatment 1 | Treatment 5                 

Key: 

Treatment 1 = JPEG at 32:1 

Treatment 3 = Wavelet technique at 32:1 

Treatment 5 = Wavelet technique at 1:1 

Treatment 2 = JPEG at 48:1 

Treatment 4 = JPEG at 1:1 

Treatment 6 = Wavelet technique at 48:1 
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Independent variables. There were two independent variables in part one of the 

experiment: compression technique and compression ratio. Two levels of compression 

technique, JPEG and wavelets, were examined. 

Three levels of compression ratio were examined, 1:1, 32:1, and 48:1. The 

uncompressed image was compared to 32:1 and 48:1 compression rates. Some researchers 

report that compression rates of about 25:1 for DCT-based compression is acceptable 

(MacMahon, et al., 1991). Others report that at least a 20:1 compression ratio is acceptable 

when using compactly supported wavelets (Goldberg, et al., 1994). Therefore, higher 

compression rates were examined. 

Dependent variables. Radiologists made ratings based on five different variables:   

lung disease presence in the image, confidence of lung disease presence rating, severity of 

the lung disease in the image, confidence of the severity of lung disease rating, and 

difficulty of making a diagnosis due to degradations in the image. These ratings were made 

on seven-point scales (1 -7) with anchor points at each end and at the mid-point of the 

scale. Participants were given instructions to treat the scales as continuous, but they were 

told to circle the number closest to how he/she would rate the image. Because of the power 

of statistical testing and the careful wording of participant instructions, interval data was 

assumed for the rating scales. 

Analysis. Four of the five dependent measures (lung disease presence, confidence 

of lung disease presence, confidence of severity of lung disease, and difficulty of making a 

diagnosis due to degradation) were analyzed using separate Anal ysis-of- Variance 

(ANOVA) procedures. The fifth dependent measure, severity of the lung disease, was not 

analyzed using an ANOVA because it was too image-dependent. 
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Part Two - Comparison Task. A randomized complete-block design experiment 

was done with “Radiologist” and “Image” as the blocking factors. Itis a 2 x 6 within- 

subjects design with 12 treatment combinations in which all of the radiologists saw every 

image at every treatment combination. Within each image, the treatment combinations were 

presented in a random order. The order of presentation of the compressed images is shown 

in Appendix G. This design was selected to reduce the amount of time to collect data in 

each experimental session. Other designs would necessitate completely random 

presentation of the images at various treatments levels, which would require too much time 

from a radiologist to gather data. 

Independent variables. There were two independent variables in part two of the 
  

experiment: compression technique and compression ratio. The same two compression 

techniques, JPEG and wavelet, were also used in part two of the experiment; however, a 

wider range of compression ratios was examined. The levels of compression ratios 

examined were: 8:1, 16:1, 24:1, 32:1, 44:1, and 48:1. Upon visual inspection of the 

compressed images by compression experts, degradation in image quality started at about 

16:1. The compression ratios examined must be wide enough for differences to be 

noticeable; therefore, steps of 8:1 were selected. Previous research has found that 

compression ratios of 50:1 using a DCT-based compression technique result in statistically 

different losses in diagnostic accuracy (MacMahon, et al., 1991) so the maximum rate 

examined was 48:1. 
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Dependent variables. Radiologists made ratings based on two dependent variables: 

image quality judgment of the compressed image to the original uncompressed version and 

acceptability of the compressed image for diagnosis. This first dependent variable was 

made on a seven-point scale, which ranged from -3 to3 in whole number increments of 1. 

The left end point was anchored by "worse," the middle point was anchored by "same," 

and the right end point was anchored by "better." The second dependent variable was rated 

on a seven-point scale ranging in whole number increments from one to seven with anchor 

points at each end and at the mid-point of the scale. As in part one of the experiment, 

participants were given instructions to treat the scales as continuous, but they were told to 

circle the number closest to how he/she would rate the image. Because of the power of 

statistical testing and the careful wording of participant instructions, interval data was 

assumed for the rating scales. 

Analysis. The two dependent variables (judgment of image quality and 

acceptability of the image for diagnosis) were analyzed using separate ANOVA procedures. 

