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The c;:togenet ic analysis of human socat f C Chro~OSOrr~S t i a S  kccome 

increasingly important in both clinical diagnosis and research. 'lany 

cllnical conditions, particularly congenital malformations, have been 

shown to a r i s e  from numerical of structural alterations of the normal 

chromosomal constitution. Thus  Downs' syndorme, or mongolism, Is 

associated with the presence of an extra one of a particular 

chromosome, and chronic myelogeneous leukemia is associated wit;\ a 

structural abnormality of one of the normal chromosomes in tlie 

leukemic cells. In many cases, the detection of  a chromosmal 

abnormality in an otherwise normal person makes it possible to predict 

a h i g h  risk of producing abnormal offspring, facilitating genetic 

counceling. Tecliniques that are under development will allow the 

normality and even the sex of an unborn infant to be determined by 

means of chromosomal analysis. In addition, the analysis of somatic 

cltronosomes for various types of structural aberrations offers a 

sensitive test f o r  damage to the genetic material, and allows 

assessment of the genetic hazards of radiation, drugs, food additives, 

and varioxs environmental factors. Aberration analyses actually 

offer a means of "biological dosimetry" in certain cases of exposure 

to radiation and possibly to other mutagens as well. 

These applications have c r e a t e d  a large demand for human 

cliromosorne analyses and chromosome aberration scoring. 

conventional analysis and scoring are very time-consuming processes, 

and require personnel with a h i g h  level of training and experience. 

The scarcity of experienced cytogeneticists, together with the time 

and expense required for each analysis, puts a real limitation on the 

Unfortunately, 
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nunber t h a t  can c u r r e n t l y  be c a r r i e d  o u t  even f o r  c l i n i c a l  d i a g n o s i s ,  

and h a s  s e v e r e l y  c u r t a i l e d  l a r g e - s c a l e  p o p u l a t i o n  s u r v e y s .  Any means 

o f  speeding up  t h e  p r o c e s s  of a n a l y s i s ,  o r  of u t i l i z i n g  l e s s  hiEhly 

s k i l l e d  p e r s o n n e l  would t h u s  be  ve ry  v a l u a b l e .  Furthermore,  t h e  

p r o c e s s  of  a n a l y s i s  as i t  is  p r e s e n t l y  c a r r i e d  o u t  i s  q u i t e  s u b j e c t i v e ,  

and a n y t h i n g  t h a t  would make i t  more o b j e c t i v e  i s  a l s o  d e s i r a b l e .  

P r o g r e s s  toward a l l e v i a t i n g  t h e s e  problems is  b e i n g  made through t h e  

u s e  of  d i g i t a l  computers  f o r  v a r i o u s  s t e p s  i n  t h e  p r o c e s s  of chromosome 

a n a l y s i s .  

A number of groups are  working toward au tomat ion  of  chroinosome 

a n a l y s i s ,  and t h e  development of  both t h e  s p e c i a l i z e d  hardware and t h e  

s p e c i a l i z e d  p a t t e r n  r e c o g n i t i o n  computer programs r e q u i r e d  has been 

q u i t e  r a p i d .  I t  i s  n o t  t h e  purpose of  t h i s  review t o  d e t a i l  a l l  t h e  

t e c h n i c a l  f e a t u r e s  of any p a r t i c u l a r  s y s t e m ;  t h e s e  a re  changing r a p i d l y  

i n  any case.  The purpose is r a t h e r  t o  p r e s e n t  a d e s c r i p t i o n  of the 

b i o l o g i c a l  problem i t s e l f ,  and an o u t l i n e  of  t h e  v a r i o u s  approaches 

t h a t  have been t a k e n  toward s o l v i n g  i t .  Needless  t o  s a y ,  t h e  u l t i m a t e  

g o a l  of complete  au tomat ion  has no t  y e t  been a c h i e v e d .  I t  f u r t h e r m o r e  

seems u n l i k e l y  t h a t  a comple t e ly  a u t o m a t i c  system t h a t  is  s a t i s f a c t o r y  

bo th  economical ly  and i n  performance w i l l  b e  for thcoming i n  t h e  n e a r  

f u t u r e .  As w i l l  be  seen,  hoyn.ever, there a p p e a r s  t o  be a good p o s s i b i l i t y  

t h a t  a p r a c t i c a l  compromise, a semi-automatic  d e v i c e  t h a t  uses a human 

t o  s o l v e  tlie more d i f f i c u l t  p a t t e r n  r e c o g n i t i o n  problems and a small 

computer f o r  t h e  a c t u a l  a n a l y s i s ,  can b e  ach ieved  i n  t h e  interem. 

THE BIOLOGICAL PROBLEM 

Most of  t h e  t ime, t h e  chromosomes w i t h i n  each  c e l l  are  d i f f u s e ,  

and cannot be  d i s t i n g u i s h e d  under t h e  microscope.  Only when t h e  c e l l  

d i v i d e s ,  by a p r o c e s s  known in somatic cells a8 mitosis,  do t h e  - *._a 



., 

i 
4 

chromosolnes become condensed and easily visualized. 

of chromosomes is characteristic of the cells of each species; in 

man tllis number, called the diploid number, is 4 6 .  T h i s  complement 

is made up, a t  least in the female, of 23 genetically identical 

(or nearly identical) pairs of chromosomes, 

by a "pairtt of genetically different chromosomes, which in man are 

also morphologically different, the normal male chromosome complement 

consists of 22 pairs of chromosomes known as the autosomes, plus the 

t v o  non-identical sex cllromosomes, called the X and Y. Thus there 

are, in the genetic sense ,  24 different kinds of chromosomes in 

somatic cells from men, while in those from women, who have two X 

chromosomes rather t h a n  an X and a Y, there are only 23 kinds. 

A fixed number 

Because sex is determined 

Figure 1 shows the chromosone completment of a white blood cell 

from a normal man. The cell underwent mitosis in a short-term tissue 

culture (a common source of material for cytogenetic analysis) and 

was fixed and stained by standard techniquesl, Each chromosome is 

seen t o  consist of two more or less parallel strands, called chromatids, 

attached to each other at a relatively unstained area which is known 

as the centromere. The centromere divides each chromatid into two 

arms, w h i c h  may be of anywhere from equal t o  very different lengths, 

d e p e n d i n g  on t h e  position of tlie centrofcere. 

Using., basically, the two shape parameters, tlie whole complement 

of 4 6  chromosomes may be sorted into different types, The two 

parameters are the total length of the chromosome (relative t o  the 

others in the cell) and tlie centromere position (or some other 

permutation of the arm lengths). 

of what is known as a karyotype. 

