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IMPROVED CYTOMETRY METHOD

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

ABSTRACT

Chromosome aberrations are widely used as biological indicators of
radiation exposure. Chromosomes, isolated from human peripheral
blood lymphocytes, are assessed by microscopy for the presence of
dicentric aberrations. Dicentric figures are produced almost
exclusively by exposure to ionizing radiation. The "natural"
background frequency of the dicentric in non-smoking humans is
estimated at 1 in 1000-2000 cells (1) . The frequency of this
aberration increases with the radiation dose and age, and may
possibly be related to lifestyle. The chromosome dicentric is most
reliable as a biological dosimeter for uniform whole body exposures
delivered at high dose rate (acute exposure). One practical
shortcoming of using the frequency of dicentrics as an indicator of
radiation dose, 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. The time
required to perform other labor intensive elements of the
analytical process can be decreased by means of computer routines.
These components include data reduction, recording and collation.
Often, these tasks contribute little to the validity of the final
dose estimate but nevertheless represent bookkeeping functions that
are essential for verification and audit purposes should the need
ever arise. This report describes a computer-assisted method of
chromosome dicentric analysis that more than doubles the efficiency
of the analytical process.

RESUME

Les aberrations chromosomiques sont très utilisées comme
indicateurs biologiques d'exposition aux rayonnements. On analyse
par microscopie des chromosomes séparés de lymphocytes du sang
périphérique humain pour y déceler la présence d'aberrations
dicentriques. Les formes dicentriques sont produites presque
exclusivement par l'exposition à des rayonnements ionisants. La
fréquence de fond «naturelle» de l'aberration dicentrique chez les
non-fumeurs est estimée à 1 cellule sur 1000-2000 (1). La
fréquence de cette aberration augmente en fonction de la dose de
rayonnement et de l'âge et peut être reliée au mode de vie.
L'aberration dicentrique chromosomique est surtout fiable en tant
que dpsimètre biologique d'expositions totales uniformes au niveau
de l'organisme produites à des débits de dose élevés (exposition
aiguë). L'utilisation de la fréquence des aberrations dicentriques
comme indicateur de la dose de rayonnement présente une lacune
pratique : l'analyse requiert beaucoup de travail. Les logiciels
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d'imagerie à la fine pointe de la technologie ne peuvent
reconnaître le vaste éventail de formes que peuvent prendre les
chromosomes dicentriques. Des programmes informatiques peuvent
réduire le temps nécessaire pour exécuter d'autres éléments du
processus d'analyse qui prennent beaucoup de temps. Ces éléments
comprennent la réduction, l'enregistrement et le classement des
données. Souvent, ces tâches ajoutent peu à la validité de
l'estimation finale de la dose, mais elles représentent néanmoins
des activités de documentation essentielles à la vérification, au
besoin. Ce rapport décrit une méthode informatisée d'analyse des
aberrations chromosomiques dicentriques qui, au minimum double
l'efficacité du processus d'analyse.

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 dicentric chromosome, derived from the white blood cell
fraction of peripheral blood, is used as a marker of radiation
exposure in humans. Its identification and enumeration however is
time-consuming and costly. The short-term objective of this project
was to provide an immediate improvement in the analytical
efficiency of dicentric-based radiation dosimetry through
exploitation of computer technology. This would be accomplished by
using the computer to assist the microscopist in the performance of
repetitive tasks, such as verifying chromosome number, recording
the slide location of metaphase spreads, capturing images etc. The
critical task of dicentric classification would, however, be
retained by the microscopist. The performance target for this
prototype system was to double the number of chromosomes that could
be assessed for dicentricity per hour, when compared to the
conventional assay protocol.

The second, longer term objective, was to develop a prototype
dicentric recognition algorithm that could be used with a
relatively inexpensive imaging system. The performance of the
dicentric recognition sub-routine is to be evaluated over a 12
month period, by comparing the dicentric recognition efficiency of
the computer to that of a human. A 10,000 metaphase data set will
be used in this appraisal. The outcome will determine whether
further investment in assay automation is justified. Further
automation would require the addition of a motor-driven, computer
controlled microscope stage. In this procedure, the computer would
be trained to find, identify and process metaphase spreads with
minimal operator involvement. The operator would review the images
selected by the computer for dicentricity. The potential gain in
analytical efficiency could be significant.