When necessary, Scheffe's post-hoc comparison test was used to probe any significant 

effects. 
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RESULTS 

Part One - Diagnostic Task 

Lung Disease Presence. The sample data for this dependent variable was 

transformed in order to account for a correct diagnosis of the images. If the image was 

normal, the rating would reflect the distance between a rating of 1 (no presence of lung 

disease) and the actual rating given. If the image was diseased, the rating would reflect the 

distance between a rating of 7 (definite presence of lung disease) and the actual rating 

given. 

Compression ratio, compression technique, and their interaction had no significant 

effect on the radiologist's rating of lung disease presence at the 0.05 level of significance. 

When asked to give a verbal diagnosis for each image, most radiologists were able to 

diagnose the images accurately by stating whether or not the images were normal or 

pointing out several nodules in diseased images. The radiologists easily recognized 

pneumothorax and other lung abnormalities in the images. At a compression ratio of 48:1 

using wavelet compression, there was only one radiologist who reported a possible 

presence of disease (rating = 4) when the image was normal. 

Confidence Ratings of Lung Discase Presence. An ANOVA was performed on the 

confidence rating of lung disease presence. No significant effects were observed for the 

main effects of compression technique and compression ratio, nor their interaction of 

compression technique-by-compression ratio at a = 0.05. All the radiologists were 

confident of their diagnosis of lung disease presence across compression technique, 

compression ratio, and their interaction. None of the mean ratings were below 6.3 (where 

1 = not confident at all and 7 = very confident). 
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Confidence of the Severity of Lung Disease. An ANOVA performed on the 

confidence ratings of perceived severity of lung disease in the images showed no 

significant effect of compression technique, compression ratio, nor their interaction at a = 

0.05. Examination of the rating data of perceived severity of lung disease in the images 

showed that the radiologists rated the severity of images consistently across compression 

ratio and compression technique on four of the six images. These four images were either 

not severe at all (rating of 1) or very severe (rating of 7). 

Difficulty of Making a Diagnosis Due to Degradations in the Image 

An ANOVA was performed on the ratings of difficulty to make a diagnosis due to 

degradation in the image. The effects of compression technique, compression ratio, nor 

their interaction were not statistically significant at a = 0.05. All radiologists experienced 

little difficulty in diagnosing the images. Inspection of the rating data revealed that as the 

compression ratio increased, the mean ratings of difficulty to diagnose also increased 

slightly. At lower compression ratios, wavelet images were judged to be easier to 

diagnose than JPEG images, but at higher compresston ratios, JPEG images were rated 

easier to diagnose. 

Part Two - Comparison Task 
  

Image Quality Ratings. An ANOVA was performed on the rating of image quality 
  

between the uncompressed image and the compressed version of the image. These results 

are shown in Table 5. Statistically significant effects were found for the main effect of 

compression ratio {F(5,781) = 25.377, p <0.0001} and the interaction of compression 

technique-by-compression ratio {F(5, 781) = 2.579, p = 0.0176}, but not for compression 

technique. By examining letter groups in Table 6, Scheffe's post-hoc comparison test 

revealed that significant differences in image quality started at 32:1, where it was found to 
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be significantly different from an image compressed at 8:1 and 48:1. Starting from a 16:1 

compression ratio, the mean image quality ratings of the compressed images decreased as 

compression ratio increased; however, worst mean rating (- 0.576) revealed that an image 

compressed to 48:1 was only slightly worse than the uncompressed image. 

Table 5. © © ANOVA Summary Table for the Rating of Comparison of Image Quality 
Between the Uncompressed Image and the Compressed Image. 

  

  

Source df MS F p 
Block 71 -- -- -- 
Compression Technique 1 0.167 0.525 0.4687 
Compression Ratio 5 8.049 25.377 0.0001 * 
Compression Technique x 

  

Compression Ratio 5 0.875 2.759 0.0176 * 

Pooled Error 781 0.317 
Total 863 
  

* statistically significant, a = 0.05. 

Table 6.  Scheffe's Post-hoc Test of the Rating of Comparison of Image Quality 
Between the Compressed and Uncompressed Image. 

