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ABSTRACf 

A dual wavelength, imaging microdensitometer, with specific application to measurements ofDNA ploidy 
and to monoclonal antibody related immunoenzymatic staining procedures, is described. The two wavelengths 
used were 500 DIn and 620 lUll, each with a 20 DIn bandpass to reduce glare and to provide independent sensing of 
typical immunohistochemical two-color stain spectra The optical arrangement is such that the original multicolor 
stained image is separated into two components by two filters and projected simultaneously onto two separate CCD 
sensors that are in optical registration for the same spatial regions in each image. Independent measurements of 
individual stained subcomponents of each cell can be made, and the entire image is reconstructed digitally and 
displayed showing both of the sensed subcompartments in one image. Optical methods of calibration for obtaining 
accurate densitometry in two colors simultaneously are discussed , as well as various applications related to 
performing assays in surgical pathology for cancer prognosis. 

INTRODUCfION 

Microscopic examinations in pathology now commonly employ DNA ploidy assessment and 
immunocytochemical staining for various antigens. The CAS200™, a dual wavelength imaging 
microdensitometer, was designed to quantitate such examinations. This instrument is a specialized workstation 
microscope for the pathology laboratory. It supports special-purpose interactive software used by practicing 
pathologists in diagnostic and prognostic visual microscopic evaluation of specimens from patients with cancer. 
Developed applications include DNA Ploidy1,2 and Immunoploidy analysis, Estrogen and Progesterone receptor 
measurement in tissue sections3 

, the Proliferation Ratio ofcells, and the measurement ofOncoprotein in tissue 
sections4 

• Additionally, there is a more generalized Cell Measurement programs which can be used in basic 
research, and a multiple slide automated unit6

• The software takes advantage of special features of the system, 
including two-vvavelength spectral filtering, matched to specific two-color immunocytochemical staining 
procedures. The following describes some of the design characteristics of the CAS200™, and some principles of 
this type ofcytometry. 

MATERIALS AND METHODS 

Hardware and Optical Description: The computer system is based on an Intel 80486 DX2 microcomputer, with 
8 Mbytes ofmemory, 200 Mbytes of hard disk storage, 800 Mbytes of removable optical disk storage, and a 1.44 
Mbyte floppy disk drive. The imaging subsystem consists of two image boards each with 1 Mbyte ofvideo 
memory, mapped to the address space of the 80486, and 2 banks of 256 byte Input and ROB Output look up tables. 
Most of the standard assays are performed with a 40x objective. The custom microscope is specially produced to 
control glare and maintain constant, uniform light intensity. The image sensors are solid-state, charge-coupled 
digital sensors, with a spectral range from 380 to 1100 DIn. The potential digital image size is 384 pixels 
horizontally and 485 pixels vertically at the imaging board, although only the 256 x 256 center pixels are actually 
used by the software for measurements. 

The dual sensing imaging configuration is illustrated in Figure 1. The image from the microscope slide, 
S, is obtained from brightfield microscope optics, split into two parts optically to select only specific wavelengths of 
absorbing components, and projected onto two CCD sensors, that are aligned in spatial registration. Varying 
proportions of light intensity transmitted at the indicated wavelengths are used to measure amounts of cell or tissue 
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constituents. Since the images are in spatial registration they can be recombined for visual display as indicated. 
The two image sensor filters are at 500 DIn and 620 DIn. These are narrow bandwidth sensors of 20 nm bandwidth 
at half height. 
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Figure 1. Dual sensor imaging configuration and the transmission spectra of the narrow bandpass filters. 

