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Abstract

The substitution of digital representations for analog images provides access to methods for digital storage and
transmission and enables the use of a variety of digital image processing techniques, including enhancement and
computer assisted screening and diagnosis. Lossy compression can further improve the efficiency of transmission and
storage and can facilitate subsequent image processing. Both digitization (or digital acquisition) and lossy compression
alter an image from its traditional form, and hence it becomes important that any such alteration be shown to improve or
at least not damage the utility of the image in a screening or diagnostic application. One approach to demonstrating in
a quantifiable manner that a specific image mode is at least equal to another is by clinical experiment simulating ordinary
practice and suitable statistical analysis. In this paper we describe a general protocol for performing such a verification
and present preliminary results of a specific experiment designed to show that 12 bpp digital mammograms compressed
in a lossy fashion to 0.015 bpp using an embedded wavelet coding scheme result in no significant differences from the
analog or digital originals. © 1997 Elsevier Science B.V.

Zusammenfassung

Die Ersetzung analoger Bilder durch digitale Darstellungen erlaubt eine digitale Speicherung und Ubertragung sowie
den Einsatz einer Vielzahl von Methoden der digitalen Bildverarbeitung, z.B. zur Verbesserung der Bildqualitit und zum
computerunterstitzten Screening bzw. zur computerunterstiitzten Diagnose. Eine verlustbehaftete Kompression kann
die Effizienz der Ubertragung oder Speicherung weiter steigern und eine nachfolgende Bildverarbeitung erleichtern.
Sowohl die Digitalisierung (oder digitale Aufnahme) als auch die verlustbehaftete Kompression dndern ein Bild beziiglich
seiner urspriinglichen Form. Deswegen ist es wichtig, zu zeigen daB eine solche Veranderung die Niitzlichkeit des
Bildes bei Screening- oder diagnostischen Anwendungen steigert oder wenigstens nicht beeintrachtigt. Eine Moglichkeit,
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auf quantifizierbare Weise zu zeigen, daB eine bestimmte Bilddarstellung einer anderen zumindest dquivalent ist, ist
ein die gewdhnliche Praxis simulierendes klinisches Experiment und eine geeignete statistische Analyse. In diesem Artikel
beschreiben wir ein allgemeines Protokoll fiir die Durchfithrung einer solchen Verifikation. Wir prasentieren weiters
vorldufige Resultate eines spezifischen Experiments, welches zeigt, daB die verlustbehaftete Kompression digitaler
Mammogramme von 12 bpp auf 0.15 bpp mittels einer eingebetteten Wavelet-Codierung zu keinen signifikanten
Unterschieden von den analogen oder digitalen Originalen fiihrt. © 1997 Elsevier Science B.V.

Résume

La substitution d'images analogiques par des représentations numériques donne accés a des méthodes de stockage et
de transmission numériques, et permet I'utilisation d’une grande variété de techniques de traitement d’images, incluant le
rehaussement, les tests de dépistage assisté ordinateur et le diagnostic. La compression avec pertes peut encore améliorer
lefficacité de la transmission et du stockage, et peut faciliter le traitement ultérieur des images. La numérisation et la
compression avec pertes altérant toutes deux une image par rapport a sa forme traditionnelle, il devient important de
montrer qu'une telle altération améliore, ou du moins ne réduit pas, 'utilit¢ de I'image dans un screening ou une
application de diagnostic. Une approche pour démontrer d’'une maniére quantifiable qu'un mode d’image spécifique est
au moins égal a un autre est 'expérimentation clinique simulant la pratique ordinaire jointe 4 une analyse statistique
adaptée. Dans cet article, nous décrivons un protocole général pour effectuer une telle vérification et présentons les
résultats préliminaires d'une expérience faite pour montrer que des mamogrammes numérisés a 12 bpp et comprimés
avec pertes a 0.15bpp a l'aide d’une technique de codage par ondelettes incluses ne présentent pas de différences

significatives par rapport aux versions originales analogique ou numérique. © 1997 Elsevier Science B.V.
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1. Introduction

