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The t ime of population doubling is an impor tant  index of the rate of growth of a ce l l  population in vitro, 
giving an idea  of the rate of protein synthesis by the ceils of this population (the t ime  of population doubling must 
be different iated from the regenerat ion t ime,  i . e . ,  the mean duration of mitosis, measured by means of a m o r o n  

picture invest igat ion [8, 9, 11]). 

Of the existing methods of ca lcu la t ing  the t ime  of doubling of a ce l l  population in monolayer,  and also in 
suspension cultures, the following may be mentioned:  counting the number of ce l l  nuclei  or cells at definite t ime  

intervals [7, 15] and ca lcula t ing  the rate of growth of the ce l l  population by determining the protein content [10, 
12], When the first method is used, the t ime of population doubling may be determined graphical ly  [17] or ana-  

ly t i ca l ly  [7]. In both cases the method of counting the ce l l  nuclei  is used [14], 15]. 

Counting the nuclei  by this method is compl ica ted ,  and during the s ta t is t ical  analysis the existence of a s ta-  
t i s t ical  opt imum [2] is not taken into consideration, with the result that regression analysis and the method of least 

squares have been used for ca lcula t ing  the population doubling t ime  [8, 17]. This makes the determinat ion of the 
population doubling t ime  using counting of the nuclei  (or cells) much more compl ica ted  and puts i t  out of reach of 

a large proportion of exper imenta l  workers. 

The objec t  of the present invest igat ion was to determine  the population doubling t ime by the use of the s ta-  
t i s t ica l  opt imum existing in the counting chamber  when used for counting suspensions of uniform independent par-  

t icles [2]. 

Cell  lines HeLa and DAPT [1] were grown at 36 ~ in Carrel 's  flasks 5 cm in d iameter  on medium No. 199 with 
the addition of 20% ox serum. The medium was changed every 5 days. The HeLa ceils were detached with a 
0.02% solution of versene, and the DAPT cells with a 0.5% solution of trypsin. In these conditions the in i t ia l  ce l l  
suspensions were homogeneous, l ike the suspensions used for counting, and the cells showed l i t t le  sign of forming 
conglomerates.  A suspension of in tac t  cells  was used for counting, which was done in a Goryaev's chamber [3]. 
The portion of the counting chamber chosen as conventional  counting unit was one-f if th of i t  (45 large squares), 
which is convenient  from the point of view of counting practice.  The ini t ia l  concentrat ion of cells in both cases was 
approximate ly  10S/m1. Hence there were about 20 cells to one-f i f th  of the Goryaev's chamber.  

The ce l l  suspension was poured into each flask in a volume of 5 ml. The same volume of medium was added 
during changing. The cells were counted on aherna te  days in a trypsinized or ve r sene - t r ea t ed  suspension obtained 

by mixing the contents of two flasks. Because of the sharp increase in the number of cells in the flask in the prb-  
cess of growth, the volume of trypsin or versene added to the flask during counting var ied  from 5 to 20 ml. Counting 

took p lace  until the number of ceils in the flasks stopped increasing. 

The l imits  of the s ta t is t ical  opt imum and, hence, the closeness of x and m* were obtained by determining 

the degree to which the equation 

(Op.d. / 4-~) = 1.00 (i) 

* Symbols used in this paper: Op.d. is the standard deviat ion of Poisson distribution; x the sample mean number of 
cel ls  (measured density of suspension); m the mean number of cells  for the aggregate (true density of suspension); 
n the number of tests; t the t ime  of population doubling; T the duration of logar i thmic phase of growth; N 1 and 

N 2 the number of cells  at the beginning and end of the logar i thmic  phase of growth. 
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TABLE I. Determination of the Opti- 
mal Number of Counts Required to 
Give a Value of the Ratio 
~ .d . / ( [ )1 /2  close to 1.00 when Using 
l/5 of the Goryaev as the Conven- 
tional Counting Unit (results of 10 

)evia, 
!on o] 
aean 
~lue 

~tio 
ap.d. 

: o m  

.00 

0,29 
0,06 
0,16 
0,10 
0,08 
0,01 

measurements). 

I No. of Mean 
]cells in Ivalue 
[ehamberslo f 
l (minim. /.a~ o 

O ! and | ' ~  o 

Zd~ max im ' ) iV~ '  ~ 

2 288--315 0,71 
3 280--355 1,06 
4 280--335 1,16 
5 100--315 I,I0 

I0 176--315 0,92 
20 85--315 1,01 

Maximal 
deviation 
o fva lueof  
ratio 

~p.d. 

from I. 00 
in individ- 
ual exp._ 

0,87 

TABLE 2. Determination of Optimal Number 
of Cells to be Counted to Give a Value of the 

/(~)g2 closeto  1.00 when 10 Counts 
J 

Ratio (Jp. d, 
Were Made (results of 10 measurements) 

Total No 
of cells 
in cham- 
bers 
(minim. 

and 
maxim.)  

