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ABSTRACT 

An imaging apparatus. The imaging apparatus may find an 
area in which a specimen is present, then focus on the 
specimen and capture images of the specimen during con 
tinuous stage motion. 
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Representative focus positions 

x - position y - position Z-position error from fit 

-320579 -220388 13640 -16.870 

-345974 193300 13510 -1.221 68 

-354439 -206.844 13540 18.5000 

-320579 - 178063 13540 -6.56836 

-29584 - 1966.86 13660 - 10.1563 

-297300 -186528 13630 -7.42969 

-286719 - 193300 13660 -26.3506 

-29584 -215309 13.720 1.31 152 

-267672 -205151 13790 16.47 7 

-329044 -220388 13610 -21.8516 

-343857 -206.844 13560 7.2246 

-305765 -220388 13730 29.3477 

-350206 -220388 13560 -9.30664 

-278254 -210230 3760 4.51 074 

-316346 -181449 3590 22.0967 

Best fit is planar with parameters: 

dZ/dx = 0.0029555 dz/dy = -0.00260606 Z0 = 14030 

Figure 6 
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SYSTEM FOR CREATING MICROSCOPC 
DIGITAL MONTAGE IMAGES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a continuation of U.S. 
patent application Ser. No. 09/919,452, filed Jul. 31. 2001, 
which in turn is a continuation-in-part of U.S. patent appli 
cation Ser. No. 09/757,703, filed Jan. 11, 2001, U.S. patent 
application Ser. No. 09/758,037, filed Jan. 11, 2001, and 
U.S. patent application Ser. No. 09/788,666, filed Feb. 21, 
2001, all of which are currently pending and assigned to the 
assignee of the present invention. 

FIELD OF THE INVENTION 

0002 The present invention relates to microscopic digital 
imaging of complete tissue sections for medical and research 
use. In particular, it describes a method for high throughput 
montage imaging of microscope slides using a standard 
microscope, digital video cameras, and an illumination 
system. 

BACKGROUND OF THE INVENTION 

0003 Laboratories in many biomedical specialties, such 
as anatomic pathology, hematology, and microbiology, 
examine tissue under a microscope for the presence and the 
nature of disease. In recent years, these laboratories have 
shown a growing interest in microscopic digital imaging as 
an adjunct to direct visual examination. Digital imaging has 
a number of advantages including the ability to document 
disease, share findings, collaborate (as in telemedicine), and 
analyze morphologic findings by computer. Though numer 
ous studies have shown that digital image quality is accept 
able for most clinical and research use, some aspects of 
microscopic digital imaging are limited in application. 
0004 Perhaps the most important limitation to micro 
scopic digital imaging is a “subsampling problem encoun 
tered in all single frame images. The Sub-sampling problem 
has two components: a field of view problem and a resolu 
tion-based problem. The field of view problem limits an 
investigator looking at a single frame because what lies 
outside the view of an image on a slide cannot be deter 
mined. The resolution-based problem occurs when the 
investigator looking at an image is limited to viewing a 
single resolution of the image. The investigator cannot 
“Zoom in for a closer examination or "Zoom out for a 
bird’s eye view when only a single resolution is available. 
Significantly, the field of view and resolution-based prob 
lems are inversely related. Thus, as one increases magnifi 
cation to improve resolution, one decreases the field of view. 
For example, as a general rule, increasing magnification by 
a factor of two decreases the field of view by a factor of four. 
0005 To get around the limitations of single frame imag 
ing, developers have looked at two general options. The first 
option takes the form of "dynamic-robotic imaging, in 
which a video camera on the microscope transmits close to 
real time images to the investigator looking at a monitor, 
while the investigator operates the microscope by remote 
control. These systems have been used successfully in initial 
telepathology collaborations by allowing a distant consult 
ant to view the specimen without the delays and losses 
associated with sending the physical slide to the consultant 
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for review, and by allowing the consultant to view the entire 
slide, not just a few static images captured by the initial user. 
0006. However, these systems may not lend themselves 
to significant collaborations, documentation or computer 
based analysis. To be successful, remote transmission 
requires lossy video compression techniques to be used in 
order to meet the network bandwidth requirements, or 
requires significant delays in the image display if lossless 
transmission is used. In addition, lossy compression on the 
order required for real-time remote transmission, severely 
limits computer-based analysis, as well as human diagnosis, 
due to the artifacts associated with lossy compression tech 
niques. Remote operation of a microscope also requires only 
a single user to use the instrument at one time, requiring 
instrument scheduling and local maintenance of the instru 
ment and the slides to be viewed. 

0007. The second option being investigated to overcome 
the limitations inherit in single frame imaging is a montage 
(or “virtual slide') approach. In this method, a robotic 
microscope systematically scans the entire slide, taking an 
image at each “camera field’ corresponding to the field of 
view of the camera. Camera field and field of view shall 
hereinafter be referred to as the “field. The individual 
images are then "knitted together in a Software application 
to form a very large data set with very appealing properties. 
The robotic microscope can span the entire slide area at a 
resolution limited only by the power of the optical system 
and camera. Software exists to display this data set at any 
resolution on a computer screen, allowing the user to Zoom 
in, Zoom out, and pan around the data set as if using a 
physical microscope. The data set can be stored for docu 
mentation, shared over the Internet, or analyzed by computer 
programs. 

