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Il faut pourtan? saisir l'utopie, lui imposer le joug du réel et l’encadrer
dans le fait. L’idée abstraite doit se transformer en idée concréte; ce qu’elle

perd en beauté, elle le regagne en utilité; elle est moindre mais meilleure.

Quatre-vingt-treize, Victor Hugo.
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Abstract

For the digitized radiograph to be widely accepted by the medical community. they
must at least equal the quality of conventional radiographs and if possible exceed it. The
object of this thesis is to investigate methods for improving the quality of the perccived
digitized radiograph. The approach is to propose different enhancements at different

phases of the reading process:

fa—y

. global enhancements for the “gestalt” view,

3]

. adaptive global enhancements for focussing on specific large anatomical features,

[

. local enhancements for scrutiny on localized pathological features.

This work concentrates on chest radiographs as these are the most difficult to image.
Results of user evaluation trials on the appearance of enhanced images are presented for
the three phases of the reading process and allow to identify potentially useful transfor-
mations.

A new context-dependent technique is also proposed and called Parametric Histogram
Specification. It consists in matching the histogram of a given poor quality image to that
of an image which has been rated of good quality without altering the anatomical and

pathological characteristics of the poor quality image.
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Chapter 1

Introduction

The use of digitized radiographs has been stimulated by the advent of Picture Archiving
and Communication Systems (PACS) in hospitals [HEDGE, 86}, [NOSIL, 88). PACS
acquire digital images store them as part of 2 multimedia file, transmit them to remote
areas and present them on Cathode Ray Tubes (CRT).

For digitized radiographs to be widely accepted by the medical community, they must
be of diagnostic quality. This implies that their quality needs to be at least equal the
quality of conventional radiographs and if possible to exceed it. This is particularly
essential in the case of chest radiographs which are the most frequent images in radiology
and which are also difficult to image optimally because of the complexity of the human
chest [JOHNSON, 85]. It is implicit that if digitized chest radiographs are accepted
by radiologists and physicians, presumably along with necessary digital manipulations,
digitized radiographs which image any other part of the body will also be accepted, and
the manipulations for an acceptable digital representation will be derived easily.

In evaluating the quality of a digitized chest radiograph, two important parameters
are the spatial resolution and the contrast resolution. Spatial resolution is related to the
ability to discriminate fine details in the field of view. Contrast resolution refers to the
smallest noticeable difference in luminance between a small object and its background.

The jury is still out on the minimum spatial resolution required for diagnostic quality. The



results given in the literature range from 1000 to 4000 for a standard chest radiograph
with 10 to 12 bits for contrast. An important practical consideration is the cost and
availability of technology which at present implies the use of displays with 1000 lines of
resolution and 8 bits of contrast. However, these technical limitations can be overcome
by the potential for digital imaging systems to manipulate image data. In particular,
the diagnostic value of digitized chest radiographs can be improved by applying various
techniques which can enhance the overall picture appearance and which can bring out
diagnostically relevant features.

Many techniques have been proposed to enhance digitized chest radiographs. The first
class of enhancements proposed in the literature include spatial smoothing, grey-scale
transformations and edge enhancement [COCKLIN, 83]. We refer to these techniques as
contezt-free as the same process is performed to each pixel in the image independently
of the spatial coordinates. Because they do not adapt to the local context on the image,
their results are often disappointing [MCADAMS, 86]. Some alternatives are enhance-
ment techniques where the transformations vary depending upon the local statistics in
the image. We refer to these techniques as contezt-sensilive, examples are Regionally adap-
tive histogram equalization [SHERRIER, 87] and Adaptive filtration [MCADAMS, 87]. In
the former technique, histograms are calculated locally and then meodified according to
statistical values of that region. In the latter technique, the histogram of the image is
used to determine the regions in which an adapted edge enhancement operator is applied.

As image enhancement involves the improvement of visual quality, some form of sub-
jective cvaluation is often necessary. For this purpose, the radiologists and the physicians
are the best judges. One further consideration is the amount and degree of user control
required in the image enhancement process. The end goal would be a system capable of
responding automatically to the viewing requirements of radiologists and physicians.

Our research work is oriented towards automatic context-dependent enhancements.



The object of this thesis is to understand the viewing requirements involved in the review
of a chest radiograph and to determine the relevance of various enhancement techniques
to meet these requirements.

Our work is based on the three-phase procedure involved in viewing a radiograph:
(1) getting a global impression, (2) analysing the objects and the local features, and (3)
focussing attention on local image perturbations. To support these three different phases,
we propose three different type of enhancement procedures. The role of the first is to yield
an appropriate compromise or baseline image matched to the “gestalt” requirement. The
second enhancement is then invoked to aid in the analysis of local features. Finally local
enhancements are used to highlight local image perturbations. The relevance of these
enhancements is determined by subjective evaluation tests.

According to some results of these tests, we propose a new enhancement technique,
called Parametric Histogram Specification, which automatically improves the appearance
of “poor” quality images. Its basis first relies on the definition of a parametric model
characterizing the histogram of digitized chest radiographs. Then it specifies the final
parametrized model by combining some parameters of “good” quality chest images with
inherent parameters of the “poor” quality image.

This work was carried out in the context of the MUSIC (MUltimedia System for In-
tegrated Communications) project , a multi-disciplinary (network, multimedia, database,
image processing, user interface) research effort of the University of Ottawa Medical Com-
munications Centre.

The thesis is organized as follows. We first briefly present in Chapter 2 both the analog
and digital characteristics of chest radiography. In chapter 3, we review the enhancement
techniques which have been proposed in particular for chest images. Then, in chapter
4, we report on subjective evaluation trials for global enhancements and global adaptive

enhancements to support the two first phases involved in viewing a radiograph, as well as



on the applicability of various grey-level reversal transformations. This follows in chapter
5 with the report of subjective evaluation tests on local enhancements for the third phase
of the reviewing procedure. The new Parametric Histogram Specification technique is
presented n chapter 6. Finally, in chapter 7, we summarize the results of this work and

provide some suggestions for further investigations.



Chapter 2

Analog versus digital radiography:
case of the chest

2.1 Introduction

Radiographic examination of the chest are the most commonly performed examination
in hospitals. Nonetheless the challenges in attempting to image the chest are among the
greatest encountered in trying to image any part of the body. The major challenge in
producing a good chest radiograph is that an extremely wide range of information reaches
the image receptor.

Digital radiography arouses interest and research efforts which are motivated by the
development of PACS. It definitely has potential advantages to circumvert the problems
of producing a good chest radiograph.

In this chapter, we present the analog and digital radiographic modalities in the case
of the chest. After a brief insight on digital imaging in medicine, we report on chest
imaging and reviewing. We then give a short overview of conventional chest radiography,
followed by an introduction to digital chest radiography. As an example, we present the
digital radiographic system which has been used for this thesis. Finally, we propose a

three-phase enhancement task for digital chest radiograph reviewing.



2.2 Digital imaging in medicine

The radiograph was the first imaging modality to be introduced in medicine at the end
of the last century and it is still the most commonly used nowadays. In the 1470,
computed tomography (CT) marked the first widespread introduction of digital imaging
in the hospital. With the advent of powerful computers and the success of CT, other
digital imaging modalities have emerged such as ultrasound, nuclear medicine, digital
subtraction angiography (DSA) and magnetic resonance imaging (MRI).

In parallel, researchers started evaluating the potential for widespread use of computers
in the hospital considering their benefits in acquiring, storing, viewing and communicating
diagnostic images. This led to the concept of departmental picture archiving and com-
munication system (PACS) {HEDGE, 86], [NOSIL, 88]. For such systems to be complete
in their imaging functions, they have to include the traditional radiographic modality in
addition to the existing digital imaging techniques. This objective has stimulated the
interest for the digital conversion of traditional radiography. In particular, research work
has been focussed on digital radiograph acquisition techniques, on comparative studies of
diagnosis performances between analog and digital radiography, and on the use of iinage

processing techniques for image enhancement. Most of this work is related to the imaging

of the chest.

2.3 Chest imaging and reviewing

2.3.1 Chest imaging modalities

Chest radiographs are the most frequently performed examinations in lospitals: e.g. at
the Civic Hospital of Ottawa, they represent 48% of the total. For diseases of the chest,
the radiograph examination is by far the most important examination. Its ability to

reveal oth:arwise unsuspected and undetectable pathologic and physiologic alteration is



unquestioned. The postero-anterior (PA) view which is the standard frontal view, is
the basis for routine radiographic evaluation of the chest. Several PA views obtained at
diffcrent times are commonly used to evaluate the evolution of clinical problems. These
retrospect PA examinations sometimes reveal the presence of pathologies which were
missed at that time but which are obvious on the most recent PA. Supplementary views
are sometimes required to answer specific clinical questions. The lateral view is of value in
confirming or clarifying lesions perceived in the frontal projection. Tomograms, in which
only one plane of the chest is in focus, are occasionally helpful in separating abnormalities
from overlying obscuring structures. CT images have the same purpose and tend also to

replace the traditional tomograms.

2.3.2 Chest anatomy overview

In this section, some medical terminology is introduced which relates to the chest anatomy
as seen in a postero-anterior (PA) view of a chest . Our intention is to introduce the terms
which will be used in the subsequent development of this work.

The PA view is the standard frontal chest radiograph. PA indicates the direction the
x-rays travel going through the patient. Fig. 2.1 represents a PA chest view with its main
components: the lung field and the mediastinum.

From an anatomical viewpoint, the mediastinum is considered as a region lying be-
tween the right and the left lung. However it behaves more like a set of structures which
have almost the same radiodensity and merge into a homogeneous shadow superimposed
upon that of the spine in the PA projection. The trachea and the heart are part of the
mediastinal structures. In the PA projection, the lung field appears as a dark area striped
by the ribs and lightened by a bunch of vessels. The hilum is the irregular medial shadow
in each lung where the bronchi and pulmonary arteries enter. The thoracic cavity, con-

sisting of the lung field, the mediastinum and the spine is bounded in its lower part by



Figure 2.1: PA view of the chest

the diaphragm which marks the separation with the sub-diaphragm area.

Pathologies occurring in a chest may manifest themselves distinctly in the radiograph.
An example is consolidation where the lung area is filled with some abnormal material.
Air bronchograms make the trachea and the bronchi appear as air-filled tubular structures
and are sometimes accompanied by consolidation. Interstitial lung disease involves the
actual lung tissue as opposed to the air spaces and is a diffuse lung disease.

Other pathologies may result in signs which are more difficult to perceive. Nodules,
which are well-defined, dense, more or less round structures, may be small enough to be
missed or to raise doubts about their malignity. A preumothoraz which refers to free air in
the pleural space (the space surrounding the lungs and inside the body wall), sometimes
appears as a subtle line on the lung field. Its contrast with the background is not easy to

perceive. A lucency corresponds to an increase in blackness of an area in the radiograph.
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When occurring in the lungs, its visibility may not be clear [FORREST, 82].

2.3.3 What is a good chest radiograph?

The review of a chest radiograph may be impaired by the technical quality of the film.
An image will be of satisfactory quality if one can see through the mediastinum and
visualize pulmonary vascularity through the lungs [RAVIN, 83]. With an adequately
exposed film, one should just be able to visualize the vertebral bodies and intervertebral
disk spaces through the heart. The ability to do so suggests that the radiographic exposure
is sufficient to allow one to see lesions in the mediastinum as well as in the retrocardiac
and retrodiaphragmatic areas. If the vertebral bodies and intervertebral disk spaces are

well seen, it is likely that the film is overexposed and that the lung will appear black.

2.3.4 Chest radiograph reviewing

For the review, the radiographs are set up on viewboxes. The viewer, namely the radiol-
ogist or physician, first ensures that the film is technically adequate. The exact sequence
in which radiographs are reviewed may vary with the individual radiologist or physician.
A common habit though, is to start with areas which are of least importance such as the
peripheral areas (neck, shoulder, diaphragm), the bones and the soft tissues, and to end
with central critical structures such as the mediastinum, the heari and the lungs. Hence,
when reading the radiograph, the viewer follows a pathway. If this pathway is the same
for every radiograph, it makes easier the detection of perturbations which differ from the
usual.

Nodine and Kundel [NODINE, 87] have proposed a general model of visual search and
detection based upon measurements of the eye movements of radiclogists as they review
the radiograph. This model is presented in Fig. 2.2 and assumes that a search task has

been defined prior to viewing. The first look at the image provides a globzl impression



N/

GLOBAL IMPRESSION

- Orientation
- Symmetry
- Density

- Anatomic layout

D EZ—=CHZD2ra

Hollstic Local
Object Recopnition Feature Analysis

FOCAL ATTENTION
- Scrutiny of image perturbations

- Testing of diagnostic hypotheses

NZ—=ZEZEDMO N

Plausible Perceptual

Interpretation

Diagnostic Decision

Figure 2.2: Radiograph reviewing (from [NODINE, 87])
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which is supported by the medical knowledge of the viewer and which is oriented by
its expectations on what has to be seen. In this overall pattern recognition phase, the
viewer checks the orientation, the symmetry, the anatomic layout, the global features.
The possible perturbations in the image are mentally “flagged”. In the scanning stage,
the viewer focusses attention on the areas of perturbation which may lead him to another
scanning pattern if he feels he has missed some critical information. The final decisiun is
made upon all the local decisions obtained in the scanning phase combined with thosc of

the glancing phase.

2.4 Conventional chest radiography

2.4.1 Film acquisition and characteristics

Conventional chest radiographs are normally made by exposing radiographic film between
intensification screens in a cassette or film changer. A latent image results when the silver
halides grains of the film emulsion are exposed to the phosphorescence emitted by the
image intensification screens and to a minor extent by direct interaction of transmitted
x-ray photons with the emulsion (Fig. 2.3). The latent image captured in the film is then
developed by chemical processing on the film [MERRIT, 85], [HUANG, 87).

The exposure of the x-ray film is proportional to the product of the milliamperes of x-
ray tube current and the exposure time (mAs), it produces film blackening or density. The
mAs controls the total number of x-ray in the beam and may be considered analogous to
light in producing an ordinary photograph. The measurement of film blackening is called

photographic density or density and is defined by:
D =log(lo/1)

where D = density, J, = light incident on film, I, = light transmitted by film. Useful

densities in radiography range from about 0.3 to 2. The x-ray film presents a pattern of

11
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Figure 2.3 Film acquisition with image intensification screens (from [HUANG, 87])
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variations in optical density, known as radiographic contrast. Radiographic contrast is the
density difference between areas in the radiograph and depends on subject contrast and
film contrast. Subject contrast is affected by the thickness, density and atomic differences
of the subject, the radiation energy (kVp), contrast material and scatter radiation. Film
contrast depends on characteristics of the film and the development process.