  

  

  

Compression Ratio Mean Rating Group 
8:1 0.014 A B 

16:1 - 0.056 A B C 
24:] - 0.153 B C 
32:1 - 0.271 C D 
44:1 - 0.486 DE 
48:1 - 0.576 E         

Groups with the same letter are not statistically significant, p > 0.05. Mean ratings are ona 
seven-point scale from -3 to +3, where -3 = worse and +3 = better than the uncompressed 
image. 
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Figure 7 shows the trend of ratings of image quality when compared to the 

uncompressed image (-3 = worse, 0 = same, +3 = better) for compression ratio. Images 

compressed at 8:1 were rated slightly higher than the uncompressed image, but higher 

compression ratios yielded ratings that were rated a litthe worse than the uncompressed 

image. As the compression ratio increased, radiologists noticed more degradations and the 

mean ratings were lower in terms of image quality. 
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Figure 7. Effect of Compression Ratio on the Rating of Image Quality. Error bars 
indicate + 1 Standard Error of the Mean.



Figure 8 shows the trend of ratings of image quality when compared to the 

uncompressed image (-3 = worse, 0 = same, +3 = better) for the compression technique- 

by-compression ratio interaction. There was no statistically significant effect of 

compression technique on the image quality ratings. Perceived image quality decreased 

with increasing compression levels in a generally similar manner for both compression 
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Figure 8. Effect of the Interaction between Compression Technique and Compression 
Ratio on the Rating of Image Quality. Error Bars indicate + 1 Standard Error 
of the Mean. 
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Rating of Acceptability. An ANOVA was performed on the rating of acceptability 

of the compressed image for diagnosis. These results are shown in Table 7. Statistically 

significant effects were observed for the main effect of compression ratio {F(5, 781) = 

14.552, p < 0.0001} and the interaction of compression technique-by-compression ratio 

{F(5, 781) = 2.808, p = 0.0160}, but not for compression technique. As shown in Table 8, 

Scheffe's post-hoc comparison test revealed that significant differences in the acceptability 

of the compressed image for diagnosis started at a compression ratio of 44:1, but all the 

images were still rated as acceptable (all mean ratings were greater than 6). Figure 9 

illustrates this effect. 

Table 7. ©£ANOVA Summary Table for the Rating of Acceptability of the Compressed 
Image for Diagnosis. 

  

  

Source df MS F Pp 
Block 71 -- -- -- 
Compression Technique ] 1.042 2.098 0.1479 
Compression Ratio 5 7.227 14.552 0.0001 * 
Compression Technique x 5 1.394 2.808 0.0160 * 

Compression Ratio 
Pooled error 781 Q.497 
Total 863 
  

  

* statistically significant, a = 0.05. 
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Table 8. | Scheffe's Post-hoc Test for the Rating of Acceptability of Images for 

  

  

  

Diagnosis. 

Compression Ratio Mean Rating Group 
8:1 6.583 A B C 

16:1 6.632 A B C 
24:1 6.521 B C 
32:1 6.472 Cc 
44:1 6.153 D 
48:1 6.111 D       
  

Groups with the same letter are not statistically significant, p> 0.05. Mean ratings are on a 
seven-point scale from -3 to +3, where -3 = worse and +3 = better than the uncompressed 
image. 
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Figure 9. Effect of Compression Ratio on the Rating of Acceptability for Diagnosis. 
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Figure 10 shows the mean ratings of acceptability for the compression 

technique-by-compression ratio interaction. Compression technique was not statistically 

significant, but the data trend showed that the mean ratings of acceptability remained fairly 

constant for both the JPEG and wavelet compression techniques, until 32:1 where the mean 

ratings of acceptability for JPEG dropped. 
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DISCUSSION OF RESULTS 

Part One - Comparison Task 

At the levels tested, there were no statistically significant differences found for the 

effects of compression technique and compression ratio when radiologists rated the 

presence of disease in an image. The confidence level of their ratings was generally high. 

These results should be interpreted carefully since there were only six original images used 

in this study. A possible explanation could be that the uncompressed images were already 

fairly easy to diagnose (i.e., the lung disease in the images was obvious and severe). 

Therefore, the treatment did not affect the ability to read and make an accurate diagnosis on 

the images. In this case, a higher compression ratio could have been used on the images 

and radiologists would still have been able to see any abnormalities and accurately diagnose 

the images. As further evidence, radiologists found all the images fairly easy to diagnose, 

despite varying compression techniques and compression ratios. This was shown in their 

ratings on the difficulty of making a diagnosis due to degradations in the image. 

