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Summary. l~Iathematical models for the analysis of pulse-eytophotometrie (PCP) data are 
described. With computer programs based on these models the fractions of eells in GI-, 
S- and (G 2 + M)-phases are obtained. The methods are applied to PCP-measurements of 
Ehrlich aseites tumor cells, human bone marrow eells and L-929-cells in eulture. The results 
of the L-eell experiment are compared with autoradiographie results; for both methods the 
duration of the various phases has been calculated. Two different mathematical models for 
PCP-data evaluation and the autoradiographie method yielded results agreeing within 
statistieal error. The application of the two models on different types of DNA-histograms is 
diseussed: One model is suitable for asynchronous cell populations with a low fraction of 
S-phase eells, the other ean be applied for partially synchronized eells and high S-phase 
fractions as well. 

1. Introduetion 

Determination of cell cycle kinetics is becoming more and more important in 
caneer researeh, medical diagaostics and therapy of malignant tumors [l, 5, 20]. 
The irdtuence of chemieal agents (i.e. eytostatie drugs) as weil as irradiation is 
usually different in the different phases of the cell cycle [18, 19]. For studies of 
these drugs it is therefore useful to know the fraetion of cells in the GI- , S-, G~- an(:[ 
lg-phases [7, i3], especially when trying to apply a phase-specific agent to inerease 
the tumor cell killing effect in therapy. 

Cell proliferation parameters can be obtained by the well-lmowa methods of 
micro-autoradiography [2, i0] and determination of mitotic index. In  the last 
years a new method has been developed: Pulse-eytophotometry [4, 8], whieh is 
rauch fastet than autoradiography. More t,han 1000 cells can be measured per 
second yielding a distribution of DNA-content (DNA-histogram). The DNA- 
histograms contain in£ormation about the fraetion of eells in the different phases. 
To ger quantitative results a mathematical analysis of PCP-data basing on two 
models has been evaluated. The results are compared with those obtained by 
autoradiography [i7]. 

2. Materials and Methods 

Ehrlich ascites tumor cells in vivo, human bone marrow cells and L-929-cells 
in culture were measured using PCP. The technique has heen repoße4 in detail 
previously [6, 8, 9, 17] and is olfly briefly described hefe. The cel]s were fixed with 

* Supported by the Deutsche Forschungsgemeinschaft Bonn-Bad Godesberg. 



32 It. Baisch et al. 

DNA-content/Ce[I 

A 

i 
L 

B I 

A ~ I 

i I 

C ~ L 

I I 

x 1 x 2 x 3 x 4 x 5 

IIIIIIIIIIIGI ms ~G2.M 
Fig. 1. Schematic representation of DNA-histo- 

grams (see text) 

96% ethanol arld treated with RNase and ethidium bromide, a fluorescent dye 
which specifically binds to DNA. The relative DNA content of about t00000 cells 
was measured by PCP, the DNA content being proportional to the channel 
number of a naulti-channel analyzer. The data of each DNA-histogram were 
punched on paper tape for further evaluation. 

3. Mathematical Analysis of PCP-Histograms 
Typical experimental DNA.histograms are showi1 in Figs. 3 and 4. The peak 

at 2C represents the Gl-cells, the peak at 4C the (G 2 + M)-cells. The S-cells appear 
between the peaks according to their intermediate DNA-content. A quantitative 
determmation of fractions of cells in the different phases is complicated by the 
overlapping of S-phase-cells with G 1- and G2-cells. Two mathematical models are 
proposed here to compute fractions of cells in GI-, S- and (G2 + M)-phases. 

