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1MPR0VED CYTOMETRY — PHASE II

A report prepared by J.R.N. McLean, Radiation Protection Bureau, Health Canada, under
contract to the Atomic Energy Control Board.

ABSTRACT

One shortcoming of biological dosimetry based on the detection and quantitation of
chromosome aberrations, is the labor intensive nature of the analysis. State-of-the-art
imaging software cannot recognize the wide variety of shapes that can be assumed by
dicentric chromosomes nor are algorithms available to accommodate translocation
analysis. In this project, relatively simple computer routines have been used to reduce
the time necessary to perform the repetitive tasks associated with radiation dosimetry.
Repetitive tasks that can be computerized include data reduction and collation,
verification of the number of chromosomes in each metaphase spread and, with the help
of a motorized microscope stage and computer-assisted focus control, the automated
location of metaphase chromosome spreads. The task of automated metaphase location
is addressed in this project. The tasks of data reduction and computer-assisted
chromosome counting have been addressed in a previous report to the Atomic Energy
Control Board (AECB) research project no. 7.164.1. The preliminary evaluation of the
performance of the metaphase finder, indicates a false positive rate of less than or equal
to 7% and a false negative rate of less than or equal to 23%, using a limited data set of
1289 events and threshold values at 25, 26, 27, or 28. Over the 4 threshold levels, the
average system sensitivity was calculated to be 75% and positive predictability to be
85%. Sensitivity is the fraction of real events which are correctly detected, and positive
predictability, the fraction of detections which are real events. In a perfect detector, these
values would be 100%.

RÉSUMÉ

L'un des inconvénients de la dosimétrie biologique basée sur la détection et la
quantification des aberrations chromosomiques est le caractère laborieux de l'analyse.
Les logiciels d'imagerie les plus sophistiqués ne peuvent pas reconnaître toute la
gamme de formes que peuvent adopter les chromosomes dicentriques et il n'existe
aucun algorithme capable d'effectuer une analyse de translocation. Dans ce projet, des
programmes-informatiques relativement simples sont utilisés pour réduire le temps
nécessaire à l'exécution des tâches répétitives liées à la dosimétrie des rayonnements.
Les tâches répétitives qui peuvent être informatisées sont le rassemblement et la
réduction des données, la vérification du nombre de chromosomes en métaphase et,
avec l'aide d'un microscope motorisé muni d'une commande de mise au point assistée
par ordinateur, la localisation automatique des chromosomes en métaphase. Ce projet
traite de cette dernière tâche. La réduction des données et le dénombrement des
chromosomes assisté par ordinateur ont fait l'objet d'un rapport précédent (projet de
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recherche n° 7.164.1 de la Commission de contrôle de l'énergie atomique (CCEA)). À
partir d'un ensemble limité de données portant sur 1 289 événements et des valeurs
seuils de 25, 26, 27 ou 28, l'évaluation préliminaire de la performance du localisateur
des chromosomes en métaphase indique un taux de faux positifs égal ou inférieur à 7 %
et un taux de faux négatifs égal ou inférieur à 23 %. Pour les 4 seuils indiqués, on a
calculé que la sensibilité moyenne du système était de 75 % et que la prévisibilité des
positifs était de 85 %. La sensibilité est le nombre d'événements réels correctement
détectés et la prévisibilité des positifs est le nombre de détections correspondant à des
événements réels. Avec un système d'analyse parfait, ces valeurs seraient de 100 %.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements
made or opinions expressed in this publication and neither the Board nor the author
assumes liability with respect to any damage or loss incurred as a result of the use of
the information contained in this publication.
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A. OBJECTIVES

The analysis of chromosome aberrations is time-consuming and mind-numbingly tedious
if done without computer assistance. For the reconstruction of a low dose exposure, the
analyst is required to perform many repetitive tasks interspersed with a few that require
experience and judgement. One task that requires considerable operator time is the
location of metaphase chromosome spreads. This task also contributes substantially to
operator fatigue. The short-term objective of this project is to provide an immediate
improvement in the analytical efficiency of dicentric-based radiation dosimetry by the
development of: (i) a motorized microscope stage with auto-focus capability, and (ii) the
software necessary to automate metaphase recognition and data storage for later review.
The addition of automatic metaphase location to the list of computer-assisted tasks,
described in a previous joint AECB-RPB project (research project no. 7.164.1), allows
the analyst to concentrate on the critical task of dicentric chromosome recognition and
classification. The performance target for this computer-controlled prototype system is
to allow one operator to assess 1000 metaphase chromosome spreads for dicentricity
in 4 working days. A comparable assay, without computer assistance, would require 7-14
working days depending on slide quality.