Ratings showed that some compressed images were rated higher in image quality 

than uncompressed images. When radiologists were asked why they rated compressed 

images higher, they answered that the images appeared sharper. Both the JPEG and 

wavelet techniques used in this study, discard coefficients in the functions with high spatial 

frequencies first, while preserving information concentrated in the lower spatial 

frequencies. Therefore, there may be a reduction in noise level at high-frequency 

components in the image after compression, resulting in a sharper appearing image. 
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Part Two - Comparison Task 
  

Statistically significant differences were found when radiologists were asked to rate 

the original image as same, better, or worse than a comparison image on a continuous 

scale. The results indicated that radiologists started noticing a difference in image quality at 

a 32:1 compression ratio. At this compression ratio, there was a significant difference in 

image quality rating between an image compressed at 8:1 and an image compressed at 32:1. 

At 44:1, significant differences were found at 24:1, 16:1, and 8:1. At 48:1, statistical 

differences were found at 32:1, 24:1, 16:1, and 8:1. These results indicate that low 

compression ratios (8:1) may be perceptually equivalent to the higher compression ratios 

(16:1 and 24:1) because there was no significant difference in image quality ratings 

between them. Furthermore, although a difference in image quality was noticeable, all the 

images were still judged to be acceptable for diagnosis, even at the highest compression 

ratio tested, 48:1. Higher compression ratios than those tested may be acceptable in 

medical applications, but further testing would be necessary to confirm this belief. 

There was a significant interaction effect of compression technique-by-compression 

ratio. The variance is believed to be due to the strong effect of compression ratio on the 

images. No statistical differences in image quality were found with different compression 

techniques over the six images tested. A wider range of compression ratios may yield 

differences between the two techniques, but these differences may have been hidden within 

the compression ratios. 

On the basis of acceptability of the images for diagnosis, there was a significant 

effect of compression ratio on the ratings. Scheffe's post-hoc test was selected to find 

differences because it is one of the most conservative of the post-hoc comparison 

procedures. The post-hoc tests revealed that there were significant differences in 

acceptability between 44:1 and 32:1, 24:1, 16:1, and 8:1, and between 48:1 and 32:1, 24:1, 

16:1, and 8:1, but all the images were still acceptable for diagnosis. The effect that all the



images were still acceptable for diagnosis indicates that there was a ceiling effect in the 

ratings. A wider scale could have solved this problem and yielded more accurate results. 
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CONCLUSIONS 

One of the objectives of this study was to determine which compression technique, 

JPEG or wavelet-based, would yield better performance in a diagnostic task. However, 

results did not give conclusive evidence that one compression technique was better than the 

other. During the diagnostic task, no statistical differences in ratings were found when 

radiologists were asked to rate the presence of lung disease, confidence of presence of lung 

disease, confidence of severity of lung disease, nor difficulty of making a diagnosis. 

Though the images used in the experiment contained common lung abnormalities 

compressed at high compression ratios, the radiologists found the images to be quite easy 

to interpret. Future studies should put more emphasis into obtaining images that contain 

more subtle abnormalities. 

Part two of the experiment examined ratings of image quality and acceptability of 

the compressed images for diagnosis. In order to measure perceived image quality, 

radiologists were required to rate compressed images as being better, the same, or worse 

than their uncompressed, original image. This rating is a measure of the relative 

differences in image quality due to the image compression algorithms. The findings show 

that radiologists noticed degradations in image quality at compression ratios greater than 

16:1. At and below this compression level, however, the compressed images were not 

perceived as different from the uncompressed original images. The experiment also 

assessed the subjective acceptability of the images for diagnostic purposes using a 7-point 

scale. This second rating is a measure of absolute acceptability of the images. The 

findings indicate that acceptability declined with increasing compression ratios greater than 

24:1. But, even at the highest 48;1 compression level, the images were judged as 

acceptable for diagnosis. This suggests that even higher compression ratios than 48:1 may 

be possible for medical applications.



In order to completely understand and determine the usage of compression for 

medical image diagnosis, large-scale studies involving similar compression ratios and 

compression techniques, using many more images and utilizing comprehensive ROC 

analysis may be necessary. Although these types of studies can be expensive because of 

the number of images and the amount of radiologist’s time necessary to reach conclusions, 

they are more sensitive to the variants of radiologists. Nonetheless, the results from this 

study may be useful to developers because it shows the range of compression ratios where 

there could be room for improvement of compression techniques in medical applications. 
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APPENDIX A 

SUMMARY OF BIOGRAPHICAL INFORMATION OF RADIOLOGISTS 
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SUMMARY OF BIOGRAPHICAL INFORMATION OF RADIOLOGISTS 

  