0008. The “virtual slide' option has some limitations, 
however. One of the limitations is file size. For an average 
tissue section, the data generated at 0.33 Lum/pixel can be 
between two and five gigabytes uncompressed. In an 
extreme case, the data generated from one slide can be up to 
thirty-six gigabytes. 
0009. A much more difficult limitation with the prior 
systems is an image capture time problem. Given an optical 
primary magnification of twenty and a two-third inch 
coupled device or “CCD', the system field of view is 
approximately (8.8 mm times 6.6 mm)/20=0.44 times 0.33 
mm. A standard tissue section of approximately 2.25 square 
centimeters, therefore, requires approximately fifteen hun 
dred fields to capture an image of the entire tissue section. 
0010 Field rate, which is the amount of time it takes to 
capture an image of a field and set-up the apparatus captur 
ing the field for a following image capture, in montage 
systems is limited by three factors—camera frame rate (the 
number of camera images acquired per second), image 
processing speed (including any time required to read the 
camera data, perform any processing on the camera data 
prior to storage, and to store the final data), and rate of slide 
motion, which is the time required for the slide to be 
mechanically repositioned for the next image acquisition. 
Given today's technology, the rate of slide motion is a 
significant limiting factor largely because the existing imag 
ing systems require the slide to come to a stop at the center 
of each field to capture a blur free image of the field. 
0011 For example, traditional bright field microscopic 
illumination systems were designed to Support direct visual 
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examination of a specimen on the field and therefore depend 
on a continuous light source for illumination. Continuous 
light, however, is a significant limitation for digital imaging 
in that the slide, which must move to capture an entire 
image, but must be stationary with respect to the camera 
during CCD integration, thus moving the slide from the 
light. Moreover, slide motion during integration results in a 
blurred image. Traditional montage systems, therefore, have 
had to move the slide (and stage) from field to field in a 
precise “move, stop, take image and move again” pattern. 
This pattern requires precise, expensive mechanics, and its 
speed is inherently limited by the inertia of the stage. 
0012. The three-dimensional characteristic of a typical 
tissue sample and the slide places additional limitations on 
the imaging system. Like all lenses, microscope optics have 
a finite depth of field the distance within which objects 
will appear to be focused. A typical depth of field is about 
8 microns for a 10x objective, and in general, as the 
magnification increases, the depth of field decreases. While 
microscope slides are polished glass, the flatness of the slide 
can vary on the order of 50 microns or more across the slide. 
The variations in the tissue sample thickness and any defects 
associated with placing the sample on the slide. Such as folds 
in the tissue, also affect the optimal position of the slide with 
respect to the imaging optics. The magnitude of the optimal 
position and the limited depth of field of the microscope 
optics require the focus to be adjusted as the system moves 
from field to field. The time to refocus the system at each 
field also contributes to the overall capture time of the 
montage image. 
0013 Thus, a system is needed to reduce the image 
capture time. The system must also enable efficient and high 
quality imaging of a microscope slide via a high-resolution 
slide scanning process. 

SUMMARY OF THE INVENTION 

0014. The present invention relates to a method and 
system for creating a high throughput montage image of 
microscope slides. The system includes an optical system, 
components that are used in a pre-scan processing, and 
components for auto-focusing by enabling accurate focus 
control of optical elements without requiring the stage to be 
stopped and refocused at each tile location. The optical 
system includes at least one camera, a motorized stage for 
moving a slide while an image of the slide is captured, a 
pulsed light illumination system that optically stops motion 
on the motorized stage while allowing continuous physical 
movement of the motorized Stage, and a stage position 
detector that controls firing of the pulsed light illumination 
system at predetermined positions of the motorized stage. 
The components that are used in the pre-scan processing 
include an image-cropping component, a tissue finding 
component and a scan control component. The image 
cropping component and tissue finding component identify 
tissue regions on the slide in the optical system and deter 
mine exact locations of tissue on the slide. The scan control 
component uses information about the locations to generate 
control parameters for the motorized stage and the camera. 
The components for auto-focusing include a focal point 
selection component, a focal Surface determination compo 
nent, and a scan component. The focal point selection 
component and the focal Surface determination component 
use the control parameters to ensure that a high-quality 
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montage image is captured. The scan component is able to 
capture a high-quality montage image by maintaining 
motion of the motorized stage and synchronization of the 
optical system. The scan component controls the stage 
position to maintain in-focus imaging during the scanning 
process without stopping the stage and refocusing at each 
location and fires a pulsed-illumination source at the appro 
priate position to guarantee image alignment between 
sequential camera images. 
00.15 Accordingly, it is a benefit of the invention that it 
provides a microscopic imaging system for whole slide 
montage in which standard microscope optics, off the shelf 
cameras, a simple motorized stage, and a pulse light illu 
mination system can be used to produce precisely aligned 
image tiles, and acquire these image tiles at a speed limited 
primarily by the camera frame rate. 
0016. The present invention uses a strobe light, triggered 
by a direct Ronchi ruler or other stage-positioning device, to 
produce precisely aligned image tiles that can be made into 
a montage image of tissue sections on a microscope slide. 
Significantly, due to the short light pulse emitted by a strobe, 
clear images can be obtained without stopping the micro 
Scope stage. This significantly increases the image through 
put while decreasing the expense and precision required in 
the stage mechanics. 
0017. In one embodiment, a strobe arc is placed at the 
position of the lamp bulb in a standard microscope system. 
The camera shutter is opened and the strobe is fired in 
response to the position of the stage as reported by a direct 
position sensor. If stray light is minimized, the camera 
exposure can be much longer than the strobe flash, allowing 
low cost cameras to be utilized. 