Immunocytochemistry measurement applications often involve 2-color stains, resulting in colored 
cell or tissue antigen/antibody/stain complex versus cell or tissue parts without antigen and stained with a 
counterstain. Since in many instances there is a need to quantitate either the material counterstained or the 
antigen/antibody complex, via measuring its stain content, it is essential that at least one of the staining 
components does not have spectral overlap at the sensing wavelength of at least one of the image sensors. 
This is illustrated in Figures 2 and 3. These figures also indicate the narrow bandpass image filters shown in 
Figure 1. As indicated in Figures 2 and 3 the spectral wavelengths chosen match at least one region of 
100% transmission of one paired stain component in a 2-component stain, so that the second stain 
component can be used for densitometry quantitation. At the same time, the narrow bandpass filters reduce 
glare. This is important for the purposes ofaccurate densitometry measurements of the stained substances, 
as explained below. By comparison, ordinary "color" cameras, are not well suited to this type ofdual color 
imaging. Typically, three wide bandpass color filters are employed, and the resulting color signals are 
processed to obtain three broadband spectral responses which simulate the color visual receptor responses of 
the human eye. These responses clearly overlap with the broad, 2-component, cell staining spectra for 
example ofFigures 2 and 3, and do not allow for the assessment of staining due to one stained component 
independently of the other. Also, the wide bandpass spectral filters of standard color cameras significantly 
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contribute to measurement errors related to glare. Other disadvantages of some color cameras is that the 
color filtering happens on separate pixels, e.g. on solid state sensing chips, and they are typically non-linear 
in their gamma characteristics. 
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Figure 2. Staining spectra and bandpass filters. Example oftwo-component staining, where one stain is 
transparent at 620 nm and both stains absorb at 500 nm. 

Stain Spectra and Visual Images: In Figure 2 the two stains are, the CAS Feulgen DNA stain, and the CAS 
immunohistochemical Red Chromogen stain. This stain combination can be used in the immunoploidy 
application and in the oncoprotein measurement application. Measurement ofDNA is at 620 DID 'With no 
interference from the red chromogen stain, which, as indicated in Figure 2, is transparent at 620 nm. The labeling 
of the cytoplasm with the immunohistochemical stain can then happen at 500 nm where both stains absorb, but 
only one is present. Figure 3 illustrates a stain combination currently used in the estrogen and progesterone assay, 
and the proliferation fraction assay. In this case the same (nucleus) cell compartment is stained with both ethyl 
green., for all nuclei, and with diaminobenzidine (DAB), immunoperoxidase stain procedure, for nuclei which 
contain nuclear antigen. In this instance it is important that ethyl green has l000A. transmittance at 500 nm, so that 
only DAB is measured at that wavelength for quantitation purposes. Both stains absorb at 620 nm, which is used 
to identify all of the nuclear compartment 'With the red sensor. 
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Figure 3. Staining spectra and bandpass filters. Example oftwo-component staining, where one stain is 
transparent at 500 nm and both stains absorb at 620~nm. 
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Measurement of Optical Density: In many applications one is interested in measuring the summed optical 
density ofa stained cell component. Summed optical density is needed to make mass measurements invariant to 
sample preparation distortions of shape and compacting or spreading of object cells. High-resolution digital 
sampling ofcell images to a large extent obviates distributional error' in microdensitometry. Thus one can sum the 
individual pixel measurements within an object, and if they are properly calibrated to represent optical density, 
relate the resulting values to such cell constituents as the total amount ofDNA in nucleated cellss , the total 
amount of hemoglobin in blood cells8

, the amount of monoclonal antibody attached to nuclear or cytoplasmic 
receptor sites, etc. For standardization purposes these measurements should be calibrated to reflect the mass in 
picograms of these cell constituents. 

To formalize this, each digitized image field may be described as a function n(x,y), where each value is a 
measured point of absorbance obeying the Beer-Lambert absorption law: 

10 m8).JJ 
n(x,y) = 1ogI; = --a- (1) 

where 10 is the incident light, ~ is the transmitted light, E'A,b is the specific extinction coefficient of the absorbing 
substance (J1II12/pg) at a chosen wavelength A, and with a specific bandpass b, m is the mass of the absorbing 
substance in picograms (pg) for each x,y image field measurement point inside the object or cell, and a is the 
measurement spot size in (J.llll2). Assuming the boundary points have been properly determined for a single cell in 
the field ofview, where the summation occurs only over the cell or tissue parts of interest, 

M = £~ 1:x Ly n(x,Y) (2) 

defines the measurement of the total mass (M) for that cell or tissue part. Sometimes E 'A,b is determined as a run 
time calibration constant for a particular instrument and specific assay, e.g., ifE'A.), is not known exactly, or 
depends on a chromophore from a staining reaction which changes from time to time with each staining batch. 