  

  

  

  

  

  

  

  

  

  

  

                

Chest Tele- 
Radiologist] Corrective | Board |Years| Specialty Area | Images |radiology 

Lenses | Certified| Exp Read per| Exp 
Week 

1 Glasses Yes 7 | Mammography 150 Yes 

2 Glasses Yes 28 None 150 Yes 

3 No Yes 5.5 Body Imaging 75 Yes 

4 No Yes 4 None 100 No 

5 Glasses Yes 8 None 200 No 

6 No Yes 7.5 None 50 Yes 

7 Glasses Yes 19 | Nuclear Medicine 50 Yes 

8 Glasses Yes 35 Diagnostics 40 Yes 

9 Glasses Yes 19 None 60 Yes 

10 No Yes 6 Angiography 50 Yes 

11 Glasses Yes 20 None 100 Yes 
12 No Yes 12 | Neuroradiologist 75 Yes 
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APPENDIX B 

PARTICIPANTS' INFORMED CONSENT



VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 
Informed Consent for Participants of Investigative Projects 

Title of Project: | Evaluation of Diagnostic Quality of Chest Images Compressed with 
JPEG and Wavelet Techniques 

Principal Investigator: | Cathlyn Y. Wen (Graduate Student/Kodak Intern) 
Robert J. Beaton (Faculty Advisor) 

I. THE PURPOSE OF THIS RESEARCH 

You are invited to participate in a study about the diagnostic quality of chest images after 
compression with JPEG and Wavelet Algorithms at various compression rates. 

Ii. PROCEDURES 

This session will last approximately 1 hour. You will be asked to make a diagnosis on 
some of the images and asked questions regarding the confidence level, severity, difticulty 
for diagnosis, differences, and acceptability on others. 

There are no known risks or discomfort to you as a participant. 

Hil. BENEFITS OF THIS RESEARCH 

Y our participation in this experiment will increase the body of knowledge to help determine 
maximum compression rates which will yield acceptable chest images for diagnosis. 
Higher compression rates allow data to be stored, accessed, and transmitted efficiently. 

IV. EXTENT OF ANONYMITY AND CONFIDENTIALITY 

The results of this study will be kept strictly confidential. At no time will the researchers 
release the results of the study to anyone (other than individuals working on the prcvect) 
without your written consent. The information you provide will have your name removed 
and only a subject number will identify you during analyses and any written reports of the 
research. 

V. COMPENSATION 

The experiment will take approximately 1 hour. For participation in the project, vou will 
receive a single-use camera. 

VI. FREEDOM TO WITHDRAW 

If after reading and becoming familiar with the project, you decide not to participate, you 
may withdraw at any time without penalty. 
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Vil. APPROVAL OF THIS RESEARCH 

This research project has been approved, as required, by the Institutional Review Board for 
projects involving human subjects at Virginia Polytechnic Institute and State University, the 
human subjects review of the Department of Industrial and Systems Engineering, and 
Eastman Kodak Company. 

VIII. SUBJECT’S RESPONSIBILITIES AND PERMISSION 

Y our participation in this study is greatly appreciated. Please sign below to indicate that 
you agree to the following statement: 

I have read and understood the instructions for this study. I know of no reason I cannot 
participate. I have had all my questions answered and I hereby acknowledge the above and 
give my voluntary consent for participation in this project. 

If I participate, I may withdraw at any time without penalty. 

    
(Name - printed) (Signature) (Date) 

Please complete the information below if you would like to receive a summary of the 
results when the project is completed. 

  

(Address) 

  

(City, State, Zip Code) 

If | have any questions about this research or its conduct, please contact: 

Cathlyn Y. Wen (540) 231-9091 
Principal Investigator, Displays and Controls Laboratory 
Industrial and Systems Engineering Department 

Robert J. Beaton (540) 231-8748 
Faculty Advisor, Displays and Controls Laboratory 
Industrial and Systems Engineering Department 

Ernest R. Stout (540) 231-9359 
Chair, Institutional Review Board 
Research Division
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Participant: 

Date: 

BIOGRAPHICAL FORM 

Name: 
  

Hospital: 
  

Please answer the following questions to the best of your knowledge: 

1) When reading radiographs, do you wear corrective lenses? 

No Glasses Contacts 

2) Are you a board-certified radiologist? Yes No 

3) How long have you been a radiologist (in years)? 