0018. It is another benefit of the invention to significantly 
increase the image throughput of a tiling image system by 
allowing, through the use of the strobe light, continuous 
motion of the slide under the microscope. The inventive 
system thus eliminates the need to stop the microscope stage 
to capture an image. 

0019. It is another benefit of the invention to reduce the 
demands of camera, stage, and strobe Synchronization by 
controlling the firing of the strobe light based on direct stage 
position feedback, thereby substantially reducing the 
mechanical precision required of the stage and camera 
components. 

0020. It is another benefit of the invention to use a 
pre-scan process applied to a macroscopic image of the 
entire slide, to guide a high-resolution slide scanning pro 
cess and ensure high-quality images of the entire specimen 
are acquired. The pre-scan process includes an image crop 
ping component, a tissue finding component, a scan control 
component, a focus point selection component, a focal 
Surface determination component, and a scan component. 
The image cropping and tissue finding components identify 
interesting regions on the slide to be scanned. The focus 
point selection and focal Surface determination components 
ensure that a high quality image is captured by the scanning 
process, by enabling accurate focus control to be main 
tained. 

0021. It is another benefit of the invention to use a 
high-resolution slide scanning process to control the opera 
tion of the motorized stage, camera and strobe illumination. 
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This process utilizes information gathered by the pre-scan 
process, namely the imaging regions and focus parameters, 
to control the positioning of the stage to image only the 
regions of interest and to ensure the individual images are 
well aligned and in focus. 
0022. Additional features and advantages of the inven 
tion will be apparent from the description that follows, or 
may be learned by practice of the invention. The objectives 
and advantages of the invention to be realized and attained 
by the microscopic image capture system will be pointed out 
in the written description and claims hereof as well as the 
appended drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 The accompanying drawings, which are included 
to provide a further understanding of the invention and are 
incorporated in and constitute a part of this specification, 
illustrate embodiments of the invention that together with 
the description serve to explain the principles of the inven 
tion. 

0024 FIG. 1 is a partial isometric view of an embodi 
ment of an imaging apparatus of the present invention; 
0025 FIG. 1a is a front view of the apparatus of FIG. 1; 
0026 FIG. 1b is a side view of the apparatus of FIG. 1; 
0027 FIG. 1c is a top view of the apparatus of FIG. 1; 
0028 FIG. 2 is a macroscopic image resulting from 
operation of an embodiment of the cropping component; 
0029 FIG. 3 illustrates a result of the tissue finding 
component; 

0030 FIG. 4 is an overlay of FIGS. 2 and 3 illustrating 
the regions of the slide to be imaged; 
0031 FIG. 5 illustrates a result of the focus point selec 
tion component on a sample image; 
0032 FIG. 6 is a generated three-dimensional data set for 
the image of FIG. 5; and 
0033 FIG. 7 is a set of charts graphically depicting steps 
implemented in an embodiment of the inventive system. 

DESCRIPTION OF THE PREFERRED 
EMOBODIMENTS 

0034) Reference will now be made in detail to the pre 
ferred embodiments of the present invention, examples of 
which are illustrated in the accompanying drawings. The 
following paragraphs describe the functionality of the inven 
tive system and method for focus controlled, high through 
put montage imaging of microscope slides using a standard 
microscope, camera, and a motorized mechanical stage. 
0035 FIG. 1 illustrates a first embodiment of the imag 
ing apparatus of the present invention. FIGS. 1a-1c illus 
trate front, side, and top views, respectively, of the imaging 
apparatus illustrated in FIG. 1. It should be noted that not all 
components that may be included in an imaging apparatus 
are illustrated in FIGS. 1-1c. For example, a stage support 
that attaches the stage to the imaging apparatus is not 
illustrated so as not to obstruct the view of other compo 
nents. In this embodiment, a slide 112 to be imaged is placed 
on a thumbnail imaging position in a slide holder on a 
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motorized stage 102. A single frame image containing the 
entire slide may be taken with a macro camera 106. One 
skilled in the art will recognize, however, that a suitable 
image may alternately be captured by combining multiple 
images taken by a microscopic camera Such as microscopic 
camera 104. Microscopic and macroscopic images may 
furthermore be captured by use of two separate cameras or 
through the use of a single camera. The low-resolution 
image may be analyzed by Software components, described 
below, to determine the locations of tissue on slide 112. This 
information can then be used to generate control parameters 
for stage 102 and microscopic camera 104 to ensure that the 
scanning process captures high quality images of only the 
tissue regions, Substantially reducing the time to scan an 
average slide. 
0036) One skilled in the art will recognize that, although 
capturing the single macroscopic image saves time, it is not 
necessary for the operation of the invention. However, 
where a macroscopic image is to be used, multiple macro 
scopic images may be required to generate control param 
eters to the accuracy required based on the ratio of the 
macroscopic to microscopic magnifications and the camera 
specifications of each camera, if separate cameras are uti 
lized. 