B. INTRODUCTION

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 available 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 perform the analysis. Three working days are needed to
activate the lymphocytes and prepare slides for analysis. Once the
cells are prepared on slides, the assessment of dicentricity can
take up to two weeks, depending on the number of cells to be
analyzed. First, an analyzable 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
(x4 0 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 (xlOO objective) to verify the number of
chromosomes (46 for humans) . This task involves partial karyotyping
key chromosomes and counting centromeres. A spread may be rejected
from the analysis if the number of discrete chromosomes is less
than 46. Once a fully satisfactory spread is identified, individual
chromosomes are examined for the presence of a dicentric and its
accompanying acentric fragment. At the end of the analysis, the
number of dicentrics and the number of metaphase spreads with
"normal" chromosomes are tallied, and the frequency of dicentrics
per cell calculated. The radiation dose would then be interpolated
from a standard curve which relates radiation dose to the frequency
of dicentrics per cell. A number of ancillary tasks must also be
performed during these analyses to ensure that dose estimates are
properly documented. Many of these tasks are tedious, routine,
bookkeeping functions that contribute to costs but little to assay
reliability and sensitivity.

The introduction of a customized image analysis system has improved
the efficiency and productivity of the cytogenetic-based radiation
dosimetry program at BRMD. The system used for chromosome analysis,
is based on the Intel 80486 processor, with 16 bit bus, and
computer software that is written in the 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 1 Gbyte.



C. METHODS

1. CYTOGENETIC-BASED RADIATION DOSIMETRY WITHOUT COMPUTER
ASSISTANCE.

Blood samples for cytogenetic analysis require 3 working days from
the time the blood is collected until the slides are ready for
analysis. The procedure for slide analysis, data collection,
collation and processing are defined in a series of labor-intensive
steps.

1.1 A metaphase spread of chromosomes of suitable quality is
located on the microscope slide and observed under a low power
(x40) objective lens. Time required, 0.25 minutes.

1.2 The operator switches to a high power (xlOO) oil immersion
lens and verifies the chromosome number as 46. Spreads with less
than this number are rejected from the analysis. Time required, 1
to 2 minutes.

1.3 If the spread is analyzable, the operator records its location
on the slide (X-Y coordinates) and then proceeds to scan the spread
for relevant aberrations (rings, dicentrics, acentric fragments).
Time required, 0.75 to 1.25 minutes.

1.4 If a chromosome aberration is present in the metaphase, the
operator identifies and records it on a tally sheet. If no
aberration is found, an entry is made in the "normal" column of the
tally sheet. Time required, 1 minute.

1.5 At the end of the analysis, the total number of cells is
tallied, the number of aberrations totalled, and the average number
of aberrations per cell calculated. This latter value is then used
to interpolate the radiation dose from the appropriate dose-effect
curve. Upper and lower error limits are determined by reference to
a Possion distribution table.

An experienced operator, making a sustained effort, can perform
steps 1 through 4 in about 3 minutes on average. Mental fatigue is
a big factor in operator performance because the work tends to be
routine and tedious. A satisfactory level of productivity is
difficult to maintain for prolonged periods.

2. CYTOGENETIC-BASED RADIATION DOSIMETRY WITH COMPUTER
ASSISTANCE.

The approach taken by the Bureau for upgrading operator performance
of cytogenetic analysis, 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 much better
than a computer. However, the computer can be used to advantage for
the performance of routine and non-judgemental tasks, such as
counting the number of chromosomes present in a metaphase spread,
recording the location on the slide, and, at the end of the
analysis, collating the observed number of dicentrics. Under this
premise, the human operator maintains control of the work while the
computer assists in the performance of tedious, routine tasks. The
first function of the operator is to screen out those metaphase
spreads that are of questionable quality (poor staining,
overlapping chromâtids, debris etc.) and to select potential
spreads for dicentric analysis. The analyst uses low power
brightfield microscopy (x4 0 objective lens) to judge the quality of
the metaphase, but which has insufficient resolving power to
clearly distinguish a dicentric chromosome. In this way, operator
bias can be partially controlled, for once a spread is selected, it
cannot be rejected from the analysis. The operator can choose two
independent pathways to analyze the metaphase spread for the
presence of dicentric chromsomes.

