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Abstract. The karyotypes of 200 normal individuals are examined in a study 
designed to investigate the extent to which the cytologist's classification of chromo- 
somes into the A-G autosomal groups and identification of individual chromosomes 
are reflected in the values of measurements made on these chromosomes. The 
statistical technique of diseriminant function analysis is employed to obtain linear 
functions of the chromosomal measurements which may be used to classify and 
identify chromosomes. The results of the study indicate that while chromosomes 
can be grouped with a reasonably high probability of success using measurements 
alone, identification of individual chromosomes is somewhat more difficult. 

Introduction 

Since the  appea rance  of the  Denver  R e p o r t  (1960), there  has been 
considerable  in te res t  in quest ions re la t ing  to the  accuracy  wi th  which 
ind iv idua l  h u m a n  chromosomes can be ident i f ied  b y  morphologica l  
means  alone (Shara t  Chandra  and  Hungerford ,  1967). A t  leas t  two papers  
have  a p p e a r e d  (Tjio and  Puck,  1958; Chu and  Giles, 1959) in which i t  is 
c la imed t h a t  ind iv idua l  chromosomes can be ident i f ied  solely on the  
basis of the  measured  lengths  of the  arms,  bu t  this  claim has no t  been 
un iversa l ly  accepted.  I n  par t i cu la r ,  P a t a u  (1962) has  chal lenged this  
assert ion,  suggest ing ins t ead  tha t ,  ". . .  m a n y  of the  id iograms with  which 
the  cytologic  l i t e ra tu re  abounds  are p r o b a b l y  wor th less" .  Whi le  he did  
concede t h a t  groups of chromosomes m a y  be dis t inguishable ,  P a t a u  
(1962) min imized  the  usefulness of measurements  in this  regard  s ta t ing,  
". . .  the  h u m a n  eye can of ten d r aw  val id  d is t inc t ions  be tween chromo- 
somes t h a t  do no t  differ enough in the  t rue  lengths  of the i r  a rms to  make  
possible the i r  re l iable  d i s t inc t ion  b y  length  measurements  a lone" .  An  
in t e rmed ia t e  view was a d v a n c e d  b y  Moore and  Gregory  (1963). 

I n  this  paper  we emp loy  the  s ta t i s t ica l  t echnique  of discriminant 
]unction analysis to  inves t iga te  the  ex ten t  to  which norma l  h u m a n  
chromosomes can be a l loca ted  to  the  proper  A - G  chromosomal  groups 
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on the  basis of measurements  made  on these chromosomes and,  fur ther ,  
the  ex ten t  to  which the  i nd iv idua l  chromosomes wi th in  these subgroups  
can be identif ied.  The iden t i f ica t ion  of the  sex chromosomes is also 
considered. Otherwise s ta ted ,  we consider  the  ques t ion:  F r o m  measure-  
men t s  alone, how accura te ly  m a y  a chromosome be charac te r ized  and  
ident i f ied  as compared  with  the  exper ienced eye of the  cytologis t  in  
p repar ing  a k a r y o t y p e  ? The technique  of d i sc r iminan t  funct ion analysis  
was in t roduced  b y  F isher  (1936). Two useful and  de ta i l ed  summar ies  
of var ious  appl ica t ions  of d i sc r iminant  analysis  were given b y  Hodges  
(1950) and  Ta t swoka  and  T iedeman  (1954) ; bo th  of these papers  include 
extensive bibl iographies .  Medical  app l ica t ions  were su rveyed  b y  Radha -  
kr i shna  (1964). The app rop r i a t e  s i tua t ion  for the  app l i ca t ion  of a dis- 
c r iminan t  funct ion analysis  is one in which there  are several  groups of 
i tems,  several  measurements  hav ing  been made  upon  each i tem.  A new 
i t em is p resen ted  and  i t  is requi red  to  cons t ruc t  op t ima l ly  weighted  
combina t ions  of the  measurements  (the d i sc r iminan t  functions),  b y  
means  of which the  new i t em can be a l loca ted  to  i ts  group. The weights 
are de te rmined  to  minimize  the  probabi l i t i es  of misclassif ieat ion or, 
equiva lent ly ,  to  m a x i m a l l y  separa te  the  groups wi th  respect  to  the  
d is t r ibut ions  of these compound  measurements .  Thus,  in our appl ica t ion ,  
the  weights  of the  chromosomal  measurements  are  de te rmined  to 
m a x i m a l l y  separa te  the  chromosomal  groups under  considerat ion.  A 
rigorous m a t h e m a t i c a l  t r e a t m e n t  m a y  be found in Anderson  (1958); a 
more  heuris t ic  approach  to  the  de r iva t ion  of the  me thod  is ava i lab le  in 
H e a l e y  (1965). 