Assuming an extremely homogeneous cell population and provided the PCP- 
measurement is absolutely exact, all Gl-cells should appear in orte siagle channel 
of the DNA-histogram (in Fig. i A  at  X~). The (G~ + M)-cells have twice as much 
DNA as Gl-cells and consequently should be measured ir~ one single channel at 
double the G 1 channel (Xa in Fig. l A). The S-phase cells with i~termediate DNA- 
content appear between X 2 and X t. I f  the rate of DNA-synthesis is constant 
during the whole S-phase, the number of cells in all channels should be the same 
in a steady-state culture (see Fig. 4). For exponentially gro~dng eultures the 
age distribution of cells im S-phase is ~ slightly decre~sing function [i2]. 
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Assuming a constant rate of DNA-synthesis the number of cells entering 
S-phase per unit time is increasing with time. This leads to a slowly decreasing 
exponential funetion for the probability distribution of the cellular DNA eontents 
in S as wall. As can be seen from experimental DNA-histograms (Fig. 3), the 
decrease of the eurve in S-phase is very small. Therefore it ean be approximated 
by a parallel to the base line. Thus in Fig. 1 A the S-phase is represented by the 
rectangle between X2 and X 4. In  real experiments there a r e a  couple of error 
sources (dying, optical and eleetronic errors) which lead to deviations in the 
experimental values. Thus, eren  for homogenous cell populations G I- and (G2 + M)- 
phase eells yield more or less broad distributions for the measm'ed DNA-content 
(Fig. 1 ]3). The same is true for S-phase eells, but the histogram is modified only 
at the beginrmig (X2) and the end (X4) of S-phase (Fig. 1 C), in the middle part  
the errors cancel out. So in real experiments G~-phase is overlapping the begirming 
of S-phase in the histogram (Fig. 1 D). As ean easily be seen, the peaks of G1 and 
G2 are no longer at X~ and )£4, respectively, but  both are shifted to the center (X3). 
Measured DNA-histograms look almost exactly like the constructed orte in Fig. 1 D 
(see Fig. 3). So we can take it to explain the mathematical models. 

Model 1 

In cell populations colltaining a relatively small fraction of S-phase cells the 
shift of G 1- and G2-peak is only small. We neglect it and take the measured G 1- 
peak for X2 and the G2-peak for X« Now the number of eells in S-phase is given 
by the area of the reetangle: 

S = N(X~) • ( x~ - -  x~ ) .  

In real experiments statistieal fluctuation has to be eortsidered, therefore it is 
bettet  to replace N(Xa) by a mean value (Ns) of the eell number per chalmel: 

X3+K]2 
N s =  l / (~ ;+  ~) ~ N ( X O .  

In praetiee K is fixed to 4 to i0 depending on the total number of ehannels 
oeeupied by S-phase. 

The number of eells in G1 phase is obtained by subtraeting the area of S from 
the total area under the eurve up to ehannel Xa: 

x: 
G I =  Z [ N ( X d ' A X ] - -  S/2. 

Xi=X1 
In the same way we ger the amount of (G2q- M)-eells: 

X5 
e-2 + ~ = Z [N(Xd • A X ] - -  S/2. 

XI=Xn 

Aeeording to this modal the fraetion of Ga-, S- and (G 2 -b M)-eells is ealeulated 
by a simple computer program from the DNA-histogram data. 

Model 2 

The error of the above approximation is only small, provided the S-phase eell 
fraetion is low and the proliferation is asynehronous. Under the influenee of eyto- 
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Fig. 2. Schematic representatioa of DNA histograms Œnd corresponding fi$-curves. The solid 
line represents the total fit function, broken lines are fit functions for different cell-cycle 
phases: Gl-phase (•), S-phase (I), (G~ + M)-phase (A). Par$ A: DNA-histogram of an 
asynchronous cell population, Part B: DNA-hisLogram of a partially synchronized cell 

population 

static agents or ionizing radiation the cells can become partially symchronized or 
blocked. Treated cell populatiorLs caa eontain considerably higher fractions of ce]ls 
in the S-phase. In  model 2 this has been taker~ into account and this model is more 
accurate regarding the theoretieal consideration. The mathematical model is 
demonstrated by Fig. 2 which shows typical experimental histograms. Par t  A 
shows the schematic drawing of a DNA-histogram from aa asymchronous eell 
population, part  B from a partially syaehronized population, the syr~chronized 
flaction just passing through S-phase. 

Considering the type of errors which lead to deviations of the experimental 
va]ues from the real DNA-eontents we eaa assume that  the Gz- and (G 2 + M)- 
curves are normal distributions : 

GI(X) = C 1 • e x p - -  [ ( X - -  X2)2/(2 a~)],  

G2M(X ) = 6' 2 • exp - -  [ (X--  X~)~/(2 a~)], 

where C~ are coefficients proportioaal to the total number of cells in that  phase 
and al are standard deviations. 

For S-phase cel]s the same type of instrumental dispersion oceurs as for G 1 and 
(G2 + M)-eells. Thus ~t is reasoaable to assume that  the edge of the distribution 
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of DNA contents in S-phase at the G 1 -  S transition may be described by the 
distribution funetion of a normal distribution : 

z 

S (Z) = Cs" S exp [ - - ( X - -  X~)2/(2 «~)] dx .  
0 

The DNA-content of cells whieh havo just eatered S-phase differs only slightly 
from that  of Gl-cells. Therofore, in the above formula the same variance a~ has 
been taken as for the G 1 normal distribution. 