2.1 OPTION 1.

In this option, the analyst retains the job of dicentric
classification. The computer assists the analyst by automatically
counting the number of chromosomes in the metaphase spread. The
software has the ability to obtain a count in less than 5 seconds.
However, it cannot distinguish contiguous or overlapping
chromosomes and a low count may be obtained. In this case, the
analyst has the ability to over-ride the auto count function and
manually add counts to correct for partially obscured chromosomes.
In addition, the program allows the operator to separate, or
segment, chromosomes manually for more efficient automatic counting
and to assist in elementary karyotyping.

2.2 OPTION 2.

The second option allows the analyst to act as a metaphase finder.
In this mode, the analyst screens metaphase spreads for an
acceptable level of quality and captures their image into computer
memory for subsequent automatic, offline analysis. The next
morning, the computer presents the operator with a list of
metaphase images which may contain dicentric chromosomes. The
analyst has the option to either check each identified chromosome
spread microscopically or recall them from memory for visual
examination. The operator decides whether or not the computer was
deficient in dicentric recognition.



2.3 EFFICIENCY OF COMPUTER-ASSISTED CHROMOSOME ANALYSIS.

The use of computer-assisted techniques has reduced the time
required for the analyst to perform certain tasks, consequently
the time needed to perform a complete analysis has been reduced by
about 50%, as outlined below.

2.31 The time required for the operator to verify the chromosome
number has been reduced from 1 to 2 minutes for the manual method,
to less than 15 seconds with computer assistance. The time saved
would be from 0.85 to 1.85 minutes per analyzed metaphase.

2.32 The task of recording the X-Y coordinates of each metaphase
spread on a slide is now done automatically. Time saved is 0.75 to
1.25 minutes per analyzed metaphase.

2.33 The recording of a chromosome aberration is now done by
keystroke rather than by pencil notation on data sheets. The time
saved is about .1 minute per analyzed metaphase.

The time saved is about 1.5 to 2.5 minutes per metaphase spread
analyzed. Ideally, this represents 25 to 41 hours of time saved for
the analysis of 1000 metaphase spreads.

In addition, the collation of data, such as number of cells
analyzed, numbers of dicentrics and acentric fragments detected, is
now done automatically rather than manually.

D. DESCRIPTION OP AUTOMATIC CHROMOSOME COUNTING SOFTWARE.

A television image of a chromosome spread is obtained directly from
the microscope using a 2/3" charge coupled device (CCD) camera. The
resolution of the video system is 640x480 pixels. The counting
software uses the high resolution (640x480; 8 bit) images. The
images are processed by the computer to remove residual light
levels and enhance chromosome edges. This procedure (referred to as
filtering) removes background noise. The program then defines the
edge of each chromosome and fills it with color, calculates the
total area and perimeter of each colored image, and then counts the
number of chromosomes in the metaphase spread. The final output
from the program, in addition to chromosome count, is a listing of
the X-Y coordinates of each chromosome within the metaphase spread
and a size distribution from largest to smallest chromosome.
Appropriate detection limits, based on shape, area and perimeter,
are used to prevent small and large objects from falsely adding to
the chromosome count. A manual override sub-routine allows the
analyst to add counts to correct for overlapping or contiguous
chromosomes that cannot be individually defined by the automatic
counting sub-routine. Another feature allows the operator to
manually divide overlapping chromosomes to further facilitate
automatic chromosome counting. The program has the option to



automatically store images on a WORM (Write Once Read Many) optical
disk drive or on a video tape drive. Each image requires some
307,000 bytes of memory. Archiving of images facilitates
retrospective analysis, dose verification and provision of hardcopy
when needed.

