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INTRODUCTION

Digital microscopy has for many years been a technology difficult to implement. Fi-
nally, however, it is clear that new technologies are beginning to reshape the field of
microscopy. The dramatic increase in the performance and cost effectiveness of com-
puters, digital storage systems, and telecommunications is fueling rapid grewth in the
creation and storage of digital microscope images. There are several important issues
that must be addressed in dealing with digital images: (1) the image collection sys-
tem, which is usually a charge-coupled device (CCD) camera; (2) the image capture
computer, including necessary boards and software; and (3) image manipulation
(image processing) and data transfer from one site to another.

The development of digital microscopy is being driven by the need to make crit-
ical decisions based upon the rapid collection and analysis of images. For fifty
years a desire to use imaging to define cancerous cells from normal has been a mo-
tivating force (Mellors et al., 1952). It has been apparent for many years that these
decisions should be made with the aid of imaging technologies in an automated
fashion (Bartels et al., 1984). Early attempts at using rapid imaging technologies
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(video) proved very difficult and were unable to produce high-resolution images
(Bibbo et al., 1983; Ingram and Preston, 1964; Prewitt and Mendelsohn, 1966) or
simply reached an impasse because of lack of rapid imaging technology (Ingram
and Preston, 1970). With the development of more powerful computers and auto-
mated microscopes, complete systems for diagnostic use began to take shape
(Ploem et al., 1986, 1988). The trend today in medicine, for example, is the move
toward electronic data integration of all patient records, including diagnostic im-
ages, and this promises to revolutionize not only diagnosis but also teaching with
archival databases of images, automated analysis, publication, and local and remote
consultation.

Digital microscopy is a key element in a combination of technologies that has
made possible the development of telepathology, which involves the electronic trans-
fer of pathological images between geographically distant locations for medical con-
sultation. The remote control of a distant microscope and the transfer of high-quality
images over normal telecommunications systems coupled with text and voice will
have a significant impact on clinical pathology, resulting in more efficient diagnosis
and a greater availability of quality medical services to remote areas.

Telepathology eliminates the need to physically transport critical samples
through delivery services, whose availability and reliability may be nonexistent in
many areas of the world. Telepathology can be divided into two forms. Still
telepathology involves sending “snapshots” of areas of interest from the client to
the consultant and works best in a consultation environment between peers. The
client should be qualified to select the fields of interest. This technology frequently
utilizes high-quality image capture cameras, and images are downloaded in near
real time (sometimes several minutes) for remote evaluation, such as that recently
reported by Singson et al. (1999). Other less advanced systems have been proposed
using regular telephone lines and modems; however, these suffer from loss of high-
resolution images and significant and unacceptable time delays (Vazir et al., 1998).
Dynamic telepathology involves the robotic operation of a remote microscope by
the consulting pathologist, who selects the fields and focuses just as he or she
would with a local microscope. A number of publications have appeared recently
demonstrating remote microscope control using the internet as a somewhat univer-
sal platform (Nagata and Mizushima, 1998; Szymas and Wolf, 1998). The remote
microscope responds to the commands and relays images back to the pathologist.
Only a qualified technician is required at the remote microscope to prepare slides
and place them in the system. Dynamic telepathology is the most demanding of all
digital pathology tasks because the high image quality and speed of operation re-
quired are very difficult to achieve. Before dynamic telepathology can become
common, many complex issues must be solved in image capture and transmission
systems. .

This chapter discusses one potential solution to the technology problems—a
white-light flying-spot scanning microscope system. This microscope is an inte-
grated, fully digital color microscope that utilizes a flying-spot light source, advanced
image-processing techniques, and simple straightforward operation. Although the
fundamental principles upon which this technology is based were developed nearly a
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half century ago, only now have technological advancements allowed it to become an
economic reality.

SCANNING SPOT

The color scanning microscope (COSMIC) is based on spot-scanning techniques de-
veloped in the 1950s for various applications, including film-to-video conversion for
television and even black-and-white video microscopes. Figure 13.1 shows the opti-
cal diagram of the instrument. A specially designed cathode ray tube (CRT) has a
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Fig. 13.1. Schematic layout of the COSMIC system showing the light source, optical path, and signal
collection components. The spot scans across the CRT create a point of light that illuminates only the Airy
disk area on the sample. This reduces bleaching and scattered light on the sample. Since the illumination
point is the smallest that can be created by the objective, the system resolution is limited only by the opti-
cal resolution of the objective, not the detector components.
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white raster pattern on its screen. This pattern is imaged through a microscope relay
lens and objective lens onto the sample placed on the microscope stage.