The sorting leads to the production 

Normally the karyotype is produced 

1 0 3 0 3 1 4 1  
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b y  cutting tile cllroinosomes from an enlarged photograph and arraneing 

tllem in pairs according to a numbering convention generally agreed 

on by cytogeneticists. 

karyotype prepared from the photograph of Figure 1. The autosones 

are arranged generally in order of decreasing total length; pair 

assignments are made on the basis of centromere position. 

pairs numbered 1 and 2 are of approximately the same length, but the 

centromeres of the number 1 pair are nearer the middle of the chromosomes 

tlian are tliose of  the number 2 pair. 

figure 2 s1ioc:s such a "cut and Paste" 

Thus the 

Ideally, all of the chromosome pairs, known to be different from 

each other in the genetic sense, would be different enough morphologically 

to be easily identifiable, one from the other. For several reasons, 

unfortunately, this is not true of the human complement, First, as 

can be seen from Figure 2, there is variability of lengths within 

pairs, Since the cl~romosornes as seen at cell division are coiled, 

somewhat elastic structures, and may actually be distorted by the 

fixing, spreading, and mounting techniques necessary for microscopic 

examination, this variability is not surprising. Second, although 

some of the pairs are quite obviously different from all the o t h e r s ,  

some are not. It is for this reason that groups of pairs, given 

alphabetical designations, are indicated in Figure 2 ,  T h u s  though 

the fjrst three pairs are separable with some degree of certainty, 

the next two pairs, designated the B group, are very similar to each 

other. Though an attempt to pair them has been made, the identifications 

are n o t  certain, and others could probably just as well have been 

assigned. The same is  true of t h e  other groups. 
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Tke process of analysis of the chromosome complenent of  an 

individual subject is  sinply that of establishing that his cells 

contain the right number and morphological types of chronosomes, 

Because the chromosone identifications are uncertain in any individual 

cell, and also because individual cells are found that are missing 

one or more chromosomes (probably because of loss of a portion of 

the cell during preparation), the diagnosis must be made from a 

number of individual karyotypes prepared from a sample of cells. In 

this way it may be determined whether there are any consistent 

differences in numbers, lengths, or centromere positions from the 

normal mean values. In addition, it is possible for a person t o  

have two or more populations of cells with different chromosome 

com7lenents. In cases where this condition (known as mosaicism) i s  

suspected, a larger number of individual karyotypes must be prepared. 

In the case of scoring for the effects of mutagenic agents such 

as radiation, an  even greater number of cells, usually 100 o r  more, 

must be analysed. T h i s  is because each cell is individually affected 

by tlie nutagen. Determinations of the degree to which the cells I.ave 

been affected must be based on the average effect on the population of 

cells, and a statistically satisfactory sample must  be obtained, 

?htagcAs cause b r e a k s  i n  t!ie continuity of chronosomes, and when nore 

than one break occurs in the same cell, the broken chromosome ends 

may recombine with each other t o  form new and sometines bizarre 

chromosome shapes and sizes. The types of chromosome aberrations 

usually scored include single-break deletions and two-break rings and 
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dicentrics. Figure 3 illustrates these aberrations. The presence 

of chromosome aberrations is usually determined by visual inspection 

and counting of the clbromosomes. 

also be determined by karyotype analysis. 

the advantage that the individual chromosomes, or at least the 

chromosome groups involved can be identified , and furthermore that 
more subtle rearrangements (inversions and translocations) may 

As will be seen, llovcver, they can 

Such an analysis offers 

sometimes be detected. 

The use of  digital computers for chromosome analysis and scoring 

depends on tlie idea that tlie chromosome complement may be described 

metrfcally by a series of numbers, such as a list of all the arm 

lengths in a given cell, and that a computer may be programmed to do 

the necessary operatsons, normally carried out by a cytogeneticist, 

through acquisition of such a list of numbers and by performing 

arithmatical and logical operations on i t .  

CIiRO?lOS OYE PATTERN RECOGN I T I OX 

T h e  f i r s t  stens in the analysis of chronosome complements are 

the location of suitable metaphase cells, the location of each 

chromosome in tile spread, and the determination of the centromere 

positions and chromosome axes in order that arm measurements 

(length, area, density, etc.) can be made. These are essentially 

problems in pattern recognition. 

devoted to the construction of devices (or the application of 

existing devices) to acquire optical chromosome images and to carry 

out the required pattern recognition by means of computers, 

problem i s  complicated by the very small size of chromosomes. 

largest pair of human chromosomes averages some 7-8 microns in length, 

Considerable effort has  been 

The 

The 
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a n d  a xllole cliromosome s p r e a d  r a r e l y  exceeds 50 o r  GO microns i n  

d i a m e t e r .  D i r e c t  o b s e r v a t i o n  m u s t  t h u s  be done w i t h  t h e  l l ighest  

powers of t h e  compound microscope,  and image a c q u i s i t i o n  must  e i t h e r  

b e  through such an o p t i c a l  sys t em or  from photomicrographs.  

e i t h e r  c a s e  s e r i o u s  o p t i c a l  and mechanical  problems are encountered.  

I n  

I d e n t i f i c a t i o n  of  s u i t a b l e  chromosome s p r e a d s  from among t h e  

c o l l e c t i o n  of non-dividing c e l l  n u c l e i ,  c e l l  f r agmen t s ,  and o t h e r  

d e b r i s  on t h e  microscope s l i d e  is n e c e s s a r y  b e f o r e  any a n a l y s i s  can 

b e  a t t empted .  Though t h i s  i s  q u i t e  a d i f f i c u l t  p a t t e r n  r e c o g n i t i o n  

t a s k ,  automation of the. chromosome s p r e a d  l o c a t i n g  p r o c e s s  appears  

f e a s i b l e .  Th i s  is, however, a j o b  t h a t  can b e  r e l a t i v e l y  economically 

c a r r i e d  o u t  by a human o p e r a t o r  w i t h  o n l y  a minimum of expe r i ence ,  

which perhaps e x p l a i n s  r;hy o n l y  one group has  a t t empted  t o  automate 

i t .  The i r  dev ice2  employs a mechanical s t a g e  t o  s c a n  a l a r g e  s l ide  

a r e a  w i t h  s t a n d a r d  microscope o p t i c s  i l l u m i n a t e d  w i t h  cohe ren t  1iRht  

from a l a s e r .  

p a t t e r n s  c h a r a c t e r i s t i c  of metaphase spreads. Though t e s t i n g  is  no t  

complete ,  t h e  system i s  r e p o r t e d  t o  f i n d  80-90% of t h e  metaphases 

on a s l ide .  What p e r c e n t a g e  of a l l  t h e  o b j e c t s  i t  f i n d s  w i l l  t u r n  

o u t  t o  be  a n a l y s a b l e  m t a p h a s e s  remains t o  be  seen.  

S p a t i a l  f i l t e r s  are used t o  "recognize" t h e  d i f f r a c t i o n  

Once a s u i t a b l e  metaphase chromosome sp read  h a s  been found, t he  

image may be d i s e c t e d  and d i g i t i z e d  by one of s e v e r a l  t y p e s  of devices.  