The second, longer term objective is to adapt the automation for use with phase contrast
optics so that metaphase chromosomes can be located on unstained preparations
without coverslips. This adaptation would be useful in the pre-location of metaphase
chromosomes in translocation (chromosome "painting") analysis, before the application
of the fluorescent "paint". Pre-location of metaphase spreads prior to staining would
minimize the adverse effect of photobleaching on image signal to noise ratios, a problem
often associated with extended periods of analysis.

B. INTRODUCTION

Ionizing radiation produces equal numbers of stable and unstable chromosome
aberrations in lymphocytes isolated from the peripheral blood of exposed individuals. The
dicentric chromosome, an unstable aberration, is produced almost exclusively by ionizing
radiation and enumeration of this configuration is the basis of one of the few accepted
methods of biological dosimetry. The dicentric is most reliable as an exposure index
when the indivual receives a uniform whole body exposure. In a population of non-
smoking humans, dicentric chromosomes are found at a frequency of about 1 in 1000-
2000 cells (1). More recently, stable aberrations, such as chromosome translocations,
have been proposed as indices of radiation exposure (2). Unlike dicentrics,
translocations are produced not only by ionizing radiation but also by many genotoxic
chemicals. Since translocations are stable aberrations, they can be used as indicators
of integrated or lifetime dose. For the purposes of radiation dosimetry, dicentric
chromosomes are analyzed by brightfield microscopy, and translocations by fluorescence



microscopy. One practical shortcoming of biological dosimetry based on the detection
and quantitation of these aberrations, is the labour intensive nature of the analysis.
State-of-the-art imaging software cannot recognize the wide variety of shapes that can
be assumed by dicentric chromosomes nor are algorithms available to accomodate the
analysis of translocations. However, relatively simple computer routines can be used to
reduce the time required to perform the repetitive tasks associated with these analytical
processes, allowing an analyst more time to cope with the judgemental task of aberration
recognition. Repetitive tasks that can be computerized include data reduction and
collation, verification of the number of chromosomes in each metaphase spread and,
with the help of a motorized microscope stage and computer-assisted focus control, the
automated location of metaphase chromosomes. The task of automated metaphase
location is addressed in this project. The tasks of data reduction and computer-assisted
chromosome counting have been addressed in a previous report to the AECB (research
project no. 7.164.1).

The technique of dicentric chromosome analysis is widely used as a secondary method
of personal radiation dosimetry. It is the only reliable method of dosimetry should
physical dosimeters fail, or not be in place at the time of exposure. The main problem
with cytogenetic-based radiation dosimetry is the length of time required to complete the
task. Three working days are needed to stimulate the lymphocytes to divide and to
prepare slides for analysis. Once slides are prepared, the assessment of dicentricity can
take up to two weeks, depending on the number of cells to be analyzed and the quality
of the slide preparation. First, an analyzable metaphase chromosome spread must be
located; second, the number of chromosomes in the spread must be verified; and third,
the chromosomes must be visually scanned for the presence of dicentric chromosomes
and the accompanying acentric fragment. Location and identification of an analyzable
spread is accomplished by microscopically scanning the slide at low power (x20 or x40
objective). A spread is rejected if chromosomes overlap, are poorly stained, or are
partially obscured by debris. Once a satisfactory spread is identified, the analyst switches
to a high power, oil immersion lens (x100 objective) to verify the number of
chromosomes (46 for humans). This task involves partial karyotyping of key
chromosomes and counting centromeres. A spread may be excluded from the analysis
if the number of discrete chromosomes is less than 46. At the end of the analysis, the
number of cells with dicentrics and the number with "normal" chromosomes are tallied,
and a calculation is made of the frequency of dicentrics per cell. The radiation dose
would then be interpolated from a standard curve which relates radiation dose to the
frequency of dicentrics per cell.