43--80 
89--110 

176--315 

Mean 
value 
of ratio 

V--f- 

0,73 
0:98 
0,92 

Devi ation] Maximal de- 
of mean |viation' of 
va}ue of ]valueofra t io  
ratio I t o 

p.,d. 
ap d [ 

from 1.00 in 
from L 00 individual 

experiments 

0,27 0,55 
0,02 0,33 
0,08 0,31 

0,89 
0,93 
0,67 
0,31 
0,33 

many investigators [2, 4, 5, 6]. The 

was satisfied by the number of areas of the counting chamber taken as the 
conventional unit of counting (the number of counts) and the total number 
of cells which must be counted during these counting procedures. Equa- 
tion (1) is a property of Poisson's law, governing the distribution of ceils 
in a counting chamber [5, 6]. Satisfaction of the equation during the 
counting of ceils in a counting chamber has been demonstrated by 
method used to establish the limits of the statistical optimum is 

shown clearly in Tables 1 and 2. The method has been described in detail in an earlier paper [2]. 

It is clear from Tables 1 and 2 that the optimal number of counts for obtaining agreement with Eq. (1) was 
10, and the optimal total number of cells which had to be counted during this number of counting operations was 
about 200 (about 100 per chamber). Taking these data into consideration, the mean values of 10 meas~irements of 
the number of cells in one-fifth of the Ooryaev's chamber, and not the individual results of measurement of the 
number of cells, was calculated. In the statistical analysis a l~ level of significance was adopted. 

The population doubling t ime was determined analytically and graphically. For the analytical method the 
formula suggested by Bryant and co-workers [7] was used: 

T 
t = 3,32 ( l g ~ 4 2  - -  lg N1) " (2) 

The duration of the logarithmic phase of growth for the HeLa cells was taken as 11 days, and for DAPT cells 9 days. 

When the graphic method was used, the logarithms of the mean numbers of ceils corresponding to 1/5 of the 
Goryaev's chamber were plotted along the axis of ordinates, and the number of days along the axis of abscissas. The 
population doubling t ime was determined from the formula: 

t = (log 2Aan c~) (3) 

where c~ is the angle between the experimental straight line and the axis of abscissas. A similar formula was used 
by gamada  and Takano [17]. The value of tan a was determined directly from the graph, 

With the analytical method of calculation the population doubling time of the HeLa and DAPT cultures was 
3.31 days (~ 79.4 h) and 6.02 days (~ 144.5h), respectively. 

Since each value was the mean of 10 measurements, the logarithms of these values showed hardly any scatter 
when plotted on the graphs (see figure). The almost complete absence of scatter of the experimental points on the 
graph made it easy to draw a straight line of approximation through them, in good agreement with the straight line 
obtained by the method of least squares, without using the equation based on the method of least squares, which 
would have greatly complicated the method of calculation. 

As the figure shows: 

tan c~ = (AB/OtB) = 0.09, tan o~ I = (CD/OID) = 0.05. 

According to gq. (3), tHeLa ~ 3.34 days (~ 80.2 h) and tDAPT ~ 6.02 days (~ 144.5 h). 
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By the use of the proposed method of determining the popula-  

tion doubling t ime  of cells growing in monolayer  cultures, the in-  

f luence of one of the most var iable  factors, largely responsible for 
the scat ter  of  the exper imenta l  points, can be removed.  This fac -  
tor is the error of random distribution of the ceils in the counting 
chamber  [6], the impor tance  of which is obvious from an examina-  
tion of the results obtained by Yamada and Takano. Removal of 
the inf luence of the error of random distribution of the ceils in the 
counting chamber  is possible because of the s ta t is t ical  optimum, ~he 
use of which ensures that the exper imenta l  conditions correspond to 

some of the main properties of Poisson's distribution: 1) m is the 
only parameter  determining the whole form of the distribution [5]; 

2) the approximat ion  to the theoret ica l  formula is increased with an 
increase in n [16]. 

Graph of rate of growth of ce l l  lines HeLa 
(I) and DAPT (II). Along the axis of ordi-  
nates - logarithms of mean values of 10 

measurements of the number of ceils cor-  
responding to 1/s of a Goryaev's chamber.  

The horizontal  lines at the exper imenta l  
points denote the logarithms of the upper 
and lower 99% confidence intervals,  c~ 
and c~ 1 are the angles between the exper i -  

menta l  straight lines and the axes of ab-  
scissas, and AB and CD are the perpen- 
diculars drawn to the axes of abscissas 
(for convenience of ca lcula t ion  of the tan-  
gents of the angles c~ and cq points were 
chosen along the axes of abscissas corres- 
ponding to 10 days). Remainder of ex-  

planat ion in text. 

In addition, i f  the s ta t is t ical  opt imum is used, there is no need 
to count such a large number of ceils,  and it becomes possible in 
pract ice  to operate with mean values, which is difficult  to do when 
other previously recommended counting methods are used [14, 18]. 
Further investigations are necessary to determine the type of distri-  

bution of the frequencies of the population doubling t ime.  