The ability of the film acquisition system to separate on the x-ray film two closely
placed objects is known as spatial resolution. It is usually measured in lines pair per mum.
This unity refers to the test pattern (alternate rectangular bar with background of the
same width) which is used to quantify the spatial resolution when imaged by the system.
The film-screen combination system offers images with excellent spatial resolution: 5

lp/mm.

2.4.2 Analog enhancement

In addition to the modification of some characteristics in the image receptor, the ra-
diograph quality is controlled by the choice of appropriate x-ray energy and the usc of
anti-scattered grids. Simple post-acquisition enhancements can also be obtained with a
bright light and a magnifying glass.

Kilovoltage: The kVp must be selected with care so that the number of photons
attenuated by bone and soft tissue are in the proper proportion to produce an x-ray image
of high information content. The choice of kVp determines the subject contrast. When
low kVp are used, typically 80-90kVp, the radiographs have a high inherent contrast level
but are limited in the information they actually present. The radiographs are very “black
and white” and tend to accentuate the ribs and outlines of the mediastinal structures.
However the pulmonary vascularity and inner structures of the mediastinum are generally
obscured. The use of higher values of kVp, namely 120 kVp to 140 kVp, tends to compress

the dynamic range of information by reducing the ratio of x-ray photons reaching the film
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behind the lungs and the mediastinum. Hence a more satisfactory chest film s obtained.
These high kilovoltage techniques are sometimes combined with the use of tai]orc'ed portal
filters which are inserted between the x-ray tube and the patient. Their purpose is to
decrease the primary radiation to the lung, thereby increasing the relative mediastinal
exposure.

Anti-scatter grids: X-ray photons passing through the patient can create secondary
scatiered radiations that may also reach the film and affect the image. Scattered radiations
are non-informative and degrade the final image by reducing its contrast. The most
commonly used anti-scatter device is the x-ray grid.

Enhancement tools: Once the filin has been exposed under desired conditions. part of
the image content can be enhanced afterwards if the film has been exposed at high kVp.
In this case, the film has captured a large amount of information but the eye docs not
perceive all this information when the film is displayed on a viewbox. Radiologists use a
bright spot light to increase the perception at high optical densities (overpenetrated areas)
which have been captured. The information at low optical density (underpenetrated areas)
is not available. In addition, radiologists sometimes use a magnifying glass to enhance

the visibility of small features.

2.5 Digital chest radiography
2.5.1 The digital image

A digital image is a finite two-dimensional matrix of picture elements (pixels) where each
pixel has a finite number of density steps or grey levels. There are two approaches to

obtaining a digital radiograph: (1) by digitizing a film, (2) by using a direct digital

acquisition system.
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2.5.2 Image acquisition techniques
Digitization of films

Any conventional radiograph can be digitized by scanning with a video camera, a drum
scanner, a solid-state camera or a laser scanner [HUANG, 87]. There are two major
advantages to techniques that digitize the information contained in a radiographic film:
(1) conventional radiographic techniques, equipment and procedures are employed, (2)
the dynamic range of the information contained in the exposed film may be displayed. As
secn beforehand, there is in the chest image an extremely wide range of densities because
of the wide differences of x-ray attenuation by the lung and by the mediastinum. Even
when recorded on the film , this range of information cannot be viewed on a conventional
viewbox. If a wide latitude film, i.e. a film capable of acquiring a wide dynamic range, is
used, the second advantage is emphasized. These scanning systems provide digital images
where the matrix size varies from 512x512 to 4098x4098 with a number of bits per pixel
ranging from 8 to 12 [HUANG, 87]. In our experiment we used a laser scanner which

provides a 2.82 lp/mm resolution with 10 bits/pixel quantization.

Digital systems

There are three basic approaches to direct digital image acquisition based on x-ray beam
geometry: broad-area-beam and scanning beam [GOODMAN, ‘88].

Broad-area z-ray beam geometry: In the broad area beam approach, the entire object
is irradiated at the same time. One of the two techniques used for the sensor is based
on the use of photostimulable phosphors coating the large area detector., These special
phosphors, when exposed to x-ray, store a portion of the incident energy, which is then
released as light by scanning the plate with a focused laser beam. The light is measured

and stored digitally in an image array. The spatial resolution of the resulting image
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ranges from 2.5 lp/mm to 4 lp/mm with 10 bits/pixel. The second technique, called
digital fluorography, makes use of the conventional system of x-ray and image intensifier
which is linked to a TV camera. The video output is then transformed into a digital image.
The main drawback of this system is its relatively poor spatial resolution (more than 2
lp/mm). The major advantage of the broad-area detectors is their speed of acquisition.
In counterpart, they generate a large amount of scatter radiation, though this can be
minimized with the use of a grid.

Scanned z-ray beam or scanned projection radiography: The scanned beam approach is
based on the transmission of a highly collimated beam of x-ray through the patient onto
a radiation sensitive detector. With fan x-ray beam geometry, a scanning linear array of
detectors (usually 1024) is used to cover the image area. The projection image is acquired
either by moving the patient through a CT-like system or by pivoting the x-ray tube
and detector assembly while the patient stands motionless [TESIC, 83]. In a pencil-beam
system, a narrow “flying-spot” x-ray beam scans the patient in a raster pattern. The main
advantage of these systems is the significant reduction in scatter radiation compared to
film-screen systems. The counterpart is an increase in radiation dose to the patient.
Besides limited spatial resolution (approximately 11p/mm), another drawback is the long
scanning time required to generate an image. Tesic et al. [TESIC, 83] have extended this
technique to a dual energy detector one. This detector can acquire simultancously an
high and 2 low energy image that can be used to form bone or soft tissues images. These

two images can subsequently be processed in a specific way for nodules analysis.
2.5.3 Display conditions

With certain acquisition systems, the digital image can be represented by a matrix as
large as 4096x4096 with 12 bits per pixel. The digital images are usually displayed on

CRT monitors. Unfortunately, current technology in CRT imposes spatial and contrast
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limits to digital imaging. Commeonly, CRT systems are capable of displaying 1000x1000
matrices with § bits per pixel. Monitors which display 2000x2000 pixels matrices are
available but are expensive. When displayed on a 1000 lines CRT monitor, an adult chest
image (147 x177) has a spatial resolution of about 1.5 Ip/mm, which is poor in comparison
to the 5 lp/mm obtained in conventional radiography. Some observer detection studies
have shown that a spatial resolution of 2.5 lp/mm is sufficient for diagnosis [SEELEY, 87).

One possible approach is to scan the image at this resolution, but only to show a portion

of it at a time.

2.6 An example of digital radiographic system: the
IRIS system

The IRIS system is 2 multimedia medical communication system developped by the Music
Project at the University of Ottawa ([GOLDBERG, 89], [MASTRONARDI, 89]). We
describe only the material components related to the imaging aspect. We used this reduced
version of the system, which is illustrated in Fig, 2.4, to carry out the experiments and
research work which are presented in this thesis.

The images are acquired by digitizing conventional radiograph with a laser scanner
manufactured by Konica. For standard chest radiographs, it provides images of size
2000 x 2430 pixels with 1024 grey levels. The corresponding pixel size is 175um x 17Tum.
The scanner also offers the capability of selecting one of four optical density range settings:
(0—4),(0—2),(1-3),(2—4). For display requirements, the digitized images are low-pass
filtered and sub-sampled to 1000 x 1200 pixels and the number of grey levels is also reduced
from 1024 to 256. The images are displayed on a black and white Philipps monitor at
a horizontal scan rate of 84kHz with a 104 M Hz band width. This monitor is operated
on a portrait style to preserve the aspect ratio of radiographs. An IP-2K Imagraph

image memory board of 2 Mbytes is used to refresh the screen at a rate of 60Hz2. All

17



KONICA
laser
film digitizer

y A

COMPAQ
386/20 computer
Local Image Store
( Northern Telecom

MERCURY series
SCSI disk(s)

Figure 2.4: Digital imaging components of the IRIS system
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these components are controlled by a Compaq Deskpro 386, running at 20M H =, with 13

Mbytes internal RAM and 130Mbytes of hard disk memory.

2.7 Digital chest radiograph enhancement: task

Digital imaging systems are limited by the spatial resolution they can offer, but this
present shortage is compensated by their capability to process the image. Transforma-
tions or enhancements on a given image can improve the information visibility and thereby
improve the discase detection rate. This is a clear advantage over conventional radiogra-
phy.

The ideal chest image should render properly all the fine details in the lungs while
showing clearly the fine structures in the spine and the vessels behind the mediastinum.
However optimal images are not commonplace due to some possible external factors such
as the patient anatomy, his health state and the variations in film acquisition techniques.
One task of the post-processing is to enhance the overall quality of the image.

Viewing objectives may also decide for the general visibility required in a chest. For
instance, if a radiologist wants to check the evolution of a mediastinal disease, he will ask
for an image clear in the mediastinum, no matter its likely consequent poor quality in the
lung field. Image processing should provide global adaptive enhancement of the image.

Along with the global aspect of an image, the local appearance is also of importance.
However the local abnormalities may not be easy to perceive even in images of optimal
global quality. This is illustrated by the frequent failure to detect or recognize abnor-
malities which can be discovered in retrospect. Although the reasons why a lesion is
perceptible are complex to determine, some factors have been identified: the lesion con-
figuration (whether it has sharp margins or fuzzy edges), its size, its location and its
conspicuity, i.e. the manner in which a single feature within a complex image stands out

against the other structures [BROGDON, 83]. Another task of the post-processing must
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attempt to enhance locally specific pathologies.
These three enhancement tasks aim at supporting the three-phase procedure involved

in viewing a radiograph. We summarize them in Fig. 2.5.

GLOBAL
ENHANCEMENT

BASELINE IMAGE

GLANCING

;

GLOBAL ADAFPTIVE
ENHANCEMENT

IMAGE(S) FOR
LOCAL OBJECTS ANALYSIS

SCANNING

LOCAL
ENHANCEMENT

SUB-IMAGE(S) FOR
SCRUTINY OF
PERTURBATIONS

Figure 2.5: Enhancement diagram

2.8 Summary

The attempt to improve radiographic imaging of the chest remains one of the most im-
portant and most challenging problems in radiology today. In this chapter, we presented
the problems faced in chest radiography and introduced both conventional and digital ra-
diography. We also described the digital radiographic system which we have used for this

thesis work. We then defined our task goals for ultimate automatic context-dependent
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enhancement.
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Chapter 3

A review of enhancement
techniques for chest radiographs.

3.1 Introduction

The digital representation of chest radiographs provides the opportunity to enhance the
diagnostic potential of the resulting images through the application of processing algo-
rithms. As the human chest is a very difficult structure to image, a great deal of interest
has been focussed on specific enhancement techniques for chest images.

In this chapter, we first describe how the enhancement techniques are classified. We
then introduce the mathematical terminology which we use in the subsequent review of

enhancement techniques for chest images.

3.2 Classifications for enhancement techniques

Image processing operators can be used to perform image enhancement. The enhance-
ment techniques can be categorized on the basis of the properties of their operators.
Classifications are based on (1) the operator’s sensitivity to the image context, (2) the
area which the operator covers, (3) the objective of the operation and (4) the processing

method involved.

With respect to the image context, we can recognize the sub-classes contezt-free and



context-sensitive. The operators associated with context-free techniques do not depend
on the spatial coordinates and all their parameters are fixed a priori. Conversely, the
operators associated with context-sensitive techniques depend on the spatial coordinates
and their parameters change according to the local image characteristics.

According to the area covered by the operator, we further sub-divide the techniques
into local and global. Local operators are applied on a subimage whereas global operators
are performed on the whole image.

Based on their goals, we can group the enhancement techniques into three non-
mutually exclusive classes: (a) noise cleaning, (b) global quality enhancement (c) feature
enhancement. In noise-cleaning, the operator aims at removing random noise. For global
quality enhancement, the objective is to improve the perceived appearance of the image.
In feature enhancement, the goal is to highlight the features of interest.

With respect to the processing methods involved, we decompose the enhancement tech-
niques into 2 groups: (1) spatial sharpening, which involves linear or non-linear spatial
domain high-pass filtering for edge-enhancement, (2} grey-level rescaling, which manipu-
lates or requantizes grey levels for contrast enhancement,

In the following review, we will use the classification based on context-sensitivity in

which we will differentiate the enhancements according to the type of processing involved.

3.3 Terminology

A digitized image can be defined as a 2D array of integers g(z,y) where g(z,y) is the
intensity or the grey level of the pixel at coordinates (z,y). Let I be the entire set of
image spatial coordinates. Each pixel (z,y) € I takes its value in a range defined by the
possible grey levels span, G = [0, m] where usually m = 2" — 1.

We note WD a sub-image or subset of the entire set of image spatial coordinates,

WD CI.
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We also define
Gmar as the maximum grey level of the observed image or sub-image,
gmin @s the minimum grey level of the observed image or sub-image,
9’ mer @S the maximum grey level of the enhanced image or sub-image,
4 min as the minimum grey level of the enhanced image or sub-image,
H{g) as the number of occurrences of pixels with intensity g in the observed image or
sub-image,
h(g) as the corresponding normalized histogram: h(g) = H{(g)/nbp, (nbp is the number
of pixels), which approximates the probabiniy distribution function,
cd(g) as the value of the cumulative distribution function of the observed image or sub-
image at grey level g, cd(g) = > g<, (g'),
g as the mean grey value of the whole image or sub-image,
o as the standard deviation between grey values in the whole image or sub-image,
Win as @ n X n matrix of weights and,
CR(z,y) as the contextual region of pixel (z,y), namely the area of given size which
surrounds it.
An enhancement technique is a remapping of the intensities of all or part of the pixels
described by a mathematical transformation T which yields a new image g'(z, ).

A contezi-free enhancement is defined as

d(z,y) = Tlg(z,y)] olz,y),0'(z,y) €EG (z,y) €] (3.1)

where T, being position invariant, has fixed parameters.