The computer assisted performance of cytogenetic-based radiation dosimetry, is based
on the premise that the human operator can make certain decisions faster than currently
available computers and software. For example, a human operator can judge the quality
of a slide and recognize dicentric aberrations or chromosome translocations much better
than a computer. However, the computer can be used to advantage in the performance
of routine and non-judgemental tasks, such as the location of a metaphase chromosome



spread. Under this protocol, the human operator retains control of the analysis while the
computer assists in the performance of tedious, routine tasks. The operator begins the
analysis by requesting the computer to find all metaphases within a defined search area
on a microscope slide. The operator must assign a threshold value for the metaphase
search. This threshold is determined by slide "quality" and the need to optimize the false
negative and positive rates. That is, ensure a low false negative rate (i.e., that not too
many metaphase spreads go undetected) and a low false positive rate relative to true
positives. Once putative metaphase spreads have been identified and their positions
recorded by the computer, the operator then recalls and reviews each positive. False
positives are ignored but true positives are reviewed under a x100 oil objective. The
computer automatically verifies the chromosome number in each metaphase spread with
minimum operator involvement. The operator then views each metaphase chromosome
spread, determines the number of dicentrics per cell and then classifies the spread by
keystroke, into normal (no dicentrics) or abnormal (with dicentrics) categories. The
computer tallies the totals in each category at the end of the analysis.

C. DESCRIPTION OF THE SOFTWARE FOR METAPHASE LOCATION

The computer-controlled motorized stage, with autofocus, is programmed in C language
to move a microscope slide stepwise along a defined path under a microscope objective.
At each step, the computer stops the stage and invokes autofocus. When the object
plane is in sharp focus, the field is scanned for the presence of a cluster of
chromosomes. If a putative spread is detected, a television image of the entire field is
acquired with a 2/3" charge coupled device (CCD) camera. The computer then records
the locations of both the field of view on the microscope slide and the chromosome
cluster within the field of view. The image (640x480:8bit) is acquired through a x20
planapochromat objective (numerical aperature=0.70) which is further magnified by a 1.1
zoom lens. The pixel size is 0.125 fim on each edge (0.016 j/m2 / pixel).

To detect a metaphase chromosome spread within a field of view, the computer sub-
routine takes the summation of the second derivative of image intensity in each block
of 16x16 pixels (4//m2). Filtering is used to remove background noise by applying a
threshold, based on the overall average intensity of the entire field of view (3). A
metaphase spread will be presented as a series of intensity maxima, or blocks, located
in close proximity to one another. From empirical evidence, a metaphase "signature" will
occupy from 10-100 such contiguous blocks of 16 x 16 pixels. The program can be
fooled into thinking it has found a metaphase spread by certain configurations of debris
and red blood cells. To further reduce the false positive rate, a "shape" criterion will be
incorporated into a future version of the program.



D. PRELIMINARY EVALUATION OF METAPHASE FINDER PERFORMANCE

The performance of the metaphase finder will be extensively evaluated over a 12 month
period using a data set derived from a large set of slides. These slides have been
prepared to have a range of subjective qualities, including metaphase densities that vary
from 0 to 15 per 100 fields of view, and variable amounts of debris and red blood cell
contamination. The preliminary results reported here are from a limited number of trials,
carried out on 10 slides of varying quality.

Each field of view that is scanned during the search for clusters of metaphase
chromosomes can be classified either as a true negative (TN) (ie. no metaphase
present) or as a true positive (TP) (ie. metaphase present). The presence of cellular
debris and deficiencies in the detecting algorithm will result in the misclassification of
some fields of view. The system can commit two types of classification errors. A false
negative (FN) occurs when the algorithm fails to detect the presence of a cluster of
metaphase chromosomes, and a false positive (FP), when cell debris is wrongly
classified as a chromosome cluster. A discrete threshold value is assigned to each
analysis. This threshold is related to the average pixel intensity over the entire field of
view. An increase in the threshold value tends to lower the FP rate and increase the FN
rate, while a decrease in the threshold tends to lower the FN rate and increase the FP
rate. To properly evaluate system performance and to determine an optimal threshold
value, the frequency of these two types of errors must be determined for slides of
various qualities over a range of thresholds. The metaphase detection algorithm keeps
track of the number of fields of view that are scanned during the analysis and the total
number of positives that have been identified. At the end of the analysis, the operator
reviews each positive field and sorts them into TP and FP. The only event that can not
be identified by the computer is the FN. This must be determined entirely by human
observation.

