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CHAPTER 1

ASPECTS OF TRUE COLOR IMAGE ANALYSIS IN QUANTITATIVE
PATHOLOGY

Based in part on a publication submitted for publication
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CHAPTER 1

Color vision and true color image analysis
The human eye can distinguish about 350,000 different colors 10. Perception of color
by humans is a very complicated affair which takes place at several anatomical
levels (retina, lateral geniculate bodies, cerebral cortex) 17. Looking around us we
perceive contrasts and colors. Stimulation of the rods in the retina, of which there
are about 70 to 140 million in humans, results in "gray level images" of the world we
are looking at. Color vision is based on stimulation of the cones, of which there are
about 7 million in the human retina 12, and is explained by there being three types of
visual pigment found among them. These would be specially sensitive to red, green
or blue light. Hence, some cones respond to light of one of these wavelengths and
others to one of the others. The various other colors we see depend on the relative
numbers of the three kinds of cones stimulated. This is known as additive color
mixing (Figure 1.1).

Figure 1.1. The result of additive color mixing is visualized in the overlapping parts
of the red, green and blue colored circles.
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CHAPTER 1

Computerized true color image analysis systems (COL-IASs) simulate in a certain
way human color vision. They - as does broadcast color tv - have traditionally
defined colors as combinations of red, green and blue values. Digitizing a color
image results in three images representing the three primary color components: red
(R), green (G) and blue (B). Most image analysis systems (IASs) have 8 bit
sensitivity (256 levels) for each primary in which "color information values" are
translated to levels ranging from 0, the darkest, to 255, the brightest. In this way
each pixel contains 24 bits of color information, as opposed to the 8 bits/pixel found
in most monochrome systems. Thus, the combination of the three primary color
components describes a pixel’s color. For example, the combination R-255, G-0, B-
255 will code for light magenta (Table 1.I).

Table 1.I. RGB-colors

RED GREEN BLUE COLOR

0 0 0 black

255 255 255 white

255 0 0 light red

128 0 0 dark red

255 0 255 light magenta

128 128 128 middle gray

Since the RGB-model does not relate to our intuitive color notions of hue,
brightness and saturation, another class of models was developed, of which the
hue, luminance and satuation (HLS) model is one 10,18. Hue describes the color we
"see". Luminance describes the relative brightness. Saturation describes the degree
to which a pure color is diluted with white. Transformation of a RGB image to a HLS
image provides the possibility to process the image on the basis of one of these
components, whereas in RGB images this has to be done on all three 11,15,19-22.
However, then again one is viewing gray level images.
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CHAPTER 1

Aspects to be considered when using color image processing
Specimen preparation
As image analytical procedures are being transferred from the research laboratories
to clinical applications, the need of definition and introduction of standards becomes
more and more imperative. For true color image analysis the issues of interest are
not different from those of quantitative pathology in general. There are many
consideratons in the standardisation of an IAS used primarily for the quantification
of histologic material, that are discussed extensively in the literature 6,7,16,23-37. They
include preoperative factors and specimen sampling, cell and tissue processing,
definition and segmentation of particles or components, measurement system
parameters, selection methods, sample size, measurement protocols, experience
and quality control.

The need for standardisation of stains and staining procedures has been widely
recognized 30,38-41. Where stoichiometry of staining is mandatory for certain
densitometry applications, it is not for most applications in true color image analysis.
A relative prerequisite in true color image analysis is that colors in the tissue section
are contrasting to such an extent that the structures of interest can be easily
identified by the system. For this, several routine practice (immuno)histochemical
staining procedures can be applied 11,42-44, with which quantification with a black-
and-white IAS (B&W-IAS) would become more complex, due to the necessity to use
different narrow-bandpass filters 45.

Processing color images
The process of image analysis consists of different steps. Apart from more time
consumption and larger memory requirements to hold the images, processing of
true color (RGB) images is not essentially different from B&W image processing 46.
The steps that are essential in general are image acquisition, transformation,
segmentation and measurement.
(a.) Image acquisition is the formation of an image through the optical system of the
microscope onto the camera and conversion of this analogous image to digital data.
The recording of high resolution video imagery in three colors can be done
sequentially using a monochrome camera equipped with a filter wheel. Successive
images are taken with red, green and blue filters. This procedure increases the time
needed to acquire an image and the filter assembly increases the cost and
complexity of the imaging system. Moreover, image imperfections may occur due to
image shift 47, although even without mechanical and software correction procedures
the images may be acceptable for visual evaluation (Figure 1.2).
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CHAPTER 1

Figure 1.2. Comparison of a true color (RGB) image with a color image that was
composed by combining the three B&W images of Figure i.1, without correction for
pixel shift (Bone marrow; Leder; original magnification: 1250).