The size of the raster image on the sample is determined by the lens system mag-
nification. For example, an ordinary microscope may have a 40-power objective lens
and a 10-power eyepiece lens, giving a combined magnification of 400 from the sam-
ple to the eye. Operated in reverse, an object placed outside the eyepiece lens will be
demagnified 400 times down to the sample plane.

This one-to-one mapping of the scanning spot from the CRT screen onto the sam-
ple plane creates a tiny white probe in a dark field that scans over the sample. The
spot characteristics on the sample are completely determined by the microscope ob-
jective. As a result, the probing spot has the smallest diffraction-limited diameter pos-
sible for each objective lens.

The light transmitted through the sample is divided by dichroic mirrors into red
(580-650 nm), green (520-580 nm), and blue (450-520 nm) spectral components
and passed to three detectors. A video display reconstructs the image of the sample
using the x—y position of the scanning spot and the three color intensities. In the sim-
plest case, the scan frequency of the CRT raster matches the scan frequency of the
display, giving a direct correspondence between the spot position on the CRT and the
spot position on the display.

DETECTION SYSTEM

The detectors in this digital microscope are not the CCD imaging devices used in
most “digital” cameras today. Instead, the detectors are three nonimaging photo-
multiplier tubes (PMTs) that collect the intensity signals simultaneously in the
three spectral bands. Color registration is inherently perfect since there is only one
spot scanning over the sample and the PMT detectors read intensity only in the
color bands. The PMTs used are ordinary types available from several manufactur-
ers, capable of achieving full color saturation with signals of less than 100 nW of
power. More expensive or cooled PMT detectors could be used for special applica-
tions.

SIGNAL PROCESSING

Performance can be improved by reducing the scan frequency of the CRT well below
the scan frequency of the display. The data are read in at one rate, then presented to
the display at a faster rate. The choice of scan rate at the sample is determined by the
number of pixels in the image and the desired optical contrast function. From a purely
technical standpoint, the number of pixels in the digital image could be chosen as any
value, but practical considerations of the data file size, availability of displays, pro-
cessing and transmission times, and correlation with direct viewing set reasonable
boundaries to the image file size.
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Fig. 13.2. Signal processing path showing how the transmitted light is handled for each spectral channel.

These considerations led to the choice of image size for COSMIC as 1280 X 1024
pixels with 24 bits/pixel color depth. Displays are readily available for this resolution
and the data set is manageable for computation, storage, and transmission. The image
size is a reasonable match to the number of optical resolution elements in various mi-
croscope images as viewed directly by the eye. The selected frame rate of 13.4 Hz is
fast enough to observe live cells. The resulting data rate is 420 Mbits/s, which is at the
high end of current imaging technologies.

Figure 13.2 illustrates the electronic signal path. The three color signals from the
detectors are amplified and sent to a digital imaging board that performs multiple
functions. First, the three signals are digitized into parallel 1280 X 1024 math
buffers. The data in the three math buffers are transferred to three display buffers,
converted into analog signals, and sent to the display at a 60-Hz frame rate. Math
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functions for averaging up to 256 images and summing (integrating) up to 9999 im-
ages are executed in the math buffers by programming built into the imaging board.
These functions operate at the full frame rate.

ZOOM MAGNIFICATION

The optical magnification can be changed instantaneously up to 300% (3X) by
changing the scanned area on the sample. The principle is illustrated in Figure 13.3.
The scan raster overlaying the sample is shown on the left and the resulting image on
the display is shown on the right. The image is always digitized into 1280 X 1024
pixels, so the data set remains constant for any magnification, and the pixel size never
changes within the field of view.

Operating an objective lens at three times its rated magnification will exceed its
classical resolution limit, resulting in so-called empty magnification, which has tra-
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Fig. 13.3. As the scan area decreases, the specimen fills more of the image window. The display area is
constant in size, thus the specimen is enlarged. The image is always digitized at 1280 X 1024 data points,
creating a constant file size at all zoom values.