4) Do you have a specialty area? Yes No 

If so, what is it? 
  

5) About how many chest radiographs do you read per week ? 

6) Do you read digitized images that have been compressed? 
(1.e., teleradiology) 

Yes No 
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PARTICIPANTS' INSTRUCTIONS 

Thank you for volunteering to participate in this experiment. The purpose of this 

experiment is to examine the effects of compression ratio and compression technique on 

chest images. There are two parts to this experiment. In part 1, you will be asked to make 

a diagnosis and judgment on chest images. In part 2, you will be asked to make judgments 

of image quality and acceptability for diagnosis using rating scales. Prior to each part, you 

will be given brief training on the experimental procedure. Do you have any questions? 

Before we continue, please read over this informed consent form which states in 

writing what I just told you about the experiment, what nghts you have as a participant, 

and who to contact if you have any questions after the experiment is completed. 

[Allow participant to read and sign informed consent form. Give participant a 

copy. ] 

Now I would like to give you this biographical information form which will tell me 

the amount of experience you have as a radiologist and information about your vision. 

[Allow participant to fill out biographical information form.] 

[Present Part 1 - diagnostic task data sheet. ] 

Seven-point rating scales will be used extensively throughout this experiment. 

When you make your ratings, please pay careful attention to the anchor descriptions on 

three points across the scale. Imagine that this is a continuous scale and that you can make 

a rating anywhere along the scale. Please circle the number that would be closest to how 

you would rate the image. Also, make your ratings according to the relative differences 

along the scale -- if there is a large difference in rating between images, there should be a 

large difference in rating along the scale and if there is a small difference in rating between 

images, there should be a small difference in rating along the scale. Two images can be 

rated the same if there is no difference in rating between them.



wenn ennn nnn PART 1 --- nnnnnnnnnnnnnnne   

Part 1 of the experiment is a diagnostic task. I will present you with one of six images 

varying in compression technique and compression ratio, and you will use these rating 

scales to answer questions. After you make your ratings, please give me your diagnosis on 

the patient and state your reasons for the ratings you gave. There will be one data sheet for 

each image. 

[Go through a Part 1 trial with the practice image. State that average density is not to be 

used as a criteria for Question 3. ] 

Do you have any questions? Good. We can now begin. Remember to imagine that this is 

a continuous scale in which you could make a rating anywhere along the scale, but you are 

rounding to the nearest number. Also, if there is a large difference between the images, 

then there should be a large difference in ratings. 

[Present chest images in the predetermined order. ] 
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nnn n nanan nena nnn nnn ---- PART 2 wenennnnn==- -- es     

In Part 2 of this experiment, you will compare two chest radiographs at a time, based on 

two factors - judgment of image quality and judgment of acceptability. I will give you a 

standard uncompressed image and you will rate the second compressed image. As you 

make your ratings, examine the entire lung area or areas in the chest which would be 

important in making a diagnosis. Try to be as objective as possible when rating each pair 

of images. Again, you will be using continuous scales to rate the images and I want you to 

circle the number that 1s closest to your rating. 

[Go through Part 2 trial with the practice image. State that average density 1s not to be used 

as a criteria for judging image quality. ] 

Do you have any questions? Remember to imagine that this is a continuous scale in which 

you could make a rating anywhere along the scale, but you are rounding to the nearest 

number, and that if there is a large difference between the images, there should be a large 

difference in ratings. 

[Present chest images in the predetermined order. Allow for rest breaks in between image 

sets. | 

We are done with the experiment. Thank you for participating. 

[Give him/her a single-use camera. ] 
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PART 1 - EVALUATION OF DIAGNOSTIC QUALITY OF CHEST IMAGES 

la) Please rate the presence of lung disease in this image 

  

1 2 3 4 5 6 7 

No Possible Definite 
Presence of Presence of Presence of 
Lung Disease Lung Disease Lung Disease 

1b) Please rate the confidence of your judgment of lung disease presence 
in this image 

  

1 2 3 4 5 6 7 

Not Moderately Very 
Confident Confident Confident 
AtAll 

2a) Please rate the severity of lung disease in this image 

  

1 2 3 4 5 6 7 

Not Moderately Very 
Severe Severe Severe 

AtAll 

2b) Please rate the confidence of your judgment of severity in this image 

  

1 2 3 4 5 6 7 

Not Moderately Very 
Confident Confident Confident 
AtAll 

3) Please rate the difficulty of making a diagnosis on this image due to 
degradation in the image 