The overall success of an analytical technique is determined by the numbers of FP and
FN that are generated during an assay. The operator can fully compensate for a high
FN rate by using a larger sample to reach the same level of statistical significance. The
cost of a FP, in terms of operator time however, is much higher since every FP must be
visually examined. There is always a trade off in the magnitude of these errors because
decreasing the number of FP almost always increases the number of FN. Ideally, a
threshold value must be chosen which will optimize the magnitude of these two sources
of error.

The following measures of performance (3-5) will be used in the evaluation of the
metaphase locator:

Sensitivity = TP/(TP+FN), the fraction of true events that are correctly detected.
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False Positive Rate = FP/(TN+FP), the fraction of all non-events that are not rejected.

Positive Predictability = TP/(TP+FP), the fraction of detections that are real events.

False Negative Rate = FN/(FN+TP), the fraction of true events that are not detected.

In order to make these measurements as reproducible as possible, the set-up on the
microscope and the motorized stage were optimized by a separate set of experiments
and was as follows:

Objective lens: x20 planapochromat (NA=0.70).
Zoom lens: x1.1
Filter: green.
Field aperature: 2/3 field of view.
Iris aperature: 80% of NA.
Light source: white (quartz halogen), 3400K.
Light level: adjusted to maximum level of intensity for the CCD camera.
Step size X-Y Direction: 120 and 100 arbitrary units, respectively.
Step Size Auto Focus: 20 arbitrary units.

E. RESULTS

TABLE 1

The Effect of Threshold Values on False Positive Rates (FPR) and False Negative

Rates (FNR).

THLD FPR FNR

16
19
22
24
25
27
28

0.92
0.68
0.34
0.10
0.07
0.07
0.03

ND
0.05
ND
ND
0.04
0.14
0.23



Thresholds were assigned discrete, arbitrary values to facilitate the acquisition of data
on FPR and FNR from the test slides. The raw data is found in APPENDIX I. The trend
suggests the optimum threshold, in terms of FNR and FPR, will be found in the range
of 25-28. "Working" thresholds refer to those that bracket the optimum value and were
used to estimate the average sensitivity (0.75) and average positive predictability (0.85)
for the system. This limited analysis involved multiple scans of 10 microscope slides.
Some scans were done in duplicate and some in triplicate at each threshold value. All
slides were judged to be of acceptable quality, although 2 (25-3 and 27-2) were
purposely prepared by non-stand techniques to be heavily contaminated with cellular
debris. These 2 slides appeared to contribute adversely to the FNR and sensitivity
(APPENDIX I). Such slides would not normally be used in routine analyses.

F. DISCUSSION AND CONCLUSIONS

These preliminary measurements suggest the optimum threshold for the operation of the
metaphase finder lies within the range of 25 and 28. Within these "working" thresholds
and for this small sample of slides, the FPR was less than or equal to 7%, the FNR was
less than or equal to 23%, the average sensitivity was 75% (82% when debris
contaminated slides were removed from the analysis) and the average positive
predictability was 85%. These values were calculated on the basis of total sampling,
consisting of some 239 true positives, 778 true negatives, 215 false positives and 57
false negatives, and threshold restricted sampling comprising 148 true positives, 517 true
negatives, 28 false positives and 48 false negatives. An analytical system that is
operating perfectly would have a sensitivity and positive predictability of 100%. To further
reduce the FNR and to increase sensitivity and positive predictability, a "shape" factor
will be written into the next generation of metaphase location software.