Brightness and Focus Change 297

Fig. 13.4. Example of a zoomed image. Here, a mosquito head is imaged using the microscopes 10x ob-
jective with no zoom (A), zoom at 1.5x (B), and zoom at 3x (C). See color plates.

ditionally been considered a useless exercise. However, what really happens is that
each optical resolution element may be digitized into as many as six data points,
resulting in a process called digital oversampling. Oversampling tends to push reso-
lution limits beyond standard conventions and results in “superresolution.” Oversam-
pling is discussed in more detail below.

The zoom feature also reduces the need for larger digital image files having more
pixels since one can instantaneously zoom in to display maximum resolution at re-
duced field size. COSMIC’s constant file size means that transmission times are in-
variant for all images. Figure 13.4 shows an example of a zoomed image. Here, a
mosquito head is imaged using COSMIC’s 10x objective with no zoom (A), zoom at
1.5X (B), and zoom at 3X (C).

BRIGHTNESS AND FOCUS CHANGE

Some unexpected characteristics occur with the zoom capability. In an ordinary op-
tical zoom lens two things happen when the field size is changed. The brightness
changes because the numerical aperture (NA) has changed (the change in focal length
changes the NA), and the focus changes because it is virtually impossible to make a
variable-focus lens with moving parts that can maintain constant focus throughout its
range. In a point scanning microscope, on the other hand, the zoom feature does not
change the focus or the brightness, which are not simply constants but universal con-
stants. The focus does not change because mechanical distances are fixed. There are
no alterations in the distance between the lenses and image planes at any time. The
changes are related only to the area scanned on the sample. The size of the scanned
area has been decreased, but all the mechanical distances remain the same. Another
important characteristic of the zoom feature is that the brightness does not change.
The illumination energy density on the sample varies with the size of the scanned
area. For a large area, the energy per unit area is low. This is because the illumination
emitted by the CRT is constant. Only the scanned area changes and therefore the en-
ergy density changes linearly with area.

The change in brightness between two different illumination areas can be shown
mathematically to be inversely proportional to the ratio of the areas. Since the illumi-
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nation on the sample changes proportionally to the area ratio, the brightness in the
final image does not change with zoom.

CONTRAST ENHANCEMENT AND SUPPRESSION

In other spot-scanning instruments, such as laser scanning microscopes and electron
beam microscopes, the intensity of the spot is constant as it scans over the sample. With
COSMIC, however, it is possible to modulate the brightness of the spot for every pixel
in the sample plane. If the spot is modulated using data from the sample, then several
interesting effects are possible. Figure 13.5A illustrates the usual condition of a con-
stant-intensity scan overlaid on the sample and the resultant image on the display. In
Figure 13.5B, the CRT raster has a positive image of the sample superimposed on it.
When transferred to the sample plane, the spot goes bright when the sample is bright

Scanner Image Overlay on Sample Display
s=a Cao
Blank Pattern ocoaQ O'
(a) Standard Operation

Scanner Image Overlay on Sample Display
Positive Image ' ocoo O
(b) Contrast Enhancement Mode

Scanner Image Overlay on Sample Display

0 =

Negative Image coo O

(c) Contrast Suppression Mode

Fig. 13.5. Concepts of spot modulation demonstrated. The brightness of the scanning spot is varied
point by point as it traces over the sample in order to increase or decrease the light/dark signal swing. Three
effects are shown: standard (A), contrast enhancement (B), and contrast suppression (C).
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Fig. 13.6. Image enhancement features of COSMIC. The normal-mode image of Figure 4 (A), the image
in contrast suppression mode (B), and the image in color-inverted mode (C). This mode is particularly use-
ful to identify thin structures in cells where the color inversion highlights the objects. See color plates.

and dark when the sample is dark, resulting in increased contrast in the image on the
display. If the CRT has a negative image superimposed on it (Figure 13.5C), then the
spot is dark when the sample is bright and bright when the sample is dark, suppressing
contrast in the image. The contrast enhancement feature is very useful for examining
unstained samples, and contrast suppression is useful for overstained or dark samples.
Many of these samples cannot be successfully imaged with conventional microscopes.
Figure 13.6 (A) is the same normal-mode sample as Figure 4. Figure 13.6 (B) demon-
strates the contrast enhancement due to spot modulation, and Figure 13.6 (C) shows
digital color inversion.