Methods and Materials 

Because of the controversy among many cytologists concerning the reliability 
and reproducibility of the human karyotype (Ford, 1961), and because of the fact 
that the accuracy of the discriminant function approach to the classification of 
chromosomes will be directly determined by the original classifications made by the 
cytologist (c.f. Lachenbrnch, 1966), the karyotypes of the 200 individuals (100 males 
and 100 females) which comprise the basic data for our study were prepared and 
measured entirely by a single investigator (C.E.N.). These individuals were normal, 
healthy people between 20 and 40 years of age; most of them were employed at the 
Veterans Administration Hospital in Ann Arbor, Michigan. Metaphase figures were 
obtained from the leucocyte component of the peripheral blood, essentially following 
the technique of Moorhead et al. (1960). The slight modifications introduced by us 
to this method, as well as the step-by-step sequence used for chromosomal spreading 
and staining, and the photographic procedures employed, have been documented 
elsewhere (Nasjleti et al., 1966). After photography, cell metaphases were selected 
for readability, absence of chromosomal overlapping and comparability with respect 
to the attained stage of colcemide-mitosis. Later each of the chosen metaphase 
figures was photographically enlarged and printed on single weight 25 • 30 centimeter 
paper, with a standard magnification of 8000 diameters. Individual chromosomes 
were cut out from each print and mounted on a card, in order of decreasing size, 
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into pairs of presumed homologous chromosomes. This order was occasionally 
modified by factors other than size, e.g., arm ratios and/or centromere position, 
the degree of contraction of the chromatids, the degree of staining, the presence of 
secondary constrictions, the presence (absence) of satellites and spatial position in 
the metaphase figures (cf. Miller et al., 1963; Sharat Chandra and Hungerford, 
t967), but the final sequence of homologous pairs were numbered and grouped in 
accordance with the scheme recommended by the Chicago Conference (1966). These 
karyotypes, arrayed on cards and each filed with an uncut print of the cell recta- 
phase, formed the basic material used in the present study. 

The chromosomes were measured with a mechanical divider and these measure- 
ments were found to be accurate to 0.05 mm when every fifth karyotype was 
remeasured. Again, it is important to emphasize that all the chromosomes were 
prepared, measured and recorded by the same investigator. The following measure- 
ments were recorded (cf. Fig. 1) : the length of the short arm (M1), the length of the 
long a r m  (M2)  , the total length of the chromosome (Ms=MI@M2), the ratio of 
the short arm to the long arm (Ma= MI/M2), the centromere index (Ms= M~/M3) 
and the relative chromosome length (M6) which represents the individual chromo- 
some as a percentage of the sum of the lengths of the entire chromosome com- 
plement, excluding the sex chromosomes. The average of the homologous chromo- 
some measurements was used for each pair. In actuality, of course, the total length, 
arm ratio, centromere index and relative length measurements are functions of 
the lengths of the short and long arms and these measurements were in fact comput- 
ed from the values of M~ and M 2 using a program written expressly for this purpose. 
The ratio M1/M 2 was used in place of the more traditional chromosomal measure- 
ment M2/M 1 in order to reduce the range of variation of this measurement. 