There  a r e  a number of c o n s t r a i n t s  on such d e v i c e s ,  however. First ,  

they must possess s u f f i c i e n t  r e s o l u t i o n  t o  permit  a c c u r a t e  r e c o g n i t i o n  

and measurement. S ince  t h e  cllromosomes a r e  v e r y  small, r e s o l u t i o n  

approaching t h e  t h e o r e t i c a l  o p t i c a l  l i m i t  is  r e q u i r e d  f o r  d i r e c t  

1034316 
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scanning througlt the microscope. Second, the system must distinguish 

an adequate number of grey levels, or else have sone.means of controlline 

the black-wlrite discrimfnator tlireshold, in order to be able to connect 

all parts of a single cliromosome without joining areas that belong 

to different chromosomes. Third, of course, distortion over the 

scanned field must be kept low enough so that measurements are 

adequately reproduccable. Finally, the device must scan rapidly 

enough t o  digitize the image v i t l r i n  a reasonable time. 

Several approaches to the problem have used mechanical movement 

of the microscope slide or a photograph of it to accomplish scanninR. 

A simple spot-reading photometer is then used to provide analog 

transmission or absorption data which can be fed through an 

analog-to-digital converter and thence to the computer. Drum type 

devices similar to wirephoto units have been used, as well as 

microscopes with rectilinear automated scanning stages such as the 

Carl Zeiss CYTOSCA!! unit. Unfortunately, such mechanical systems a r e  

relatively slow in operation, and nost instruments have used 

electron-optical scanning devices instead. These include irr.age 

orthicon, vidicon, and image dissector tubes to scan the chromosome 

spread image, as well as flying spot scanners in which a cathode ray 

tube s p o t  is swept in a raster over the chromosoce spread and the 

intensity of the transmitted beam measured by a photomultiplier. A 

variation of the f l y i n g  spot, image plane scanner uses a point source 

of light that is swept in a raster by a pair of oscillating mirrors. 

All of these systems encounter difficulties in the form of distortion, 

sensitivity, and signal-to-noise ratio problems, as well as some 

specific t o  each particular device, but all have nevertheless been 

employed with sone degree of success t o  produce wlrat anount to 

1 0 3 1 3 1 P  
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d i g i t i z e d  v i d e o  s i g n a l s  e i t he r  from t h e  chroFosome s p r e a d  o r  from 

pho tograph ic  t r a n s p a r e n c i e s .  

Formidable a s  some of t h e  t e c l i n i c a l  problems w i t h  s c a n n i n g  

d e v i c e s  a r e ,  t h o s e  a s s o c i a t e d  w i t h  s t o r a g e  and m a n i p u l a t i o n  of t h e  

d i g i t i z e d  image are even g r e a t e r .  

n e c e s s a r y  f o r  a c c u r a t e  measurement may r e q u i r e  a raster  of p o i n t s  

pe rhaps  1024 x 1024,  and even a 3 bit grey  l e v e l  d i s c r i m i n a t i o n  would 

t h u s  r e q u i r e  o v e r  3 m i l l i o n  b i t s  of i n f o r m a t i o n  t o  b e  hand led .  

s t o r e  t h i s  much i n f o r m a t i o n  i n  c o r e  memory and have enough room f o r  

programs a n d  d a t a  m a n i p u l a t i o n  l e f t  o v e r  r e q u i r e s  a l a r g e  computer. 

Some means of r educ ing  t h i s  mass of in fo rma t ion  t o  manageable 

p r o p o r t i o n s  i s  c l e a r l y  n e c e s s a r y .  

To o b t a i n  t h e  s p a t i a l  r e s o l u t i o n  

To 

S e v e r a l  approaches t o  t l i i s  problem 5ave been t aken .  Obviously,  

i t  shou ld  r e a l l y  n o t  b e  necessa ry  t o  s t o r e  a l l  of t h e  p o i n t s  i n  t h e  

r a s t e r ,  s i n c e  t h e  v a s t  rna jo r i ty  of them are not  a p a r t  of any chromosome. 

I t  shou ld  t h u s  b e  p o s s i b l e  t o  s t o r e  o n l y  t h e  l o c a t i o n  o f  each  chromosome 

p o i n t  and n e g l e c t  a l l  background po in t s .  U n f o r t u n a t e l y ,  though, chromosomes 

v a r y  i n  d e n s i t y ,  not  only from c e l l  t o  c e l l ,  bu t  also w i t h i n  c e l l s ,  and 

even between d i f f e r e n t  r e g i o n s  of t h e  same chromosome. Depending on 

t h e  g r e y  l e v e l  s e l e c t e d  f o r  d i s c r i m i n a t i o n  between chromosomes and 

t achground ,  a d j a c e n t  chromosones nay be a r t i f i c a l l y  j o i n e d  toget!ier,  

par ts  of  t h e  same chromosome may become s e p a r a t e d ,  o r  even whole 

chromosomes may d i s a p p e a r  because t h e y  happen to be a l i t t l e  less  dense 

t h a n  t h e  o t h e r s .  For t h i s  r ea son  i t  i s  n o t  p r a c t i c a l  t o  d i s c a r d  much 

of t h e  image i n f o m a t i o n  c o n t e n t  b e f o r e  t h e  p a t t e r n  r e c o g n i t i o n  process 

has been i n i t i a t e d .  

10311380 
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T?iO g e n e r a l  ne thods  !lave been used t o  avoid t h i s  d i f f i c u l t y .  

One  s o l u t i o n  is t o  s c a n  ( o r  a t  l e a s t  t o  hold i n  c o r e  memory) o n l y  

a sma l l  p o r t i o n  af t h e  i n a g e  a t  a time, and t o  c a r r y  o u t  t h e  chromosone 

r e c o g n i t i o n  and measurement s t e p s  on t h a t  image segment b e f o r e  moving 

on t o  t h e  nex t .  T h i s  method may employ mass s t o r a g e  d e v i c e s  such a s  

magnet ic  t a p e s  o r  d i s c s  t o  advan tage ,  e s p e c i a l l y  I f  care is t aken  t o  

s t o r e  t h e  d a t a  in b l o c k s  s u i t a b l e  f o r  l a t e r  r a p i d  r eadou t  of s u i t a b l e  

image segments.  The o t h e r  method is t o  a c t u a l l y  put t h e  scann ing  

o p e r a t i o n  under computer c o n t r o l ,  so t h a t  t h e  computer may s e a r c h  f o r  

and measure o n l y  image areas of p o s s i b l e  i n t e r e s t .  F r e q u e n t l y  t h i s  

i s  implenented by a c t u a l l y  t r a c i n g  o u t  t h e  edge of any o b j e c t  encountered.  

E i t h e r  approach r educes  t h e  d a t a  volume t h a t  n u s t  be k e p t  in c o r e  memory 

s u f f i c i e n t l y  s o  tliat computers  of moderate  s i ze  are  p r a c t i c a l .  