RESPONSE FUNCTION

Most television imaging and display tubes have a nonlinear response represented by
an exponential equation using the variable “gamma.” Gamma correction circuits are
used routinely in video amplifiers to linearize the response.

Although the response function of the digital microscope is inherently linear, a
programmable response function has been designed into the imaging board. In terms
of gray-level histograms, spot modulation expands or compresses the whole his-
togram, while the gamma can adjust the midlevel values and not the end points. The
gamma response function and spot modulation functions can be used together to fine
tune the desired image enhancement effects.

In addition to the modes discussed, digital brightness, contrast, and background
correction can be applied. The presence of these functions recognizes the need for
simple, real-time image processing, which reduces the need for postprocessing and
ensures that the image saved is of the highest quality.

AVERAGING AND SUMMING

In order to boost weak and smooth noisy signals, two digital processing modes have
been implemented in hardware using the math buffer. The averaging mode performs
a running average of up to 256 images in steps of 2", where n= 1, .. ., 8. It is also
possible to sum (or integrate) up to 9999 images. The summation mode not only re-
duces random noise in the final image by the square root of » but also acts as a gain




300 White-Light Scanning Digital Microscopy

factor up to 9999 for weak signals. The summed image can also be divided by pow-
ers of two as high as 256, giving a variable-gain factor. The summing mode is there-
fore a combination of gain and averaging and is particularly useful for very low signal
levels. Both the averaging and summing modes operate at 13.4 frames per second.
The new image creation rate is the number of frames processed divided by the system
frame rate. For an averaging level of 2, therefore, new images appear at 6.7 Hz, and
summing eight frames takes 0.60 s.

COMMUNICATIONS

The light scanning microscope has a SCSI port to save images to any kind of hard
drive or removable drive. The file format is TIFF, a universal standard compatible
with most image processing programs. An ethernet port is included for connection to
networks for storage, archiving, and communication across the Internet or other
telecommunication systems.

Files that have been created or modified in TIFF format by image processing or
desktop publishing programs can be read back into COSMIC and shown on the dis-
play for teaching or conferences. A “slide show” mode can sequentially display all the
images on the disk, so this means that text slides or photographs can be displayed
along with the microscope images.

OVERSAMPLING AND SUPERRESOLUTION

As mentioned earlier, oversampling is a process of collecting more electronic data
points than actually exist in the optical image. If there are 1000 optical resolution el-
ements in a scan line across the image, and that line is digitized into 3000 data points,
then that is oversampling. The number of optical resolution elements in a field of
view can easily be calculated by using the classical Airy disk formula

0.61 X\
R, ="Na

where \ is the wavelength, typically chosen as 550 nm, and NA is the numerical aper-
ture of the objective. According to the Rayleigh resolution criterion, R, is the mini-
mum distance resolvable by a lens with a given numerical aperture. It is also the
radius of the Airy disk, which is the smallest dot that can be imaged by an objective,
and will be referred to as the Airy disk size or the optical resolution element size.

Figure 13.7 shows a 40x objective with a numerical aperture of 0.75 which has an
Airy disk size of 0.447 pm that defines its resolution. In a normal field of view of di-
ameter 500 pm, there are approximately 1100 optical resolution elements across the
center of the field. The COSMIC CRT raster scans a 3:4 aspect ratio rectangle whose
diagonal is 70% of the 500-wm circle diameter, resulting in a scanned area that is ap-
proximately 280 X 210 wm, or about 626 X 470 Airy disks.
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Fig. 13.7. A 40x objective with a NA of 0.75 has an Airy disk size of 0.447 pm that defines its resolu-
tion. In a normal field of view of diameter 500 wm, there are approximately 1100 optical resolution ele-
ments across the center of the field. The CRT raster scans a 3 : 4 aspect ratio rectangle whose diagonal is
70% of the 500-pm circle diameter, resulting in a scanned area that is approximately 280 X 210 wm, or
about 626 X 470 Airy disks.