The first quest ion we consider is whether the ass ignment  to groups 
made by  the cytologist is reflected in  the values of these measurements ,  
i.e., can the measurements  be used to classify individual  chromosomes 
into the proper chromosomal groups. While no t  all of the measurements  
defined above are independent ,  e.g., M s =  M 1 d- Ms, they were all recorded 
since our i n t e n t  is to f ind the opt imal  set of discriminators and  to s tudy  
the d iscr iminatory  power of various subsets of the measurements  ac tual ly  
recorded. I n  part icular ,  i t  is of interest  to s tudy  whether or not  a ny  
single measurement  can effectively discriminate between the groups. 
For  example, a glance at  Fig. 2, which contains plots of the mean  values 
of the long and  short chromosome arm measurements  for the 200 karyo- 
types, clearly i l lustrates the fact t ha t  the mean  values of these measure- 
merits are considerably different in  the A - G  autosomal  groups. But,  
while the mean  values of these measurements  are quite different in  the 
chromosomal groups considered, we need to apply d iser iminant  funct ion  
analysis  in  order to see whether  or no t  these measurements  are suffi- 
ciently characteristic of the groups for use in classification (ef. Kowalski,  
1972). The d iscr iminant  func t ion  analyses were performed by  the 
stat ist ical  comput ing program BMD7M (Dixon, 1967) as modified by  
the Stat is t ical  Research Labora tory  a t  the Univers i ty  of Michigan. This 
program performs a mult iple  d iscr iminant  funct ion analysis in  a stepwise 
manner .  At  each step one measurement  is entered into or removed from 
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Fig. 1. Illustration of several of the chromosomal measurements employed in our 
attempt to characterize chromosomal morphology 
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Fig. 2. Plot of the mean values of the chromosome arm measurements based on the 
karyotypes of 200 normal individuals 

the set of discr iminat ing measurements .  If a measurement  is to be 
entered, the measurement  selected is t ha t  measurement  with the largest 
F-value  (under the usual  normal i ty  assumptions,  the F-va lue  for the 
i- th measurement  is the value of the test  statist ic for the likelihood rat io 
test  of the equali ty,  over all groups, of the condit ional  d is t r ibut ion of 
the i - th  measurement  given the previously entered measurements) .  A 
measurement  will be removed if, during later  stages of the process, its 
F -va lue  becomes too low. The process terminates  when none of the 
F-values  for either adding or deleting a measurement  a t ta ins  a pre- 
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specified level of significance. Of course, if only  one measu remen t  is 
considered,  as in  Tables  1-4 below, the  stepwise op t ion  of the  p rog ram 
is " t u r n e d  off"  and  the  rule which minimizes  the  probabi l i t i es  of mis- 
c lass i f icat ion using this  one measu remen t  is adopted .  

Results 

Tables  1 th rough  4 give the  classif icat ion matr ices  for d i sc r iminan t  
analyses  using only  a single measu remen t  a t  a t ime  in order  of decreasing 

Table 1. Classification matrix for the discriminant analysis based on the relative 
length (Ms) of the chromosomes. A total of 1143 of the 4400 chromosomes were 

miselassified 

Groups A B C D E F G Mis- 
1-3 4 5 6-12 13-15 16-18 19-20 21-22 classified 

A 455 153 2 0 0 0 0 155 
B 10 378 12 0 0 0 0 22 
C 0 185 1114 101 0 0 0 286 
D 0 1 18 406 159 16 0 194 
E 0 0 5 164 282 149 0 318 
F 0 0 0 6 75 269 50 131 
G 0 1 0 0 0 36 363 37 