Converting from transmitted light to optical density is necessary because the thickness of the object cells, 
or cell parts, can vary. This causes the light transmitted through any individual pixel to fall offexponentially as a 
function of the object thickness. The logarithm ofthe transmitted light converts this exponential function to a 
linear function and properly allows the summation of the pixels, whether they result from a part of the cell that is 
thinly spread or thickly condensed. 

Measurement Error Considerations: Given the need to measure the optical density ofcells and the need for at 
least two-color staining, the measurement considerations for practical microscopy relate basically to three issues~ 

spectral stain overlap, shading, and stray light. Potentially the largest and most significant measurement error 
occurs from overlapping stain spectra in multicolored stained specimens. As indicated above, chromogens used in 
stains to produce color contrast in the visual range almost universally transmit light over a broad spectrum. The 
visual color perceived is by the dominant wavelength, but the other wavelengths also partially transmit and absorb 
light in the spectral region of the other color stain. Under these conditions, light transmittance measurements, e.g. 
with broadband color filters such as those used in standard color television cameras, that simultaneously allow 
absorption from both stains, make it impossible to perform accurate densitometry measurements that relate stain 
density to cellular constituent concentrations. Although this is potentially a large source ofmeasurement error, it 
can be corrected for by using narrow bandpass filters judiciously chosen as described above and almost completely 
eliminated. If the choice of stains results in only one region of non spectral overlap, transmission in that channel 
can be used to correct for spectral overlap in the other channel, assuming the stained spectra are knOWll. 

Currently available microscopes are not corrected for shading. Flat field objectives are corrected for focus, 
and some objectives are corrected for chromatic aberrations. Thus, for accurate measurements, shading must be 
corrected for by the part of the measurement system attached to the microscope. Given the availability of image 
memory, the method used to correct for shading was to obtain a clear image at the reference light intensity level 
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(this will be the background light level of an image scene with objects) and to use that stored image to perform 
shading corrections. The software corrects for shading on each analyzed image, correcting each pixel in the image 
during data acquisition. Shading error was corrected to within -1% in intensity, i.e., a corrected blank field will be 
uniform within -2.5 intensity levels out of a total of 256 levels. 

Stray light comes from several sources. The largest contribution comes from nonabsorbing wavelengths. 
However, this is again most easily corrected for by using narrow bandpass filters chosen to correspond to the 
absorption spectrum of the absorbing chromophore. For example, in the CAS Feulgen stain for DNA this is 620 
om, and in the measurement of hemoglobin in blood cells this is 410 om. Although this is easily corrected for, it is 
essential for accurate measurements and can cause serious errors in systems that use broad bandpass filters. The ) 
next most serious source of stray light is sometimes referred to as scattered light, or glare, and is largely due to 
imperfect optics and physical structures in the microscope system, the camera attachment optics and housing, and ) 
the objective/microscope lens slide-tcrair interface. Much of this stray light comes from clear background areas in 
the image and can be minimized by keeping the field diaphragm as small as possible and using Koehler 
illumination. It is very important to consistently control the specimen illumination to minimize glare. This 
minimizes stray light from areas peripheral to the intended measured object. In the CAS 200 system the condenser 
is modified by inserting a special cup which fits up inside the condenser and in effect provides a fixed aperture size 
for the condenser diaphragm. This is important since it is virtually impossible to adjust this aperture to a 
consistent size from time to time during routine use. 