KO matter what sys t ems  of image a q u i s i t i o n  and h a n d l i n g  a r e  used,  

t h e  computer m u s t  be p rogra rxcd  t o  r e c o g n i z e  chromosomes, t o  d e t e r n i n e  

f e a t u r e s  of i n t e r e s t ,  such  as  centromeres  and arm ends f o r  example, and 

t o  o b t a i n  t h e  r e q u i r e d  m e a s u r e m n t s .  I n  t h e  c a s e  of s t o r a g e  of  a 

v i d e o  r a s t e r  of d e n s i t y  i n f o r m a t i o n ,  which i s  e s s e n t i a l l y  a one-dimensional 

a r r a y ,  t h i s  r e q u i r e s  t l i a t  the image be somehow r e c o n s t r u c t e d  i n  two 

d i n e n s i o n s  i n  such a way t h a t  t h e  computer is a b l e  t o  connec t  h ibh  

d e c s i t y  a r e a s  encoun te red  on s u c c e s s i v e  s c a n s  and r e c o g n i z e  t l i a t  they 

belong t o  t h e  same o b j e c t .  T h i s  i n  i t s e l f  is a less t h a n  t r i v i a l  

problem because the s h a p e s  of chromosomes are compl i ca t ed  and a 

g i v e n  s c a n  l i n e  may i n t e r s e c t  t h e  same chromosone a number of t i n e s .  

T h i s  problem i s  circumvented by t h e  e d g e - t r a c i n g  approach used t o  

r e s o l v e  t h e  image d a t a  s t o r a g e  problem. Each o b j e c t  t h a t  might be  
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a chromosone is considered a s  a unit, and since chromosones have only 

a limited number of possible shapes, a syntactical method, based on 

t5e sequence of turns of the tracing point in going around the object, 

may be used to recognize chromosomes and reject non-chromosomal objects. 

Recognition of chromosome ends and centromeres may be accomplished 

in several ways. 

recognition these features may be recognized (ideally, at least) 

syntactically from the sequence and types of turns in the boundry. 

Thus a chrornatid arm end is essentially a 180' outside turn, and a 

centromere is defined by the two "notches" where the whole chromosome 

is narrowest. Another approach is that of constructing the minimum 

rectangle that will contain the chromosome, and defining the centromere 

as the minor a x i s  having the least dense material across it ( i.e., the 

narrowest point). 

the chromosome bv making the image of each arm progressively narrower 

until but a single line reTains. Centroreres and ends may then be 

determined by graph theory from the matrix of all points on the lines 

representing one chromosone, and the lengths of the line segments (arms) 

determined. 

When an edge-tracing routine is employed for chromosome 

A t h i r d  method that has been used is to "skeletonize" 

Once the chromosomes are recognized, and depending somewhat on 

t!ie method used for this recognition, a number of their physical 

characteristics may be measured and listed for use as input for scoring 

and analysis programs. As already noted, the two arm lengths (or some 

permutation such as total length and arm ratio) are commonly thought 

to be the important quantitative chracteristics used by human anaSysist5 

in aberration scoring and karyotype preparation. There is no reason, 
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t h o u g h ,  for a computer system t o  be l i n i t e d  t o  on ly  t h e s e  p a r a n e t e r s ,  

and sone systems have made u s e  o f  such measurements as p e r i m e t e r ,  a r e a ,  

i n t e g r a t e d  d e n s i t y ,  o r  Iiave d e r i v e d  r a t h e r  a b s t r a c t  shape pa rame te r s  i n  

a d d i t i o n  t o  o r  i n s t e a d  of l e n g t h s .  

CH RO?lOSO% S CANE: I NG 1IARDWhRE 

A number of  hardware systems have a c t u a l l y  been b u i l t  o r  adapted 

f o r  chromosome image s c a n n i n g  and p a t t e r n  r e c o g n i t i o n .  

w i l l  be g iven  of s e v e r a l  of t h e  more impor t an t  of them. 

d e t a i l s  are a v a i l a b l e  th rough  t h e  r e f e r e n c e s  c i t e d .  

means complete ,  b u t  i s  i n t e n d e d  o n l y  t o  s e r v e  t o  i n d i c a t e  t h e  g e n e r a l  

t y p e s  of hardware i n  u s e .  

A brief summary 

More complete 

The l i s t  is by no 

CHLOE3. T h i s  machine s c a n s  f i l m  frames wi th  a f l v i n g  s p o t  scanner  

and produces d i g i t a l  o u t p u t  on magnet ic  t a p e  for l a t e r  a n a l y s i s  on a 

l a r g e  computer. 

photographs and o n l v  s e c o n d a r i l y  used f o r  chromosome and o t h e r  biomedical 

images. The d e v i c e  compacts t h e  s c a n  infornation by s t o r i n g  only t h e  

beginning and end of each s c a n  l i n e  segment exceedir.p an e x t e r n a l l v - s e t  

t h r e s h o l d  d e n s i t y .  

r ecogn ize  and p a i r  chromosomes from " c e n t r a l  moments" and i n t e g r a t e d  

d e n s i t i e s  c a l c u l a t e d  from the CHLOE o u t p u t  d a t a .  

I t  was o r i g i n a l l y  b u i l t  f o r  scanning n u c l e a r  t r a c k  

Programs have been developed s p e c i f i c a l l y  t o  

FIDAC4. T h i s  is  a compute r - con t ro l l ed  f l y i n g  spot film scanner 

designed s p e c i f i c a l l y  f o r  p r o c e s s i n g  biomedical  images on l i n e  wi th  a 

f a i r l y  l a r g e  d i g i t a l  computer.  

accomplishes  chromosome r e c o g n i t i o n  by the  3oundry t r a c i n g  method. 

Cliromosome arm e n d s  and cen t romere  are recognized by a s y n t a c t i c a l  

boundry segment approach.  

The s o f t w a r e  provided t y  i t s  deve lope r  

1 0 3 4 3 8 3  
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FIDAC devices have been installed, with some modification, in 

several laboratories that are developing their own cl~romosome recognition, 

neasurement, and analysis programs. 

level setting to the  device, and has combined the line segment storage 

system used for CHLOE with skeletonization and graph theory approaches 

to recognition and measurement, Another has circumvented the pattern 

recognition and grey level problems by tracing chromosome spreads in 

black on white, without overlaps, and then using FICAC to analyse these 

stylized images 6 . 
CYDAC7. 

@ne group' lias added automatic grey 

This device is a direct "through the microscope" flying 

spot scanning microdensitometer. It produces image records on magnetic 

tape for later input to a large digital computer f o r  chromosome 

recognition, measurement, and analysis. CYCAC is an accurate cytophotometric 

device, providing 256 digital grey levels, and has been used mainly for 

determination of stain content of whole chromosome arms (1,e. nucleic 

acid content or %ass") rather than for length measurements. As with 

Other devices, however, the pattern recognition programs determine 

centromere positions and major chromosome axes. 

PIQUAST'. This instrument is a film-reading flying spot scanner 

with 16 grey level discrimination. It operates on line with a large 

digital computer and prcjvides a monitor-light pen system for active 

operator-intervention during chronosome recognition and measurement. 