Total 1143 

efficiency in  grouping  the chromosomes into  the  proper  A - G  groups.  
Thus  Table  1 summar izes  the  efficacy of the  re la t ive  length  (M6) of the  
chromosome in classif ication.  The numbers  on the d iagonal  of this  
m a t r i x  show the  numbers  of chromosomes correc t ly  classified in to  the  
ind ica t ed  groups ;  the  number s  off the  d iagonal  represent  misclassifiea- 
t ions.  Thus,  for example ,  445 of the  chromosomes classified as belonging 
to the  A group b y  the  cytologis t  were also (correctly) classified as f rom 
the  A group b y  the  d i se r iminan t  func t ion  analysis ,  b u t  153 of these 
chromosomes were ( incorrect ly)  classified b y  the  d i se r iminan t  analys is  
as f rom the  B group.  I n  to ta l ,  a l though re la t ive  length  is the  best  single 
d i sc r imina to r  among  the  measurement s  considered,  there  were 1143 of 
the  4400 chromosomes miselassif ied (26%). One migh t  note,  however,  
t h a t  mos t  of the  misclass i f ieat ions  were to ad j acen t  groups and  t h a t  the  
procedure  works  qui te  well wi th in  several  of the  groups considered.  
Tables  2 -4  conta in  the  analogous  resul ts  for t o t a l  length,  a rm ra t io  and  
eent romer ic  index  respect ive ly .  The shor t  and  long a rm measurements ,  
despi te  the  a p p a r e n t  differences in the  mean  values of these measure-  
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Table 2. Classification matrix for the discrimination analysis based on the total 
length (Ms) of the chromosomes. A total of 2118 of the 4400 chromosomes were 

misclassified 

Group A B C D E F G Mis- 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 classified 

A 931 167 51 1 0 0 0 209 
B 97 190 104 9 0 0 0 210 
C 44 274 722 289 63 8 0 678 
D 0 0 111 239 142 95 13 361 
E 1 O 34 176 190 160 39 410 
F 0 O 0 21 76 212 91 188 
G 0 O 1 0 2 59 388 62 

Total 2118 

Table 3. Classification matrix for the discriminant analysis based on the arm 
ratio (Ma) of the chromosomes. A total of 2568 of the 4400 chromosomes were 

misclassified 

Group A B C D E F G Mis- 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 classified 

A 31 2 178 0 12 376 1 569 
B 0 314 1 0 29 0 56 86 
C 193 239 536 1 386 36 9 864 
D 1 2 O 507 0 1 89 93 
E 99 192 120 2 139 17 31 461 
F 192 1 30 0 1 176 0 224 
G 1 107 7 127 29 0 129 271 

Total 2568 

ments  in the  A - G  groups as i l lus t ra ted  in Fig. 2, showed even less 

d iscr iminatory  power t h a n  the  other  single measurements  and are not  

s tudied in detai l  here. 
I n  view of these results i t  appears  t h a t  no one of the single measure- 

ments  is a par t icular ly  effect ive discr iminator ,  bu t  using some combina- 

t ion  of all of the  avai lable  measurements  m a y  still  result  in an effective 

classification procedure.  This possibil i ty can be inves t iga ted  by use of a 

stepwise d iscr iminant  funct ion analysis. I n  Table  5, using all avai lable  

measurements ,  the  stepwise diser iminant  funct ion analysis is able to  

correct ly classify most  of the  chromosomes;  a to ta l  of 288 of the 4400 

chromosomes (6.5%) were misclassified. The order of inclusion of the 
measurements  into the  d iscr iminant  funct ions was (1) re la t ive  length,  

(2) centromere index, (3) a rm rat io,  (4) short  a rm and (5) long arm. 
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Table 4. Classification mat r ix  for the discriminant analysis based on the centro- 
meric index (M4) of the chromosomes. A total  of 2574 of the 4400 chromosomes 

were misclassified 

Group A B C D E F G Mis- 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 classified 

A 34 2 173 0 7 384 0 566 
B 0 322 3 0 31 0 44 78 
C 248 224 505 1 367 49 6 895 
D 1 7 0 489 0 0 103 111 
E 109 187 122 2 134 24 22 466 
F 174 1 20 0 1 204 0 196 
G 1 109 7 114 31 O 138 262 

Total 2 574 

T h u s  (cf. T a b l e  1) t h e  b e s t  s ing le  d i s c r i m i n a t o r  is t h e  r e l a t i v e  l e n g t h  

of t h e  c h r o m o s o m e .  G i v e n  t h a t  r e l a t i v e  l e n g t h  is to  b e  i n c l u d e d  i n t o  t h e  

d i s c r i m i n a n t  f u n c t i o n s ,  t h e  m e a s u r e m e n t  w i t h  t h e  m o s t  new d i s c r i m i n a -  

t o r y  p o w e r  is t h e  c e n t r o m e r e  i n d e x .  N e x t  was  t h e  a r m  ra t io ,  a n d  so on.  