0037. Once the regions to be microscopically imaged are 
identified, the slide is scanned under the microscope optics. 
To facilitate rapid imaging of the slide and to avoid the stop 
image reposition delays associated with traditional imaging 
systems, a high-speed strobe light is used to optically stop 
the motion of the stage, and thus the slide specimen, while 
allowing continuous stage motion. It should be apparent to 
one skilled in the art, that any pulsed illumination system 
may be used in place of the high-speed strobe light. To 
eliminate overlap or missed tissue between the microscope 
images, precise alignment of the stage and camera, along 
with accurate stage positioning, and camera and strobe 
synchronization, are required. To reduce the camera preci 
sion requirements, a direct stage position sensor is used to 
control the firing of the strobe, and thus the camera expo 
SUC. 

0038. In this fashion, the camera can be operated with a 
long exposure window in comparison to the very short 
strobe flash, allowing lower cost components, specifically 
the stage and camera, to be utilized. 
0.039 Specifically in an embodiment illustrated in FIGS. 
1-1C, a pre-scan processing of the low-resolution or thumb 
nail image includes an image cropping component, a tissue 
finding component, a scan control component, a focus point 
selection component, and a focal Surface determination 
component. Those pre-scanning components may then be 
followed by a scan component. The image cropping com 
ponent and tissue finding component identify tissue regions 
on the slide to be scanned. The scan control component 
generates the necessary control parameters to scan only the 
regions of interest under the microscope optics. The focus 
point selection component and a focal Surface determination 
component ensure that the scan component captures a high 
quality montage image, by enabling accurate focus control 
of the optical elements without requiring the stage to be 
stopped and refocused at each tile location, Substantially 
reducing the acquisition time. 
0040. One step in processing the thumbnail image con 
sists of flat-field correcting the macroscopic thumbnail 
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image using a similar image that may have been obtained 
from the same camera and a blank slide. This removes any 
spatial light anomalies from the thumbnail image, which 
may reduce the efficiency of the tissue finding component. 
Depending upon the format, or size, of the camera and the 
aspect ratio of the slide, a portion of the image may contain 
non-slide objects such as a slide carrier (not shown in the 
figures). To remove these features, the thumbnail image may 
be cropped to remove non-slide objects, thus retaining only 
the slide information. 

0041. The image cropping may be accomplished via a 
two-pass process. The first pass in Such a process determines 
an approximate location of the slide boundary, and the 
second pass fine-tunes this estimate. The search for the 
boundary is conducted over upper and lower intervals cor 
responding to the regions expected to contain the upper and 
lower slide edges, respectively. The slide or region of 
interest may be assumed to be positioned near the center, 
vertically, in the thumbnail image. The portion of the image 
falling outside of the identified slide boundary is removed. 
It should be noted that the cropping component and each of 
the other components described herein may operate on either 
a grayscale or color image. The image may also be cropped 
at the estimated edge locations, and then uniformly reduced 
in size to produce a small thumbnail image of the slide for 
rapid, visual slide identification. 

0.042 Because the slide may not be oriented perfectly 
horizontally in the original thumbnail image, the identified 
slide edges are likely to lie at an angle. Thus, even after 
cropping, there may be remnants of the slide edges or cover 
slip in the cropped image. Therefore, the image cropping 
component attempts to identify pixel blocks that likely 
contain these remaining edges and flags these blocks as 
edges that will not be considered for high resolution imaging 
by the tissue finding component. 

0043. The resulting cropped image generated by the 
image cropping component may serve as an input to the 
tissue finding component. This component locates regions in 
the thumbnail image that contain tissue of interest to a 
specialist. In order to minimize the time and storage space 
required to accomplish high-resolution slide imaging, the 
inventive system may capture only those regions of the slide 
that contain tissue. This approach may be facilitated by 
identifying regions containing tissue in the thumbnail image. 

0044) The tissue finding component identifies tissue 
regions via a sequence of filters that incorporate knowledge 
of the typical appearance and location of tissue and non 
tissue slide regions. Initial filtering steps, in one embodi 
ment, convert the image to a grayscale image and analyze 
the mean and standard deviation of the local pixel intensi 
ties. Pixel mean intensities may be used to differentiate 
tissue-containing regions from blank and other non-tissue 
regions. Such as those containing the slide label or other 
markings. The standard deviation data may represent the 
amount of variation in pixel intensity values and thus is a 
good indicator of the border between tissue and the blank 
slide. The mean and standard deviation data is combined to 
generate a threshold value that is used to make an initial 
classification of tissue versus non-tissue. Subsequently, mor 
phological filters may be applied to refine the classification 
based on the size and position of neighboring groups of 
potential tissue pixels. 
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0045. The embodiment described above uses the mean 
and standard deviation of the local pixels as the basis for 
detecting regions of interest. One skilled in the art will 
recognize, however, that other image characteristics can also 
be used to identify the specimen from non-items of interest 
Such as dust and scratches. That embodiment may also 
process a grayscale macroscopic image. It should be noted, 
however, that the pixel intensity differentiation tools 
described herein can be applied to each of the color com 
ponents (traditionally, red, green and blue) of a color image 
in addition to being applied to a grayscale image. Additional 
processing tools can also be applied between color compo 
nents to refine the tissue finding accuracy and to remove 
features Such as labels and writing that are not critical to the 
application, or to select user defined areas of interest to be 
scanned, such as regions circled by a purple marker. 