E. DESCRIPTION OF EXPERIMENTAL COMPUTER SOFTWARE TO ASSIST IN
RECOGNITION OF DICENTRIC CHROMOSOMES.

1. ANALYSIS OF HULL SHAPE AND INTEGRATED DENSITY PROFILE (IDP)
USING DIGITAL SIGNAL PROCESSING (DSP) TECHNIQUES.

1.1 BACKGROUND.

One technique for scoring chromosome aberrations, analyzes
chromosome shape by constructing a width profile to simulate the
shape of a chromosome. This simulated shape is termed a convex
hull. The difference between the convex hull and the original
chromosome profile (2) is then taken. This difference profile is
then repeatedly smoothed until 2 peaks are obtained. This system is
based on a POLYP polyprocessor which is extremely expensive. The
POLYP array consists of 12 independently operating computers, each
based on the Motorola 68000 CPU, running at 10 Mhz with 1 MByte
RAM, connected by a 32-bit bus system (3). We were interested in
trying to develop a similar chromosome classification system using
a less expensive computer based on the Intel 80486 CPU.

The success of an analytical method is determined by the numbers of
false positives (FP) and false negatives (FN) that are generated.
A FP is a normal chromosome that is identified as a dicentric, and
a FN, as a dicentric chromosome that is identified as a normal. An
assay procedure 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. Ideally, a method
of chromosome recognition and classification should minimize these
two sources of error. 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. It is often difficult to tell the
difference between a high FP and a low FN, and a low FP and a high
FN. The FP and FN rates can be related mathematically by a receiver
operating characteristic (ROC) curve (figure 1). The ROC curve
which plots FN against FP for a particular method (receiver), was
examined at different confidence levels. By selecting a value for
one error rate, for example FN, the rate of FP can be determined
from the ROC curve. The area under the ROC, as a fraction of the
area under the total graph, is called the sensitivity of the
method. A method that always determines the the correct nature of
the signal has a 100% sensitivity. A method that is always wrong
has a 0% sensitivity. A sensitivity of 50% indicates that the



method is useless and is only guessing randomly between 2
possibilities.

For a system designed to recognize a dicentric chromosome, one
would like a FP rate of no more than 10% and a FN rate of 30% in
terms of metaphase spreads (ie. a false positive in this case, is
a spread with 46 normal chromosomes which is flagged as having a
dicentric). Too high a FP means the operator spends too much time
looking at all falsely classified negatives (figure 1) . Too high FN
means the computer must go through a very large number of spreads
before it finds a dicentric. Since there are 46 chromosomes in a
human cell, FP of 10% corresponds to a FP rate of 0.2% in spreads.
FN is still 30% since there are so many more negatives than
positives (only 1 dicentric in 18,000 chromsomes). If 30% of
dicentrics are counted as normal, then 30% of positive spreads are
counted as negative, assuming there is only one dicentric in each
spread. It is worth noting that Lorch (2) claims a FP rate of 0.74%
on chromosomes which corrosponds to 34% FP on spreads. In other
words even with their system, one in three spreads would be claimed
as false positives.

A simulated data set of 30 positive (dicentric) and 100 negative
(normal) chromosomes was compiled for experimentation. The method
of Lorch (2) for discriminating between dicentric and normal
chromosomes was tested to serve as a standard. For chromosome
centromere regions, the integrated density profile (IDP) and the
width profiles normally show a minimum. Dicentric chromosomes have
2 centromeres and can be recognized by their profiles having 2 such
minima instead of one in a normal chromosome (figure 2), To enhance
the peaks, the chromosome profiles were iteratively smoothed. This
method involved the use of a moving average filter with width 5 of
all the simulated chromosomes, taking the first differences on this
data set, taking another moving average filter of width 5 and then
counting the number of zero crossings. The method for counting the
number of zero crossings was designed to be particularly robust,
the function would have to cross the axis and drop to 1/4 of the
height of the previous peak. This method gave sensitivites on the
ROC of 74.1% for the hull shape and 73% for integrated density
profile (IDP) when applied to the simulated data set. A moving
average filter of width 5, sets the value of point X to the average
value at points X-2, X-l, X, X+l, and X+2. First differencing
involves taking the difference in the values at point X and point
X-l. When the difference changes sign it indicates either a peak or
a trough in the signal.