X-ray mammography is the most sensitive tech-
nique for detecting breast cancer [2], with a re-
ported sensitivity of 85-95% for detecting small
lesions. Most non-invasive ductal carcinomas, or
DCIS, are characterized by tiny non-palpable calci-
fications detected at screening mammography
[16, 25, 46]. Traditional mammography is essen-
tially analog photography using X-rays in place of
light and analog film for display. For a variety of
reasons, digital technologies are likely to change
and eventually replace most of the existing analog
methods. The digital format is required for access
to modern digital storage, transmission, and digital
computer processing. Hardcopy films use valuable
hospital space and are prone to loss and damage,
which undermine the ability of radiologists to carry
out comparisons with subsequent studies. Images
in analog format are not easily distributed to mul-
tiple sites, either in-hospital or off-site. Currently
only 30% of women get regular mammograms, and
the storage problems will be compounded if this
number increases with better education or wider
insurance coverage. Digital image processing pro-

vides the possibilities for easy image retrieval, effi-
cient storage, rapid image transmission for off-site
diagnoses, and the maintenance of large banks for
purposes of teaching and research. It allows filter-
ing, enhancement, classification, and combining
images obtained from different modalities, all of
which can assist screening, diagnosis, research, and
treatment. Retrospective studies of interval cancers
(carcinomas detected in the time intervals between
mammographic screenings which were interpreted
as normal) show that observer error can comprise
up to 10% of such cancers. That is to say, carci-
nomas present on the screening mammograms
were missed by the radiologist because of fatigue,
misinterpretation, distraction, obscuration by
a dense breast, or other reasons [18, 24, 32]. To
this end, schemes for computer-aided diagnosis
(CAD) may assist the radiologist in the detection
of clustered micro-calcifications and masses
[10,27,28,37,56]. Virtually all existing CAD
schemes require images in digital format.

To take advantage of digital technologies, either
analog signals such as X-rays must be converted
into a digital format, or the signals must be directly
acquired in digital form. Digitization of an analog
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signal causes a loss of information and hence a pos-
sible deterioration of the signal. In addition, with
the increasing accuracy and resolution of analog-
to-digital converters, the quantities of digital in-
formation produced can overwhelm available re-
sources. A typical digitized mammogram with
4500 x 3200 picture elements (pixels) with 50 um
spot size and 12 bit per pixel depth requires ap-
proximately 38 Mbytes of data. Complete studies
can easily require unacceptably long transmission
times through crowded digital networks and can
cause serious data management problems in local
disk storage. Advances in technologies for trans-
mission and storage do not solve the problem. In
recent years these improvements on the Internet
have been swamped by the growing volume of data.
Even with an ISDN line, a single X-ray can take
several minutes for transmission. Compression is
desirable and often essential for efficiency of storage
and communication. The overall goal is to repres-
ent an image with the smallest possible number of
bits, or to achieve the best possible fidelity for an
available communication or storage bit rate capa-
city.

A digital compression system typically consists
of a signal decomposition such as Fourier or
wavelet, a quantization operation on the coeffi-
cients, and finally lossless or entropy coding such as
Huffman or arithmetic coding. Decompression re-
verses the above process; although if quantization
is used, the system will be lossy because quantiz-
ation is only approximately reversible. Theory and
experience argue that good compression can be
designed by focusing separately on each individual
operation, though simpler implementations may be
obtained by combining some operations. Lossless
coding is well understood, readily available [47],
and typically yields compression ratios of 2:1 to
3:1 on still frame greyscale medical images. This
modest compression is often inadequate. Lossy
coding does not permit perfect reconstruction of
the original image but can provide excellent quality
at a fraction of the bit rate [9, 26, 29, 31, 40]. The
bit rate of a compression system is the average
number of bits produced by the encoder for each
image pixel. If the original image has 12 bits per
pixel (bpp) and the compression algorithm has rate
R bpp, then the compression ratio is 12:R. Com-

pression ratios must be interpreted with care as
they depend crucially on the image type, original
bit rate, sampling density, how much background is
in the image, and how much coding of the back-
ground figures into the calculation.