0046) The filters, which comprise the tissue finding com 
ponent, process the pixels of the cropped grayscale thumb 
nail image in groups that correspond to slide regions, or tiles, 
that can be imaged individually during the high-resolution 
scanning process. These filters ensure that tiles only partially 
filled with tissue are classified as tissue-containing tiles. The 
final output of the filter sequence is a tiling matrix, the value 
of which indicates which tiles should be imaged. The tiling 
matrix Subsequently guides the high-resolution scanning 
process. 

0047 An example of the image cropping and tissue 
finding processes are shown in FIGS. 2, 3 and 4. FIG. 2 
illustrates the macroscopic image after flat-field correction 
and image cropping. FIG. 3 illustrates the results of the 
tissue finding component. The resulting tile matrix shown in 
FIG. 3 has a one-to-one correspondence to the field of view 
of the microscopic camera. White pixels (binary 1) signify 
fields to be captured and imaged, and black pixels represent 
regions not to image. FIG. 4 illustrates an overlay of FIGS. 
2 and 3 representing the sections of the slide to be imaged. 
For the application depicted in FIGS. 2-4 (anatomical 
pathology), it may be important to image all Suspect regions 
that may contain tissue so conservative criteria are used in 
the tissue finding component, resulting in cover slip edges 
and writing etched into the slide to be identified as to be 
imaged. The savings in the acquisition time is represented by 
the ratio of the white to black areas of FIG. 3. For this 
image, only 53% of the slide region is to be imaged, 
including the label and cover slip edges, and etched writing 
on the slide. 

0048. At the completion of the tissue finding component, 
the scan control component interprets the tissue finding tile 
matrix (FIG. 3) and transposes the positions into actual 
stage coordinates for the microscopic imaging. A program 
running on a host computer controls the operation by 
communicating with a stage controller and microscopic 
camera 104. Actual scanning can occur in any fashion Such 
as by rows or columns, or in a step fashion to image 
neighboring areas. 

0049. To achieve good focus for an entire slide, the 
surface that best represents the focal position of the sample 
with respect to the optical elements may be determined and 
used to automatically control the focus as the tissue is 
scanned under the microscope optics. These steps may 
furthermore be completed under the focus point selection 
component and the focus Surface determination component. 
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0050. In one embodiment, the focus point selection com 
ponent evaluates the tissue regions of the thumbnail image 
and selects several points on which to initially focus the 
microscope optics. In this embodiment, that focus point 
selection is based on pixel intensity and distribution. Ini 
tially, tissue containing pixels or groups of tissue containing 
pixels are considered. Those pixels or pixel groups will be 
referred to hereinafter as regions. The regions that will be 
focused upon, or focus regions, are then selected based on 
the relative contrast between the intensity of those regions 
within the thumbnail image and the distribution of those 
regions within the tissue containing portions of the image. It 
will be recognized that other intensity and/or distribution 
selection criterion may be utilized to select focus regions. 
After the focus regions are identified, a normalized focus 
Surface Such as a plane or curve may be drawn through the 
focus points and an equation, model, curve, or other method 
for describing appropriate focal lengths along that Surface 
can be obtained. Proper focus for each region to be captured 
by the high-resolution scan may then be calculated by 
focusing on, for example, the plane or curved Surface. 

0051 Selecting the appropriate focus region based on 
relative contrast improves the likelihood that regions that 
contain tissue will be selected over a method of picking 
focus regions based on a pre-selected grid-pattern. Selecting 
regions based on their overall distribution with respect to the 
tissue coverage area provides assurance that the resulting 
plane or surface will be representative of the entire slide and 
not limited to a small portion of the tissue, as could occur if 
selection were based solely on the relative contrast of pixels. 

0.052 To select focus regions based on contrast, the 
present invention may select a number of focus regions 
having a desired contrast quality. For example, six to ten of 
the darkest regions may be selected from a back-lit image 
under the assumption that dark regions contain a large 
amount of tissue. 

0053 Distribution refers to the overall distribution of 
regions with respect to the tissue coverage area. Because a 
Surface defined by the focus regions is the basis for main 
taining the focus across the entire specimen during scanning, 
it is beneficial to have focus regions dispersed across the 
specimen rather than being grouped in close proximity to 
one another in one or more areas of the specimen. In that 
way, every point to be scanned will be close to a focus point. 
Thus, the Scanned optical position at each point, as defined 
by the surface, should be very nearly the optimum in-focus 
position for that point. 