During repeated experiments the variations can be expected 

which will  arise as a result of even slight changes in the denomina-  
tor in Eqs. (2) and (3). Since in exper imenta l  conditions counting 
takes place on al ternate days, it  is difficult  to detect  the boundary 
between the lag phase and the logar i thmic  phase of growth. To 
make this detect ion possible, counting must be carried out more 
frequently in the first days of cult ivation.  

By using the method suggested by the author, the s tandardiza-  
tion of the media  and sera used for cul t ivat ion can be verif ied and 
the effect  of various chamica l  and b io logica l  factors on the rate of 

growth of  cells  in vitro can be studied.* 

S U M M A R Y  

The purpose of investigation was to determine  the t ime of ce l l  population doubling in monolayer cultures in 
account with the s ta t is t ica l  op t imum existing during ca lcula t ion  of homogeneous and independent particles in a 
counting chamber.  The use of the s ta t is t ical  op t imum enables operation with the mean numbers of ceils per section 
of the counting chamber chosen as the convent ional  ca lcula t ion  unit, which accounts for correspondence under ex-  
per imenta l  conditions with some basic characteris t ics  of Poisson's distribution and e l iminates  the influence of the 
error of random distribution of cells  in the counting chamber  on the variat ion of exper imenta l  data. In cult ivat ion 
of HeLa and DAPT cells in Carrels 's  flasks with a d iameter  of 5 cm at 36"C on medium 199 with an addition of 20% 
bovine serum (or iginal  concentrat ion 10 s ml,  suspension volume 5 ml,  change of medium once in every five days) 

the t ime  of HeLa ce l l  population doubling, ca lcu la ted  by the ana ly t i ca l  and graphic methods, wasequal  to q9.4 and 
80.2 respect ively,  and that  for DAPT cells  to 144.4 and 144.5 h. The proposed method for determinat ion of the 
t ime  of populat ion doubling may be of importance for control of the standards of media  and sera used for cul t ivat ion 
and for invest igat ion of the influence of various chemica l  and b io log ica l  factors on the speed of ce l l  growth in vitro. 

LITERATURE CITED 

1. M.S.  Benyumovich, A. D. Timofeevskii ,  and V. V. Arkhangel 'skii ,  Vopr. Neirokhir., No. 5 (1962), p. 1. 

2. M.S .  Benyumovich, Lab. Delo, No. 10 (1965), p. 609. 
3. N.K.  Goryaev, Khar'kovsk. Med. Zh., Vol. 10, No. 8 (1910), p. 236. 

* The author is grateful to Cand. Phys.-Math. Sci. A. L Sirota for advice given. 

842 



4. E. Abbe, Sitzber. Med. Naturwiss. in Jena, Vol. 29 (1878), p. 48. 

5. N. Bailey, Sta t is t ica l  Methods in Biology [Russian translation],  Moscow (1963). 

6. J. Berkson, Am. L Physiol., Vol. 128 (1940), p, 309. 

7. L C. Bryant, F. L, Schill ing, and W. R, Earle, L Nat. Cancer. Inst., Vol. 21 (1958), p. 331. 

8. K.B. Dawson, H. Madoe-Jones, and E. O. Field, Exp. Cell  Res., Vol. 38 (1965), p. 75. 
9. T . C .  Hsu, Tex. Pep. Biol. Meal., Vol. 18 (1960), p, 31. 

10. t~ S. Krooth, M~ W. Shaw, and B, K. Campbel i ,  J. Nat. Cancer. Inst., VoL 32 (1964), p. 1031. 
11. hr. T. McQuilkin and W. tL Earle, Ibid., Vol. 28 (1962), p. 763. 
12. V . I .  Oyama and H. gagle, Proc. Soc. Exp, Biol., Vol. 91, New York (1956), p. 30g. 

13. J. Reichel, Folia Haemat . ,  Vol. 41, Leipzig (1930), p. a07. 
14. K .K.  Sanford, W. R, Earle, V. J. Evans et al . ,  J. Nat. Cancer. Inst., Vot. 11 (1951), p. 773. 
15. K. Takano, M. Yamada, K. Yaginuma, Jap. J. Med. Sci. Biol., VoL 9 (1956), p. 17. 
16. B. L, Vm~ der Warden, Mathemat ica l  Statistics [Russian translation], Moscow (1960). 
17. iVL Yamada and K. Takano, Jap. J. Med. Sci. Biol., Vol. 9 (1956), p. 27. 

All abbreviations of periodicals in the above bibliography are letter-by-letter translitera- 
tions uf the abbreviations as given in the original Russian journal. Some  or a l l  o f  t h i s  per i -  

od ica l  l i t e ra tu re  m a y  w e l I  be  a v a i l a b l e  in E n g l i s h  t rans la t ion .  A complete l is t  of the cover-to- 
cover English translations appears at the back of the first i ssue  of this year. 

843 