A contezt-sensitive enhancement is expressed as

¢'(z,9) = TorEwlo(z,¥)]  9(z,v),9'(z,¥) €G (z,3) €1 (3.2)

where Topyz,y) is a spatially variant operator which depends on characteristics of the pixel

(z,y) and of its contextual region.
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A local enhancement corresponds to

g{z,y) = Twoplg(z,y)] (z,y) eWDCI
9{z,y)= g(z,y) (z,y) €I -WD

where Tyy-p depends on characteristics of the window WD.

In the general class of enhancement operators, including either context-free or context-
sensitive operators, we further distinguish two types: the spatial operations, denoted 7%,
and the contrast transformations, denoted T¢. A spatial transformation alters the grey

level value of each pixel depending on the spatial coordinates:
g'(z.y) = Tlo(z, )] ¢(z,9).9'(z,9) €G (z,9) €1
A contrast transformation operates directly on the grey level values:
9= T 949€GC

3.4 Context-free techniques

3.4.1 Grey level rescaling: direct transforms

These are used to modify the grey scale of the image by requantizing the grey level values
and result in a global contrast enhancement [HALL, 79], [PRATT, 78], [WANG, 83].
Range specification:

This technique is also called Windowing in the medical community, as an input and
output windows of interest must be specified, respectively (gmins Gmaz) 20d (Ghins Inaz) it
the following equation:

g =Tg) = g:"“——g:"ﬂ(y = gmin) t Grmin (3.3)
Imaz — Ymin

An example is shown in Fig. 3.1.

Statistical differencing:
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Figure 3.1: Range specification

The eye is more sensitive to changes in image contrast for the middle range of grey
levels. As a consequence, it may be useful to change the overall brightness of an image

by constraining the mean to a chosen value by the following operation:

g’ = Tc(g) =g+ ?ﬂcw - -g-old (Jl)

where §,.,, is the new mean value and g, the old mean value.

The standard deviation can be used to characterize the image contrast. It is a better
measure than the minimum and maximum values since it is relatively insensitive to local
minima or maxima. An image can be transformed to have a new mean 7, and a new

standard deviation opeq:

Onew - -
g' = Tc(g) = ;ld (g _gold) +gncw (35)

Statistical differencing can be implemented either as a global or a local operator where
the mean and the standard deviation are computed respectively globally or locally. In the
case of a local operator, where §,,,, and oy, are constrained to be the same throughout
the image, the ratio onew/0o may take very large values. Sklansky [SKLANSKY, 78]
suggests to raplace o,4 by maz(o,u,t) and Pratt [PRATT, 78] by (0414 + L0new) for some

positive ¢ to control the range of allowable values.
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Polynomial transformations:

A 3d degree polynomial transformation has been proposed by O’Gorman et al. [OGORMAN, §5]
to stretch the input intensities around a chosen intensity. The extent of the stretching
around grey level g, is determined by the value of the slope, s, of the remapping function

at this point. The coefficients A, B, C, D in the enhancement operator:

g =Tg9)=Ag*+Bg* +Cg+ D (3.6)

are obtained with the following initial conditions:

dTe d*Te
T° min="7TC ma:r=’ :—_{ =8 = =0
(gmin)} = Gmins T(Imaz) = Graz dg o) =5 g7 (90)
If s < 1, the low and high ranges of intensities are expanded and the middle range is
compressed. If s > 1, the middle range of intensities is stretched at the expense of the

low and high ranges. Fig. 3.2 shows the possible remappings according to the value of s.

S 4
& max B
max
& in —> & i >
g [ g g . B g
min c max min c max
s<=] s>=]

Figure 3.2: Polymomial remapping

Other techniques:
The logarithmic transformation is a convenient means for reducing the dynamic range

of an image and can be considered as the equivalent of using a bright light on a film
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radiograph. The opposite effect is obtained using an ezponential transformation. Tor
example, a Gamma transformation can be used to cancel the effects of image acquisition
non-linearities [HALL, 79].

Other techniques are used for adapting the image to observer viewing preferences. Grey
scale reversal is a simple exariple of such a transformation where the image is displayed

in the positive mode and is said to facilitate the perception of features in certain arcas,

such as the lungs and the heart.

3.4.2 Grey level rescaling: histogram based techniques

A second method is based upon transform of the normalized histogram, which is an

approximative measure of the pdf (probability distribution function).

Histogram equalization:

Histogram equalization is the most commonly used histogram transformation. The
original grey levels in the image ¢g,¢9 € [0,m], are mapped into a new set of grey levels
¢',9' € [0,m], so that the histogram of the transformed image is as uniform as possible

(Fig. 3.3). The enhancement operator is decribed by:

Hp4 Hg) 4

v
. ¥

Figure 3.3: Histogram equalization
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When g;.;, = 0 and g;,,, = m, histogram equalization is an optimal technique from
the information theory viewpoint since it yields the maximal zero-order entropy value.

Hummel ([HUMMEL, 77] has proposed an alternative scheme to compensate for the
fact that the discrete implementation of histogram equalization does not yield a real uni-
form histogram. It consists in breaking up the bins which are too high and redistributing
them amongst bins which are too low. Suppose that H(g) = n and in this bin n’ points
must be assigned to grey level g, the remaining n — »n’ points are chosen randomly from
the n points at grey level g and are assigned to ¢' + 1. However, such a redistribution of

pixels induces “false” differences and contouring effects.

Histogram hyperbolization:

Histogram hyperbolization has been proposed to take into account the human per-
ception properties. It is intended to produce an image with a uniform distribution of
perceived brightness levels. According to a model of brightness perception based on the
Weber law !, Frei [FREI, 77] assumes that the distribution of the displayed brightness
levels should be hyperbolic (Fig. 3.4) and expressed by:

1
h(g) = — (3.8)
(9 + O log (Bt
The enhancement operator is given by:
ed(g)
c Imaz + €
9" =Tg) = (grin + C)(m) —c (3.9)

where ¢ can be chosen as a function of the output distribution’s slope at point g’,;. . This

technique can be applied either globally or locally.

Histogram specification to a Rayleigh distribution:
Cocklin et al. [COCKLIN, 83] proposed the use of a histogram specification to a

1g' = log (g + ¢) where ¢ is a constant and if g is the original grey level, then g’ is the perceived grey
level
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Figure 3.4: Histogram hyperbolization

Rayleigh distribution, h(g) = gexp (—g?/2). This transformation supposedly counterbal-
ances the fact that chest distributions are heavily weighted towards the high intensity

values (Fig. 3.5). The corresponding transfer function is given by:

o' = T°(0) = gnin + 26 oB(;—ggrvy) (3.10)

where
b= (1 — exp(—(glaz — Ginin)?/20%)) "’

and @ is a parameter.

H(g) H(g)

Figure 3.5: Histogram specification to a Rayleigh distribution

3.4.3 Edge enhancement

Edge enhancement attempts to deblur the edge of an object in an image by increasing the

grey level difference between the edge pixels of the object and its neighbouring background.
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Gradient operators:

Gradient operators are a common form of edge detector which are based on digital
approximations of differential equations [HALL, 79]. They are a special case of spatial
filtering operators where an high-pass filter W(z,y) is operated on the input image ¢(z,y)

in the following way:

9'(z,y) = T*(g9(=,y)) = g(z,y) * W(z,y) (3.11)

where * is the convolution operator.

In practice, the point spread function of the filter is truncated and consequently we
end up with a finite convolution:

N M
9'(z,y) =T(g(z,9)) = 3_ 2 _g(z +i = [N/2},y + j — [M/2])W(3,5) (3.12)

i=0 ;=0
where N x M is the size of the mask W.
Daponte and Fox [DAPONTE, 88] have investigated the application of gradient op-
erators to plain film chest X-rays. In particular, they considered the Sobel and Roberts
gradient operators expressed by the sum of the results of applying two orientation sensitive

convolution windows:

Sobel operator

-1 01
-1 01
and
-1 -2 -1
Wis=[0 0 0 (3.14)
1 2 1
Roberts operator
0 1]
Wi, = 10| (3.15)
and
-1 0]
Wi, = 0 1) (3.16)
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The underlined elements correspond to the center of the convolution window.

A drawback with gradient operators is that they enhance image noise along with
edge objects, so that it may be useful to apply 2 noise reduction filter prior to the edge
detection operator. Good results for chest radiographs are reported with a combination
of 3 x 3 Gaussian filter (for noise reduction) followed by the Sobel operator (for edge
enhancement).

Cocklin and Kaye [COCKLIN, 82a] have proposed a dedicated edge enhancement
scheme for pneumothoraces. A pneumothorax refers to the presence of gas in the space
between the lung and the chest wall. It appears as a slight difference between the density
of the gas in the pleural cavity and the density of the air filled lung tissue. Pneumoth-
oraces are often very subtle. Cocklin and Kaye propose to enhance the conspicuity of
pneumothoraces either with simple unidirectionzl edge detectors or with an operator de-
tecting edges in any likely orientations. To detect a vertical pneumothorax, they use the

following convolution mask:

-10001
-10001
Wes=|-1000 1
-1 0001
-1 0001

To detect the pneumothoraces which present an horizontal or a diagonal edge shadow,

the following mask is more adapted:

0 0 1 1 0
0 0 0 1 1
We=|-1 0 0 0 1
-1 -1 0 0 0
0 -1 -1 -1 0

To enable edges in vertical, horizontal and diagonal direction to be detected, a simple
sum of the results of applying each of the convolution mask W¥, W? and a transpose of

W* may be used.



Unsharp Masking

Another approach to edge enhancement in the case of chest radiographs is the use of
Unsharp Masking. The photographic technique of unsharp masking consists in superim-
posing a slightly out of focus negative on the original positive [GONZALES, 77] which

can be represented as:

g'(z,y) = T°(9(z,9)) = a(g(2,¥) — Fon(2:¥)) + Funlz,¥) (3.17)

where a is a gain factor, 7, ,(%,¥) is a low-pass filtered version of g(z,y) obtained with
a n X n filter mask. This equation preserves the local mean in the image. If a is too
large, a ringing artifact may appear at sharp edges. To reduce this effect, Schwartz and
Soha [SCHWARTZ, 77] have proposed the threshold zonal filtering technique. In the
computation of the local mean, the only neighboring pixels of (z,y) which are used are

those which satisfy the relation:

|g(7".7) -g(x:y)l < T(l‘,y),

where T is a threshold. Cocklin et al. [COCKLIN, 82] propose an alternative method

based on a relaxed form of the original equation:

g'(z,9) = T*(g(z,¥)) = g(z,¥) + c(a — 1)(g(z, ¥) — Fun(z,¥)) (3.18)

where 0 < ¢ <1 and a is either held fixed or is related to the local deviation g(z,y) —
Inn(2:9)-

Jackson and Kaye [JACKSON, 82] have pointed out that, besides overenhancing edges
which are well defined in the original image, unsharp masking also has the drawback of
enhancing noise. Their proposed weighted unsharp mask is a generalization of the threshold
zonal fillering technique. To eliminate the amplification of low-level noise, they retain for

the local mean computation the neighbouring pixels of (x,y) which satisfy the relation:

Vi <|g(3,5) — gz, ¥)| < V2
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where V) and V, are positive threshold values. To suppress the enhancement of large

intensity variations, they impose a weight factor of 1 on the low-pass mask when

D =lg(i,5) —g(z,9)| < N

and a weight factor of

05+ k)/(D + k)

when D > N, rather than setting this last term to 0 as in the threshold zonal filtering

approach.

3.5 Context-sensitive techniques

Context-sensitive operators adapt to the variations in image context. As chest images
show areas with widely different characteristics, context-sensitive operator are theoriti-
cally very appealing. Two main groups of context-sensitive enhancement emerge in the
literature: histogram directed processing (including adaptive filtration) and adaptive his-

togram equalization.

3.5.1 Histogram directed processing

A chest image globally contains two different areas, the lung field and the mediastinum
which have to be processed selectively. McAdams et al. [MCADAMS, 86} have shown
that the histogram of the thoracic cavity in a chest radiograph is essentially bimodal,
each mode corresponding respectively to the lung field and the mediastinum. From this
property, they proved that a reasonable grey level threshold can be determined to select
one or the other area. As a consequence, simple grey scale transform can be achieved to
selectively enhance these areas. For instance, McAdams et al. proposed a “dual-slope”

transform (Fig. 3.6) and a “V” transform (Fig. 3.7).
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Figure 3.6: Dual-slope transform
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Figure 3.7: “V” transform

35



The first method enhances vertebral column detail, retrocardiac vessels and bronchial
structure of the mediastinum and compresses the contrast in the lung field. The “V”
transform achieves simultaneous contrast expansion of the mediastinum and the lung
field with grey scale inversion of the lung field.

McAdams et al. [MCADAMS, 87] also investigated modifying unsharp masking so
that it is context-sensitive. Their goal is to enhance selectively the mediastinum without
enhancing the lung field. In Equ. 3.17, the coefficient a now varies with the area under
consideration. The value for a 1s configured according to the grey level threshold for the

lung field-mediastinum separation as shown in Fig. 3.8. For the low-pass filtered image

H(g
¥ 3
a{g) with
shci)rp transition
a(g) with smoothed
transition
> 2

Figure 3.8: Histogram directed processing

computation, they investigated the use of different sizes for the convolution window. They
concluded that a size of 100 x 100 yielded the best results. They also pointed out that, to
avoid ringing artifacts, a, rather than being a step function of grey level intensity should

be configured with smooth transitions (Fig. 3.8).

3.5.2 Adaptive histogram equalization

The adaptive histogram equalization (AHE) technique was proposed in its basic form
by Ketchman [KETCHMAN, 76], Hummel [HUMMEL, 77] and Pizer [PI1ZER, 81]. AHE

involves applying to each pixel the histogram equalization mapping based on the pixels
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in a surrounding region. This neighbcurhood region is commonly called the contextual

region (CR) (Fig. 3.9). The transform is expressed as follows:

9'(2,¥) = TR (9(2, )] = rin + (Imar — Imin ) 2CRE ) (9(2,3)) (3.19)

where honizy)(g(2, v)) is the frequency of occurrence of grey level value g(z,y) within the

contextual region CR.

Contextual region
-~

Figure 3.9: Contextual region in AHE

The contextual regions may be disjoint or overlapping. In the former, there are prob-
lems related to continuity of the transformations at the boundaries, which are attenuated
by using overlapping regions [PIZER, 87].