The amount of light scattered may be measured by using specially produced microscope slides with objects 
the size of cells, but of known optical density. Light scatter will result in higher intensity readings for such objects 
because photons of light are scattering onto the sensor from non image object points as illustrated in Figure 6. The 
extent of this depends primarily on the microscope and complete optical system housing leading to the light 
sensors (in this case a CCD array). The CAS 200 system typically has -4% error for absolutely black objects, i.e., 
an intensity reading of 10 out of256, when it should be 0 out of256, and <0.1% error in intensity in the range of 
transmission values (20-50%), usually occurring in cells stained under ordinary conditions. 

RESULTS 

To illustrate the use of the above principles, two specific examples are described, 1) DNA immunoploidy 
analysis, and 2) the measurement of the proliferation fraction of cells using monoclonal antibodies. 

Immunoploidy: Cellular DNA content analysis, especially as it relates to cancer diagnosis and prognosis, has 
been under investigation for some time. The clinical relevance for this relates back to Karyotype studies showing 
that as certain tumors progress, the tumor cells contain more chromosomes and chromosomal fragments9

. This is 
most easily determined by measuring individual cell DNA content in a sampled cell population of the tumor, rather 
than by performing the more tedious Karyotype analysis. Numerous flow and image cytometry studies have 
confirmed, that although some cancers are diploid, many are aneuploid, and higher degrees ofaneuploidy tend to 

indicate a poorer prognosis. DNA ploidy measurements have 
been found to be especially useful in breast, colorectal, prostate 
and bladder tumors. The advantage of image cytometry over ,other methods of DNA measurement is that morphology can be
 

used to select cells for measurement. In certain cases, however,
 
morphological criteria alone are insufficient for discrimination }
 
between two very similar populations.
 

Figure 4. Image processing of tissue stained for
 
immunoploidy.
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In that case immunohistochemistry can provide another means ofdiscrimination. The specimen analyzed must be 
stained according to the spectra indicated in Figure 2. The blue Feulgen stained nuclei are sensed and measured by 
the image sensor at 620 DID. Red immunostained objects are transparent at this wavelength. However, red 
staining is also simultaneously sensed by the 500 nm image sensor and overlaid onto the viewing screen, in areas 
not occupied by nuclei, as a red image area. This immunCKlerived tag may be used to select (gate-in or gate-out) 
su~populations for individual DNA ploidy distribution analyses. This process is indicated in Figure 4. DNA 
stained nuclei are sensed at 620 nm and immunostained cytoplasm is sensed at 500 DID. The recombined image, 
after processing is shown in the middle of the image field This has been overlaid on the 620 DID image, where the 
immunostaining is not apparent, as can be seen in the surrounding image, where only the nuclei are sensed 

This type ofgating can be accomplished in flow cytometry, but there are other problems in flow cytometry 
DNA analysis, e.g., not being able to view cells during analysis and not being able to handle small samples. This 
is, therefore, an interesting alternative DNA analysis method, which can be used with many immunomarkers. 

Proliferation Fraction: This application provides an accurate and objective microscope-based method for the 
assessment ofproliferating cell populations in cytology preparations or tissue sections. Immunohistochemical 
staining techniques are used to provide a quantitative assessment ofcell proliferation. Antibodies which have been 
shown to react with proteins present only during proliferation such as Ki_6710 or PCNAtt can be used for 
quantitation. In addition, antibodies reactive with (BrOll) 5-bromodeoxyuridine12 incorporated into cellular DNA, 
can be used for the detection of low levels ofDNA replication. Determination of the percent ofcells in a tumor 
specimen which are undergoing cell replication has become an important indicator in the assessment of the 
biological behavior of tumors. In the past mitotic index has been used as an indicator of the degree of proliferative 
activity. However, because mitotic figures are often present in low numbers even in highly malignant lesions, it is 
a tedious counting procedure, and thus does not always provide an adequate assessment of proliferative activity. 
Cytometric determination of the S-phase portion of a DNA distribution, as an indication of cell proliferation is 
another method. However, the use of immunostained tissue permits correlation between proliferation and 
morphology of individual cells which cannot be obtained with DNA flow cytometry, and cannot always be obtained 
with DNA image cytometry, because of the possibility of sub clones ofcells with DNA amounts in the S-phase 
regions of major clones. 