Xass storage of the entire picture matrix is  provided, and core 

processing is done sequentially on small picture segments. A boundry 

tracing method is used to outline each chromosome and a minimum circumscribed 

rectangle constructed t o  define the major axis. The ends and centromeres 

are found from the number of intersections minor axis scan lines make 

with  the chromosome boundry. 
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I n  a d d i t i o n  t o  t l ~ e s e  systems, s e v e r a l  more g e n e r a l  purpose,  

commercially a v a i l a b l e  scanne r s  a r e  In u s e  or  are  planned for use i n  

chromosome a n a l y s i s  automation,  These i n c l u d e ,  among o t h e r s ,  tlie IBH 

2 2 8 2  35 mm f i l m  scanner  t h a t  was developed f o r  g raph ic  i n p u t  as  pa r t  

of t h e  I B Y  System 360 fami ly  of computers ,  t h e  Perkin-Elmer C o r p o r a t i o n ' s  

CELLSCAN d e v i c e ,  and t h e  Zeiss CYTOSCAV machine. 

M Y  OTY P INC 

The image p rocess ing  d e v i c e s  b e i n g  a p p l i e d  t o  t h e  chromosome 

s c o r i n g  problem a r e  a l l  designed t o  produce a d i g i t a l  l i s t  of two or 

more pa rame te r s  f o r  each o f  t h e  chromosomes found i n  t h e  c e l l  be ing  

analysed.  

might c o n s i s t  of a s e t  of 46  p a i r s  of numbers, each r ep resen t ing9  

pe rhaps ,  t h e  a b s o l u t e  l e n g t h s  of t h e  l o n g  and t h e  s h o r t  arms of each  

chromosome. T h e  problem p resen ted  t o  t h e  computer, t h e n ,  is t o  

determine whether the i n p u t  l i s t  is t h a t  of a normal c e l l ,  and i f  

n o t ,  t o  de t e rmine  i n  what way t h e  c e l l  d e v i a t e s  from norna l .  

i s ,  i n  f a c t ,  e x a c t l y  t h e  same j o b  now done by human o p e r a t o r s  by 

c u t t i n g  o u t  chromosomes from a photograph and a r r ang ing  them i n  

p a i r s  t o  p r e p a r e  a karyotype.  l i o p e f u l l y ,  t h e  on ly  a t t r i b u t e s  of the 

ctiror,osoncs necessa ry  f o r  t he  human oFerator t o  s u c c e s s f u l l y  c a r r y  ou t  

t h e  p r o c e s s  a r e  tlie l e n g t h  measurements. 

does a c t u a l l y  use  o t h e r  f e a t u r e s  (such as t h e  constr ic t ions t h a t  sometimes 

appear f n  c e r t a i n  clironosones) when t h e s e  a re  a v a i l a b l e ,  b u t  they do 

not appear t o  be r e q u i r e d ,  on ly  h e l p f u l .  I t  seems r easonab le ,  then, 

t h a t  a computer might  be  programmed to  carry o u t  the process  u s i n g  o n l y  

In i t s  s i m p l e s t  form t h e  l i s t  fo r  the normal human c e l l  

T h i s  

C e r t a i n l y  t h e  human ka ryo tvpe r  

I 

i 
I t h e  arm l e n g t h  in fo rma t ion .  I t  a l so  seems p o s s i b l e ,  however, t h a t  t h e  

machine could make u s e  of o t h e r  pa rame te r s  a s  w e l l ,  perhaps measurements 

1 0 3 9 3 8 5  



16  

not  r e a d i l y  appa ren t  o r  q u a n t i f i a b l e  by tlie human ope ra to r ,  such a s  

arm a r e a  o r  d e n s i t y  o r  l o c a l  d e n s i t y  d i s t r i b u t i o n  w i t h i n  arms. 

might even hope t h a t  t l iese measures might a l low g r e a t e r  d i s c r i m i n a t t o n  

of t h e  d i f f e r e n t  cliromosomes than  i n  p o s s i b l e  w i t h  o n l y  arm l e n g t h s .  

One 

B u t  s i n c e  t h e  u s e f u l l n e s s  of t h e s e  o t h e r  measures h a s  no t  been 

e s t a b l i s h e d ,  on ly  ka ryo typ ing  from ann l e n g t h  l i s t s  w i l l  b e  cons ide red  

i n  d e t a i l .  

o t h e r  p a i r s  o f  measurements, such as t h e  arm s t a i n  d e n s i t i e s  t h a t  

T h e  l o g i c  involved i s ,  of c o u r s e ,  r e a d i l y  a d a p t a b l e  t o  

a r e  measured by t h e  CYDAC i n s t r u m e n t ,  

----. F o r c e d q a i r i . .  1- The s i m p l e s t  app roach  t o  ka ryo typ ing  is simply 

t o  a sk  t h e  computer t o  make t h e  b e a t  p o s s i b l e  p a i r s ,  based on some 

measure of s i m i l a r i t y  between tlie d i f f e r e n t  possible p a i r v i s e  combinations 

of measurements i n  t h e  i n p u t  l i s t ,  and t o  o r d e r  them w i t h  r e s p e c t  t o  

t o t a l  l e n g t h .  T h i s  sciieme has  t h e  i n h e r e n t  l i m i t a t i o n ,  though,  t h a t  i t  

assumes t h a t  t h e r e  a r e ,  indeed,  o n l y  p a i r s  of chromosomes. The  method 

is consequen t ly  unab le  t o  d e a l  w i t h  c a s e s  of mis s ing  o r  e x t r a  c h r o n o s m e s ,  

o r  c a s e s  (such as  the human male c e l l  t h a t  h a s  an XY "pa i r " )  where a 

morphological  p a i r  does no t  e x i s t .  Thus i f  a fo rced  p a i r i n g  r o u t i n e  

v e r e  used t o  a t t empt  t o  ka ryo type  a c e l l  w i t h  a mis s ing  chromosome, 

f o r  example, i t  would i n e v i t a b l y  p a i r  t h e  s i n g l e  r e p r e s e n t a t i v e  of 

t h e  p a i r  t o  w!iich tlic mis s ing  chromosome be longed  w i t h  one from ano the r  

group,  and then  mismatch a l l  of t h e  r ema in ing  ones,  Depending on t h e  

o r d e r  i n  which t h e  chromosomes were p a i r e d ,  t h e n ,  t h e  computer would 

always conclude t h a t  t h e  m i s s i n g  chromosome was from the l a s t  p a i r ,  a 

r e s u l t  t h a t  would o n l y  o c c a s i o n a l l y  be  c o r r e c t  by chance. 

I034386 



. ., 

17 

Pairing routines have been used with some degree of success, hovever, 

by adding the calculation of some measure of the similarity of the prospective 

pairniates9. 

if no pairing can be made that gives a value greater than the threshold, the 

chromosome for which a palmate is being sought is left unpaired. 

method will in theory d e a l  with both cases of missing chromosomes and of 

morphologically dissimilar "pairs". 

Sone empirical value of this measure is used as a threshold, and 

This 

Scaling. Because pairing routines operate only on the measurements 

made vithin one cell, no allowance need be made for the rather large 

variability in absolute measurements that exists between different cells, 

even from the same individual. A l l  of the other karyotyping schemes that 

have.been developed, however, depend in some way on comparisons of the 

unknown chromosome set with the normal human chromosome set. Because of 

the variability of length mong cells, some normalization of the absolute 

measurerents is required, Arm lengths may be recalculated and expressed, 

for example, as percentages of the total chromosome length for the cell. 