In order to determine the resolving power of the imaging system, it is necessary to
take into account the sampling theory of Nyquist, who derived the number of samples
needed to define a single point of a data curve. In terms of optics, to represent the in-
formation in a single optical resolution element (Airy disk), one must take two sam-
ples across the element. This is not really oversampling but adequate sampling, since
2: 1 is the ratio needed for accurate sampling. Oversampling would therefore be any-
thing over the 2 : 1 ratio. Examining Figure 13.7 again, it can be seen that for the 40x
objective (with no zoom) 1280 points are digitized across the 626 Airy disks. The
sampling ratio is right at 2:1, and it is reasonable to say that the data from the 40x ob-
Jjective are “just resolved.”

When the 40x field of view is zoomed by 3x, the number of optical resolution ele-
ments in the scanned area is reduced to 218 X 156, but the data are still digitized into
1280 X 1024 data points. This is almost a 6 : 1 oversampling (Plasek et al., 1998). In
reality, oversampling does give an improved image over “adequate sampling”; that is,
the modulation transfer function improves up to a certain point, after which there is no
improvement. The image detail increases with magnification up to a point, after which
the image gets larger but no more detail is seen (“empty magnification™).

Each objective power has a different number of optical resolution elements within
the field of view. Interestingly, lower power objectives have more elements across the
field of view, posing a greater imaging challenge than high-power objectives. For ex-
ample, a 2.5x objective has a scanned area of 4.300 X 3.225 mm that contains
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Fig. 13.8. Superresolution effect is demonstrated with an image of the diatom Pleurasigma angulatum.

" The holes in the diatoms are approximately 0.25 Lm in diameter and hexagonal in shape. The full-color im-
ages were taken in white light. Obtaining such high-resolution images is very difficult with most other sys-
tems. Figure 13.8 (A) was taken with a 40x (0.75NA) objective. Figure 13.8 (B) was taken with a 100x
(1.3NA oil) objective. However, the sample is in air under the cover slip, so the maximum usable NA for the
100x objective is less than 1.0. The condensor had an NA of 1.4 (oil). See color plates.

961 X 721 Airy disks. The 1280 X 1024 electronic data points are less than the 2 : 1
ratio needed to fully resolve the smallest element in the image. However, if the image
is zoomed by 1.6, the scanned area covers 600 X 400 Airy disks and all points in the
field are fully resolved. The zoom control provides a convenient mechanism to trade
field of view for full resolution whenever desired. Because the zoom factor will carry
any objective into true empty magnification, the system resolution is limited by the
objective’s ability to create an Airy disk, not the ability to take the data from it. There-
fore, it is reasonable to say that the limit of resolution of this digital microscope is the
optics, not the electronics.

This color scanning microscope can also exhibit superresolution, where image de-
tail far smaller than the calculated limit has been observed. The technique uses the
oversampling feature coupled with COSMIC’s summing, averaging, and background
correction functions. Diatom images taken with a 40x objective (0.75 NA) have
shown features as small as 0.05 pm, well below the Airy disk size of 0.447 pm. This
superresolution effect is demonstrated in Figure 13.8, where an image is shown of
Pleurasigma angulatum. The holes in these diatoms are approximately 0.25 um in di-
ameter and are hexagonal in shape.

BRIGHTNESS AND COLOR CALIBRATION

The light transmitted through different objectives varies with the power of the objec-
tive. Significantly more light is transmitted through the 2.5x objective than through the
100x objective. In addition, the color balance of each objective is different, so the vari-
ation in red/green/blue balance must also be corrected. Calibration of brightness and
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color balance to standard values is done by adjusting the gain setting of each PMT de-
tector for each objective. A sensor embedded in the objective nose piece automatically
selects the proper setup conditions when an objective is selected. These presets can be
changed by the user if desired for special effects or if a new objective is placed on the
instrument. The calibration procedure establishes a standard color balance and bright-
ness for white, ensuring accurate color reproduction for stained samples.