  

1 2 3 4 5 6 7 

Not Moderately Very 
Difficult Difficult Difficult 
AtAll
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Part 2 - EVALUATION OF COMPRESSION TECHNIQUE AND 
COMPRESSION RATIO OF CHEST IMAGES 

1) Compared to the uncompressed image, the image quality of the 
compressed image is 

  -3 -2 -1 0 +] +2 +3 

Worse Same Better 

2) Please rate the acceptability of the compressed image for diagnosis 

  1 2 3 4 5 6 7 

Not Possibly Definitely 
Acceptable Acceptable Acceptable 
AtAll
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PART TWO TREATMENT PRESENTATION ORDERS 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Image A |T10 T4 Ti T2 T12 TS T9 T6 T3 Till T8 T7 

Image B | T9 T2 1T10 TS T4 T8 T3 %T12 TO Tl (Till T7 

Ri |ImageC | T3 T9 TS T8 4T2 Til2 T6 T10 Tl %T4 Til T7 

Image D|] T8 TI T4 T3 jT6 TT? TS T10 T2 T12 Tt Til 

Image E T2 TS T6 T3 T8 Tl T4 1Tl12 T10 T9 Till T7 

Image F| T6 TO T2 T8 T12 TS TF T4 T1 Ti0 Till T3 

Image A | T3 T6 T2 T12 TS5 T9 T10 T4 T1 Till TT T8 

Image B |} T9 T3 T7 T8 T4 1T10 T2 T6 Ti TS Till T12 

R2|ImageC}]T2 TS T6 T3 T8 Tl Tll T9 T4 T10 TT T12 

Image D| T6 T10 T8 T3 T2 T4 T7 T12 T9 TS T1 Till 

Image E| T6 TS T2 T9 T12 TT T4 T3 Tl %1T10 (1T8 Til 

Image F| T9 T3 T1 %Tll T6 T4 TS T2 T10 T8 T7 T12 

Image A| T2 T6 T3 T4 T1 TS T10 T9 TT? T12 TS Til 

Image B] TS5 T1 Till T2 T12 T9 T4 T7 T6 T10 T8 T3 

R3 | Image C | T3 T8 TS T4 1T10 T1 T7 Till T9 T6 T2 Til2 

Image D|T3 T9 TS T6 T10 Tl T2 Till T8 T7 Ti12 T4 

Image E| T6 Tl TS T8 %T2 Till T4 TY T7 %1T12 T10 T3 

Image F | T7 T6 T10 T3 T4 TY T1 Till T5 T8& T2 Ti2 

Image A |}T10 T3 T2 T7 T4 TS T1 T6 Ti2 T8 TY Til 

Image B | T7 T9 TS T6 T2 T10 T8 T4 Tl %YT12 Till T3 

R4 |ImageC | T3 T7 %T8 j(T2 T10 T9 T4 T12 TS T6 T1 #xTiil 

Image D| T5 T3 j%T4 Tl T2 T10 TY Til T7 T8 Tl2 T6 

Image E|}T10 T8 TS TS TF T6 T1 T3 Til T4 T2 T12 

Image F| T9 T8 T7 T4 1T10 Til T6 TS T3 Tli T2 Ti12 

Image A| T6 T8 T3 TS T4 TF T9 T10 Tl T2 Till T12 

Image B | T1 Tit T2 T12 T7 TS T10 T8 T3 TOY T4 T6 

RS5 |ImageC | T4 T2 T10 T8 T3 TS T6 T1 TO Thl T7 Tl2 

Image D| T1 T8 T3 T9 T2 TS T7 1T12 T6 Tli T4 T10 

Image E} T3 TS T6 Tl TY (Tll TT %T2 j%|T8 T10 Ti2 T4 

Image F} T2 Ti T8 T6 Till T4 T7 T3 %1T12 T10 TS TY 

Image A | T6 Til T10 T12 T7 T9 T4 T2 TS Til T8 T3 

Image B | T9 T3 %T7 T10 T6 T8 TS Til T12 T2 Tl T4 

R6|ImageC | T3 T2 T8 T12 T9 1T10 T4 Ti Till To T5 T7 

Image D| Tl T3 T4 TT? T8 T6 TY T2 j(Tl12 T10 TS Till 