Selection of the proper reference against which t o  normalize presents a 

problem, however. For exmple, there is a difference in the total lengths 

of the cl~romosornes between male and female cells because the Y chromosome is 

considerably shorter than the X. It appears that this particular difficulty 

will probably be unimportant in practice, because the difference is only a 

few percent of the total chromosome length, and the variability between 

pairmates is also of this order. Selection of the proper scaling factor 

will certainly present a real problem though in cases where the 

chromosome complement is grossly abnormal, as for example in the case 

of a cell with a number of extra chromosomes. Probably this will have 

t o  be dealt with by some scheme that uses the total chromosome number 

I 0 3 4 3 8 1  b 
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to modify the scalinq factor, perhaps bv subtracting (or adding) the 

average absolute human cliromosome length from the total for each case 

of an extra (or missing) chromosome. 

Plane slicing, The two measurements for each chromosome define 

its position in a two-dimensional space. What is known as a karyogram 

may thus be constructed by plotting total length against arm ratio for 

each chromosome in the cell. In theory, such a diagram may be sliced 

up into segments that include the average values f o r  each chromosome 

pair, but not those of other pairs. Unfortunately, the average measurements 

for human chromosomes are variable enough so that there is considerable 

overlap, and oniy the major chromosome groups may be thus defined with 

reasonable accuracy 'Os1'. 

"template" and form the basis of a karyotyping routine that simply counts 

the nunber of neasurement pairs (chromosomes) that occupy each reqion 

and assigns those it finds there to the appropriate group1*. 

the chronosorne measurement variability that is found in practice appears 

to lead to considerable misclassification. Also, the scbeme is quite 

sensitive to scaling errors. Such errors tend to push chromosomes 

from one group to anotller, resulting in their misclassification. 

The template approach may be somewhat improved by defining actual 

tolerance areas r o u n d  the normal m a n  values for each chronosome 

instead of simply slicing up the two dimensional space". This allows 

rejection of measurement pairs that clearly do not belong t o  any normal 

chromosome, but the extremely large s i z e  of the tolerance areas at 

best allows assignment of chromosomes onlv to groups, not pairs. 

The partitioned plane may be used as a 

Unfortunatclv, 

Discriminant functions. Attempts have been made to accomplish 

karyotype analysis by a somewhat different technique, using more or 

. -  
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l e s s  a r b i t r a r y  d i s c r i m i n a n t  f u n c t i o n s  d e r i v e d  from chronosome 

rneasurcixents. T h e  u s u a l  p a i r  of  chromosome measurements do i n  f a c t  

c o n s i t i t u e  a t w o - d i r e n s i o n a l  l i n e a r  d i s c r i m i n a n t  f u n c t i o n .  The 

mul t i -d imens iona l  l i n e a r  d i s c r i m i n a n t  f u n c t i o n  method i s  e s s e n t i a l l v  

s i m p l e  e x t e n s i o n  of t h e  p l a n e  s l i c i n g  t e c h n i q u e  to  a many-dimensional 

space.  S i n c e  t h e  d i s c r i m i n a n t  f u n c t i o n s  are l i n e a r ,  t h e  s p a c e  is c u t  

up by h y p e r p l a n e s ,  making t h e  problem of c a l c u l a t i o n  r e l a t i v e l y  simple. 

i iowever,since o n l y  two measurements are a c t u a l l y  a v a i l a b l e ,  t h e  o t h e r  

f u n c t i o n s  must be d e r i v e d  from them a r i t h m a t i c a l l y ,  and are  t h u s  n o t  

independent .  The u s e f u l l n e s s  of some of  t h e  f u n c t i o n s  t h a t  have been 

used is q u i t e  u n d e r s t a n d a b l e ,  b u t  t h a t  of  o t h e r s  is rattier o b s c u r e .  

For example, i n c l u d i n g  t h e  s q u a r e  of  t h e  t o t a l  chromosome l e n R t h  

simply g i v e s  R r e a t e r  weight  t o  l e n g t h  f o r  l ong  chromosomes t h a n  for 

s h o r t  ones .  On tlre o t h e r  hand, t h e  meaning of t h e  cube r o o t  of t h e  

d i f f e r e n c e  between t h e  l o n g  and s h o r t  arm l e n g t h s  is more d i f f i c u l t  t o  

unde r s t and .  I n  p r a c t i c e ,  t h e  f u n c t i o n s  w i t h  t h e  b e s t  c a p a c i t y  t o  

d i s c r i m i n a t e  a r e  a c t u a l l y  s e l e c t e d  e m p i r i c a l l y .  In tests of t h e  

d i s c r i m i n a n t  f u n c t i o n  method13 a 10-d Fmens i o n a l  d i s c r i m i n a n t  was 

d e r i v e d  e m p i r i c a l l y  from tes t s  w i t h  a series o f  a c t u a l  arm l e n g t h  

mcasurenents  and t!len used t o  a s s i g n  a t es t  s e t  of  measurements 

t o  e i g h t  chrorr,osone g roups  ( t h e  u s u a l  groups d e s i g n a t e d  B-G i n  r i g u r e  2 ,  

p l u s  two groups c o n s i s t i n g  of t h e  number one p a i r  by i t s e l f  and of  t h e  

second and t h i r d  pairs toget.her). The d i s c r i m i n a n t  f u n c t i o n  s u c c e s s f u l l y  

a s s igned  91% of t h e  t e s t  chronosomes t o  t h e i r  c o r r e c t  group.  

i n c r e a s e d  to 93% by a d d i n g  a “ reas s ignmen t”  r o u t i n e  t h a t  a c t u a l l y  

forced t h e  s e l e c t i o n  of t h e  p r o p e r  number of chromosomes f o r  each 

group, i.e. two f i r s t  chromosomes, four group B chromosomes, and so 

T h i s  was 

- 1  
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f o r t h .  Such a r o u t i n e  is  o b v i o u s l y  not  p r a c t i c a l  f o r  a c t u a l  s c o r i n g ,  

though, because i t  can o n l v  he used i n  c a s e s  where t h e  karyotype can 

a l r e a d v  betassumed t o  b e  normal b e f o r e  the  a n a l y s i s  Is begun. 