When a smaller data set was examined (6 positives and 12
negatives), the sensitivities decreased to 61.1% for hull shape and
73.2% with IDP. This indicates that for the method to obtain a
small gain in sensitivity the size of the data set must be
increased substantially. We intend to develop a data set with about
10,000 metaphase spreads.
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To further enhance the analytical procedure, small chromosomes were
dropped from the analysis. A dicentric chromosome is produced when
2 centromere-containing chromosome fragments (ie. centric
fragments) are joined during cellular repair. Centric fragments, on
average, tend to be longer than acentric fragments. An acentric
fragment is that portion of a broken chromosome that does not
contain a centromere. Dicentric chromosomes therefore tend to be
longer than normal chromosomes (4). In fact, only 8% of dicentric
chromosomes are shorter than the X-chroroosome (figure 3). Almost
66% of normal chromosomes appear to be shorter than dicentrics.
When all chromosomes smaller than the X-chromosome are rejected
from the analysis, the number of chromosomes to be analyzed is
reduced to one-third. Thus only the third largest chromosomes are
included in the analysis. This action decreases the FP rate but
only slightly increases the FN rate since the smaller chromosomes
have a much higher probability for false classification.

1.2 OPTIMIZATION OF THE ORIGINAL METHOD OF INTEGRATED DENSITY
PROFILE USING DIGITAL SIGNAL PROCESSING.

An attempt was made to optimize the functions "centromeres" and
"find_next" in the program CHR5.EXE by changing various parameters
inside those functions. The width of the moving average filter
before differencing was varied, but it was found to have an optimum
of 5. For the moving average window after first differencing the
optimum was again 5. Both of these values were the same as in CHR5
originally.

The CHR5 program considered that a zero crossing had occurred if
the signal crossed over the axis and went down to 1/4 of the height
of the previous peak. On the smaller data set of simulated
chromosomes, a significant improvement in sensitivity was obtained
when 1/8 was used instead of 1/4. When the larger data set was
analyzed at 1/8, no improvement was found in method sensitivity.

A peak was counted as such if it reached 1/3 of the value of the
previous peak. Again this was varied to find the best value. The
large data set of simulated chromosomes gave a hull shape
sensitivity of 74.2% and an IDP sensitivity of 76.0%. The zero
crossing threshold was then optimized using the new value for the
peak. Again there was no marked gain in sensitivity. The large data
set had sensitivities of 75.4% for hull shape and 77.3% for IDP.

1.3 SPECTRAL ANALYSIS.

The spectra of the individual hull shapes were calculated using
DaDisp, a signal processing package. A spectrum shows the strength
of different frequency components of a signal. The spectra from the
simulated positive (dicentric) chromosomes and the negative
(normal) chromosomes were averaged separately and the ratio of the



two was taken. Although taking the ratio of the third harmonic to
either the second or the fourth looked promising as a means of
discriminating between positives and negatives, the measured
sensitivity was only 72.9% (3rd:2nd) and 65.3% (3rd:4th).

1.4 IDEAL LOW PASS FILTERING.

Another variation on the original IDP method was tried. The signal
was passed through an ideal lowpass filter, differenced, and the
zero crossings were counted using the function in the original IDP
method. An ideal lowpass filter allows all frequencies below a
"cutoff" frequency to get through without modification, and blocks
all frequencies above the "cutoff". The results were not promising
giving a sensitivity of only 65% on the large data set.

1.5 BUTTERWORTH FILTERING.

A Butterworth filter replaced the ideal lowpass filter in the
program. A Butterworth lowpass filter starts reducing the strength
of the frequencies before the cutoff frequency, and allows some
frequencies above the cutoff to get throiAgh in small amounts.
Varying the cutoff frequency of a fourth order Butterworth filter
gave maximum sensitivity of 71.4% hull and 79.1% IDP.

Finally, to determine if there was a better maximum sensitivity,
three parameters were varied- the Butterworth filter order, the
cutoff frequency and the zero crossing threshold. With a sixth
order Butterworth filter, cutoff frequency 22 (on a 128 point FFT),
and a zero crossing threshold of 1/32, the large data set gave
sensitivities of 76.0% hull and 79.5% IDP. A seventh order
Butterworth filter, cutoff frequency 24 and a zero crossing
threshold of 1/16, gave sensitivities of 76.4% hull and 79.0% IDP.