Early studies of lossy compressed medical images
performed compression using variations on the
standard discrete cosine transform (DCT) coding
algorithm combined with scalar quantization and
loseless (typically Huffmann and run-length) cod-
ing. These are variations of the international stan-
dard Joint Photographic Experts Group (JPEG)
compression algorithm [36, 51]. The standard per-
mits a user-specified quantization table that de-
scribes the uniform quantizers used to quantize the
transform coefficients. Although the standard sug-
gests specific values, performance can be improved
by customizing these tables for a specific application.
The American College of Radiology—National Elec-
trical Manufacturers Association (ACR-NEMA)
standard [6] has not yet firmly recommended
a specific compression scheme, but transform cod-
ing methods are suggested. These algorithms are
well understood and have been tuned to provide
good performance in many applications.

More recent studies of efficient lossy image com-
pression algorithms have used subband or wavelet
decompositions combined with scalar or vector
quantization [3, 30, 38, 39, 41,42, 49, 55]. These
signal decompositions provide several improve-
ments, including better concentration of energy,
better decorrelation for a wider class of signals,
better basis functions for images than the smoothly
oscillating sinusoids of Fourier analysis because of
diminished Gibbs and edge effects and better locali-
zation in both time and frequency. Because of their
sliding-block operation using 2-dimensional linear
filters, they do not produce blocking artifacts (al-
though other artifacts arise at low rates).

Since lossy coding can degrade the quality of an
image, making precise the notion of ‘excellent qual-
ity’ of a compressed or processed image is a serious
issue. Analog mammography remains the gold
standard against which all other imaging modali-
ties can be judged. In a medical application it does
not suffice for an image to simply ‘look good’ or to
have a high signal-to-noise ratio (SNR), nor should
one necessarily require that original and processed
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images be visually indistinguishable. Rather it must
be convincingly demonstrated that essential in-
formation has not been lost and that the processed
image is at least of equal utility for diagnosis or
screening as the original. Image quality is typically
quantified objectively by average distortion or
SNR, and subjectively by statistical analyses of
viewers’ scores on quality (e.g., analysis of variance
(ANOVA) and receiver operating characteristic
(ROCQ) curves). Examples of such approaches may
be found in [4, 7, 20, 29, 31, 40, 53].

ROC analysis is the dominant technique for
evaluating the suitability of radiologic techniques
for real applications [23, 33, 34, 48]. Its origins are
in the theory of signal detection: a filtered version of
signal plus Gaussian noise is sampled and com-
pared to a threshold. If the threshold is exceeded,
then the signal is said to be there. As the threshold
varies, the probability of erroneously declaring
a signal absent and the probability of erroneously
declaring a signal there when it is not vary too, and
in opposite directions. The plotted curve is a sum-
mary of the tradeoff in these two quantities; more
precisely, it is plot of true positive rate or sensitivity
against false positive rate, the complement of speci-
ficity. Summary statistics, such as the area under
the curve, can be used to summarize overall quality.
In typical implementations, radiologists or other
users are asked to assign integer confidence ratings
to their diagnoses, and thresholds in these ratings
are used in computing the curves.

We have argued in our previously cited refer-
ences (summarized in Section 2} that traditional
ROC analysis violates several reasonable guide-
lines for designing experiments to measure quality
and utility in medical images because of the use of
artificial confidence ratings as thresholds in a bi-
nary detection problem and because of the statist-
ical assumptions of Gaussian or Poisson behavior.
In addition, traditional ROC analysis is not well
suited to the study of the accuracy of detection and
location when a variety of abnormalities are pos-
sible. Although extensions of ROC designed to
handle location and multiple lesions have been
proposed [8, 45], they inherit many of the more
fundamental problems of the approach and are not
widely used. Traditional ROC analysis also does
not come equipped to distinguish among the

various possible notions of ‘ground truth’ or ‘gold
standard’ in clinical experiments.

During the past decade our group at Stanford
University has worked to develop an alternative
approach to evaluating the diagnostic accuracy of
lossy compressed medical images (or any digitally
processed medical images) that mimics ordinary
clinical practice as closely as is reasonably possible,
does not require special training or artificial subjec-
tive evaluations, applies naturally to the detection
of multiple abnormalities and to measurement
tasks, and requires no assumptions of Gaussian
behavior of crucial data. While some departures
from ordinary practice are necessary and some
additional information may be gathered because it
is of potential interest, the essential goal remains
the imitation of ordinary practice and the drawing
of diagnostic conclusions based only on diagnostic
simulations. The methods are developed in detail
for CT and MR images [12—15, 35]. Extensions to
digital mammography were described in [21, 22],
and preliminary results for a pilot study are de-
scribed in [1] (a reprint of which can be found at the
World Wide Web site [44]). This paper expands on
the description, discussion, and data analysis of the
results of [1]. In particular, we here emphasize the
lossy compression performance using both tradi-
tional engineering methods of image quality and
the diagnostic accuracy measurement approach.