For Z > (X~ q- 2 a) the integral booomes asymptotieally eonstan~. The eoeffi- 
cient Cs whieh is proportional to the number of cells in S is constant only for 
steady-state cell populations. In  exponentially growing cultures the number of 
cells entering S-phase is increasing with time. Thus the coeffieient Cs is a flmetion 
of Z, whieh leads to the slightly decreasing funetion for the distribution of DNA 
eontents of S-phase eells. The same approximation as in m o d e l i  (S-curve parallel 
to base ]inc) is made, giving constant eoeffieient Cs all e re r  the S-phase. New the 
eoefficient Cs ean easily be ealeulatod by fitting the iategral S (Z) to the experi- 
mental values of the histogram for Z just between the G 1 and G 2 peak. The transi- 
tion from S- to G2-phase is principally the same, so we can take the same integral 
and only have to replace X 2 by X 4 and ae by ¢4, respective]y, and to change the 
integration limits. Thus, the S-phase curve has the form shown in Fig. 2A. 

More than 50 DNA-histograms obtained from L-eells havo been ca]oulated to 
test the modol. The "weighted variante" as introduced by Denn and Je t t  [3] was 
eomputed to indieate how woll the data are described by the mathematieal 
function used. The "weighted variance" is the sum of squares of the deviations 
divided by the number of counts (=square  of the statistioal error) and by the 
number of degrees of freedom. I f  the error of the data is exaetly statistieal and 
the function fits the data perfectly the weighted variance would be one. From 
the above-mentioned DNA-histograms the most carefully prepared and measured 
ones were seleeted i.e. these without eell debris and lumped cells [no counts below 
Gl-peak and above (G e q-M)-peak]. For these samples wo ealeulated weighted 
variances between 3 and t2 with an average of about 6. This agrees quite weil 
with the weighted variance of 5 as given by Denn and Je t t  [3], though these 
authors have used a second degree polynomial to fit the S-region. The good 
agreement of the weighted variances shows that  both approximations fit the data 
quite woll. 

In  syaohrouize4 eell populations all eells euter S-phase at the same time. The 
distribution of the cellular DNA contents of S-oells can be assumed to be normal 
as woll as for G 1 and (G~ + M). In  real experiments usually only a partial sym 
ehronization can be aehieved. The more er less heavy contamination of non- 
syaehronous oells fonds to over]apping distributions [i5]. I f  the proportion of 
syachronized oells is high ( >  80 %) the passage of the normal distributed eells 
through the S-phase can be elearly seen in the subsequent histograms [16]. The 
shape of the overlapping distribution of the eontaminating cells depends on the 
method of syaehronization. I t  will be different for agonts synchronizing at different 
positions of the eell cycle. In  our experiment cell cultures were syachronized by 
mechanical selection of mitotic cells [ l t ] .  During the passage of the synehronized 
subpopulation through the S-phase the DNA-histograms are of the type show~ 
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in Fig. 2 B. The peaks at the G i- and (G 2 + M)-positioils derive from the contam- 
inating asynchronous cells. In  this case the distribution of DNA contents of S-cells 
as well as those of G i and (Ga -t- M) can be approximated by a normal distribution 
(see Fig. 2B). When the synchronized fraction reaches Ga-phase the histogram 
again shows only two peaks and model 2 A has to be applied. 

Based on the model described above, a computer program has been developed 
which chooses the proper version (A or B, Fig. 2). Version B is used ff there is a 
peak between the G i- and (Ga + M)-pcak, in all othcr cases version A is applied. 
The mathematical expressions for Gi- , S- and (G~ ÷ M)-phases are added up to a 
total function : 

/(X) = G~(X)+ S(X)+ G~-~~(X). 

This function is fitted to the experimental histogram by the method of least 
squares. From the parameters (Xl, a~, C~) obtained in the fit the fractions of cells 
in Gi-, S- ar~d (G 2 ÷ M)-phases are calculated taking the area under the eor- 
responding curves re]ated to the total area for all phases. 