N o t e  t h a t  t h i s  o r d e r i n g  of t h e  m e a s u r e m e n t s  i n  t e r m s  of d i s c r i m i n a t o r y  

p o w e r  does  n o t  c o n t r a d i c t  t h e  o r d e r i n g  g i v e n  i n  T a b l e s  1 - 4  w h e r e  e a c h  

Table 5. Classification mat r ix  for the stepwise discriminant function analysis based 
on all available measurements.  Five variables were entered, each significant at  the 
1% level of significance. A total  of 288 of the  4400 chromosomes were mis- 

classified 

Group A B C D E F G Mis- 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 classified 

A 572 11 17 0 0 0 0 28 
B 0 387 13 0 0 0 0 13 
C 6 22 1336 2 27 7 0 64 
D 0 0 3 577 13 0 7 23 
E 0 1 11 1 500 63 24 100 
F 0 0 O 0 20 380 0 20 
G 0 0 1 1 35 3 360 40 

Total 288 

of t h e  v a r i a b l e s  was  c o n s i d e r e d  ind iv idual ly .  T h e  o r d e r  of i n c l u s i o n  of 

v a r i a b l e s  i n t o  t h e  d i s c r i m i n a n t  f u n c t i o n s  as  d e t e r m i n e d  b y  t h e  s t e p w i s e  

d i s c r i m i n a n t  f u n c t i o n  a n a l y s i s  ( T a b l e  5) is b a s e d  o n  conditional d i s t r i -  
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Fig. 3. Plot of the first two canonical variables for the autosomal groups, illustrating 
the separation between the groups which can be achieved using the values of five 

measurements. The *'s denote the group means 

bu t ion  theory ,  selecting a t  each s tage the  measurement  adding  the most  
new (non-redundant)  d i sc r imina to ry  power,  t ak ing  due account  of the  
correlat ions be tween the  variables .  I n  a n y  event ,  all  five measurements  
en te red  were s ignif icant  a t  the  1% level of significance and  to ta l  length  
( M a z M l d - M 2 )  was exc luded  since i t  is a l inear  combina t ion  of the  
lengths  of the  shor t  and  long arms.  

The a m o u n t  of separa t ion  be tween the  groups t h a t  can be achieved 
b y  use of these measurements  is i l lus t ra ted  in Fig.  3 where a p lo t  of the  
values  of the  f irst  and  second canonical  var iables  for the  i n p u t  observa-  
t ions is given. No t  every  ind iv idua l  po in t  on the  graph  is shown but ,  
ra ther ,  the  areas  occupied b y  the  poin ts  f rom a pa r t i cu la r  group are 
identif ied.  This p lo t  gives the  op t ima l  two-dimens ional  r epresen ta t ion  
of the  dispersion between the  groups (Dixon, 1967). F o r  a careful dis- 
cussion and  a number  of i l lus t ra t ions  of this  technique,  see Black i th  
and  R e y m e n t  (1971). 