0054 The focus point selection component may, for 
example, assure that at least one focus point is located within 
each of a number of pre-selected areas of the tissue. Those 
areas may, for example, be separate pieces of tissue on a 
slide. If a focus point does not exist on each pre-selected 
area, the focus point selection component may select addi 
tional regions, for example, having the desired contrast 
quality, until at least one focus point is identified on each 
pre-selected area. The number of data points required will 
depend on the actual three-dimensional structure defined by 
the specimen and slide, and the geometrical dimension of the 
surface to be fit. Once the surface has been determined, an 
error function can be calculated to determine the fit accu 
racy. For example, the mean square error of each selected 
focal region may be calculated to determine how much error 
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exists between the surface fit and each focus region. If that 
error is greater than a predetermined acceptable error level. 
at one or more points, additional data points may be added 
to the calculation and/or points that have large errors may be 
eliminated and the surface may be recalculated under the 
assumption that the points having excessive errors were 
anomalies. A surface may then be fitted to those points to 
define a focal Surface to be utilized when Scanning the tissue. 
0055. In alternative embodiments, the focus points are 
either user definable through an input file or through a 
suitable user interface. In addition, for cases where the 
specimen locations are reproducible on the slides, the focus 
points can be predefined and repeated for each slide without 
the use of a macroscopic image or any preprocessing to find 
the tissue regions. 
0056. Once selected, each focus position is placed under 
the microscope optics in the focal Surface determination 
component, and an auto-focus program determines the best 
fit focus at each position. This generates a three-dimensional 
data set corresponding to the optimal specimen distance at 
each stage location. These data points are used as input to a 
Surface fitting routine that generates the necessary control 
parameters for the slide Scanning process. 

0057. At the completion of the focus point selection, the 
tissue information and the Surface parameters are passed to 
the scan control component. This component is responsible 
for the motion of the stage and synchronization of the 
microscopic imaging system during montage image acqui 
sition. To achieve accurate, well-aligned tiled images, the 
specimen may be positioned such that each camera image is 
aligned within the equivalent single pixel spacing in real or 
stage space (camera pixel size divided by the overall optical 
magnification). This usually entails a stage step of ox and by 
where each step is directly related to the effective pixel size, 
which may be expressed in terms of camera pixel size? 
optical magnification, and the number of image pixels in the 
X and y directions respectively. For example, a 1300x1030 
pixel, 10um square pixel camera operated at 20x magnifi 
cation results in Öx=10 um 1300/20=650 um and Öy-10 
um 1030/20=515 um. To maintain focus during the scan 
ning process, the stage may be positioned at the proper focal 
position as determined by the focus Surface parameters: 
Z=f(x, y), where Z is the vertical position of the slide with 
respect to the optical components, f(x, y) is the function 
used to represent the best focus surface, and X, and y are the 
positions of each camera image in the X and y axes, 
respectively. The camera image positions can be expressed 
as linear relations between the starting position of the stage 
(Xo and y) and the step size associated with each image 
dimension: 

0058 Image montage scanning is traditionally accom 
plished by either scanning by rows or columns. Assuming 
that tiling is completed by Scanning across a row in the 
X-direction and stepping vertically in the y-direction after 
each row has been scanned, the stage is simply positioned at 
the appropriate position given by Z=f(x, y). Thereafter, the 
stage is stopped and an image is acquired. If imaging is 
accomplished during continuous motion of the stage in the 
X-direction via a line scan camera or alternative imaging 
arrangement, the vertical Velocity as a function of focal 
position X, and time, can be computed from the partial 



US 2006/0204072 A1 

derivative of the focal surface: VL(v, y)=.6f(x, y)/Öx*v, 
where V is the velocity of the vertical position of the stage 
and V is the velocity in the x-direction. The velocity of the 
vertical position of the stage can be used to control the 
optical position and maintain focus as images are acquired 
continuously across the row. 
0059 FIG. 5 represents the results of the focus point 
selection component. This figure shows the thumbnail or 
macroscopic image of the region to be scanned. The light 
spots 504 overlaid on the specimen 506 represent the 
positions selected by the focus point selection component. 
These positions are placed under the microscope and auto 
focused on each location. FIG. 6 illustrates the three 
dimensional data set generated by focusing on each of the 
focus points of the specimen depicted in FIG. 5. For this 
slide, the best fit was planar, Z(x,y)=dz/dx x+dz/dy y+Z0. 
where dz/dx (dz/dy) is the slope or pitch of the plane with 
respect to the x-axis (y-axis) and Z0 is the vertical offset of 
the plane with respect to the Z-axis. The best fit parameters 
for the specimen of FIG. 5 are also shown in FIG. 6. 
0060. At the completion of the pre-scan processing, the 