The main drawback of AHE, as described here, is its high cost in computing time.
Pizer et al. [PIZER, 87] propose to speed up the process by calculating the desired
mapping only at a sample of pixels and interpolating the mapping between these sample
locations. These authors state that for a wide range of medical images an optimal C'R area
is between 1/16 and 1/64 of the image, which is a trade off between improving contrast of
features and limiting the influence of noise. Pizer et al. [PIZER, 87] have also proposed
a variation on AHE called clipped AHE (CLAHE) which limits noise amplification in

relatively homogeneous regions. A variation on contrast enhancement is obtained by
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modifying the slope of the mapping function of the input intensity values to the output
ones. In histogram equalization, this slope is proportional to the height of the histogram
for any input grey level. Furthermore, homogeneous areas correspond to high peaks in the
histogram. Therefore, prior to histogram equalizing, a clipping of the histogram values

beyond a certain level C limits the contrast enhancement for these intensities (Fig. 3.10).
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Figure 3.10: Histogram clipping in CLAHE

The clipped values are redistributed uniformly through the histogram. The authors
indicate that the clipping level C must vary with the imaging modalities and body region
imaged.

Vossopoel et al. [VOSSEPOEL, 88] propose a different approach to preventing exces-
sive noise amplification in CR’s showing pronounced peaks. The histogram of a C R with a
high peak is refined by a linear combination of the histogram of one or more neighbouring
CR’s.

The previously cited authors have essentially studied the applications of adaptive HE
to computed tomography (CT) images. Sherrier and Johnson [SHERRIER, 87] report
the application of adaptive histogram equalization AHE for plain chest radiographs, to
which two constraints are imposed:

1. The mediastinum and the subdiaphragm must be enhanced selectively with little
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processing in the lung field.

2. The transition between processed and unprocessed areas must be smooth and free of
artifacts.

The image is basically divided into four zones depending upon the median or mean of

the CR:

—

. the lung field,

o

. the mediastinum,

. the transition area between lung field and mediastinum,

= W

. the subdiaphragmatic area.

The sample points are remapped differently according to the zone to which they belong.
A sample point in the lung field is not altered. A sample point in the mediastinum is
remapped as in AHE. A sample point in a transition area is remapped as in AHE if
the mean of its CR is more than a given threshold, otherwise it is not processed. This
allows to control ringine artifact at the transition border. In the subdiaphragmatic area
where the noise level is high, histogram equalization is performed but to a limited range
of the available grey level scale. The pixels in either zone which are not sample points are

mapped as in AHE by bilinear interpolation.

3.6 Summary

A variety of techniques for the enhancement of chest images have been introduced. Be-
cause of the complex nature of chest images, an enhancement technique which is context-
Jfree, is likely to succeed for a given viewing task but not for all of them. Some authors
have proposed contezt-sensitive techniques to display optimally the whole chest image.
However, none have reported about the efficiency of these techniques as judged by the

ultimate viewers and experts, namely the physicians and the radiclogists.
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Chapter 4

Subjective Evaluation of Global
Enhancements

4.1 Introduction

As we have seen in Section 2.3.4, there are three phases in viewing a radiograph. The first
phase corresponds to the “gestalt” or to getting a global impression. The second phase
consists In analysing the objects and the local features (e.g. size and borders of the heart,
lung vessels). The third phase refers to focal attention and scrutiny of the perturbations
(e.g. shape and density of small nodules). To support these three different phases, three
different types of enhancement procedures are proposed. The role of the first is to yield
an appropriate compromise or baseline image matched to the “gestalt” requirement. The
second enhancement is then invoked to aid in the analysis of local features. Finally,
various local enhancements are then called to highlight the areas of interest.

In this chapter, we focus on the first two enhancement phases as applied to digitized
chest radiographs. We first introduce our objectives and describe the material and meth-
ods for user evaluation trials. For the first phase, we report results on user evaluation trials
of different enhancements that are applied to the original digitized images to yield baseline
images. For the second phase, we report on the performance of simple global adaptive

grey-scale manipulations to support local feature analysis, specifically for the lung, the
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heart and the spine. In addition we report results of user trials on the applicability of

various grey level reversal transformations.

4.2 Objectives

The objectives of the subjective evaluation tests for global enhancements were as follows:
® Determine the appearance of the first overview image.
¢ Determine the usefulness of global adpative enhancements for local features analysis.

o Determine the effectiveness of reverse mode transformations.

4.3 Material and Methods

The bardware components which were used to prepare these experiments were presented
in Section 2.6. The software was written in the “C” programming language and run under
the MS-DOS operating system.

The experiments were carried out in collaboration with the Department of Radiological
Sciences at the Ottawa Civic Hospital a 950 bed tertiary care teaching hospital affiliated
with the University of Ottawa.

Our chest images were selected from three different departments of the hospital where
different acquisition techniques arc used. In the Emergency Department, images are
exposed at 90 Kvp. The same amount of energy is used in the Intensive Cares Unit
but the images have disproportionate shapes as patient positions are difficult to control.
Images from these two departments were digitized with a reading setting of (0 ~2). In the
Radiology Department, images are exposed at 145 Kvp and an anatomically shaped filter
is used to reduce the amount of energy going through the lung. As a result, the lung area,

the mediastinum and subdiaphragmatic areas are equally contrasted. These radiographs
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were digitized with a reading setting of (0 —4). Two PA images were obtained from each

department and constitute the test-set.

The whole experiment was decomposed into three sub-experiments according to each

one of the previously defined objectives:
e Optimization of the first overview image.
e Enhancements for local features analysis.

e Reverse mode transformations.

4.4 Experimentl: Optimization of the first overview
image

4.4.1 Objective

The objective of this first experiment is to find the best baseline image. By baseline
image, we mean the first image displayed on the screen and read by the user during the

“gestalt” phase. In particular, we want to answer the following questions:
e What is the enhancement that yields the “best” baseline image?
¢ Do the preferences vary from radiologists to other clinicians?
¢ Do the preferences depend upon the radiograph acquisition technique?
o How do the preferred baseline images compare with the analog films?

We are only interested in the physician’s first impression on the displayed image,

assuming that he does not know anything about the analog film or about the patient’s

history.
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4.4.2 'Transformations

Although our images are digitized to 1024 contrast levels, corresponding to 10 bits, our
workstations only offer a range from 0 to 255. The baseline images are obtained by
transforming the digitized images with 1024 grey levels to images with 256 grey levels. In
all six types of transformations [COCKLIN, 83], [MCADAMS, 86), [SMATHERS, 85] are
tested with A, B, C, D being normalization factors:
1- Simple truncation,
25

T(g) = Int{ =)

where Int is the integral part of g

2-Exponential and power functions, which expand the higher end of the scale,
T(g) = Int(Aexp(g)) or T(g) = Int(Byg")

3- Logarithmic and n-th root functions, which expand the lower end of the scale,
T(g) = Int(Clog (g)) or T(g) = Int(Dg'")

4- Piecewise linear functions which expand either the first or the last part of the scale,

T(g) = Int(A.g) if z € [0, M]
9=\ In(Bg+C) if z €)M, 1023

5- Polynomial fonctions and piecewise non linear fuction, which expand the middle
part of the scale,
T(g) = Ini(Ag® + Bg® + Cg + D)

or

Tty = 4 [7T1g)) ilg €0, M]
(9) =1\ mu(T2q)) ifg€|M,1023]

6- Global histogram equalization, which equalizes the grey level distribution and

stretches the contrast in low-contrasted areas,

T(g) = Int(A.cd(g)),
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Figure 4.1: Simple truncation

where cd(g) is the cumulative distribution function.

We now provide additional information about the particular form of transformation
employed and its intended effect. We note that transformation 1 (Fig. 4.1) has no en-
hancement effect. For both, transformations 2 and 3, n is set equal to 2. The effect of
transformation 2 is to enhance the bright areas and contract the dark areas (Fig. 4.2).
Effectively this enhances the heart and spine and de-emphasizes the lung field. These
effects are reversed in the case of transformation 3 (Fig. 4.3). For transformation 4, we
chose to expand the lower end of the scale and chose as a breakpoint the mean grey level
value (Fig. 4.4). This preferentiably enhances the lung field. A transformation of type 5
can be chosen to operate on the middle range of grey levels and leaves the low and high
ends contracted. This is implemented by choosing the mean grey level value as a break-
point and concatening a square function and a square-root function about this breakpoint

(Fig. 4.5). Finally, the transformation 6 theoretically equalizes the contrast throughout
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Figure 4.3: Square root transformation
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Figure 4.5: Middle-range stretching
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the image.

4.4.3 Method

Two series of tests were conducted, the first to determine the “best” baseline image and
the second to compare this bascline image to the original analog film. In the first series,
six possible baseline images are proposed for each image. These tests were run in a
paired-comparison task [COOMBS, 70] leading gradually to the final selection. Twenty-
one physicians participated in the test: six emergentologists and fifteen radiologists. This
last group included both board-certified radiologists as well as resident radiologists. For
the second series of tests, the best baseline images are compared to the corresponding
analog films by using a scale varying from —1 to +1, where —1 is less clear, 0 is the same,

+1 is more clear. This latter series involved six radiologists and four emergentologists.

4.4.4 Results

The results of the first tests are listed in Table 1-1 and show for each image and for each
physician the transformation rated as best.
What is the enhancement that yields the best baseline image?

Radiology Department images:

For the first image (RAD1), the mean-range stretching (MID) is the preferred trans-
formation in 75% of the cases. For the second image (RAD2), the two preferred transfor-
mations are the square function (X2) and the mean-range stretching (MID).

We note that for these two images, the breakpoint which corresponds to the mean
value is fairly high (767,721). The two prelerred remappings are therefore very similar.
In effect, the corresponding analog films presented good contrast both through the lung
field and the mediastinum area. The two remappings provided digital baseline images

close to the analog film. In particular, the lung field showed up clearly.
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RADI | RAD2 | EMI | EM2 | ICUI | ICU2
RADIOLOGISTS
1 LLL | TRUNC | TRUNC | TRUNC | TRUNC | LLL
2 MID | X2 MID |TRUNC| EQU | LLL
3 MID | X2 X2 EQU | MID | TRUNC
4 MID | MID X2 EQU | MID LLL
5 MID | MID X2 MID | EQU | LLL
6 MID | X2 EQU X2 X2 MID
7 MID | MID | MID | EQU |TRUNC| LLL
8 MID | MID X2 X2 | TRUNC | TRUNC
9 X2 X2 X2 X2 MID | SQRT
10 MID | MID X2 EQU |TRUNC| SQRT
1 MID | MID X2 | TRUNGC | TRUNC | SQRT
12 MID | X2 MID X2 |TRUNC| LLL
13 MID | MID X2 X2 MID | TRUNC
14 X2 X2 MID [ TRUNC |TRUNC! LLL
15 MID | X2 MID X2 MID LLL
"EMERGENTOLOGISTS
1 X2 | MID | MID |TRUNC|TRUNC| LLL
2 MID | MID X2 EQU | MDD LLL
3 X2 X2 X2 EQU | EQU |TRUNC
4 MID | X2 MID | MID | MID LLL
5 MID | X2 |TRUNC|TRUNC| MID |TRUNC
6 MID | X2 X2 EQU | MID |TRUNC

Table 4.1: Results of Experiment 1 for the bascline image
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Figure 4.6: Image ICU2 grey level distribution

Emergency Department images:

For the first image (EM1), the two preferred transformations are the square trans-
formation (X2) and the mean-range streching (MID). For the second image (EM2), the
histogram equalization (EQU) and the square function (X2) are preferred. This image
shows an overspread disease through the lung field which causes it to appear as white and
washed-out. The main effect of the histogram equalization is to accentuate the contrast
through the lung field.

ICU tmages:

For the first image (ICU1), preferences go from the mean-range stretching (MID) in
42% of the cases to simple truncation (TRUNC) in 38% of the cases. For the second
image, half of the physicians selected the piecewise linear transformation (LLL) which
stretch the contrast through the lung field. We note that in this case the original image
has a centered and fairly symmetric grey level distribution (Fig. 4.6).

These resuits, analysed image by image and supported by the physicians’ comments,

show that the selection of preferred images is led by a common priority: getting satisfac-

49



tiory visibility in the lung field.
Hence the baseline image judged as giving the best global impression is an

image which preferrably enhances the lung field.

Do the preferences vary from radiologists to emergentologists?
Table 4.1 shows clearly that radiologists’choices and emergentologists’choices
are highly correlated. Both the radiologists and the emergentologists chose images

where the best advantage was given to the lungs.

Do the preferences depend upon the radiograph acquisition technique?

Yes definitely, but they also appear to correlate with image quality. In effect,
Table 1-1 shows that the preferred transformations depend upon the film acquisition.
However, when images are of good quality such as RAD1, RAD2, EM1, there seems to
be a clear trend for the transformations X2 and MID. For the o*her images, the trend is

more difficult to deduce.

RAD1 RAD2 EMI1 EM2 1CU1 1C0U2
M SD|M SDy M SD|M SD|M SD|[ M SD

BASELINE
VS FILM [-0.62 048|-1 0 [-0.16 083|-1 0 |-1 0 [-0.33 0.66

Table 4.2: Comparison between the baseline image and the film

How do the preferred baseline images compare with the analog films?

Table 4.2 shows how the digitized enhanced image is evaluated in comparison to the
analog film. The scale varies from —1 to +1 where —1 is less clear, 0 is the same and +1
more clear.

In general, the analog film is preferred, however, in some cases the baseline

image is rated by the physicians to be as good as or better than the analog
film.
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4.5 Experiment 2: Enhancements for local features
analysis

4.5.1 Objective

The objective of this experiment is to judge the effectiveness of simple global adaptive
enhancements for the second phase in viewing a radiograph, i.e. local features analysis.
Attention is focussed on the lungs, the heart and the spine. We note that as features of

intersst are quite large, global adaptive enhancements are employed. The questions that

we want to answer are as follows:

e How are the visibilities of the lung field, the heart and the spine rated in the baseline

images and in the global adaptive enhanced images?

e How do the enhanced digitized images compare with the analog film in terms of

image analysis effectiveness?