Alternatively, a solid state charge coupled device (CCD) color camera may be
used to record the images. Ideally, these cameras have three chips as detectors
which are exactly synchronized. The incoming light is split into R, G and B
channels. When each spectral channel is recorded and stored separately they
preserve the full spatial resolution and bandwidth of the video signal which can be
delivered separately to the computer. These cameras are, however, very expensive.
Solid state, either three or single chip, color cameras not allowing separate output
are less expensive. They provide a single composite video output, like the NTSC
(National Television System Committee) or PAL (Phase Alternating Line) video
signal of broadcast color video. In these cameras the full spatial resolution of 4.43
MHz is preserved only in the "luminance-channel". Furthermore, the color
information is not encoded as R, G and B but defined as weighted combinations of
the three in two, so-called, chrominance signals, making use of the fact that the
human eye has limited resolving power for chrominance differences in small
areas 16. The result is a four time loss in bandwidth. So, in true color image analysis
with these cameras one has to be aware that any extraction of image information is
based on degraded spatial resolution 16. This explains why they are not found to be
suitable for precision densitometry or morphology of small regions 15. Although with
low cost solid state CCD cameras resolution is reduced, one may wonder what
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CHAPTER 1

degree of loss in resolution in a COL-IAS is acceptable for relatively simple
quantification procedures, especially from the point of view that there may be
considerable noise in information in the biological material provided for
quantification. This question is addressed in Chapters 3 and 4.

The (color) CCD video cameras used for image acquisition generally exhibit good
sensitivity, linear response and wide dynamic range 47-50. However, noise arising at
the sensor is temperature dependent 15,47. Therefore, it is generally advised to turn
on the system for a minimum of 10 to 30 minutes before any images are recorded.
Nevertheless, it is better to know exactly when the thermal equilibrium of the system
is reached. A method to evaluate this is described in Chapter 2.

In the acquisition of images stable illumination conditions should be ensured,
because minor fluctuations in the color temperature of the light source may
influence the outcome of measurements. Therefore, it is advisable to be informed
on the characteristics of the, preferably stabilized, power supply and possible effects
on measurements (Chapter 2)
(b.) Image transformation involves procedures to correct for distortions from the
original image. A variety of image-enhancement techniques to facilitate image
analysis are supported by available IASs and software packages. For example,
RGB-normalisation may be used to scale the three 0-255 level ranges of a set of
RGB images. This will enhance contrast, without changing the colors. Another
transformation procedure, which is widely applied, is the shading correction
procedure. This procedure is applied to compensate for non-uniform illumination in
the microscope and unequal sensitivity of the camera. Some systems offer
multiplicative shading correction as wel as additive shading correction. When the
correction is performed additively, illumination errors are adjusted and/or a
correction for background signals, known as dark current, of a camera is made.
When multiplicative correction is selected, errors of contrast are adjusted 51.
Because a pixel’s color density cannot be described in terms of only one of the
primary color components, these procedures have to be performed on all three
primaries. Therefore, it has to be reminded that these transformation procedures
may be time consuming. The necessity to apply shading correction is evaluated in
Chapters 2 and 3.
(c.) Image segmentation is the process which leads to identification in the image of
pixels forming the object(s) of interest. Segmentation is a necessary prelude to
quantification 52. Criteria for segmentation can be based upon all sorts of information
provided by the image. E.g. differences in intensity, density, patterns, morphology
and in true color images on basis of color 6,11,16,18,53-57. There is no general theory on
how images are to be segmented. Segmentation is based entirely on heuristic
procedures 16, which means that the best procedures and sequences of procedures
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must be determined for each class of imagery. Image segmentation is practiced in
many different modes. On the one hand, for some tasks a completely manual
procedure may be the most effective solution. On the other hand, the user may
elect to implement a fully automated segmentation, provided this is included in the
system. Methods of segmentation that can be distinguished in general, are region-
oriented and contour-oriented procedures 16,53,54,58. In addition to these, mathematical
morphology operations may be used 16,58. Thresholding, a region-oriented
segmentation procedure, is one of the most popular and widely used methods of
segmentation and is well suited for simple measurement procedures in quantitative
pathology 53,58,59. This procedure was applied in this thesis and will, therefore, be
discussed in more detail, whereas the other approaches are not considered further
here.

Segmentation by thresholding on RGB images implicates setting thresholds for
the three primaries respectively. A common procedure to obtain the threshold levels
is to compute the histogram of the "RGB-values". The minima in the histograms
may represent threshold values on the basis of which an area or object of interest
and background may be separated. The pixel values in the RGB images are
compared with their respective threshold values: pixels with a value above a
minimum level, but not reaching a maximum are assigned to the feature of interest,
whereas pixels outside the threshold levels are assigned to the "background". The
preferred method of thresholding is on the basis of per image varying threshold
levels that are automatically generated by the computer 55. Methods using threshold
selection by visual evaluation of minima or shoulders in the histograms are not
advocated 6,16,60. Unfortunately, most commercially available true color image
analysis sysems do not provide the automatic calculation of threshold levels. They
do generally offer the possibility to point in the image the area or object of interest,
whereafter the computer calculates the threshold levels for the three primaries. This
may be repeated in every new image, but makes the procedure time consuming
and tedious. Another option is to use fixed threshold levels, which are preset after
performing and evaluating the "pointing procedure". The use of fixed threshold
levels is rejected by some 6,60, but may be applied according to others 16,58,61. A
comparison of both methods is described in Chapter 3.
(d.) Measurement is the step in which a numerical value of a certain feature
concerning the segmented object is calculated. The data provided can subsequently
be collected and analyzed.