I n  Table  6, the  classif icat ion ma t r i x  for the  d i sc r iminan t  analysis  
based  on all  the  avai lab le  measurements  between the  A - G  autosomal  
groups and  the X chromosome is given. I t  is seen t h a t  considerable 
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Fig. 4. Canonical plot when the X chromosome is included in the analysis 

Table 6. Classification matrix for the stepwise diseriminant function analysis 
including the X chromosomes 

Group A B C D E F G X 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 

A 528 8 1 0 0 0 0 63 
B 0 382 7 0 0 0 0 11 
C 1 12 1030 2 27 8 0 320 
D 0 0 4 576 13 0 7 0 
E 0 0 12 1 491 63 33 0 
F 0 0 0 0 20 380 0 0 
G 0 0 0 5 36 3 355 1 
X 0 1 6 1 1 0 0 191 

misclassification occurs between the  C group and the X chromosome. 
Thus the da ta  repor ted  here tend  to suppor t  the oft-ci ted morphological  

s imilar i ty  between the X chromosome and the  chromosomes comprising 

the C group. This is i l lus t ra ted  by the posi t ion of the X chromosome in 

the plot  of the canonical variables  given in Fig. 4. The spatial  posit ion 

of the X chromosome in Fig. 4 is mirrored in the pa t t e rn  of misclassifica- 
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Fig. 5. Canonical plot when the u chromosome is included in the analysis 

Table 7. Classification matrix for the stepwise discriminant function analysis in- 
cluding the Y chromosomes 

Group A B C D E F G Y 
1-3 4-5 6-12 13-15 16-18 19-20 21-22 

A 571 12 17 0 0 0 0 0 
B 0 387 13 0 0 0 0 0 
C 7 20 1337 2 26 8 0 0 
D 0 0 3 552 12 0 0 33 
E 0 1 10 1 496 63 11 18 
F 0 0 0 0 21 379 0 0 
G 0 0 1 0 36 3 262 98 
Y 1 1 0 0 1 0 29 67 

t ions in Table  6, i l lustrat ing the  way  in which the classification ma t r ix  

and the canonical  plot  convenient ly  summarize  the results of a dis- 

e r iminant  funct ion analysis. 

I n  Table  7 and Fig. 5, the u chromosome is included in the analysis 

and i t  is seen t h a t  the  Y chromosome is morphological ly  similar to the 
chromosomes in the  G group. The D group is also a " n e a r  ne ighbor"  
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in the plot and it is seen that  33 of the chromosomes allocated to the 
D group by the cytologist were classified as a Y chromosome by the 
diseriminant function analysis. 

We turn now to the question of whether or not the measurements 
considered in this study can be used to identify individual chromosomes. 
This can be investigated by considering each of the 24 chromosomes as a 
group in the discriminant function analysis and the classification matrix 
for this situation is given in Table 8. For convenience of reference, the 
chromosomes are identified individually by number (X is No. 23, Y is 
No. 24) but the boxes in the matrix show group membership. Thus the 
diagonal entries are correct identifications; the off-diagonal entries 
inside the boxes represent incorrect identifications, but a correct group 
classification; the entries outside of the boxes representing an error both 
of identification and of group membership. Again, the most serious 
confusion is between the X chromosome and chromosomes in the C group 
(specifically No. 6, No. 7 and No. 8) and the Y chromosome and the 
chromosomes in the G group. 

Discussion 

The results summarized above indicate that  while chromosomes can 
be grouped with a reasonably high probability of success using measure- 
ments alone (6.5 % of the autosomes were miselassified) identification of 
individual chromosomes is somewhat more difficult (Table 8). Within 
certain of the autosomal groups relatively accurate identification of 
individual members is possible, as in the A group (cf. Moore and Gregory, 
1963), the B group and the D group, but the other groups present more 
serious problems not only with respect to the identification of individual 
chromosomes but also with respect to the accurate determination of 
group membership. This is especially true when the sex chromosomes are 
included in the analysis. Identification of the sex chromosomes poses a 
special problem. There is justified skepticism concerning the recognition 
of the X among the similar submetacentries in Group C. The variability 
of the somewhat allocyelic X in relation to the autosomes handicaps any 
effort to pinpoint the X in a karyogram by means of a statistical analysis, 
as was noted earlier by Patau (1960). Penrose (1964) went so far as to 
say that, ". . .discrimination between the X and No. 6 by metrical 
methods is not possible". But one need not conclude that the position 
of the X chromosome within the C group remains entirely conjectural; 
nor that  measurement cannot aid in its identification. While our data 
do support the notion that  the X and No. 6 chromosomes are morpho- 
logically similar, we do suggest that  the probability of a correct identi- 
fication can be enhanced by measurements made on these chromosomes. 
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Table 8. Classification matrix for the diseriminant analysis using all available 