The analytical system developed at RPB is operator-driven to make use of personal
judgement in critical decision making and to take advantage of computer-assistance for
doing labor-intensive routine tasks. Images of putative metaphases are automatically
captured in memory for subsequent recall and review by an analyst. The original system
is based on the Intel 80486 (33 MHz) processor, with 16 bit bus, and customized
computer software written in C language. The processor provides 8 MBytes of RAM, 400
MByte hard drive and an extended memory capacity (tape or optical disc) of up to 2
Gbyte. The movements of the stage and the autofocus are controlled through an external
"blackbox" controller. The controller, which is hardwired (unprogrammable), was unable
to communicate properly with the 80486 computer running at 50 MHz or 66 MHz. To
overcome this deficiency, a motorized stage and autofocus driver have been designed
and built to RPB specifications for operations at 66 MHz. An Intel 80486 processor with
32 bit bus has been interfaced with the redesigned stage and autofocus driver. This
improved system will be operational at the Bureau by September 1995. Windows-based
software is also being integrated into the system to further improve performance.
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I. GLOSSARY OF TERMS

Apochromat

A lens corrected for spherical aberrations at 2 wavelengths and chromatic aberrations
at 3 wavelengths of light.

Dicentric

A dicentric chromosome is a chromosome figure that contains 2 centromeres. It is
usually, but not always, accompanied by an acentric fragment. The dicentric is produced
almost exclusively by exposure to ionizing radiation. Some chemicals which are
generators of oxygen radicals may also produce dicentric aberrations (eg. bleomycin).

Karyotype

A karyotype is the complement of chromosomes found in a cell of a particular species.

Metaphase Spread

A metaphase spread refers to the complement of chromosomes in a single cell at a point
in the cell cycle (metaphase) where the chromosomes are condensed into visible
strands.

Numerical Aperature (NA)

A measure of the light gathering power of a lens.

Poisson Distribution

Chromosome dicentrics are produced at random in exposed cells and their number
follows a Poisson distribution.
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J. APPENDIX 1

RAW DATA - METAPHASE FINDER PERFORMANCE.

THLD

16

19

22

24

25-1

25-2

25-3

26

27-1

27-2

28-1

28-2

31

THLD

16

19

22

24

25-1

25-2

TP

17

21

25

12

11

23

15

12

25

13

25

24

16

FNR

0.150

0.045

0.000

0.294

0.353

0.042

TN

7

29

59

60

60

86

63

60

60

35

60

93

106

FPR

0.926

0.681

0.337

0.104

0.063

0.075

FP

88

62

30

7

4

7

5

0

6

2

2

2

0

SENS

0.850

0.955

1.000

0.706

0.647

0.958

FN

3

1

0

5

6

1

11

6

4

13

0

7

0

PP

0.162

0.253

0.455

0.632

0.733

0.767
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25-3

26

27-1

27-2

28-1

28-2

31

AVERAGE

AVERAGE*

AVERAGE**

0.423

0.000

0.138

0.500

0.000

0.226

0.000

0.167

0.210

0.126

0.074

0.000

0.091

0.054

0.032

0.021

0.000

0.189

0.051

0.047

0.577

0.667

0.862

0.500

1.000

0.774

1.000

0.807

0.748

0.818

0.750

1.000

0.806

0.867

0.926

0.923

1.000

0.713

0.847

0.859

AVERAGE* - IS BASED ON THE RANGE OF THRESHOLDS 25 TO
28 INCLUSIVE

AVERAGE** - SAME AS AVERAGE* BUT EXCLUDES SLIDES 25-3
AND 27-2 WHICH WERE PREPARED IN THE PRESENCE OF
LARGE AMOUNTS OF CELLULAR DEBRIS, USING NON-
STANDARD TECHNIQUES
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J. APPENDIX 2

OPERATIONS MANUAL FOR CHROMOSOME METAPHASE FINDER

MICROSCOPE CONTROL AND CHROMOSOME SPREAD SEARCH PROGRAM,

(CHSCAN v.1.0) OTTAWA INSTRUMENTATION LTD, 169-5TH AVE OTTAWA,

ONTARIO K1S 2M8

INSTRUCTIONS FOR CHSCAN

This program is intended to search for satisfactory spreads on a microscope slide using
a motorized stage drive and an Olympus microscope. At each field of view, the program
examines the image and stores acceptable spreads in a data file. Subsequently, all data
files can be reviewed in sequence by the review subroutine which positions the
microscope stage at each metaphase location.