4.5.2 Transformations

In literature, piecewise linear transformations have been proposed to stretch the low and
high ranges [MCADAMS, 86]). We select one such transformation to improve the visibility
in the lungs and another for the mediastinum (spine and heart areas):

Low-range stretching is used for the lungs:

T(a) = Int(129g) if g €0, M)
(9) =\ Int(5&(g - M)+190) if g €]M,255)

High-range étretching is used for the mediastinum:

T(g) = Int(39) if g € [0, M]
T\ Int(52: (g — M) +65) if g €)M, 255)

In both these transformations, g is a grey level value, Int is the integral part and M

is a breakpoint which is set to the mean of the grey level values corresponding to the
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thoracic cavity of the chest. These 8 bits to § bits remappings are performed by simply

changing the look-up table values of the display.

4.5.3 Method

The six best baseline images chosen in Experiment 1 are used as the test-set. The physi-
cians rate the clarity of information for the baseline image and for the images processed
by the high-stretch and the low-stretch transformations.

A ranking on a scale from 1 to 5 is used, where 1 is not at all clear and 5 is very clear.
A comparison session follows in which the best baseline image and the two processed
images are compared with the analog film. A ranking on a scale from ~3 to +3 is used,
where —3 is much less clear, 0 is the same and 43 is much more clear. The tests involved

ten physicians: six radiologists and four emergentologists.

4.5.4 Results

How are the visibilities of the lungs, the heart and the spine rated in the baseline image
and in the global adapiive enhanced images?

The results are listed in table 4.3 in terms of mean and standard deviation of rankings
(between 1 and 5) for each image, each transformation and the three features of interest:
lungs, heart and spine.

For the lungs, the baseline images yields the best visibility. The heart is also more
visible in the baseline images. For the spine, the high-range stretching yields the preferred
images.

All the physicians agreed on the good visibility of the lung field in the baseline images.
On some images however, better visibility is asked for the bases and periphery of the lungs.
Image EM2 showed a general pathology in the lung field which explains its mediocre score.

The low-range stretching does not improve the general visibility of the lung field. Although



the lung markings are enhanced, the physicians feel that they miss some information at
the periphery of the lungs. The baseline image is rated as a good image for the heart.
A general trend in the comments is to ask for more visibility through the heart and
on its borders to bring out the margins. The heart is not improved by the low-range
stretching. The high-range stretching accentuates the contrast through it but tends to
mzke its berders vanished. The visibility of the spine is poor in the baseline image. The
radiologists indicated the need to see more clearly the pedicles, the spinus process and the
disk spaces. The high-range stretching enhances the spine and these inner features are
clearly brought out.

Hence the baseline images are appropriate for the lung field and for the
heart. The low-range stretching and the high-range stretching respectively
enhance the inner part of the lungs and of the heart. The high-range stretching

clearly brings out the spine.

RADI RAD2 EALL EM?2 1CU1 iCU2
M SD[M SD|I M SD|I M SD[M SD| M S5D

Lungs | 442 0561 5 o 4 08l 08142 04 4 057
BASELINE | Heart | 487 0 |45 0.7]4.16 0.72 0 |38 04 4 057

Spine | 2 053| 3 o0 | 25 076333 005/|38 074333 075

[ )

Lungs | 4 075|145 07| 3 1 |166 005 4 0 1383 04
LOW- Heart [ 414 1 4 0 35 076|166 00534 038|333 075
STRETCH | Spine | 1,71 088] 2 0 | 1.83 069{166 00526 0.8 |233 047

Lungs | 229 068 | 3 1 1233 048|233 047 |12 04 | 25 095
HIGH- Heart | 3.57 0.73 | 4 1 4 115|366 05 | 4 063|366 051
STRETCH | Spine | 3.57 05 |45 07366 077| 4 0 (44 049433 05

Table 4.3: Results of experiment 2 for the enhanced images

How do the enhanced digitized images compare with the analog film in terms of image
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RADI RAD2 EM1 EM2 ICUl iCy2

M SD | M SD M SD M SD | M 5D M SDb

Lungs | -0.87 0.36 | -05 0.25 | -0.66 0.89 |-166 0.24 |-06 0.24}-0.83 0.14
BASELINE | Heart | 0.12 0.33 |-05 0251{ 0.16 0.13 0 0 |-0.2 056)-016 0.13

Spine | -1.12 0.6 0 1 |-083 047 033 055 |-1.2 0161} -1 0

Lungs | -05 1.25|-15 025 | -1.5 091 |-1.66 0.24 [-1.2 056 |-0.33 1.55
LOW- Heart | -0.62 0.74 | -1 1 -1 033 |-133 023 |-08 1.36 0 0.66
STRETCH | Spine | -2.12 0.85 | -2 0 -2 1 }-133 0891]-1.8 216 (-266 025

Lungs | -2.12 038 | -25 0.25}-283 0.15| -2 066 |-28 016} -2 0.5

HIGH- Heart | -1 0.5 0 1 033 022|066 022]-04 064 0 1.533
STRETCH | Spine | 062 021 | O 0 083 0497 1 0 0 0 1 0.33

Table 4.4: Results of experiment 2 comparing the enhanced images with the film

analysis effectiveness?

The results of the comparison session are listed in Table 4.4 in terms of mean and
standard deviation of selected rankings (between —3 and +3) for each image, each trans-
formation and each of the three features: lungs, heart, spine when compared to the film.

The visibility of the lungs is slightly less clear in the baseline image than in the analog
film. The heart is seen as slightly less clear to slightly more clear in the baseline image.
The spine is often judged as being slightly less clear to less clear in the bascline image than
in the analog film. The low-range stretching doe: not really improve these results for the
lungs or the heart and definitely degrades them for the spine. However, the high-range
stretching, compared to the film, sometimes improves the visibility of the heart and often
the visibility of the spine.

These comparisons confirm the observation that the baseline image is a
fairly “good” first overview and is in general close to the analog film. In some
cases, the enhanced images also improve the visibility of features as compared

with the analog film.
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4.6 Experiment §: Reverse mode transformations

4.6.1 Objective

The objective of the third experiment is to evaluate the usefulness of viewing radiographs

in the reverse mode. The questions to be answered are the following ones:
¢ Is a reverse mode facility useful?

o What is the best image in the reverse mode?

4.6.2 Transformations and Method

The transformations of the first experiment are reversed (Fig. 4.7). The black areas were
transformed into white ones and the white areas into black ones without changing the

contrast. The same test procedure as in the first experiment is then applied. Eight

radiologists participated in these tests.

4.6.3 Results

The results of this experiment are listed in Table 4. They show for each image and each

physician the reversed transformation rated as “best”.

RADI RAD2 EM1 ~EM2 ICU1 ICU2
RADIOLOGISTS

1 RTRUNC | RTRUNC | RTRUNC | RSQRT | RLLL | RTRUNC
2 RLLL | RTRUNC | RTRUNC [ RSQRT | RLLL | RTRUNC
3 RLLL RX2 RMID | RLLL | RTRUNC| RMID
4 RTRUNC | RTRUNC | RLLL | RSQRT | RTRUNC | RTRUNC
5 RTRUNC | RTRUNC | RTRUNC | RLLL RLLL | RTRUNC
6 MID | RTRUNC | RTRUNC | RSQRT | RLLL RLLL
7 MID | RTRUNC | RTRUNC | RLLL | RTRUNC | RTRUNC
8 RTRUNC| RX2 |RTRUNC|{ RLLL | RTRUNC | RTRUNC

Table 4.5: Results of experiment 2 comparing the enhanced images with the film
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Is a reverse mode transformation useful?
All the physicians agreed that viewing images in the reverse mode could improve the

visibility of certain areas and the detection of certain features.

What is the best image to be displayed in the reverse mode?

Table 4.5 shows that there is a high degree of concurrence in the radiologists’preferences
regarding the aspect of a baseline image in the reverse mode. However these baseline im-
ages in the positive mode do not correspond to reversing the negative selected baseline
images. The preferred images in the reverse mode are the reversed truncation (RTRUNC)
in 54% of the cases and the reversed piecewise linear function { RLLL) in 29% of the cases.
Contrary to experiment 1, the results are almost similar from one image to another and
correspond either to leave the image unchanged or to stretch the low-range of grey levels.
The smaller disparities between preferences for each image may be attributed to the un-
usual aspect of reverse mode images and the physicians’ lack of practice in discriminating
features in these images.

The best images in the reverse mode do not correspond in general to simply

reversing the best baseline images in the usual positive mode.

4.7 Summary

Our approach to context-dependent enhancements attempts to match the three phases
involved in viewing a radiograph : getting a global impression, analysing the objects and
the local features, and focussing on the image perturbations. In this chapter, we reported
on enhancements to support the two first phases in the case of chest radiographs. In
addition, results on the applicability of grey level reversal transformations have also been
reported.

It appears that the baseline view judged as giving the “best” global impression is
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an image which provides in priority satisfactory visibility in the lung field. However
enbancements which yield “best” baseline images are difficult to deduce when the original
images are of poor quality. When the original images are of good quality, the concensus
appears to be enhancements in the high-range or mean-range.

Global adaptive grey-scale manipulations yield a global change which is the result of an
enhancement focussed on a part of the radiograph. They are useful as secondary images
to support the analysis of the objects and of the local features in the image, in particular
the spine, the inside of the lungs and of the heart. In terms of visibility of the lungs,
the heart and the spine, we get close results to the analog film in using one or the other
transformations including the one which yields the baseline image. This would suggest
an implementation with preset enhancements for these areas under the user control.

The last experiment asserts the uselfulness of viewing radiographs in the reverse mode.
However it appears that a good image in the reverse mode does not necessarily correspond
to the reversal of the baseline image in the usual mode. In general the preferred images
correspond to reversing the simple truncation function. lmplementing a reverse mode
facility requires the knowledge of the appropriate 8 bits to 8 bits remapping which trans-

forms the baseline image in the usual mode to the desired one in the reverse mode.
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Chapter 5

Subjective Evaluation of Local
Enhancements

5.1 Introduction

In the case of chest radiographs, a global enhancement is more likely to yield an image of
overall “good” visual quality, rather than an image of “optimal” quality for all the different
areas in the image. As seen in the previous chapter, an image globally enhanced results
from trade-offs and priorities in the appearance of different areas. Therefore, a global
enhancement cannot support optimally the third phase involved in viewing a radiograph,
namely the focal attention and scrutiny of the image perturbations (see Section 2-3-4).
To support this phase, we propose to use the potential of local enhancements which will
better highlight the areas of interest.

Our interest is particularly focussed on how to highlight specific pathologies since such
an approach is more likely to be helpful for diagnosing these pathologies. Qur ultimate
goal would be automatic, content-dependent, local enhancement. Therefore, we first have
to determine the viewing requirements for local pathological features and the enhancement

techniques which meet these requirements.
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In this chapter, we report on a user evaluation trial of local enhancements for spe-
cific pathologies, namely pulmonary nodule, pneumothorax, enlargement of paratracheal
lymph node, interstitial lung disease and air bronchogram. We first present our objectives
and method. We then explain how the trial was carried out. In the last section, we report

the results of this trial.

5.2 Objectives

The objectives of the subjective evaluation tests of local enhancements were as follows:

1. Determine the efficiency of common enhancement techniques when they are applied

to localized pathologies in images.

)

Determine which enhancements perform the best for specific pathologies.

3. Indirectly acquire knowledge regarding, for each pathology, what has to be enhanced

so that the radiologist can improve his reading.

5.3 Material and Method

The hardware components used to prepare this experiment have been presented in Section
2.6. The software was written in the “C” programming language and run under the SCO
Xenix 386 operating system.

The organization of the tests was scparated into four parts: (i) selection of radiographs,
(ii) extraction and recording of the windows of interest on the digitized radiographs, (iii)
preparation of the “enhanced” windows, (iv) subjective testing.

The films, which were selected, contained the following pathologies: pulmonory nod-
ule, pneumothorax, enlargement of paratracheal lymph nodes, interstitial lung disease and
air bronchogram. They were extracted from teaching records, thus providing an archetyp-

ical sample of pathologies. In particular, examples were chosen where the pathological
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problems are difficult to analyse on the original films. Then a radiologist selected the win-
dows of interest on the digitized images, i.e. the windows surrounding the pathological

problems.

5.4 Data Preparation
5.4.1 Method

The enhanced windows were prepared in advance so that they could be rapidly displayed.
A header file contained the window coordinates, the name of the original image together
with a list of the techniques used. All the enhancements or any single enhancement could
be called up and displayed. The original window was also available as a window for display

and comparison.

5.4.2 Enhanced Windows Creation

The enhancement techniques used are the same as those introduced in Chapter 3 and
differ only in that they are applied locally. We recall these briefly here and indicate the
various settings used for the parameters. We will use the same notations as in Section
3.3. The digitized chest images are of size 1200 x 1000 with 8 bits per pixel so that the
range of grey levels is G = [0, 255]. In the following description of the methods, g denotes
the original grey level and ¢’ the transformed grey level.

The first technique is windowing, expressed as:

+_ (Gmaz = Grmin)

- (gmtu.- - gmin)

g (g — Guiin) + Goin (5.1)

gmin a0d gma; are computed from the unprocessed window data. We set (g/,;,,4%..) to
(0,255) and (30,225). This last range is chosen to cope with the non-linearities of the
display at extreme intensity values. In effect, details appear less clearly in very dark or

very bright areas.
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The second technique is statistical differencing:

! O-I'I.CW

g =
Toid

(g - go!d) + Eﬂew (5‘2)

where g,y and o, are known. We set §,.,, the new mean value, to 127 as the percepti-
bility of small contrast differences is greater in the middle range of intensities than in the

extreme ranges, on., is set to a value two to four times that of 0,4 in order to increase

the contrast,

The third technique is a pelynomial remapping :
¢ =T(g)=Ag®+ Bg*+Cg+ D (5.3)

where the coefficients are obtained from the following initial conditions:
g:‘nl‘ﬂ = T(gml‘ﬂ)’ g:-nax = T(gmaa:)3 8= I"(QC)’ v = T(gc)'

Gmin a0d gmas are known, (g iy Fimaz) is set to {0,255), g. is chosen either as the mean or
the median of the window, the slope s at g, is taken greater than 1, and v is set to 127.

The fourth technique is histogram equalization:

9’ = {Gmaz = Tnin)cd(g) + Ghins (5.4)

where cd(.) is the cumulative distribution function of the original histogram and (g/, ;,., ¢',...)
is set to (0, 255) or (30,225) for the same reasons as equation 5.1.
The fifth contrast technique is histogram hyperbolization:

ed(g)

(]
Imaz ¥ €7 _ (5.5)

L
where ed(.) is the cumulative distribution function of the original histogram, (g/,;., g".c)

is set to (0,255) and c is function of the slope at 0 of the hyperbolized density function
(see Section 3.4).