Image E|T11 T2 T4 T8 1T10 T12 T9 T6 T1 TS T3 T7 

Image F| T3 T9 T4 T8 Till T12 T7 TS T6 T2 1T10 Tl 

Image A |T1L T2 T7 Til TY TS T8 T6 T12 T4 T3 T10 

Image B | T6 TS T3 TV TY Till T1 T2 T12 T4 1T10 T8 

R7 |ImageC | T2 TIO T3 T12 T8 T4 T9Y T7 T6 Ti TS Til 

Image D | T3 Til Tl T7 T4 T9 T12 T8 T2 T6 T5 T10 

Image EF | T6 TS 1T10 T3 T2 T4 Tll T8 Ti TI T12 T7 

Image F| T5 Tl1 T8 T4 T3 %T7 T6E T2 T12 T9 T10 T1     
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PART TWO TREATMENT PRESENTATION ORDERS (continued) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

      
  

  

  

  

  

Image A} T1 T3 T8 T10 T4 T9 T7 Till T6 T2 TS Ti2 

Image B | T9 TS Tl T12 T4 1T3 j%T7 1T10 Till T6 T2 T8 

R8 | ImageC | T7 T1l T6 T12 T2 TS T1l TS 1T10 T4 T3 T8 

Image D | T7 T10 T12 T6 T3 T4 T8 TS Ti T2 TY Til 

Image E|] T5 TO T3 Till T10 Ti T4 T9 T8 T2 %T7 Ti2 

Image F} T6 T7 T8 TY T2 1T3 %1T12 T10 T1l T4 T1 TS 

Image A |}T12 T3 T10 T9 TS T8 T1 T7 T6 T4 T2 Til 

Image B |} T12 Tl1l1 T2 T9 TS TE T4 T3 TS TT 1T10 Tl 

R9 |ImageC }|]T6 T2 T7 T8 TS TOY Till T3 T4 1410 T1 Ti2 

Image D | T3 T10 TS T7 T6 Til T12 T2 T4 Tt T8 T9 

Image E]| T3 TS T10 T4 T7 1T1 %Til2 T8 T6e TI Til T2 

Image F| T7 T5 Tl1l T2 TY T10O T8 Ti T12 T4 T6 T3 

Image A} T4 T12 T8 T7 T3 %T1 %TY9 TS T10 T2 T6 Til 

Image B | T4 TS T2 TY T6 1T10 T1l T1 %1T12 T3 %T7 T8 

R10{ Image C ] T8 T10 T6 TO T1 (Tli TS T2 T4 T7 1T1l2 T3 

Image D | T8 T7 TS Til T6 1T10 T1 T2 T3 (TY T4 Til2 

Image E | T6 T2 110 T12 T8 TS T4 T1 %T7 TOY Til T3 

Image F|] Tl T8 T7 TS T3 T4 T6 Till T9 T2 1T12 1T10 

Image A}T10 T9 TS T8 T7 Til Ti2 T2 T4 T3 Til tT6 

Image B | T4 T7? T8 TOY 1T10 T2 T3 T6 T12 TS Til Til 

R11] Image C | T9 T7 T8 %1T10 T3 Tll T12 T2 TS T4 T6 Ti 

Image D|T12 T8 T4 T3 TS Ti TY 1T10 T2 T6 Tii T7 

Image E |] T8 T2 T3 TS Till T9 T6 T10 T1 T7 1T12 T4 

Image F{T3 T4 T1 Till T10 T12 TS T2 T9 TE TB T7 

Image A |T12 T7 Tli T3 T1 T8& TY TS T4 T6 T10 T2 

Image B | T2 TS T3 T4 T9 1T12 T6 T8 T7 1T10 T1 Til 

R12] Image C | T4 T1 j%T12 T6 T3 Tll T8 TS T7 T2 1T10 T9Y 

Image D | T1 T10 T3 T6 TS T4 T8 Til T12 T7 T2 T9Y 

Image E| T4 T6 T12 TS T8 Till T3 j%T7 1T10 T1l TY T2 

Image F|} T5 T2 T10 T8 T3 Till To T4 T7 T9 T12 T1 

KEY: 

JPEG Wavelet 

Compression Ratio Treatment Compression Ratio Treatment 

8:1 1 8:1 3 
16:1 2 16:1 5 
24:1 4 24:1 7 

32:1 6 32:1 11 

44:1 9 44:1 12 
48:1 10 48:1 8           
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