MICROSCOPE SETUP.
1. OBJECTIVE LENS: x20 PLANAPOCHROMAT, NUMERICALAPERATURE (na)=0.70).
2. VIDEO CAMERA ZOOM LENS SET AT x1.1.
3. FILTER: GREEN.
4. FIELD APERATURE: 2/3 FIELD OF VIEW.
5. IRIS APERATURE: 80% OF na.
6. LIGHT SOURCE: WHITE, QUARTZ HALOGEN, 3400K.
7. LIGHT LEVEL: ADJUST TO MAXIMUM LEVEL FOR CAMERA.
STEP SIZE X-Y DIRECTION: 120 AND 100 ARBITRARY UNITS RESPECTIVELY.
8. STEP SIZE AUTOFOCUS: 20 ARBITRARY UNITS.

THE METAPHASE SCAN PROGRAM.
1. Initiate the program from the CHSCAN directory by executing the CHSCAN.EXE file
2. Enter the THRESHOLD VALUE (25-28)
3. SELECT OPTIONS FROM THE FOLLOWING MENU:

N SLIDE NUMBER. INDENTIFICATION OF CURRENT SLIDE.

F DATA FILENAME. THE FILE NAME INTO WHICH THE COORDINATES OF THE
METPHASE CHROMOSOME SPREADS WILL BE STORED FOR LATER
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RECALL.

S SCAN SLIDE. STEPS SEQUENTIALLY THROUGH THE SLIDE EXAMINING
EACH FIELD OF VIEW FOR ACCEPTABLE METAPHASE SPREADS. IF ONE OR
MORE IS FOUND IN A FIELD, THEIR LOCATIONS WILL BE RECORDED ONTO
THE DATA FILE.

R REVIEW SLIDE. STEPS SEQUENTIALLY THROUGH THE DATA FILE AND
POSITIONS THE OBJECTIVE LENS OVER THE LOCATION ON THE SLIDE
THAT CONTAINS A METAPHASE SPREAD.

O CURRENT POSITION. GIVES A DIGITAL READOUT OF THE LOCATION OF
THE CURRENT FIELD OF VIEW.

M MOVE TO NEW LOCATION. ACCEPTS A NEW X-Y POSITION.

S STEP SIZE. GIVES THE SIZE OF THE FIELD OF VIEW IN ARBITRARY UNITS
(AU). THE FIELD OF VIEW IS SET AT 150x120 AU, EACH AU IS 2/im.

L TOTAL AREA. THE SCAN AREA IS 40x15 mm (20,000x7,500 AU), OR 133X63
STEPS. A TOTAL OF 3480 FIELDS OF VIEW IS REQUIRED TO COMPLETE
THE SCAN WHICH TAKES ABOUT 11.6 HOURS AT 5 FIELDS OF VIEW PER
MINUTE.

Z SET ZERO. SETS THE CURRENT POSITION ON THE MICROSCOPE SLIDE AT
ZERO.

A AUTOFOCUS. WILL INVOKE THE AUTOFOCUS SUBROUTINE.

C CAPTURE THE CURRENT TELEVISION IMAGE.

V VIEW THE CURRENT TELEVISION IMAGE.

Q QUIT. WILL LEAVE THE PROGRAM, SAVING THE LAST IMAGE IF NOT
ALREADY DONE.
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J. APPENDIX 3

MAINTAINENCE MANUAL

1. SCANNING STAGE AND AUTOFOCUS

The components for the scanning stage and autofocus are provided by the Stoelting Co.,
620 Wheat Lane, Wood Dale, IL 60191, ph. (708) 860-9700, FAX (708) 860-9775. The
stage and autofocus controller box (H151 PC Control System) is hardwired and
unprogrammable. Components which break or wearout must be sent to the Company
for replacement and repair. The scanning stage does not require oil and may be kept
clean with a kimwipe and methanol.

2. MICROSCOPE

The microscope must be cleaned regularly with kimwipe and methanol to remove
immersion oil and grime from all metal, plastic and glass components. The lenses are
cleaned daily with kimwipe and methanol and the other components at least weekly.
Once each year the microscope is dismantled and all internal glass and metal
components are thoroughly cleaned. The quartz halogen bulb (about 1200 hours of life)
is replaced from stock.