Number of cases classified into a group 

Group 1 2 3 4 5 6 7 8 9 10 11 12 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

10 

21 

22 

23 

24 

182 

0 

4 

9 9 0 

192 2 4 

0 197 1 

0 0 0 156 

0 0 0 37 

0 0 3 0 3 

0 0 0 0 4 

0 0 0 0 0 

0 0 0 0 1 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 1 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 1 1 0 0 

1 0 0 0 1 

0 0 0 0 0 0 0 0 

0 2 0 0 0 0 0 0 

0 1 0 0 1 0 1 0 

44 0 0 0 0 0 0 0 

156 2 4 0 1 0 0 0 

144 12 0 0 

3 96 29 35 

0 25 711 18 

0 12 12 132 

0 0 12 60 

0 0 6 3 

0 0 0 5 

0 0 0 

1 2 0 

10 28 0 

33 1 9 

78 24 26 

24 163 4 

24 3 163 

0 0 0 1 0 0 3 

0 0 0 0 0 0 5 

0 0 0 0 0 0 1 

0 0 0 1 0 12 3 

0 0 0 0 0 0 1 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

37 19 20 0 0 1 1 

0 0 0 0 0 0 0 

A B C 

Number of cases classified into a group 

O t h e r  m e a n s  (e.g., S h a r a t  C h a n d r a  a n d  I t u n g e r f o r d ,  1967) for  d i s t in -  

gu i sh ing  b e t w e e n  t h e s e  c h r o m o s o m e s  can,  of course ,  be  u s e d  in  con-  

j u n c t i o n  w i t h  t h e  p r o b a b i l i t i e s  c o m p u t e d  us ing  t h e  m e a s u r e m e n t s  t o  

a r r ive  a t  t h e  f ina l  decis ion .  S imi la r  r e m a r k s  ho ld  for  t h e  i d e n t i f i c a t i o n  

of  t h e  u c h r o m o s o m e ,  t h o u g h  i t  is gene ra l l y  r e c o g n i z e d  t h a t  t h e  u is 
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measurements and considering each chromosome as a group 
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0 1 
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0 0 0 0 

0 0 0 0 

0 0 1 0 

0 0 0 0 

0 0 0 0 

0 0 37 0 

0 0 30 0 

0 0 8 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 3 

0 0 0 0 

0 0 0 0 

3 0 0 6 

0 0 0 0 

0 0 0 0 

93 33 0 43 

62 96 1 36 

0 0 11191 0 

20 12 0 1 5 9  1 

G X Y 

m o r e  eas i ly  i d e n t i f i e d  t h a n  t h e  X .  As r e g a r d s  us ing  m e a s u r e m e n t s  a lone  

to  m a k e  th i s  i d e n t i f i c a t i o n ,  we m a y  n o t e  t h a t  i n  c a l c u l a t i n g  a r m  ra t io s  

for  t h e  t i n y  a c r o e e n t r i e  Y, w h i c h  is g e n e r a l l y  j u s t  s l i g h t l y  l a rge r  t h a n  

t h e  t w o  s m a l l e s t  a u t o s o m e s  (No. 21 a n d  No.  22), c o n s i d e r a b l e  o v e r l a p  

in  t h e  d i s t r i b u t i o n s  of t h e s e  m e a s u r e m e n t s  is t o  be  e x p e c t e d  a n d  o t h e r  
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means (e.g. Miller et al . ,  1963) may have to be incorporated if the prob- 
ability of a correct identification is to a t ta in an acceptably high magni- 
tude. 