Although t h e  approach h a s  n o t  y e t  been t r i e d ,  i t  seems l i k e l v  

t h a t  a n o n - l i n e a r  d i s c r i m i n a n t  f u n c t i o n  could be  de r ived  tha t  might 

be more powerful  t h a n  any l i n e a r  d i s c r i m i n a n t  f u n c t i o n .  The s e p a r a t i o n s  

between g roups  or p a i r s  cou ld  t h u s  be cu rved ,  o r  even c l o s e d  h y F e r s u r f a c e s ,  

r a t h e r  t h a n  h y p e r p l a n e s .  I n  anology w i t h  the two-dimensional t o l e r a n c e  

a r e a  approach mentioned above,  i t  shou ld  be  p o s s i b l e  t o  r e j e c t  chromosones 

a s  be long ing  t o  any group o r  pa i r  on t h e  b a s i s  of t h e i r  f a l l i n g  o u t s i d e  

of any of t h e  h y p e r s p a c e s  f o r  normal chromosomes. 

of " d i s t a n c e "  from t h e  c e n t e r  of a g i v e n  t o l e r a n c e  hyperspace i t  

shou ld  be p o s s i b l e  as  w e l l  t o  make s e l e c t i o n s  among p o s s i b l e  c a n d i d a t e s  

on t h e  b a s i s  of how well a g iven  c a n d i d a t e  " f i t t e d "  t h e  space  f o r  a 

p a r t i c u l a r  p a i r  or group. U l t i m a t e l y ,  however, t h e  s u c c e s s  of anv 

d i s c r i m i n a n t  f u n c t i o n  method f o r  ka ryo typ ing  n u s t  depend on f i n d i n g  

f u n c t i o n s  t h a t  a l l o w  a b s o l u t e  d i s c r i m i n a t i o n  b e b e e n  p a i r s  o r  groups.  

And i t  seems o p t o m i s t i c  t o  hope t h a t  such  a f u n c t i o n  can be  de r ived  

from o n l y  t h e  two independent  parameters, such as am l e n R t h s ,  t h a t  

have Seen t r i e d  so  f a r .  

By some c a l c u l a t i o n  

Tlie D d i e s i a n  s t a t i s t i c .  Khile t h e  human o p e r a t o r  may u s e  a -___ ____-__I__-- 

m u l t i d i m e n s i o n a l  d i s c r i m i n a t i o n  when p r e p a r i n g  a karyo type ,  i t  seems 

c e r t a i n  t h a t  h e  must unconc ious ly  nake u s e  of p r o b a b i l i t y  judgeinents 

i n  d e c i d i n g  w h i c h  cliromosomes a r e  whicil, and whether  a c a n d i d a t e  f o r  

a p a r t i c u l a r  p a i r  " f i t s "  i.:cll enough t o  be cons ide red  normal. 

judgements m u s t  b e  made on the b a s i s  of p o s t e r i o r ,  ra ther  than  prior 

p r o b a b i l i t y .  

Such 

Knowing t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of arm measurements 
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f o r  each chromosome pair in tlie normal population, for exanple, tlie 

probability that a given p a i r  of arm measurements came from the 

population of each chromosome type may be estimated. 

Bayesian method, and it is being incorporated into automated karyotvpe 

analysis routines". 

in the form of bivariate vectors of means and their variances, be 

This is  the 

The method requires that a statistical description, 

available to the computer. After the raw measurements of the chromosome 

s p r e a d  to be analysed are normalized, the probability (actually predictive 

density) that each of the measurement pairs is  that 

of a member of each of the normal human chromosome 

pairs i s  calculated. 

The routine then sorts the measurement pairs into those that have 

the highest probability of coming from number one chromosomes, from 

number two chromosomes, and so forth. If two, and only two, chromosomes 

are found that have their highest probability of being number one 

chromosomes, and i f  the probabilities are acceptably h i g h  (this level is 

set empirically, and offers a means of checking "fit" similar to that 

used by human operators) these candidates are accepted, and an attempt 

to find the next chromosome pair is begun, Tf more than two acceptable 

candidates are found f o r  a given pair, which happens particularly often 

with the pairs in the C g r o u p ,  then the two vith the highest probabilities 

may be selected. 

pair (not just group!) assignments, but suffers from the difficulty 

Such a routine frequently succeeds in making the correct 

that an incorrect choice sometimes leads to  a progressive error that 

i s  propagated through the rest of the analysis. This difficulty is 

shared by other schemes as well, of course. Thus selection of what is 

really a number 10 chromosome as one of t h e  number 8 pair,  for example, 

can lead to failure t o  a s s i g n  the "real" number 8 chromosome at all. 
L . r _. . 
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Because the chromsomes u i t l i i n  g roups  a r e  of similar sizes and shapes  

s u c h  an e r r o r  i s  q u i t e  p o s s i b l e  i n  s p i t e  O E  t h e  a b l l i t v  of tlie proqran 

t o  r e j e c t  oLviously poor c a n d i d a t e s  on t h e  b a s i s  of t h e i r  hovinp 

i n s u f f i c i e n t l y  l a r g e  p r o b a b i l i t i e s .  

t o  t h e  end of t h e  group,  however, a chromosome left o u t  n e a r  t h e  

beg inn ing  of t h e  group is likely t o  have too low a p r o b a b i l i t y  of 

b e i n g  a member of the  l a s t  p a i r  i n  t h e  group ( o r  any o t h e r  u n s a t i s f i e d "  

p a i r )  t o  be used a t  a l l ,  and t h e  computer concludes t h a t  t h e  ka ryo type  

is abnormal,  when i n  f a c t  i t  i s  n o t .  

By t h e  time the r o u t i n e  Rets 

Yore t h a n  o t h e r  chromosome analysis schemes, t h e  Bayesian 

approach offers  t h e  p o s s i b i l i t y  o f  s o l v i n g  t h i s  problem th rough  t h e  

a p p l i c a t i o n  of l o g i c a l  r o u t i n e s  similar t o  those used by a human o p e r a t o r  

when p r e p a r i n g  a karyo type .  

i n  a s i t u a t i o n  !.ike t h a t  o u t l i n e d  above, he a t t e m p t s  to  re-pair t h e  

chromosomes i n  t h e  group i n  such a way t h a t  a l l  c a n d i d a t e s  a r e  used, 

and t h a t  a l l  pa i r  r e q u j r e m e n t s  are s a t i s f i e d  w i t h  c a n d i d a t e s  t h a t  are  

a c c e p t a b l e ,  even i f  t h i s  means a s s i g n i n g  a chromosome t o  a p a i r  o t h e r  

t h a n  t h a t  t o  w 1 1 i c h  i t  seemed a t  f i r s t  t o  most probably b e l o n g .  I n  

f a c t ,  i n f o r m a t i o n  ga ined  d u r i n g  pairing a t t e m p t s  is used as  feedback 

t o  a l t e r  t h e  decision p r o c e s s .  T h e  key requirement  is t h e  a b i l i t y  t o  

a c c e p t  a n  assigi inent  as "good enough", even though it  may no t  seem 

the b e s t  p o s s i b l e  a s s ignmen t .  A computer program may e a s i l y  b e  g i v e n  

t h e  same c a p a b i l i t y ,  provided some t e s t  of a c c e p t a b i l i t y  is a v a i l a b l e .  

The Bayesian p r o b a b i l i t y  forms t h e  b a s i s  f o r  such a tes t .  

u l t i m a t e  l o g i c a l  r eas s ignmen t  programs have not y e t  been wr i t t en ,  

l i m i t e d  t e s t i n g  of p a r t i a l  r ea s s ignmen t  s u b r o u t i n e s ,  used in conjunction 

When t h e  c y t o g e n e t i c i s t  fiids h imse l f  

Though t h e  
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with t!:e basic Bayesian karyotyping approach, have 

results, in many cells assigning every candidate to its correct pair. 