11



CHAPTER 1

Choosing the appropriate IAS
IASs may be purchased from a commercial supplier or compiled personally using
separate components. Computer based IASs, B&W, as well as color, can be
described as either general or dedicated 62.
(a.) A general system has no specific applications but supplies the user with basic
image processing functions. With these systems the user may program the specific
applications desired. This may be done by formation of a macro, by linking of
subroutines provided by the software 63-65, or by interlacing the software with
subroutines written in programming languages such as C or Pascal 62. Data derived
from measurements can be analyzed by further programming or exported to other
programs, such as statistical analysis packages. An advantage of these systems is
that they are versatile and, therefore, these systems may be especially of value in
research settings and in developmental stages of clinical applications where it
should be possible to make adjustments to the subroutines.
(b.) A dedicated system is in fact a "turnkey" system ready for use in the laboratory.
The system is provided with specific applications such as ploidy measurements or
quantification of the intensity of immunohistochemical staining. These systems are
mostly supplied with training programs for purchasers, maintenance contracts,
procedure manuals and reagents 25,62,66,67. With these systems the programs cannot
be adapted by the user which makes them suitable for application in the routine
clinical setting.

Applications
As for use of IASs in general, there is a wide variety of applications for COL-IASs.
The color images may be valuable in a setting where spectral information is
convenient or useful in the evaluation by the pathologist. The digital images may be
(1.) analyzed to extract feature information, (2.) used to aid diagnostic efforts and
education or (3.) transmitted to facilitate communication between pathologists.
(1.) Extraction of feature information may comprise (a.) counting elements such as
mitoses, microvessels or AGnor’s 37,44,68-81, or (b.) basic morphometric techniques
including Breslow measurements for malignant melanomas of skin 82, microinvasive
depths in cervical squamous cell carcinomas 83, pulmonary artery diameter
measurement in suspected pulmonary hypertension 84 or measurement of vascular
parameters 44,68. Also, this may comprise more advanced applications: (c.)
quantification of (immuno)histochemical staining including determination of tumor
related proteins, proliferation or endothelial thickness 43,61,85-93 or stromal to epithelial
ratio and other architectural aspects 19,42,43,94-98. (d.) Quantification and determination
of immunofluorescence in analysis of cells and chromosomes subjected to
fluorescence in situ hybridisation (FISH) and comparative genomic
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hybridisation 47,99-103. In this respect, however, it should be mentioned that with this
so-called "low-light-level microscopy" cooled CCD cameras should be used to
diminsh relatively high dark current. A disadvantage of these cameras is that they
are rather expensive. (e.) DNA-analysis. As mentioned before, COL-IASs are not
considered to be adequate for precision densitometry or morphometry of small
regions due to the loss of resolution 15. For densitometric measurements in a true
sense, a monochromatic light source is necessary. To obtain this monochromacity,
in many instances a color filter will be inserted into the beam path to enhance
image contrast 104. Although a monochromatic color filter is used the measurement
is strictly done in a B&W image of a B&W system 16. However, Julis et al. believe
that even a COL-IAS is capable of densitometry. They use the true color input for
easier visual orientation, image enhancement and image segmentation. But they
actually use only one channel for densitometry to obtain monochromacity. From the
three components the one is chosen which undergoes maximum absorption by the
colored reaction product. Although an effect of loss in resolution is not specified,
they state that for image analysis in histopathology this approach is sufficient.
Without discussing possible additional costs, they find the advantage of adequate
and also faster orientation in the color scene more important for diagnostic
purposes 11.
(2.) Aid in diagnostic efforts and education. The point of view that categorisation of
features improves inter- and intraobserver reproducibility is not new. Recently this
was shown again in a study concerning interobserver reproducibility of the
Nottingham modification of the Bloom and Richardson histologic grading scheme for
infiltrating ductal carcinoma 105,106. In the process of categorisation image analysis
may be of help 105. Morphometry augments the subjective analysis determined by
the pathologist with objective data. It may be instructive to compare the
categorisation on the discontinous scale of the pathologists with the continous
scaled feature categorisation of computer based systems 107. When, for example,
one pathologist calls a tumor well differentiated while another calls the same tumor
moderately differentiated, the objectivity and consistency of the computer based
analysis of the digital image may provide the most important features that may
serve as "learning data" 107,108. Furthermore, image archiving, whether or not, in
combination with knowledge-based analysis systems may be used for improvement
of training situations 107,109-112. Thus, with the overlapping endeavours including
analysis, processing and archiving of images, pathologists have an additional tool to
standardize diagnostic criteria, improve their diagnostic skills and train residents.
(3.) Image transmission (telepathology) may be used to broaden service areas and
to improve patient care 107,113,114. Pathologists providing services to remote hospitals
can minimize travel and geographically dispersed pathology groups may obtain
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better intragroup consultation. Several technical approaches permit transmission of
images, including satellite, fiberoptic and telephone systems. It is important to notice
that this technique is in its developmental stage and that at the present time
expenses will prohibit application on a wider scale.
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