Three spatial techniques for edge enhancement were also tested: the first two are
variations on unsharp masking 2nd the third on edge detector:
(a) A simple unsharp masking expressed as :

g'(z,y) = elg(z,y) — 5(z,3)) + (=, y) (5.6)
where g(z, y) is constant over the entire window and set to the local mean. The value of
the gain ¢ varies between 1 and 3.

(b) A 5 x 5 unsharp mask:
g'(z,y) = clg(z,¥) — F5.5(2,9)) + Fs 5(2, ) (5.7)

where G5 s(x,y) is a low-pass filtered window computed with an averaging mask of size
5 X 5. The value of the gain ¢ varies between 1 and 10.

(c) As an edge detector, we use a Sobel operator

g'(z,y) = c(gla,y) = W(z,7)), (5.8)

where * is the convolution operator and W(z,y) the Sobel mask (see Section.). The gain

¢ is set to 5§ so as to amplify the image signal.

5.5 Subjective Testing
5.5.1 Materials

The selected images represented 5 pathological groups characterizing 16 different cases

decomposed as follows:

e four cases of pulmonary nodules of which two are located over the ribs,one over the

heart and one partly over the rib and partly over the lung tissue,

o three cases of pneumothoraces, one is vertically oriented in the right lung, one
horizontaly oriented at the left lung apex, and one horizontaly oriented at the right

diaphragm border,
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o two cases of air bronchograms, one in the upper part of the left lung and one in the

lower part of the left lung,

e six cases of interstitial lung diseases, of which three are extracted from the right

lung and three from the left lung and,

¢ one case of enlargement of paratracheal lymph nodes.

5.5.2 Procedure

The experimenter controlled completely the running of the tests so that the radiologist
had only to concentrate on what was displayed on the screen.

To start the test for a given case, the original digitized image was first displayed and
its preselected window appeared on the screen. This allowed the radiclogist to locate
the pathology in its original context. Then, the previously prepared enhanced windows
appeared side by side on a black background. The radiologist was asked to rate the
visibility of the pathologic feature for each window on a scale from —2 to 2 where —2
was ‘not at all clear’ and +2 was ‘very clear’. The radiologist was then asked to rate
in decreasing order the three preferred enhanced windows. Comments were encouraged
on what the enhancement should be accomplishing and how well the objective was met.
In the case where all the enhanced windows could not be displayed on the same screen,
they were decomposed into two groups which were displayed in turn. The three first
preferences of each were eventually redisplayed for a final selection of the overall preferred

windows. This same procedure was repeated for each pathology.
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5.6 Results

5.6.1 Introduction

Two radiologists participated in the tests. We judged this number sufficient to convey
general guidelines for the local enhancements. The results are based on responses from
the questionnaire used during the tests. They are both quantitative and qualitative.

Fig. 5.1 and Fig. 5.2 show two of the images used in the tests set: on the left with the
window of interest surrounding the pathology, and on the right, the proposed enhanced
windows for this pathology.

The results are summarized in Figures 5.3 and 5.4. Fig. 5.3 gives for each group of
pathologies the ranking of the three preferred windows. They are referred to by the name
of the enhancement technique from which they are derived. The abbreviations used in
these two figures are explained in Fig. 5.5. We attributed a decreasing number of points
to the first (3), second (2) and third choices (1), and calculated for each enhancement the
total number of points by adding the contribution of each instance of a pathology. The
three enhancements retained in the final ranking were those with the highest number of
points. In Fig. 5.4, we show in graphic form the average ratings received by enhancement
and pathology. In the case where there were several occurrences of the same enhancement
technique with different settings of the parameters, we retained the setting which yielded

the best numerical rating.
5.6.2 General Observations
From the results summarized in Fig. 5.4, we can draw the following remarks:

o For each pathology, there is always a processed window which brings out the patho-
logical features better than the unprocessed window (original) does. This clearly

demonstrates the potential of local enhancement techniques.
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Figure 5.1: Air bronchogram

66



Figure 5.2: Enlargement of paratracheal lymph nodes
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Abbreviation Enhancement
Qrig. Original (unprocessed)
Wdg. Windowing
Stat.DifF. Statistical Differencing
Polyn. 3d degree polynomial ransform
His. Equa. Histogram Equalization
His.Hyp. Histogram Hyperbolization
UM. Simplc unsharp masking
U.M.5x3 Unsharp macking with a 5x5 window
Sob. Sobel Detector

Figure 5.5; Abbreviations for the enhancements

¢ The performance of spatial enhancement techniques (Simple Unsharp Masking, 5 %
5 Unsharp AMasking , Sobel Detector) is in general poor compared with contrast
techniques ( Windowing, Statistical Differencing, Polynomial Transform, Histogram

Equalization, Hislogram Hyperbolizalion).
¢ In particular, the Sobel transform was constantly rated last.
¢ The rated efficiency of an enhancement technique varics with the pathology.
o Statistical Differencing is the best overall technique.

5.6.3 Preferred enhancement by pathology

In this section, we analyse the results for each group of pathologies and summarize the
comments given by the radiologists during the tests as to what feature they expected to

see improved. We also give our suggestions on what enhancement technique to retain and



to refine.

Pulmonary Nodules

The average size of the windows containing the pulmonary nodules is 75 x 85. Two of
these nodules are located completely under a rib, one is over the lung tissue and another
one extends both over the lung tissue and under the rib. Those nodules are scrutinized
for their delimitations and content. In particular, the radiologists want to see if there are
inner signs of caleification.

As shown in Fig 5.3. the three preferred enhancements for the nodules are Histogram
flyperbelizalion, Histogram Equalization, Statistical Differencing. The first two techniques
increase the contrast drastically which implies an over-enhancement of the nodule itself,
independently of its context. Statistical Differencing along with Polynomial Transform.
Windowing and Simple Unsharp Mas':ing were preferred for the fourth nodule {which
extended over the lung tissue and under the rib), as high contrast techniques resulted in
a blurring of the margins of the nodule. For this case, the techniques preferred increase
the contrast while keeping the details both inside and outside the nodule. These remarks
are reflected by the numerical rating for each technique (Fig. 5.4). The good ranking of
Statistical Differencing can be explained as a trade-off between high contrast and retention
of fine details.

In terms of numerical rating, Histogram Equalization and Histogram Hyperbolization
yielded rather close results, as the appearance of the respective enhanced windows were
close. We {avour the technique with the easiest parameters to set: Histogram Equalization.

Hence, we propose to keep two kind of techniques for the enhancement of nodules:

¢ Hislogram Equalization with g/,;, = 0 and g/, ., = 255. This enhancement provides

high contrast to bring out large isolated nodules.
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e Stalistical Differencing with §,.,, = 127, Gpnew = co.14 Where ¢ = 3 or 4. This method

increases the contrast to a lower extent but retains the fine details and so is useful

in perceiving tiny diffuse nodules as well as in providing a natural appearance in

the window.

Pneumothorax

A pneumothorax appears as a thin line around the margin of a lung resulting from free air
in the pleural space. We had three cases of pneumothoraces of which two were very subtle.
The sizes of the surrounding windows of interest are respectively (49 x 381), (182 x 79)
and (230 x 109). The objective of the enhancement is to bring out the pncumothorax
line.

On average, the preferred enhancements are Statistical Differencing, 5 x 5 Unsharp
Masking and Polynomial Transform. Statistical Differencing and Polynomial Transform
both increase smoothly the contrast thus keeping a natural aspect in the processed win-
dows. Histogram Equalization and Histogram Hyperbolization did not bring out well the
pneumothorax line and also gave windows which are too “black and white”, and therefore,
unpleasant for the eye. For the pneumothorax located at the apex of the left lung, only
5 X 5 Unsharp Masking succeeds in bringing out the line. In terms of average numerical
ratings (Fig 5.4) , the four best enhancements are Statistical Differencing, Polynomial
Transform and Windowing.

Combining the preferences with the numerical ratings, we can suggest the following

techniques for the enhancement of pneumothoraces:

o Statistical Differencing with g, = 127 or 7,,.., = Foid» Onew = C0ot¢ Where ¢ = 2 to
5. This method provides a smooth increase in contrast which is likely to be suited
for most of the pneumothorax cases. We favour it over Polynomial Transform as its

parameters are easier to set.
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o Windowing with g/ ;. = 30 and g, = 225 as a technique which maintains a good

visibility inside the window.

® 5 x5 Unsharp Masking with a gain value of 10 as a last resort when no contrast

technique can bring out the pneumothorax.

Air bronchogram

The size of the two windows surrounding the air bronchograms are respectively (224 x 282)
and (196 x 301). They are located in the upper part and the lower part of the left lung.

To diagnosis an air bronchogram, one has to visualize clearly air filled bronchi within
lung parenchyma. These bronchi do not show up in normal lungs. When the lung is
white, the visualization of bronchi allows diagnosis of air-space consolidation, i.e. the
filling of pulmonary air spaces with abnormal material, such as inflammatory exudate
in pneumonia or blood in pulmonary hemorrhage. This is the reason why the preferred
enhancements (Fig. 5.3) are those that increase the contrast, namely Statistical Differ-
encing, Windowing and Histogram Hyperbolization with an inclination for a medium and
smooth increase as obtained with Statistical Differencing and Windowing. The average
numerical ratings (Fig. 5.4) reflects these preferences and also show the good ranking of
Histogram Equalization along with Histogram Hyperbolization.

To bring out an air bronchogram, we, therefore, suggest the following enhancements:

e Statistical Differencing with ., = 127 or 127 < §,., € mean, Opnew = c0oq Where
¢ =2 or 3, for a smooth increase in contrast, which brings out the pathology and

provide a good visibility in the window.

o Histogram Equalization with g/, =0 and ¢!, = 255 for greater contrast enhance-
ment than in Statistical Differencing. This is preferred to Histogram Hyperbolization,

which yields approximately the same results and has more parameters to set.

73



Enlargement of Paratracheal Lymph Nodes

The selected window of size (253 x 336) is located in the upper part of the mediastinum,
centered on the trachea and the mainstem bronchi. The radiologists want to visualize, in
particular, the paratracheal stripe which delimits the wall of the trachea from the adjacent
soft tissues. When this stripe is lost because of a soft tissue mass, this is likely to be due
to an enlargement of the paratracheal lymph nodes.

The preferred enhancements are Histogram Equalization and Histogram Hyperboliza-
tion as in effect, high contrast allows to visualize clearly the tracheal air column and the
paratracheal region. The preferences are also consistent with the numerical rating.

For such window selections, we suggest to apply:

e Histogram Equalization either with g ;. = 0 and g/, = 255 or g},;, = 30 and

Grmar = 225 which gives a high contrast enhancement.

Interstitial Lung Disease

For each image, the selected windows of average size (215 x 460) include the outer third of
the right and left lungs. Interstitial lung discase typically results in blurring the vascular
pattern of the lungs, and gives rise to extra lines and/or nodules which are often best
distinguished in the outer third of the lungs. The radiologists look for enhancements
which accentuate the nodules, which sharpen the lines and bring out the blood vessels.
Their preferred enhancements (Fig. 5.3) for both the right and left lung are those
that give medium contrast and deblur the disease features, as provided by Windowing,
Polynomial Transform, Statistical Differencing. In particular, these techniques provide
sharper lines at the lung periphery. Simple Unsharp Masking was also retained as a good

technique for its capability of sharpening the lines while maintaining sufficient contrast
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inside the lungs. However, this was sometimes at the expense of loosing the definition of
the thoracic cavity border. High contrast techniques, such as Histogram Equalization and
Histogram Hyperbolization, tend to destroy parts of the window content and to wash out
other parts. The preferences are consistent with the average numerical ratings (Fig. 5.4)
which further indicates that an enhancement for Interstitial Lung Disease corresponds also
to a good appearance of the window because of the diffuse characteristic of the disease.

For interstitial lung disease, we thercfore suggest .o retain the following enhancements:

o Windowing with g, ;. =0 and g,,. = 255, for 2 medium increase in contrast which

retains and accentuate most of the details.

¢ Polynomial Transform with g. = 7, s = 2 and v = 180 which can sometimes provide

sharper lines than in Windowing.
5.6.4 Variabilities of the ratings

In Fig. 5.6, we show how the three (unordered) preferences of the two radiologists match
over the entire sample (16). In all 16 cases, there is at least one common preference, in 7
cases two common preferences and in 6 cases all three are common. In Fig. 5.7, we show
now how the two first (unordered) preferences match over the entire sample. In 14 cases,
there is at least one common preference and in 5 cases the two first preferences are com-
mon. These results demonstrate the similarity between tlic two radiologists’preferences.
Fig. 5.8 reflects the variabilities on the numerical ratings between the two radiologists. In
81% of the cases, their ratings are the same or differ by one value only.

This consistency in the choices of the two radiologists increases our confidence in the

results of the limited subjective testing.
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Figure 5.6: Matching in the three first preferences between the radiologists
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Figure 5.7: Matching in the two first preferences between the radiologists
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Figure 5.8: Matching in the numerical ratings between the radiologists

5.7 Summary

In this chapter, we reported on enhancements to support the last phase involved in viewing
a radiograph, namely focussing on the image perturbation, and we presented the results
of a subjective user evaluation trial.

The main objectives of this trial were to determine the efficiency of common enhance-
ment techniques for specific pathologies and acquire knowledge regarding how the pathol-
ogy could be optimally highlighted. We particularly focussed our interest on the following
pathologies: pulmomary nodule, pneumothorax, enlargement of paratracheal node, inter-
stitial lung disease and air bronchogram. We had one to six digitized radiographs for each
pathological case.

It appeared that the rated efficiency of an enhancement technique varies with the
pathology. For each pathology, we described the features that the radiologist required
to be highlighted, and we reported on the enhancements with their parameter settings
which the closest achieved these goals. Thus, we propose Histogram Lyualization and Sta-

tistical Differencing to enhance pulmonary nodules, Statistical Differencing, Windowing
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and 5 x 5 Unsharp Masking to bring out pneumothoraces, Statistical Differencing and
Histogram Egqualization to highlight air bronchograms, Histogram Equalization to high-
light paratracheal lymph nodes and Windowing and Polynomial Transform to enhance
interstitial lung disease.