The procedures discussed under headings (1.3), (1.4) and (1.5) did
not offer any significant gain in assay sensitivity. A discussion
of these strategies was included only for completeness.

1.6 ERROR ANALYSIS.

An estimate of the errors for sensitivity was made using the large
data set only. Upon examination of the sensitivities obtained while
varying only one parameter, some approximately flat portions
appeared. The standard deviation on this data was taken and found
to be about 3% sensitivity in the worst case. Although only
approximate, this seems to be a reasonable estimate of the error.

Another estimate of error was taken, assuming that one or more of
the positives were negative, or vice versa. Taking the
sensitivities after switching one, two, three or four positives or
negatives, the standard deviation was found to be about 1.5%. This
gives some idea of how much it matters if a couple of chromosomes
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(out of 130 in the large data set) is misclassified.
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F. DISCUSSION AND CONCLUSIONS

The analytical system developed at BRMD is operator-driven to make
use of personal judgement in critical decision making and to take
advantage of computer-assistance for tasks that are labor-
intensive. The systera allows selected images of chromosome spreads
to be digitized at high resolution, captured and assessed for
chromosome number with minimal operator input. The program also has
the capacity to allow the operator to act as a manual metaphase
finder and select images for semi-automatic computer analysis. In
this mode, images are captured into computer memory during the
working day and processed offline overnight to identify chromosome
spreads which may contain dicentrics. The analyst then reviews each
image to confirm positives (dicentrics) and reject false positives
(normals)* The system effectively doubles the productivity of the
analyst from an average of 25 metaphase spreads per hour to 60 or
more. The projected annual productivity of the Bureau now stands at
4 0 analyses per year, considerably more than the estimated capacity
of 15 to 18 before introduction of semi-automatic analysis. An
entire analysis of up to 1500 metaphase spreads (307 Kbyte/image)
can be quickly archived for retrospective analysis should the need
ever arise, for example, as evidence in a court of law.

The prototype dicentric recognition software, as written, can also
be used to assist the Bureau in the study of radiosensitivity, and
in the development and evaluation of new cytogenetic methods of
radiation dosimetry. The acquisition of a motor-driven microscope
stage that can be manipulated by the computer in the x,y,z planes
is also being considered to facilitate automatic metaphase search
and analysis.
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6. TABLES AND FIGURES

FIGURE 1. Receiver operating Characteristic curve.

The ROC curve shows that maximum efficiency is attained for a
system that minimizes the FP rate while being prepared to accept a
much higher FN rate. The time required for an operator to
interactively investigate images for the presence of a dicentric is
estimated to increase linearly with the FP rate.
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FIGURE 2. Chromosome Profile Evaluation (left: normal, right:
dicentric chromosome). From top, grey level image, integrated
density profile, convex hull after iterative smoothing.
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Figure 2. Profile Evaluation ( left normal chromosome,
right: dicentric ), from top : grey level image. Integrated
Density Profile SDP, IDP after smoothing, convex hull of
IDP.
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FIGURE 3. The Length of Dicentric Chromosomes in Relation to the
Length of Normal Chromosomes (adapted from reference 4). Most
dicentrics are found to be longer than the X-chromo some. A program
that scans only large chromosomes for dicentrics is there more
efficient than one tries to analyse all chromosomes for
dicentricity.
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FIGURE 3. FREQUENCY DISTRIBUTION OF NORMAL
CHROMOSOME LENGTHS
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I. GLOSSARY OF TERMS.

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.

Karyotype:

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

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).

Poisson Distribution:

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

Butterworth Filter:

A filter whose pass-band frequency response has a maximally flat
shape brought about by the use of Butterworth polynomials as the
approximating function.

Low-Pass Filter:

A filter having a single transmission band extending from zero to
some cutoff frequency, not infinite.

Receiver Operating Characteristic (ROC) Curves:

Plots of the probability of detection versus probability of a false
alarm for various confidence levels (normally 5%).