COMPARISON WITH CAMERA SYSTEMS

Matching a CCD camera detector to a microscope image to ensure maximum reso-
lution requires a different design procedure from COSMIC. CCD camera detectors
consist of an x—y array of tiny photodiodes. Each photodiode represents one element
of the picture and is called a pixel. Light striking the photodiode surface creates
electrons that are read out as the signal. Since the pixels on a CCD detector are fixed,
the size and spacing of the pixels must be compared with the Airy disk size to de-
termine performance. For example, to evaluate a camera with a 12-um square pixel,
a simple calculation of the size of the Airy disk image on the detector will indicate
resolution. A 100x objective (1.3 NA) has an Airy disk size of 0.256 um in the sam-
ple plane. At the detector, the image of the Airy disk is 100 X 0.256 um, or 25.6 um.
Since the Airy disk covers two 12-um electronic pixels, the image will be fully re-
solved. If the objective is a 40x (0.85 NA), with an Airy disk of 0.394 pm, the image
of the Airy disk is 40 X 0.394 pm, or 15.8 um, which is not fully resolved by the de-
tector, since the sampling ratio is only 1.31 : 1. On a CCD detector, there is no zoom
feature available to trade field of view for resolution or to create oversampling. The
situation is even worse for a 2.5x objective (0.75 NA), where the Airy disk size is
4.47 pm at the sample plane and 11.18 pwm at the detector plane. The sampling ratio
is only 0.93 : 1 for this example. To achieve good resolution, CCD camera systems
must carefully take into account the pixel size on the CCD detector as well as the
Airy disk size of each objective. The number of pixels does not determine resolu-
tion: it defines the field size. It is the size of the pixel compared to the size of the
Airy disk on the image plane that determines resoluton. Thus a camera with 3500 X
2700 pixels cannot claim a higher resolution than a camera with 1500 X 1200 unless
each individual pixel is smaller.

The issues of field size and pixel size are very important in understanding the dif-
ferences between the point scanning technique of COSMIC and CCD detectors. As
with all semiconductor technologies, the size of CCD arrays has become smaller with
improved manufacturing techniques. Sizes as commonly designated include 1 in. (12.8
X 9.6 mm), %/, in. (8.8 X 6.6 mm), '/, in. (6.4 X 4.8 mm), '/, in. (4.8 X 3.6 mm), and
'/, in. (3.2 X 2.4 mm). The signal from a single photodiode pixel is directly propor-
tional to the amount of light striking its surface. If the photodiode pixel is made
smaller to get higher resolution (more pixels in the same area), then the signal de-
creases. A longer time is required to accumulate sufficient signal electrons, and the
frame rate goes down accordingly. When light is divided between three CCD detectors
to create color images, the loss of sensitivity is even greater. Frame rates for high-
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resolution color CCD cameras are typically below 2 Hz, which is too slow for scan-
ning around on a sample and makes focusing difficult. With these cameras it is neces-
sary to focus visually through the microscope, then switch the light path to the camera
and refocus and readjust the illumination. The process requires operating two instru-
ments to get a digital image. The large image sizes of some cameras (viz. 3200 X 2400
pixels) creates an additional problem. The amount of data in one image can be so large
that the time to transfer those data from the camera to a computer for display is signif-
icant, taking up to 1 min in some cases. Strategies to increase the frame rate for scan-
ning and focusing include transmitting only a small fraction of the total image. The
resulting tiny, low-resolution black-and-white images are not ideal for scanning or fo-
cusing. Therefore, the time required to establish the best focus, color levels, and inten-
sity levels and store the image can be very long indeed.

In this scanning microscope the image has been standardized at 1280 X 1024 pix-
els, which means that the resolution is limited by the Airy disk size of the objective
and not by the electronics or pixel size of a detector. With the scan rate of 13.4 Hz
(frames per second), it is easy to focus and move the image. Indeed, one can obtain a
large number of good images in a short time using this system—a major advantage
from a user perspective. There is no reason why a larger image size could not be used,
with the caveat that higher file size and slower image frequency would result. Of
course, these factors are frequently based upon current computational capabilities, a
factor that changes constantly.

There are several other significant differences between COSMIC and traditional
camera-based systems. Most, if not all, of the following issues are not applicable to
the white-light scanning microscope but may be significant problems for camera sys-
tems under certain operating conditions.

First, the regular array pattern of pixels in a CCD camera can cause the generation
of false data. When the sample has a periodic structure whose spacing is about the
same as that of the detector pixel spacing, a beat frequency can be generated from
slight misalignments between the image and the detectors. The result is wavelike pat-
terns appearing in the picture. These patterns, called aliases, or Moiré patterns, are
not real in the image but are caused by the interaction of the image with the detector.
These aliasing patterns can sometimes be eliminated by rotating the image against the
detector. Aliasing can be a significant problem for certain kinds of images, particu-
larly for automated image analysis. Aliasing problems can be greater for color cam-
eras that have three CCD detectors, one each for the red, green, and blue portions of
the light spectrum. The three detectors must be carefully aligned to give the same size
image for each color and to prevent aliasing between the detectors.