Although only two radiologists evaluated the enhancements, their choices were often

the same. This makes us confident. about the results of these limited tests.
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Chapter 6

Parametric histogram specification
of digitized chest radiographs

6.1 Introduction

In this chapter, we investigate the use of global histogram specification for chest iraages,
in which a given image is transformed so that its histogram matches the histogram of
some ideal image. This technique belongs to the context-free class, however we shall show
below that it can be made to adapt to the context of the image, while at the same time
not suffering from the problems of context-sensitive techniques. In our preliminary study,
the pre-specified histogram is one corresponding to a “good” quality chest radiograph,
as chosen by radiologists. However instead of using the histogram directly, the original
chest image is processed to yield parametric characteristics of a good chest image. This
is required as chest radiographs differ greatly from one another because of the patient’s
anatomy, the possible pathology and the radiograph acquisition technique. The direct
histogram specification technique does not take into account these inherent characterisitics
of the chest radiograph, some of which should not be altered.

Our approach called parametric histogram specification (PHS) thus conside.s para-
metric models for the characterisation of the grey levels distribution of chest radiographs

rather than only the histogram values. The first objective, therefore, is to specify a
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parametric model for an “ideal” chest radiograph. This model stresses the fundamental
similarity between chest radiographs as it assumes that the difference can be expressed
by the specification of a few parameters.

In other words, our main hypothesis is that chest radiographs belong to a general
class, which can be specified by a family of distributions. To define the appropriate model
corresponding to this family of distributions, we rely on results obtained from a previous
study [PLESSIS, 89] as well as on results published by MacAdams et al [MCADAMS, 86).
Both studies assert the intrinsic bimodal nature of the distribution of chest radiographs.
Consequently, we looked for a bimodal model which could characterize the corresponding
distribution. This model must be parametric to take into account the inherent charac-
teristics of each chest image. As a suitable mode!, we chose to consider a mixture of
two normal distributions. Such a model is completely described by its parameters and
these parameters must be related to some characteristics of the radiograph, namely the
subject’s anatomy or possible overall pathology and the film acquisiton method.

It is clear that we must concentrate on those parameters which are related to the
film acquisition method as these often impinge upon image quality. Given a “poor”
quality image, enhancement is now a two stage process. We first attempt to fit a bimodal
distribution to the histogram. Those parameters corresponding to the subjects’anatomy
and pathology are retained and combined with the parameters that correspond to an ideal
image, in effect correcting for poor film acquisition.

In the following section, we first report on methods lor characterizing chest radiographs
and on the use of direct histogram specification. In Section 6.3, we present our bimodal
parametric model and estimation methods for parameter extraction. In Section 6.4, we
then show how this can be applied for image enhancement. This follows in Section 6.5

with pictorial results.
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6.2 Characterization of digitized chest radiographs
in term of histogram

6.2.1 Histograms of digitized chest radiographs

In Fig. 6.1, we present grey level histograms of digitized chest radiographs. These radio-
graphs were digitized with a laser scanner manufactured by Konica which provides images
of size 2000 x 2430 pixels with 1024 grey levels. For display requirements, the digitized
images were low-pass filtered and sub-sampled to 1000 x 1200 pixels and the number of
grey levels was also reduced from 1024 to 256. From now on, we shall use indifferently
the terms “digitized chest radiograph” and “chest image”. The shape of the histograms
varies considerably and depends upon factors such as film quality, subject anatomy and

pathologic conditions.

6.2.2 Histograms of good quality chest images

In a previous study [PLESSIS, 89] transformations were applied to chest images of differ-
ent quality and the resulting images were judged by physicians. An image was rated of
“good” quality if it had satisfactory overall visibility for diagnosis. In particular, when the
original radiograph is already of good quality, the appearance of the digitized image must
be at least as good as the corresponding radiograph. In Fig. 6.2, we show two examples

of histograms of chest images which were rated as “good quality”.

6.2.3 Histogram specification

In the continuous case, the transformation to be applied to a given distribution so as
to yield a second distribution is found as follows [HALL, 79]: Let X, and X, be two
continuous random variables. If X; has a cumulative distribution function F; and X;
has a cumulative distribution function 5, the random variables F}(X;) and F5(X3) both

have a uniform distribution. Hence F;1(Fy(X;)) has the same distribution as X;. In the
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Figure 6.1: Grey level histograms of digitized chest radiographs
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discrete case, this result does not hold exactly, however for a large enough number of steps,
the approximation is quite acceptable. We first estimate the cumulative distributions
Fi, F from the original histogram and the desired histogram, respectively. The new grey
levels are then obtained by applying the transformation F;! o Fy on the original grey
levels.

In Fig. 6.3, we show two images and in Fig. 6.4, we show their corresponding histogram.
The first image has been rated as “good quality”, whereas the second image has been
rated as “poor”. In Fig. 6.5, we show the result of using histogram specification, i.e. the
histogram of the “poor” quality image is transformed so as to approximate that of the
“good” quality image. The result of such a transformation is rather spurious as the inner
parts of both lungs are completely “destroyed™ and their periphery is blurred.

Rather than specifying just to a histogram of an arbitrary image, we may specify
an ideal histogram derived by an averaging of the histograms of a number of “good”
images, in essence trying to reduce the noise. Fig. 6.6 gives an example of an averaged
histogram. Fig. 6.7 shows the vesult of using the average histogram as the basis for
histogram specification. We see tha an important part of the lungs is still blackened and

their periphery is blurred resulting in a loss of details.

6.2.4 Search for a model

From the results of direct histogram specification, we can deduce that there are inherent
characteristics in each chest image which should not be altered. Our goal is to para-
metrically model a chest histogram in order to later propose a chest-adapted histogram
specification.

We want first to take advantage of the fact that all chest radiographs have similar
features and belong to a general class. The class definition relies on the hypothesis that

chest radiographs grey level distributions always belong to a special family of distributions
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Figure 6.3: Image of “good” quality (first one) and image of “poor” quality
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Figure 6.5: Result of histogram specification
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Figure 6.7: Result of histogram specification with the averaged histogram

because of their general shape. This family and, as a consequence, the general class have
to be specified by an appropriate parametric model.

Let us consider the first histogram in Fig. 6.2. We can disregard the two extreme
peaks which correspond to the background influence, we are thus left with essentially a bi-
modal histogram. MacAdams et al [MCADAMS, 86] have also analysed chest radiograph
histograms and have concluded that the thoracic cavity, which contains the significant
information in a chest image, shows an histogram which is bimodal with significant lung
field-mediastinum histogram peak separation.

These observations suggest that the distribution of grey levels in a chest image can be
satisfactorily described by an appropriate mixture of two normal distributions where the
first normal distribution represents the lung field and the second one represents the medi-

astinum and subdiaphragmatic areas. Furthermore, this restriction reduces the estimation
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of the grey levels distribution to the one of a small number of parameters.

5.2.5 Interpretation of the model parameters

The mixture of two normal distributions is characterized by the following density:

flz; py, 2y 01, 02, P) = p2{(T; 1, 01) + (1 = p)p(; p2,02)

where ¢(z; s, o) is the one-dimensional normal density. It is completely described by the
value of its five parameters: p, i2, 01,02, p, where we assume that each parameter has a
meaning in terms of information content. In the case of the chest image, the histogram
clearly provides spatial information and this property has been used to choose the model.
Namely, the first uni-modal distribution can be related to the grey level distribution
of the lung field, and the second one can be related to the grey level distribution of
the mediastinum and sub-diaphragmatic areas. As a consequence, s, (12) represents the
brightness of the lung field ( mediastinum and sub-diaphragmatic areas) and o, ( o) is an
indication of the contrast. Thus s, ft2, 01,02 depend upon factors determined by the film
technical quality. The weights of each distribution, p and 1 — p, are more representative
of the extent of the lung field versus the mediastinum and sub-diaphragmatic areas in the
image, in other words, the patient’s anatomy. We note that in the case where the subject

shows an overall pathology in the lung field, this also influences the value of p.
6.3 Parametric modeling of the distribution of grey
levels in chest radiographs

6.3.1 Introduction

Parametric models for the distribution of grey level values of chest images have been
proposed in literature. For example, Cocklin et al [COCKLIN, 83}, use a parametric

model based on the Rayleigh distribution: f(z) = zexp(—2%/2) to compensate for the
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fact that, in general, the distribution of grey levels of chest images is heavily ‘weighted
towards the high intensity values. Their model is specified with the following parameters:
20 ins Toaz» the minimum and maximum grey level values in the observed histogram,
Tpmin, the minimum grey level value in the parametric histogram,

a, some constant,

and the truncated distribution is expressed as follows:

J(2) = = X & = i) P (~(T = Emin)?/207)

where
b=1/(1 —exp(—(2%,. — 2°,.)%/2a?))

Tubbs [TUBBS, 87] has proposed a general model for a “variable shape probability

density function” which follows a Beta-distribution. This parametric model is given by:
Y E Y

-1 f=1
(T — 'Tg‘u'n)a (‘r?nnr - 1’-)

B(a, B)(a8,. — 2%:,)° 1!

flz) =

for 29, <z <z% . and

1
B(a.8) = jo w*1(1 = ) 'du

This latter model has the drawback of being too general for chest radiographs and the

parameters a and J are difficult to identify.

Both models consider a uni-modal distribution rather than a bimodal one which does
not correspond to the actual histograms of chest radiographs We find it more appropriate
to propose a bimodal parametric model based on the mixture of two normal distributions.
In the following, we will make more precise the definition of the model and propose

different ways to estimate its parameters,
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6.3.2 Model

The classical mixture problem consists in specifying the distribution for observations which
come from n different sub-populations, each with a known density. In many situations, the
density function of each sub-population, fi(.},? = 1,...,n, has a parametric form, fi(.18),
where §; represents the parameters of f;(.), and each sub-population has a probability p; of
being selected. Thus we have the following expression for the probability density function

of the mixture:
F(2) =3 pifi(x/0:) (6.1)
i=1
where

P > 0 and ip;=l

=1

In our case, we can distinguish two different sub-populations, one corresponding to
the lung field and one corresponding to the mediastinum and sub-diaphragmatic areas.
We assume that both sub-populations follow the same normal distribution with different
parameters, N(pu1,0%) and N(p12,02) respectively. Hence, the density of the mixture of
the two normal distributions with proportion p and 1 — p respectively is expressed as

follows:

—f{T — 2 2 e — 2452
lz) = \/IQ_W(pexp( (= LTlm) [291) | (g = pyeel=le az#z) Po)y  (62)

where 0 < p < 1. The first moment of the mixture, i.c. the mean, is given by:

my = E(X) =pu1 + (1 — plpa (6.3)

The second moment is given by:

my = E(X?) = p(o} + p}) + (1 — p)(o? + 1d) (6.4)
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The third moment is obtained as follows:

my = E(X®) = ppa (307 + ) + (1 — p)p2(303 + p2) .6.5)
6.3.3 Estimation

General method

The problem of estimating the components of a normal mixture has been studicd siuce
Pearson (1894). However, unless one is ready to accept some restricted assumptions about
the model, no closed form expression is available for estimating the parameters of the mix-
ture. Furthermore, it appears that the classical method of the mazimum likelihood cannot
be applied in the case of a mixture of normal distributions, even if some approximative
methods are available [TITTERINGTON, 85]. In effect, given a sample of N independent
observations, the likelihood function which is given by,

N N

Lip,pi.0o1. iy, 00) = ]_-_Ef(-’ri) = I];[pfl(xi”‘hal) + (1 = p) fol=is 2, 02)]
i= i=

can be bounded from below as,

l1-p

N
L(ph“laalnu2’a2) 2 %exp((ml -“1)2/0?)1—‘[

=2

0_2 exp((z; — p2)?/03)

since each term in the developed product is positive. If we set z; to s; then when
oy tends toward 0, the likelihood tends toward co. Even if we agree upon boundaries
on the variances, this method still requires extreme computations as well as any min-

imum distance estimation method of densities or of cumulative distribution functions.

Consequently, we choose to use the alternative method of moments for the estimation
[TITTERINGTON, 85), which we now describe.

Consider first a mixture of two normal distributions with density,

J(z; iy g2, 01, 02, p) = pop(z; 1, 01) + (1 = p)p(z; p2, 02) (6.6)
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where ¢ is the one-dimensional normal density and let z;, zs,. .., 2, represent the sample
values, i.e. the pixel values. The method of moments consists in equating the observed

moments

M,=12z5 r=1,...,5 (6.7)

n

=1

to the theoretical moments given by
m, = j:c"f(a:)d:n r=1,...,5. (6.8)

In the normal case, these moments arc related to the parameters of the mixture by equa-
tion (6.3), (6.4) and (6.5).
We then obtain the following system of five non-linear simultaneous equations, which

must be solved to give estimates of the five parameters in the mixture distribution,

H1, H2,01,02,p

ptiv + (1 = phiz = My
Bld® + %) + (1 — p)(da” + 4ia?) = ALy
Blf101? + 101°) + (1 = P)(4iad2® + 1ix®) = My
B(36y* + 6011 ® + fir*) + (1 — P)(3c2* + 662%40% + ") = My

ﬁ(150‘"14.(f1 + 100112}£13 <+ ,!f]s) + (]. - [3)(15624,lf2 + 10&22}323 + ﬁgs) = ﬂf5

By some tedious algebra, these equations may be reduced to a ninth degree polynomial

from which the root(s) have to be extracted [TFTTTERINGTON, 85].
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A first approximation

When constraints are placed on some of the parameters, the compuiation may be
considerably simplified. We introduce here some simplifying assumptions based upon the
observation of the actual empirical histogram.

First, for “good” quality images, we have observed that (1) the two modes are relatively
far apart; (2) as a consequence, this allows us to assume that each mode of the mixture
corresponds to the mean of one of the normal distributions. Let mode; and mode, be the

two modes of the mixture, the estimates for g; and g, are given by
= mode, (6.9}
2 = mode, (6.10)

Let K be the number of grey levels and let p(z) be the frequency of occurence of grey level
t. Given equation (6.7) which estimates the first and second moments and which can also

be expressed in function of the p(i)'s,

K

My =) ip(i) (6.11)
i=0
and
K
M, =Y i%(3), (6.12)

we have the following equations for the estimate of the remaining parameters p, dy, 6»:
My = iy + (1 = )i (6.13)
My = p(dr® + fin®) + (1 — p)(d2” + fia?) (6.14)
Furthermore, if h; = p(mode;) ( ho = p(mode,)) is the height of the empirical his-

togram at the first (second) mode, our assumptions imply that &; (h2) is proportional to

- 1,_‘ - . + .
% (?;2) and the proportionality coefficient is the same. Therefore,

hy P O
—_—= it 6.15
ho 1-pd ( )



Equations (6.13), (6.14), (6.15) are then sufficient for the estimation of p, oy, o5.