We also studied the chromosomes which were misclassified by the 
discriminant function analysis in an a t tempt  to discover why these 
chromosomes could not be distinguished by  morphological means. In  
virtually every case we found that  the misclassified chromosome had 
contracted to a different degree than had those which were correctly 
classified. I t  should be noted tha t  the discriminant function analysis 
operates on the distances between the mean values of the measurements 
in the various groups and tha t  these mean values must be considered 
not only as averages for the particular population of cells, which are 
measured, but also as averages for the stages of mitosis selected for 
convenience (Penrose, 1964). The difficulty is that  colchicine causes 
contraction of the chromosomes to an extent that  depends upon the time 
during which the drug has been present and its concentration. Apparently, 
the degree of contraction of all the chromosomes is not constant. Thus 
the relative sizes of the chromosomes may be altered according to the 
stage of metaphase in the cell which is selected for study. As pointed 
out by Penrose (1964), the largest chromosomes may  contract more in 
later stages than the smaller ones. Consequently, it should be recognized 
tha t  a number of the misclassifications might be at tr ibuted to a failure 
in ensuring that  all the chromosomes are equally condensed or stretched 
during the preparation of the karyotype as opposed to an inherent 
limitation of the discrimination procedure p e r  se. In  any event, the 
degree of contraction of the individual chromosomes has been found to 
be an important  factor in the classification of chromosomes and it is 
suggested tha t  a t tempts  should be made to control this factor both at  
the technical (in selecting the cells to be studied) and analytical (perhaps 
by using a correction factor) levels. 

The results of this s tudy indicate the extent to which identification 
of individual chromosomes and groups of chromosomes can be made on 
the basis of (certain) measurements alone. The results are, therefore, 
relevant to questions concerning the feasibility of developing automated 
chromosomal analyses based on morphological data. As noted in the 
Chicago Conference (1966), "Chromosome analysis is a sequence of 
operations, and automation should be applicable to many  if not all 
stages, from the collection of blood to the printing of a repor t . . .  In  
addition to reliability and economy, machine analysis offers the promise 
of an extension of perception beyond present limits." Jacobs (1965) has 
given a concise exposition of the need for automation and Ledley and 
Ruddle (1965) have described one approach to the solution of the 
problem. But, no mat ter  which automated approach is adopted, it must 
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be recognized t h a t  the  compute r  will be p r o g r a m m e d  to recognize and  
classify chromosomes b y  doing m a n y  of the  same th ings  the  inves t iga to r  
would  and  the  presen t  s t u d y  describes the  accuracy  which migh t  be 
expec ted  using cer ta in  chromosomal  measurements  as d iscr iminators .  
I nco rpo ra t ion  of o ther  in format ion ,  inc luding  add i t i ona l  met r ica l  
character is t ics ,  can only  increase the  precision wi th  which the  chromo- 
somes are  ident i f ied.  Thus there  is reason to  hope t h a t  a u t o m a t e d  
analyses  will even tua l ly  be per fec ted  to the  ex t en t  t h a t  t h e y  uncover  
smal l  bu t  i m p o r t a n t  chromosomal  abe r ra t ions  t h a t  have  not  been dis- 
eerned b y  eye. I t  is known,  e.g., t h a t  one of the  chromosomes in the  cells 
of ind iv idua ls  wi th  chronic mye lo id  leukemia  lacks only  a smal l  por t ion  
of one a rm (Jaeobs ,  1965) and  i t  seems l ike ly  t h a t  o ther  smal l  delet ions 
or add i t ions  have  been over looked b y  cytologis ts  which m a y  be revealed  
b y  the  app l i ca t ion  of a u t o m a t e d  morphologica l  analyses  represent ing 
quantitative rather than only qualitative variation. 

In closing, we might point out that recent advances in the identi- 
fication of human chromosomes by I)NA-binding fluorescent agents 
(see, e.g. Caspersson et al., 1970, 1971) have provided another approach 
to identification of metaphase chromosomes. In our opinion, DNA- 
binding should not be viewed as a competitor of metrical methods. 
Rather, consideration should be given to using these methods in con- 
junction with one another in order to achieve the most accurate means 
for chromosome identification. 
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