It seeins likely that only a modest amount of addittonal development 

will be required t o  make this method perform karyotyping at least 

as acceptably as do human operators. 

given encouraging 

U R R R A T I O N  SCORING 

As already mentioned, scoring f o r  chromosomal aberrations is 

generally done directly through the microscope. 

at first glance to be a pattern recognition problem, 

is actually not necessary, however, except in the case of one rather 

infrequent aberration type, the ring chromosome. The other aberration 

types, and all combinations of them, may be recognized very simply from 

the structure of the chromosome arm length measurement list used as 

input for many automatic karyotyping routines, 

the automation of aberration scoring. 

It would thus appear 

Pattern recognition 

T h i s  greatly simplifies 

14 

The chromosome arm measurement list for a nonnal human cell must 

consist of 46 p a i r s  of nunbers (arm lengths). Kunerical abnornalities 

will be reflected in the addition or deletion of pairs of arm measurements, 

Aberrations, on the other hand, result in single unpaired measurements 

or in measurement sets with three or more members. A chromosome deletion 

(Figure 3)  for example, produces a shortened chromosome which nevertheless 

has two arms (except in the extremely rare case of break through the 

centromere), plus a fragment that does not h8Ve a centronere. The 

shortened chromosome will still generate the usual pair of a m  

measurements, but t h e  acentric fragment can only be measured from end 

to end, and will thus generate but a single measurement. A cell with 

one chromosome deletion will, then, be characterized by a list containing 
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46  pairs of  ncasuremnts plus a single measurement, and such a llst, 

furtherniore, 

Similarly, a dicentric chromosome with its acconipanylnq fragment 

(Figure 3 )  will result in a set of three lengths (end to centromere 

to centromere, centromere to end) plus a single measurement for the 

fragment, 

one single measurement. 

can come -02 fcom a cell w i t h  a single deletion. 

The list will then contain 4 4  pairs, one set of three, and 

Again, such a list is unique for this 

aberration type. 

Computer programs that use tliese unique features of the input 

arm measurement list for scoring aberrations have been written, 

Because a ring chromosome presents a real pattern recognition problem, 

however, such type of scoring program rings were recognized by a human 

operator during the preparation of the arm measurement list, and a 

numerical flag added to the single diameter measurement m d e  for 

the ring. 

human chromosome spreads for aberrations. It succeeded in giving 

exactly the same result, cell by cell, a s  was obtained independently 

The program was used to score a group of 150 x-ray-treated 

by a cytogeneticist scoring tlie same sample by the usual microscopic 

method. 

Although it has not yet been attempted, further sophistication 

of aberration scoring is c l e a r l y  p o s s i b l e  once karyotyping routines 

have been perfected. 

analysis on only tlre non-aberrant chromosomes identified through the 

Such a program would carry out the karyotype 

scoring routine, and could then go back and identify the chromosome 

from which a fragnent vas deleted, for  example, or determine the 

chromosomes most likely involved in the formation of a dicentric. 

Furthermore, use of a karyotyping routine would also allow automatic, 

objective identification of aberration types not usually scored f o r  
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at present, such as translocations or inversions that change cliromosorne 

lengtlis, or produce chromosomes of unique arm ratios. 

aberrations nay be determined by the prssent r,anual karyotyping 

procedures, the time and labor involved in the analysis of a meaningful 

sample of cells usually precludes such scoring. 

Though such 

SEMI- AUTOMATIC SYSTEMS 

As desirable as complete automation of the chromosome scorinR 

and karyotyping operations is, it seems practical to consider as well 

partial automation with systems that, for example, use a human operator 

for the more d i f f i c u l t  pattern recognition operations. Such compromises 

must be considered for at least two reasons. First in spite of the 

progress that has been made in the development of completely automatic 

chromosome recognizing and measuring devices such as FTDAC and CYDAC, 

no such device has been demonstrated to do these jobs as well as a 

human operator even on near-perfect clironosome spreads, and it seems 

unlikely that solutions will be found in t h e  very near future to the 

problems of the touching or overlapping chromosomes encountered in the 

less perfect spreads with which the cytogeneticist commonly must deal. 

Second, it seems that even when they have been brought to the point of 

satisfactory routine operation, such Completely automated chromosome 

scanning devices will require fairly large computers and substantial 

r u n n i n g  tfme just to prepare the measurement list that must be the 

starting point f o r  any analysis or scoring routines. 

thus be very expensive both t o  purchase and to operate, and i t  seems 

unlikely that they will be economically conpetitive with human operators. 

The PIQUANT system, with its provision for human intervention d u r i n g  

the chromosome recognition and measurement steps does represent a 

compromise solution t o  t h e  f i r s t  problem, but not t o  the second, since 

Such svstems will 
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it operates on line with a fairly large cos?uter. 

I f  one assumes that programs for scoring and karvotvping that 

require only an arm measurement list for input will be brought to a 

satisfactory level of development for practical use in the very near 

future, then very practical semi-automatic devices are possible. Human 

operators can be trained in a matter of a few hours to perform the 

cilromosorne recognition and measurement tasks required. Using a simple 

measuring device, such a pair of calipers connected to a digital voltmeter, 

an otherwise inexperienced operator can complete the measurement Ifst 

for a cell in a few minutes. This compares very favorably with the 

half hour or  more required by a highly skilled cytogeneticist t o  

construct a karyotype. Furthermore, the analysis of each cell must 

uait until the input list of measurements has been completed. This is 

an enormous length of time in terms of computer calculation speed, and 

there thus seems no reason why very small computers could not be used 

for on-line analysis. 

complicated analysis routines, provided the routines are broken up 

into srall sub-programs that are shuffled i n  and out of an auxillary 

disc or tape memory. Though this results in very long running times 

by the u s u a l  conputer standards, they are still short with respect to 

the rate at w!lich input measurements 3re acquired, and are thus quite 

acceptable for  an inexpensive machine. 

A small core memory can be utilized even for 

A small conputer provided with an auxillary memory device and 

with some measurement input source such as t h e  digital dividers 

mentioned above, would, together with suitable software, constitute a 

practical semi-actomatic chromosome analysis machine. 

could perform ah1 of the tasks of a fully automatic system except f o r  

chromosome recognition and measurenent. Since the initial cost of the 

Such a device 
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hardvare should be comparable w i t h  that  of many instruments now In 

routine use in c l i n i c a l  and research laboratorles, it seems likely 

that  such  ” f i r s t  generation’’ machines will be b u i l t  in the relatively 

near  future and will be used extensively I n  cytogenetics laboratorles. 



FIGURE LEGENDS 

Figure 1 .  Metaphase chromosome spread in a peripheral  leukocyte 
from a normal man. CTD-chromatids; C-centromere; A- 
chromosome arms. 

Figure 2 .  The chromosomes from the cell shown in Figure 1 paired 
and arranged according to cytogenetic convention to 
form a 'karyotype. 

Figure 3 .  Metaphase chromosome spread from an Irradiated cell. 
A-acentric fragment; D-dicentric chromosome. 
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