A second approximation

Unfortunately, the previous crude assumptions are not necessarily satisfied for all chest
images. Bad quality images, such as those taken with portable units, may have distribu-
tions with just one well defined mode (Fig. 6.8) or with two different modes which are
close to one another (Fig. 6.9). However, one mode in the bright areas will always be

pre-eminent which leads us to consider a less restrictive set of assumptions for estimating

the parameters of the model.

0c3

0024
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0 S0 100 150 200 250
Grey Levels

Figure 6.8: Distribution with one well defined mode

We will assume that (i) the main mode of the empirical histogram, s, is a good
approximation of the mean of the second normal distribution , g, and (ii) the overlap
due to the first distribution is neglectible at the point z;. Note that this is not the case
for concentrated histograms such as the one in Fig.6.9. For such distributions, one will
have to use the general method of moments (see 6.3.3). Under the assumptions (1) and

(2), the heighi of the empirical histogram, p(mode,), is an acceptable estimator of 7’%
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Figure 6.9: Distribution with modes close to one another

Il we write, p(mode,) = 7"—1?, we have then the equality :

h=12P (6.16)
T2

Using the estimator of the third moment (Eq. (6.7)) here expressed as a function of

the p(i)’s:

K
Mz =3 8p(d), (6.17)
&
we get a third equation:
My = pir(361° + i ?) + (1 — p)fia(362° + 4ia?) (6.18)

We note that the following changes can be made:

t!) equation (6.13) yields 4; as a function of :

. _ M, - (1 —p)iiz

th (6.19)
by
(ii) equation (6.14) yields &,° as a function of p:
. 1 M, — (1 = p)ia)? R 1-p )
ot = gty - LRZUZB ey 2By (o)
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(iii) and equation (6.18) yields a 6-degree polynomial in p:

AP+ Bp* +Cp* + DPP+ Ep* + Fp+G =0 (6.21)
where

-

= 3z
= 3(M, —54)

= 3(—3M; — iz + R2i)

= (34 R%i2®) My — 5yip — 3R%i°

b . ]

= (3= 9R%@*)My + R¥(Magiz + 10402° — M)

Mo m b O mo»
I

= h*(M — fia)(Ma — 6My iz + 64i27)

[
1

—2R* (M — fin)®
We are only interested in the solutions between 0 and 1. Several cases may occur:

1. There is one solution fso that 0 < p < 1, then our model is completely parametrized.

[

. There is no root p so that 0 < p < 1, then the estimation process will fail and the

general method of moments has to be used instead.

3. There are several roots so that 0 < < 1. In this case, we choose, among the roots

making ¢7 > 0 the one closest to 1/2.

Remark: These two methods are bound to be criticized from a statistical viewpoint |
as being too ad hoc and lacking of rigor. However, apart from the gain in computation
time brought by these approximations, it is worth to note that the normal mixture mod-
elization is still an approximation of the grey levels distribution. Therefore the use of
theoretically more accurate statistical methods (e.g. the general method of moments)

will not necessarily lead to a better approximation of the exact distribution.
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6.4 Application to enhancements

6.4.1 Parametric Histogram Specification (PHS)

In PHS, the parameter, p, used in the bimodal model of the grey level distributions is
assumed to convey the information about the patient’s anatomy and disease.

Given a bad quality image, the enhancement by PHS is decomposed into two processing
stages: (1) determining the parametrized bimodal model and keeping only the estimated
weight p, (2) applying the histogram specification with a parametrized model using p
with the #’s and o’s derived from some “ideal” image. Thus, the processed image should
now have the same characteristics as a good quality image while retaining the anatomical
information content.

The determination of the parameters in the model is a three-step procedure described
in Section 6.3.3. In the first step, we detect the two modes in the image histogram. In par-
allel, we compute the moments directly from the histogram as shown in equations (6.11)
and (6.12). We can now use equations (6.9),(6.10),(6.13),(6.14) and (6.15) to determine
the parameters. ‘

The operator used to detect the modes of the histogram is a compositc of a smoother,
Sn, and a differentiator, D,. Sy is obtained by averaging the histogram over a moving

window of size N:
N-1

. —(N -1 .
wn (i) = 1/N:(—2—-—) <i<
At each point, ¢, in the histogram where the first difference (approximating the first
derivative) equals 0, D,, computes the sign of the first difference for the n previous points
and the n following points. Point ¢ i» a local maxima if the first differences are positive
for the n points before ¢ and negative for the n points after . When more than two local

maxima are detected, we apply the two following rules: (1) discard the two peaks which

have extreme positions (very dark or very bright grey levels), (2) among the remaining
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maxima, choose the 2 heighest peaks. This assumes that the smoothing is efficient enough
to transform close local maxima into a unique one.

The motivation to discard the peaks with extreme positions when they exist, is sup-
ported by the observation that they are not, in general, part of the significant information
in the chest image but reflects more the influence of the background. This remark sug-
gests also to compute the moments over a truncated histogram where the influence of the
background is not taken into account. The percentage of background contribution is not
known a priori but such values could be obtained statistically after having observed a
broad collection of chest images.

In Fig. 6.10, we summarize the processing steps involved in PHS.

6.4.2 The “ideal” model

As remarked in Section 6.2.2, an image is of “good” quality if it has a satisfactory
overall visibility for diagnosis. Furthermore, when the film is already of good quality, the
digitized image should be at least as good. It is clear that the ideal model should have
the characteristics of “good” quality images, however one has to specify precisely these
characteristics.

We first wanted to verify the stability of the inherent parameters as extracted from
the bimodal model of “good” quality images. We selected a sample of 10 “good” quality
films, without much variations in patients’anatomy. We then estimated the parameters
1, B2, 01,02 and p for each image. The resulting average and standard deviation of the

estimates are indicated in Table 6.4.2 for each parameter.

#1 B2 a1 T2 P
average 105.33 | 188.88 32.3 18.2 0.5
standard deviation | 11.18 7.38 5.62 4.5 0.08
(4.36%) | (2.88%) | (2.19%) | (1.75%) | (8%)
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Figure 6.10: Adaptive Histogram Specification
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As expected, the parameter p is the most variable of all five parameters which reflects
its importance as an indicator of the variation in patients’anatomy. The parameters
F1, #2,01, 02 vary to a lesser extent, which is an indication of their general stability for
“good” quality images.

In the results presented, we used the averaged estimates of the parameters to generate

an “ideal” bimodal grey level distribution.

6.5 Results

6.5.1 Behaviour of the model

In Fig. 6.11, we show a number of histograms of chest images on which is superimposed
the corresponding computed parametrized model. It is clear that the parametrized model
fits reasonnably well to the histogram. We also note that the parametrized model of the
averaged histogram of good quality images (Fig. 6.12) is very close to the parametrized
model obtained by averaging the parameters of each single histogram. These results
point out the robustness of the parameters estimation procedure despite the restrictive

kypothesis made (see Section 6.3.3).

6.5.2 Pictorial results

The images presented in this section were selected by radiologists.

Application of PHS to “good” quality images

PHS is intended to improve the appearance of “poor” quality images, however, at
the same time it should not alter the appearance of “good” quality ones. In Fig 6.13
and Fig 6.14, we show two good quality images (on the left hand side) and the result
of applying PHS (on the right hand side). The processing has not altered the original

images, which demonstrates its stability for “good” quality images.
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Figure 6.11: Histograms of chest images and their models
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Variations of the parameter p

In PHS, the parameter p characterizes the patient’s anatomy and is obtained from the
parametrization of the histogram of the original image. In Fig. 6.15 and Fig. 6.16, we
show the results of applying PHS to the first image of Fig.6.17 but using different values of
p. The computed value of p in the original parametrization is 0.76 and results are shown
corresponding to, respectively, from left to right in the first figure, p = 0.2,p = 0.5, and
to p = 0.8 in the second figure. The perceived quality of the image increases as the value
of p comes closer to the true value. The p = 0.2 image is completely washed out, in the
p = 0.0 image, the appearance of the right lung has been improved but the quality of the
left lung is still poor, finally, in the p = 0.8 image, details appear in both right and left
lungs as well as in the mediastinum.

The results demonstrate that the parameter P 1s an important inherent descriptor

which should not be altered.

Application of PHS to “poor” quality images

We now present the results of applying PHS to “poor” quality images. For each case,

103



Figure 6.13: Application of PHS to a “good” qﬁalit_v image
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Figure 6.14: Application of PHS to a “good” quality image
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Figure 6.15: Variations of the parameter p
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Figure 6.16: Variations of the parameter p
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we show the original image on the left side and the processed image on the right side.

In Fig. 6.17, the original image presents a right lung which is completely black and a left
lung which is completely white and from which the mediastinum cannot be distinguished.
After applying PHS details in both lungs and in the mediastinum are now revealed. Also,
the air bronchogram is now clearly visible in the upper part of the left lung. The spine is
better defined as well.

The original image shown in Fig. 6.18 is too “ black and white”. PHS reduces this
wide dynamic range and as a result reveals more details in the lungs and in the heart.
The spine also becomes more visible.

The original image in Fig. 6.19 presents blurred lung details, due to a diffuse lung
disease, and is poorly contrasted in the mediastinum. The processed image sharpens the
details in the lungs, especially in the lower half of the lungs. The trachea is completely
apparent and the mediastinum is more contrasted, particularly in the hilum and the heart
areas.

Fig. 6.20 shows the result of applying PHS to the same image as in Fig. 6.3. Compared
to the original image, some details are lost at the apex of the lungs but the mediastinum
clearly gains in visibility (see the trachea, the hilum, the heart). The air bronchogram
in the lowest half of the left lung is also clearly distinguishable. The results should be
compared with histogram specification shown in the second image of Fig. 6.3. The lungs
are not completely “destroyed” as in the direct histogram specification technique.

The original image in Fig. 6.21 is too “white” and too blurred. PHS yields a more
appealing image with good contrast both in the lungs and mediastinum. Details are
sharpened in the lungs and more information appears in the heart and the spine.

The original image in Fig. 6.22 is too “white” in the right lung and in the mediastinum.
PHS increases the contrast in the right lung and in the mediastinum while maintaining

the same visibility through the left lung.
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This series of examples demonstrate the applicability of PHS for improving “poor”

quality chest images.

6.6 Summary

In this chapter, we have presented a parametric histogram specification technique, called
PHS, for the enhancement of digitized chest radiographs of “poor” quality.

The goal is to obtain an image presenting the characteristics of “good” quality im-
ages, while maintaining the inherent characteristics of the original image, in particular
those which touch on the patient’s anatomy and pathology. We have proposed a bimodal
parametric model to characterise the grey levels distribution of chest radiographs, which
is based on a mixture of two normal distributions. The parameters of the model are
related to the following characteristics of the radiograph: the subject’s anatomy, the pos-
sible overall pathology and the film acquisition method. Given a “poor” quality image,
enhancement through PHS consists in specifying the model of the final grey level dis-
tribution by combining the parameters which correspond to the subject’s anatomy and
pathology with the film acquisition parameters of an “ideal” image.

We have shown graphic results on how the proposed bimodal parametric model fits
to the histogram of a chest image. We have also presented pictorial results of PHS, In
particular, we have shown that PHS maintains the appearance of “good” quality images

and clearly improves the aspect of “poor” quality images.
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Figure 6.17:
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Figure 6.18:
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Figure 6.19
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Figure 6.20: the first image is the original image, the second image i the processed one
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Figure 6.21:
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Figure 6.22:
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Chapter 7

Summary and suggestions for
further research

In this thesis, we have investigated the viewing requirements involved in the review of
a chest radiograph and determined the relevance of various enhancement techniques to
meet these requirements. These objectives are motivated by the necessity to achieve the
ultimate goal of automatic context-dependent enhancement for digitized radiographs.
Our approach to context-dependent enhancements attempts to match the three phases
involved in viewing a radiograph: getting a global impression, analyzing the objects and
the local features and focussing on image perturbations. From a first series of tests on

the evaluation of images quality, we deduced that:

1. In the case of “good” quality films, an enhancement which stretches the high range
or middle range of the grey scale provides a good baseline view close to the analog
film, but in the case of “poor” quality films, an enhancement which provides an

acceptable baseline view is more difficult to deduce.

2. Global adaptive enhancements based on piecewise-linear transformations of the
grey-scale are useful as secondary images to support the analysis of objects and

local features.

3. Reverse mode transforms are useful and give better results when they are context-
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dependent.

In a second series of tests, radiologists evaluated the application of various local en-
hancements to highlight specific pathologies. The results demonstrate that the enhance-
ments should be context-dependent as their applicability varies with the pathology. It
appears that, in general, techniques which modify the contrast (e.g. Statistical Differenc-
ing, Histogram Egqualization) are preferred and that spatial technique are rejected. We
have described the preferred enhancement with their parameters settings for each group
of pathology.

We have also introduced a new enhancement technique, Perametric Hlstogram Speci-
fication (PHS), which aims at providing a good baseline view for “poor” quality images.
The basis of this technique is on the characterization of the histogram of digitized chest
radiographs as a bimodal parametric model, specifically a mixture of two normal dis-
tributions. The parameters of the model are related to different characteristics of the
chest image: the patient’s anatomy, the possible overall pathology, the film acquisition
technique. PHS then consists in specifying an estimated final histogram for the “poor”
quality image which has the characteristics of a “good” image and maintains at the same
time its inherent characteristics (anatomy, pathology). We have also proposed a sim-
plified method of estimation of the parameters and showed that it works satisfactorily.

Experimental results on a number of images show that,

1. the appearance of “good” quality is not altered,
2. the appearance of “poor” quality images is definitely improved.
We can suggest the following topics for further research:

1. A wider experiment with a large number of images is needed to refine the trans-
forms (high and middle grey level range stretching) which provide bascline views

for “goocd™ quality chest radiographs.
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)

. The medical value of applying PHS on “poor” quality chest images needs to be

evaluated in a clinical trial.

Further work on context-dependent enhancements is required in the case of reverse

dispiay of chest images.

Context-dependent enhancement should be extended to digitized radiographs which

image other part of the body.
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