tile matrix and the stage control parameters are passed to a 
scanning-process control program. The scanning process 
control program controls the operation by communicating 
with a stage controller, a stage position sensor, a camera and 
the strobe firing circuitry. In the invention, the computer 
program controls the operation of stage 102, camera 104 and 
strobe 108 illumination. The actual slide scanning can be 
automated to image entire slides, image only a portion of the 
slide or use a user-interface to allow the user to select the 
regions to be imaged. Once a region has been selected for 
imaging, the program then controls the operation by com 
municating with a stage controller, a stage position sensor, 
camera 104 and strobe firing circuitry 108. Preferably, tiling 
is performed by moving stepwise along the short axis and 
with continuous motion along the long axis. In other words, 
tiling is done one row at a time. For this reason, a stage 
position is monitored and controlled differently along each 
stage axis. Along the short axis of the slide, the stage 
position is monitored and controlled, by the program, 
directly through the stage controller. Along the long axis, 
however, the stage position is monitored by a direct stage 
position sensor, which can be separate or part of the overall 
stage control circuitry. 
0061. In another embodiment, a Ronchi ruler attached to 
stage 102 is used for the stage position sensor. Those skilled 
in the art will recognize that any position sensor may be used 
in the invention. This sensor can be external to the stage 
controller or the positional information can be acquired 
directly from the stage controller with or without feedback. 
0062 For reference, a Ronchi ruler is a pattern of alter 
nating light and dark bands, equally spaced along a Sub 
strate, typically either glass or plastic. A position sensor 
based on the Ronchi ruler utilizes a light sensor that is 
mechanically isolated from the ruler. As the ruler passes 
under the sensor, a series of electronic pulses is generated 
corresponding to the alternating light and dark bands of the 
ruler. These pulses can be used to monitor the position and 
direction of stage 102. 
0063 Based on the magnification of the optics and the 
camera utilized, strobe 108 is fired whenever the position 
sensor determines stage 102 has moved into the field of view 
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of the next tile to be captured by the camera 104. The system 
continues to capture image tiles with precise alignment, until 
the images of all desired files have been captured or the 
controlling program tells the system to stop. At the end of the 
capture process, the slide is removed and another slide can 
be inserted. With current technology, the rate-limiting step 
for image capture utilizing the present invention is the data 
transfer period in the camera. 

0064 FIG. 7 illustrates the signals of camera 104, stage 
102, optical position detector, and strobe 108. Note that in 
FIG. 7, graphs 202 and 204 the signals from the optical 
position detector represent motion of stage 102, so their 
timing will vary depending on the speed of the stage 
movement. Where the system is triggered by the location of 
stage 102 as reported by the optical position sensor, precise 
movement of the stage movement is not necessary, allowing 
for the use of low cost stages 102. 

0065. The system can be run in a variety of modes, 
depending on how the camera is controlled. In one embodi 
ment, the stage location, as sensed by a position sensor, fires 
both the camera 104 and the strobe 108 as indicated by the 
two traces at 204. In an alternate embodiment, camera 104 
is free running and only strobe 108 is fired by stage position 
as indicated by a single trace at 204. This mode does not 
depend on uniform motion of stage 102 over the area 
imaged, because the strobe pulse is much shorter than the 
integration time of the camera 104, wherein the integration 
time is a time during which the camera is receiving an 
image. As long as the correct stage position is reached 
anytime within the integration time of camera 104, an 
excellent, well aligned image results. 

0066 Firing strobe 108 based on direct position infor 
mation differs from the more traditional application of strobe 
photography. In traditional strobe photography, a strobe and 
camera are synchronized in time, and positional information 
regarding the objects being imaged can be inferred from the 
relative position within the image. When the present inven 
tion is operated in a mode wherein the position feedback 
controls both camera 104 and strobe 108, and camera 104 is 
not free running, each camera frame corresponds to an 
equally spaced positional change, independent of the stage 
Velocity (speed and time variations in the speed). In the case 
that camera 104 is free running, the stage speed has to be 
matched to the camera frame rate only to the accuracy Such 
that the strobe pulse does not fall outside the exposure 
window. The relative time within the exposure window is 
irrelevant. 

0067. As will be understood by one skilled in the art, 
while the present invention describes a microscopic optical 
arrangement, the invention can also be applied to other 
optical imaging, inspection and illumination systems that are 
used for building up an image by matching the stage speed 
with the camera speed. 

0068 The foregoing description has been directed to 
specific embodiments of this invention. It will be apparent, 
however, that other variations and modifications may be 
made to the described embodiments, with the attainment of 
some or all of their advantages. Therefore, it is the object of 
the appended claims to cover all such variations and modi 
fications as come within the true spirit and scope of the 
invention. 
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What is claimed: 
1. A focusing method, comprising: 
focusing a microscope optic on a plurality of points of a 

specimen to determine a focal length for each point; 
fitting a surface to the points at the focal lengths; and 
capturing a plurality of microscopic images of portions of 

the specimen while focusing on each microscopic 
image based on the fitted Surface. 

2. The focusing method of claim 1, wherein the fitted 
Surface is curved. 

3. The focusing method of claim 1, wherein the fitted 
Surface is planar. 

4. The focusing method of claim 1, wherein the fitted 
surface is described by a model. 

5. The focusing method of claim 1, wherein the fitted 
Surface is described by an equation. 

6. The focusing method of claim 1, wherein the fitted 
Surface is a focal Surface. 

7. The focusing method of claim 1, wherein the fitted 
Surface includes at least comprises an area equivalent to an 
area of the specimen. 

8. The focusing method of claim 1, wherein the captured 
microscopic images are adjacent. 

9. The focusing method of claim 1, further comprising 
capturing a first image of the specimen; and 

selecting the plurality of points on which to focus the 
microscopic optic from the first image. 

10. The focusing method of claim 9, wherein the first 
image is a macroscopic image. 

11. The focusing method of claim 9, wherein the first 
image is captured at a lower magnification than that of any 
of the microscopic images. 