2. Methods

2.1. Study design

The general methods used are extensions to
digital mammography and elaborations of tech-
niques developed for CT and MR images by our
group and reported in [12-15, 35], where all de-
tails regarding the data, compression code design,
clinical simulation protocols, and statistical ana-
lyses may be found. We here describe extensions
[1,21,22] of these methods to digital mammo-
graphy. Further results are available in the Final
Project Report (available at [44]) and other papers in
progress. The design of the proposed mammogram
evaluation study incorporates elements from both the
CT and MR studies, as well as many new aspects.



S.M. Perlmutter et al. [ Signal Processing 59 (1997) 189-210 193

The following general principles for protocol de-
sign have evolved from our earlier work. Although
they may appear self-evident in hindsight, they pro-
vide a useful context for evaluating protocols for
judging image quality in medical imaging applica-
tions and they represent an accumulation of over
eight years of discussion and experience among
electrical engineers, statisticians, radiologists, and
medical physicists. The protocol should simulate
ordinary clinical practice as closely as possible. In
particular, participating radiologists (judges, ob-
servers) should perform in a manner that mimics
their ordinary practice as closely as reasonably pos-
sible given the constraints of good experimental
design. The studies should require little or no
special training of their clinical participants. The
clinical studies include examples of images contain-
ing the full range of possible findings, all but ex-
tremely rare conditions. The findings should be
reportable using a subset of the American College of
Radiology (ACR) Standardized Lexicon. Any stand-
ardized nomenclature would do. Statistical ana-
lyses of the trial outcomes should be based on
assumptions as to the outcomes and sources of error
that are faithful to the clinical scenario and tasks.
‘Gold standards’ for evaluation of equivalence or
superiority of algorithms must be clearly defined and
consistent with experimental hypotheses. Careful ex-
perimental design should eliminate or minimize any
sources of bias in the data that are due to differences
between the experimental situation and ordinary
clinical practice, e.g., learning effects that might
accrue if a similar image is seen using separate
imaging modalities. The number of patients should
be sufficient to ensure satisfactory size and power
for the principal statistical tests of interest.

The ROC assumptions and approach generally
differ from clinical practice. Digitization of an ana-
log image and lossy compression are not equivalent
to the addition of signal-independent noise. Radi-
ologists are not threshold detectors. Using ROC
curves to compare computer aided diagnosis
(CAD) schemes is appropriate because such
schemes almost always depend on a threshold, al-
beit in a possibly complicated way. No hard evid-
ence exists, however, to support the contention that
human radiologists behave in this way and, even if
they did, that the ROC method of asking them for

confidence ratings to interpret as thresholds in fact
measures whatever internal threshold they might
have. We believe this to be a fundamental flaw in
using ROC curves to draw conclusions about qual-
ity comparisons among radiologists or among im-
ages read by radiologists. Because of the need for
confidence ratings, the traditional ROC approach
requires special training to familiarize a radiologist
with the rating system. On the statistical side, im-
age data are not well modeled as known signals in
Gaussian noise, and hence methods that rely on
Gaussian assumptions are suspect. This is parti-
cularly true when Gaussian approximations are
invoked to compute statistical size and power on
a data set clearly too small to justify such approxi-
mations. Modern computer-intensive statistical
sample reuse techniques can help get around the
failures of Gaussian assumptions, but this does not
address the more fundamental issues.