4. Results and Discussion 

Fig. 3 shows a DNA-histogram obtained from Ehrlich ascites tumor cells in 
logarithmic growth. The cells have been taken from the peritoneal cavity of a 
grown-np mouse 6 days after inoculatiom Determination of fractions of cells in 
the various phases of cell eycle with m o d e l i  resulted in: Gl: 32%, S: 4 t%,  
(Ga + M): 27 %. The fraetion of S-phase cells is relatively high, so the result is 
expected to contain a considerably high systematie error due to the approximation 
made in model I. Another type of DNA-histogram is shown in Fig. 4, whieh was 
obtained from human bone marrow cells from a patient with acute lymphatic 
leukemia. In  the original scale S- and (G a + M)-phase can hardly be seen, therefore 
these phases have been plotted again in an extended seale. Ca]culation with 
model I yielded: Gi: 90.6%, S: 7.7%, (G2+ M): 1.7%. For this type of histo- 
grams model I is the appropriate one according to the above considerations. 

Determination of fraetions of cells in different phases with model t is very 
simp]e. I f  no computer is available, orte can cut the areas of the corresponding 
phases out of the histogram to obtain the results by weighing. But for PCP- 
samples with high fractions of cells m o d e l i  will introduce errors and for partially 
synchronized cell populations it cannot be apphed at all. 

In a previous investigation with L-929 cells in culture [{7] cell cyele param- 
eters obtained with autoradiographic and pulse-cytophotometric methods have 
been eompared. The PCP-data were determined app]ying model I. In  the present 
work we have taken the same data but  calculated the fraetions of cells in the 
different phases using mode! t and model 2. Taking the total length of ce]l cycle 
from cell growth curves we calculated the length of Gi- , S- and (Ga+ M)-phases 
from the fractions of ce]]s in these phases according to the method of Lem~artz 
et al. [t2]. The autoradiographic results have been determined using the labeled 
mitosis method of Quastler and Sherman [i4]. In  Tahle I are given the mean 
values of phase duration with standarderrors of the mean obtained from five experi- 
ments. As can be seen from the Tah]e, numerical values obtained with the two 
different mõdels from PCP-data and with the au$oradiographie methods are almost 
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Fig. 3. Experimcntal DNA-histogram of Ehrlich ascites tumor cells. The abszissa is divided 
in 256 channels of a multi-channel analyzer corresponding to the DNA-content of the cells. 
On the ordinate the number of cells per channel is plotted, 100000 cells have been measured 
in 2 min. The small peak left of 2C originates from leucocytes with known DNA-content 
(6.5 pg/cell), it can be taken as a reference for the determination of the DNA-content of 
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Fig. 4. Experimental DNA-histogram of human bone marrow cells from a patient with acute 
]ymphatic leucemia, 98642 cells measured. On the right-hand part of the histogram the 

ordinate scale has been extended 16-fold (upper curve) 

the same for all phases coasidered. This has been confirme4 by  a stat ist ical  t~st. 
The three m e a n  values did no t  differ significantly from each other a t  the  5 % level 
as performed b y  t-test. Comparing eell eycle parameters  obtainecl by  autoradio- 
graphic and  PCP-methods  it  has to be poin ted  out  t ha t  the n u m b e r  of measured 
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Table "1. Mean duration of phases of cell cycle for L-929-cells (hrs) with standard error of 
the mean (±) 

Phase Autoradiography PCP PCP 
(Model 1) (Model 2) 

G~ 9.8 + 2.7 10.6 ± 0.7 10.8 + 0.7 
S 7.7 + 0.7 8.4 +_ 0.4 9.0 + 0.4 
G 2 + M 5.5 ± 0.6 5.6 _+ 0.4 4.8 _+ 0.2 
Total 23.0 + 3.0 24.6 _+ 1.3 24.6 _+ t.3 

cel]s is some orders of magni tude  higher using the PCP-method.  Hence, the 
reprodueibi l i ty  is considerably be t te t  t h a n  with autoradiography as car~ be seen 
from the corresponding star~dard errors in  Table  1. Thus  the results obta ined by  
PCP ean be assumed to be more exact. 

The mathemat iea l  analysis of PCP-da ta  with the two models yields identieal  
results for as3~chronous eell populations.  For  cell populat ions with high fractions 
of S~phase cells model 2 ha~s to be applied to get reliable results. I n  addit ion,  
errors from imperfect  DNA-histograms,  i.e. strong statistical deviations,  cell debris 
or different cells as leueocytes in  front  of the Gl-peak (see Fig. 3), lumped cells 
appea~äng in  ehannels following (G2+ M)-peak, are e l iminated or rednced by  
applieat ion of model 2. Thus,  pulse-cytophotometry  is a fast and  powerful method  
for de terminat ion  of ee]l cycle parameters  provided an  appropriate  m~themat ica l  
an~lysis is applied. 
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