This application measures the percentage of proliferating cells in a tissue section or single cell 
preparation. The specimen is stained such that non-specific nuclear protein, i.e. the entire nucleus, is stained 
ionically with ethyl green, and specific nuclear proteins, i.e. antigens related to proliferation, are 
immunoenzymatically stained via an immunoperoxidase reaction with diaminobenzidine (DAB). These two 
components of the cell nucleus can then be sensed separately by the two image sensors. This is made apparent by 
considering the spectra of the two stains and the sensing wavelengths of the imaging system as indicated in Figure 
3. Clearly, all of the nuclei will be sensed (i.e., absorb light) at 620 DID, since both stains absorb at this 
wavelength. However, only the antigen-antibody stain complex absorbs at 500 DID, since ethyl green is transparent 
at this wavelength. The two sensed images are then recombined and displayed, resulting in an image with all 

identified nuclear material, and that nuclear material 
associated with antigen, tagged. Examples ofa sensed and 
labeled image is shown in Figure 5 for single cells. 

Figure 5. Images of single cells immun~stainedfor 
proliferation. All of the nuclei which have been counterstained 
with methyl green are sensed at 620 DID, and the DAB 
immunostained proliferation related nuclear antigens, are 
sensed at 500 DID. The recombined image, after processing is 
shown in the middle of the image field This has been overlaid 
on the 620 nm image, where the DAB staining is not apparent, 
as can be seen in the surrounding image. 
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The assay is petformed in one of two modes~ 1) single cells or, 2) tissue sections. In the single cell mode 
the principle ofanalysis is simple cell counting. On each analysis field objects are located using the 620 nm 
image. This process is interactive with the user so that touching cells can be separated. Once the operator 
approves the located nuclear objects, then the system automatically counts the objects and at the same time overlays 
the 500 nm sensed image onto the nuclear objects to determine the number of objects with a given amount of 
antibody stain. The operator can set the percentage of stained area necessary to flag any given nucleus as a 
proliferating cell. The proliferation index is simply the count of the number of the antibody-tagged nuclei divided 
by the total number of cells. This index is updated with each field analyzed and represents the total of all nuclei 
processed. 

In the tissue section mode, on each image field, the total area of the nuclei from the 620 nm image, and 
the total area of the antibody stained nuclear antigen in the 500 nm image is measured. The latter divided by the 
former, expressed as a percentage, is the proliferation index. According to stereological measurement principles 
this estimates the percentage, by volume, of nuclear proliferation antigens as a ratio of the total nuclear volume. 
It is important to note that in this case indivichJal cells are not count~ although the result can be modified by the 
nuclear average size as an option. 

DISCUSSION 

There is a developing need for quantitation of the visual inspection process in microscopic examinations. 
Often the measurement of the mass ofprotein, DNA, or other substance is involved. Also, many of the stains 
employed in microscopy are wide bandpass 2-component stains~ and this is increasingly the case in 
immunocytochemical staining. This paper has described some of the relevant technical issues related to this type 
of cytometry, especially some of the principles of chJaI wavelength image analysis with specific emphasis on the 
accurate measurement of subcellular constituents stained with monoclonal antibody detection systems. A special 
attribute ofthis development, especially for cancer diagnosis and prognosis, is that it allows for the measurement of 
DNA, and at the same time, on the same cells, the measurement ofother cell constituents, such as oncoproteins. 
The capability to measure DNA content and other substances simultaneously, allows for subsets of important 
quantitative histopathology to be defined clinically. The system, and techniques, described here should allow for 
continued clinical research in this area. 
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