Traditional ROC methods are not location spe-
cific, and if an actual lesion is missed, a diagnosis
can be considered correct if an incorrect lesion is
spotted elsewhere. Extensions of ROC have been
extended to address this [45], but the method is
cumbersome and inherits the remaining faults of
ROC. For clinical studies that involve other than
binary tasks, specificity does not make sense be-
cause it has no natural or sensible denominator as
it is not possible to say how many abnormalities
are absent. This can be done for a truly binary
diagnostic task for if the image is normal then
exactly one abnormality is absent. Previous studies
were able to use ROC analysis by focusing on
detection tasks which were either truly binary or
could be rendered binary. Extensions of ROC such
as FROC to permit consideration of multiple ab-
normalities have been developed [8], but these still
require the use of confidence ratings as well as
Gaussian or Poisson assumptions on the data In
our view they attempt to fit the method (ROC
analysis) to chinical practice in an artificial way,
rather than trying to develop more natural
methods for measuring how well radiologists per-
form ordinary clinical functions on competing im-
age modalities.

Traditional ROC analysis has no natural exten-
sion to problems of estimation or regression in-
stead of detection. For example, measurement
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plays an important role in some diagnostic applica-
tions and there is no ROC analysis for measure-
ment error.

Lastly, traditional ROC applications have often
been lax in clarifying the ‘gold standard’ used to
determine when decisions are ‘correct’, when in fact
a variety of gold standards are possible, each with
its own uses and shortcomings. We focus on three
definitions of diagnostic truth as a basis of com-
parison for the diagnoses on all lossy reproductions
of that image. These are:

Personal: Each judge’s readings on an original
analog image are used as the gold standard for the
readings of that same judge on the digitized version
of that same image,

Independent: formed by the agreement of the
members of an independent expert panel, and

Separate: produced by the results of further
imaging studies (including ultrasound, spot and
magnification mammogram studies), surgical bi-
opsy, and autopsy.

The first two gold standards are usually estab-
lished using the analog original films. As a result,
they are extremely biased in favor of the established
modality, i.e., the original analog film. Thus statist-
ical analysis arguing that a new modality is equal to
or better than the established modality will be
conservative since the original modality is used to
established ‘ground truth’. The personal gold stan-
dard is in fact hopelessly biased in favor of the
analog films. It is impossible for the personal gold
standard to be used to show that digital images are
better than analog ones. If there is any component
of noise in the diagnostic decision, the digital im-
ages cannot even be found equal to analog. The
personal gold standard is often useful, however, for
giving some indication of the diagnostic consist-
ency of an individual judge. The independent gold
standard is also biased in favor of the analog im-
ages, but not hopelessly so, as it is at least possible
for the readings of an individual judge on either the
digital or analog images to differ from the analog
gold standard provided by the independent panel.
If the independent panel cannot agree on a film, the
film could be removed from the study; but this
would forfeit potentially valuable information re-
garding difficult images. By suitable gathering of
data, one can instead define several possible inde-

Table 1
Data test set: 57 studies, 4 views per study

6 Benign mass

6 Benign calcifications

5 Malignant mass

6 Malignant calcifications

3 Malignant combination of mass and calcifications
3 Benign combination of mass and calcifications
4 Breast edema

4 Malignant architectural distortion

2 Malignant focal asymmetry

3 Benign asymmetric density

15 Normals

pendent gold standards and report the statistics
with respect to each. In particular, a cautious gold
standard declares a finding if any of the panel do so.
An alternative is that the panel designates a chair to
make a final decision when there is disagreement.

Whenever a believable separate gold standard is
available, it provides a more fair gold standard
against which both old (analog) and new (digital,
compressed digital) images can be compared. In
future work we plan to use histologic data and
long-term followup to establish a separate gold
standard.

Our image database was generated in the De-
partment of Radiology of the University of Virginia
School of Medicine and is summarized in Table 1.
The studies were digitized using a Lumisys Lumis-
can 150 at 12 bpp with a spot size of 50 um. Good
quality directly acquired digital mammograms
were not yet available when the experiment was
begun, so digitized mammograms were used. The
films were printed using a Kodak 2180 X-ray film
printer, a 79 um 12 bit greyscale printer which
writes with a laser diode of 680 nm bandwidth. The
57 studies included a variety of normal images and
images containing benign and malignant objects.
We have corroborative biopsy information on at
least 31 of the test subjects, which will later be used
for a separate gold standard.

2.2. Experimental protocol

Images were viewed on hardcopy film on an
alternator by judges in a manner that simulates