12. The focusing method of claim 9, wherein the plurality 
of points are selected based on a relative intensity of the 
image at each of the points. 

13. The focusing method of claim 1, wherein the plurality 
of points are selected based on their distribution across the 
specimen. 

14. The focusing method of claim 1, wherein the speci 
men is divided into regions and the plurality of points are 
each selected from a different one of the regions. 

15. The focusing method of claim 1, further comprising 
calculating an error function to determine a fit accuracy of 
the fitted surface. 

16. The focusing method of claim 1, further comprising: 
Selecting an additional point; 

determining another focal length for the additional point; 
and 

fitting another surface to the plurality of points at the focal 
lengths and the additional point at the other focal 
length. 

17. The focusing method of claim 1, wherein the speci 
men is moved continuously while a plurality of adjacent 
images of the specimen are captured; and 

wherein the microscope optic is focused based on the 
focal length of the fitted surface for each of the adjacent 
images to be captured while the specimen is moved. 
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18. An imaging apparatus, comprising: 

a motorized stage; 
a camera focused relative to the motorized stage; and 
a processor coupled to the camera, wherein the processor 

contains instructions which, when executed by the 
processor, cause the processor to: 

capture a low resolution image that is incident on the 
camera, wherein the low resolution image includes a 
plurality of pixels, the pixels having a characteristic; 

establish the characteristic for each pixel; 
determine which of the pixels contain a target image 

based on the characteristic of the pixels and establish 
a target area that includes those pixels; 

transpose the position of the target area into a plurality 
of stage coordinates; and 

capture a high resolution image that is incident on the 
camera at each of the stage coordinates. 

19. The imaging apparatus of claim 18, wherein the 
characteristic includes pixel intensity. 

20. The imaging apparatus of claim 18, wherein the 
characteristic includes pixel color. 

21. The imaging apparatus of claim 18, wherein the 
processor determines which pixels contain the target image 
based on a relative intensity of the pixels and further: 

determines a mean intensity of the pixels; 
compares the intensity of each of the pixels to the mean 

intensity; and 
divides the pixels into a group of non-target image pixels 

having high intensities and a group of target image 
pixels having intensities lower than the high intensities. 

22. The imaging apparatus of claim 18, wherein the 
processor determines which of the pixels contain the target 
image based on a relative intensity of the pixels and further: 

determines, for the pixels, an intensity standard deviation 
that provides an amount of variation in pixel intensity; 

compares the intensity of each pixel to the intensity 
standard deviation; and 

divides the pixels into a group of non-target image pixels 
having low standard deviations and a group of target 
image border pixels having standard deviations that are 
greater than any of the low standard deviations. 

23. The imaging apparatus of claim 18, further compris 
ing a pulsed light directed toward the motorized stage. 

24. The imaging apparatus of claim 18, further compris 
ing a stage position sensor adjacent the motorized stage. 

25. An imaging apparatus, comprising: 

a motorized stage; 
a camera having a lens directed toward the motorized 

stage; and 
a processor coupled to the camera, wherein the processor 

contains instructions which, when executed by the 
processor, cause the processor to: 
Select at least three points of a sample adjacent the 

motorized stage; 
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determine a stage position for each of the selected 
points; 

focus the camera on each of the selected points; 
determine an object distance from the camera lens to 

the sample at each of the selected points; and 
develop a focus Surface based on the stage position and 

the object distance for the selected points. 
26. The imaging apparatus of claim 25, wherein the 

selecting at least three points of a sample adjacent the 
motorized stage includes selecting points dependent on a 
characteristic of an image of the sample at those points. 

27. The imaging apparatus of claim 25, wherein the 
selecting points dependent on a characteristic of the image 
of the sample at those points includes selecting the darkest 
regions. 

28. The imaging apparatus of claim 25, wherein the 
selecting points dependent on a characteristic of the image 
of those regions includes selecting the lightest regions. 

29. The imaging apparatus of claim 25, wherein the 
selecting points dependent on a characteristic of the image 
of those regions includes selecting points having a high 
contrast relative to the regions. 

30. The imaging apparatus of claim 25, wherein when the 
processor selects at least three points of a sample adjacent 
the motorized Stage, the processor further: 

determines a distribution of the at least three selected 
points within the sample; 

determines whether at least one of the selected points lies 
within each of at least two predetermined areas; and 
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selects additional points until at least one of the additional 
points lies within each predetermined area. 

31. An imaging apparatus, comprising: 

a motorized stage; 

a camera focused relative to the motorized stage; 

a stage position sensor adjacent the motorized stage; and 

a pulsed light directed toward the motorized stage and 
coupled to the stage position sensor Such that the pulsed 
light illuminates in response to the stage position 
SSO. 

32. The imaging apparatus of claim 31, further compris 
ing a processor coupled to the camera, the pulsed light, and 
the stage position sensor, wherein the processor contains 
instructions which, when executed, cause the processor to: 

initiate motion of the motorized stage; 

energize the pulsed light when the stage position sensor 
indicates the motorized stage is in a predetermined 
position; and 

capture an image by way of the camera while the pulsed 
light is energized. 

33. The imaging apparatus of claim 32, wherein the 
motorized stage moves continuously while the images are 
captured. 