Second, if a portion of a CCD detector is saturated with light, the excess electrons
or the excess light may cause a signal from adjacent pixels. The visual effect may
look like a star pattern with perpendicular arms and is called blooming. Electronics
to detect and minimize blooming are usually built into the camera; however, the re-
sult is that the operation of the camera is temporarily halted.

Third, in an ordinary microscope, all points in the image field are illuminated si-
multaneously, which is called full-field illumination. In this scanning microscope,
only a single point is illuminated at a time since illumination is provided by a flying
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spot. When all the pixels are simultaneously illuminated, scattered light can reduce
contrast from pixel to pixel and contribute to blooming.

The fourth issue is interpolation. Medical systems require better resolution than
can be obtained from inexpensive mass-produced television-format CCD cameras.
Some camera manufacturers have chosen to create artificial resolution by calculation.
Several versions have been implemented. One method is to increase resolution sim-
ply by interpolation between pixels. In another case, one of the three color detectors
is displaced one-half pixel horizontally and one-half pixel vertically. The color data
for that physical location are computed from the nearest neighbors. In this technique,
there are no physical locations with true information in any part of the image since all
data must be computed. It is not clear how interpolation impacts the use of these de-
tector systems, but the issue will have to be addressed eventually. Finally, because the
sensitivity of PMTs is at least 1000 times greater than typical CCD detectors, the il-
lumination intensity of the white-light scanning microscope can be 1000 times less
than traditional light sources, reducing bleaching or photodamage to the specimen, an
issue frequently overlooked in biological imaging.

OPERATIONAL CONSIDERATIONS

The most significant problems to be dealt with in a CRT-based spot-scanning instru-
ment are the cost of the instrument and the aging characteristics of the CRT, which
will decrease in light output over time. CRT lifetimes in the 10,000-h range are com-
mon, and replacement is not difficult or expensive, particularly when compared with
most lasers used in microscopy. However, extended use of the zoom feature can cause
preferential aging of the center of the CRT screen. Therefore, zoom time is limited by
a timer circuit that disables the zoom after a preset interval (2 to 10 min.), thereby
preventing the zoom feature from aging the center of the screen. The brightness and
color balance calibration procedure continually corrects for CRT aging until the over-
all light level is unacceptable and a replacement is needed. Changing or adding dif-
ferent objectives requires calibration for that objective, but once performed, the
calibration becomes an instrument preset.

A troublesome issue for those who must deal with microscope and camera sys-
tems is the difficulty of obtaining rapid and reproducible images from camera/com-
puter systems. Combining the camera, imaging boards, and computer software is, in
itself, an interesting challenge. In this system there are fewer variables and therefore
a more consistent and stable image platform.

The clearest departure from traditional microscopy in this scanning microscope is
the lack of a viewing ocular. This is a radical difference for microscopists who may
feel uncomfortable not being able to view the specimen, except electronically. How-
ever, the format is most likely consistent with the future of digital imaging applica-
tions. Clearly, the whole concept of telepathology or remote evaluation of images
implies that at least one participant will not have access to a traditional viewing ocu-
lar. Thus, the complete removal of the ocular may actually be advantageous for the
originator of the images to know exactly what the remote viewer is seeing.

o
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The COSMIC instrument is clearly the first fully integrated digital microscope sys-
tem to offer real-time, full-color, high-resolution digital images. The unique features
of zoom magnification, contrast enhancement and suppression, averaging and sum-
ming, background correction, and superresolution capabilities are major advantages.
The lack of moving parts and alignment protocols is a powerful incentive for use in
service roles such as pathology, where a robust, easy-to-operate, high-resolution in-
strument is desired.

FUTURE APPLICATIONS

Because of the nature of the optical pathway, transmitted fluorescence detection is
likely to be a viable option using this technology. Currently, no commercial micro-
scopes use transmitted fluorescence; they are all epifluorescent systems. Because
bright-field and fluorescence in a simple, easy-to-use system is a desirable combina-
tion, addition of fluorescence to this scanning microscope will significantly enhance
its potential in pathology.
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