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Numerous different approaches have
been taken to measure tumor cell Kinetics.
Many of the studies are directed at relating
the susceptibility of the cells in cycle with
the effectiveness of chemotherapy (1-5) or
irradiation (6). Mathematical approaches
not requiring cell cycle kinetic information
to aid in the design of combination anti-
cancer treatments are being developed as
well (7). In the development of a relevant
model, there are two major problems that
must be overcome: (i) The growth of the
tumor must be measured in a quantitative
fashion in vivo in individual animals so that
an accurate mathematical description of the
growth can be derived; and (ii) The real cell
cycle states of the tumor cell population at
each stage of growth in vivo must be deter-
mined. If mathematical equations can be
developed to describe the actual time re-
lated course of the growth of murine os-
teosarcoma (OS) in vivo and if the equa-
tions can be experimentally related to the
real cell cycle kinetics taking place in the
body, the model will be exceedingly useful
for multiple modality treatment studies.
Such equations can provide hypothetical
information on the stage of growth of the
tumor, i.e., whether maximum growth rate
will be reached or the time when maximum
tumor burden will take place in an indi-
vidual, and also information on the dis-
tribution of the cells in the various states
(Gy, G, S, G,, and M) in the population at
each stage of growth of the tumor. A
murine OS has been used to investigate the
first part of this problem. The purpose of
the study has been to establish equations
describing the natural growth of the murine
osteosarcoma.
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Materials and methods. Determination of
viable tumor cell numbers and total alkaline
phosphatase (AP) levels in the circulation
of tumor bearing mice was made in 6-
week-old C,H/Hel] mice (Jackson Labora-
tory, Bar Harbor, Maine) which were
injected with 0.1 ml of 1 x 108 viable os-
teosarcoma cells subcutaneously. At differ-
ent times during tumor growth (between the
13th and the 25th day), groups of three ani-
mals were sacrificed and the number of via-
ble tumor cells per gram of tumor was mea-
sured for each mouse individually. Tumor
was excised from the subcutaneous site of
each animal. Any tumor nodules found in
the lungs were carefully dissected free and
combined with the subcutaneous tissue.
The tumor mass was weighed, cut into
small pieces, and dispersed with 10 ml
0.1% Pronase (EM Laboratories, Inc.,
Elmford, N.Y.) in tissue culture media (TC)
199 for 10 min at room temperature. The
suspension was allowed to settle; the su-
pernatant containing single cells was col-
lected and centrifuged; then the cells were
washed in TC 199 with 10% FCS. Pronase
dispersion of the tumor cell mince was re-
peated twice more. The weight of undi-
gested tumor and connective tissue was
subtracted from that of the original tumor to
give the weight of tumor cells released by
enzyme digestion. The total number of via-
ble tumor cells released was determined by
cell counts and the representative number
of tumor cells per gram tissue was estab-
lished.

The total AP activity per mouse was
made by measuring the activity in the
plasma. Plasma (0.5 to 5.0 ul) from each
animal was added to 1.0 ml p-nitrophenyl
phosphate disodium salt (1.0 mg/ml) in sub-
strate buffer (0.05 M Na,CO; and 0.05 M
MgCl,; pH 9.8) and incubated at 37°C for 30
min. The reaction was stopped with the ad-
dition of 0.1 ml 1 N NaOH. The increase in
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absorbence with time is linear up to ap-
proximately 1 optical density unit. A con-
trol containing 5.0 ul plasma in 1.0 ml sub-
strate buffer was run simultaneously. The
samples were read at 400 nm in a Zeiss
spectrophotometer. The total blood volume
of the animal was calculated by multiplying
the weight of the animal x 5.5 ml/100 g (8).
Using the hematocrit value and the blood
volume, the total circulating plasma AP per
mouse in OD units was determined. The
optical density units can be converted to
the international units/1 by multiplying with
a factor 3.6 x 1073,

In a different experiment, five mice were
injected sc with 1 x 108 OS tumor cells. The
animals were monitored every 5 days for
tumor growth by caliper measurements of
the tumor’s largest diameter and by deter-
mination of alkaline phosphatase levels in
the plasma. Five control animals were also
bled and tested individually to establish
background levels of plasma AP per mouse.
Background levels ranged between 34.3
and 68.5 optical density units in 106
individual test bleedings.

Results. The quantitative relationship
between total number of viable tumor cells
and total AP activity per mouse for 17 indi-
vidual determinations (each point repre-
sents a single animal) is shown in Fig. 1. A
linear relationship was observed between
the number of viable tumor cells that could
be recovered from the animal’s body and
the In AP. A least square regression line
through the experimental points provided
the following equation C = a« + y In A
where o = intercept, y = slope, and A =
total AP/mouse. With this equation, C, the
tumor cell number could be estimated from
AP determinations. The intercept was
—483.5 x 108 (SE; 19.5 x 10%; P < 0.0001)
and the slope was 124.3 x 10°® (SE; 3.71 X
105; P < 0.0001). The regression equation
accounted for 98.7% of the total variation of
the experiment.

In the second experiment, AP, a tumor-
associated enzyme marker, was monitored
in an attempt to estimate the in vivo tumor
burden of C3H mice. Mice were injected sc
with OS cells on Day 0. All animals were
monitored for AP activity at intervals of §
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FiG. 1. Plot of the total alkaline phosphatase OD
units/mouse versus the total number of viable tumor
cells isolated from the animal. C = —483.5 x 10¢ +
124.3 x 10° In A.

days for the first 35 days of the experiment.
For each mouse, the AP values increased
with the enlargement of sc tumor as mea-
sured by calipers (Tables I and II).

Using the experimentally derived equa-
tion C = —483 + 124 1n A, tumor cell num-
bers were estimated for each mouse (Table
II1). This average tumor cell number and
the average AP level plotted against time
showed an initial slow growth period which
may be due to a lag period of growth of the
transplanted neoplasm, a high turnover of
AP, or the slow synthesis of AP as cells
were divided more slowly. After 10 days,
there was a period of relatively rapid
growth of tumor up to 25 days, followed by
a slowing down of tumor growth. The aver-
age tumor cell numbers, tumor size mea-
surement by caliper, and AP levels in-
creased with time giving a sigmoidal curve.

The equation relating viable tumor num-
bers and AP was derived

C=a+vyInA 1]

Equation [1] suggests a plausible family
of hypotheses in terms of the following
bivariate system of differential equations.

€ = dC()idr = y,¢(C.Ar),  [2a]
A = dAW/dt = yASCA,), [2b]

where y, and vy, are proportionally con-
stants, v,/v, = v, and ¢(C,A,?) is a function
of C, A, and ¢.

If the tumor growth in mice is assumed to
follow the logistic growth law, i.e., #(C,A,t)
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TABLE 1. TIME-RELATED INCREASE OF ALKALINE PHOSPHATASE LEVELS IN INDIVIDUAL MICE WITH
SUBCUTANEOUS IMPLANT OF OSTEOSARCOMA

Units of alkaline phosphatase/mouse,” Days

Mouse
No. 5 10 15 20 25 30 35 43
1 63.8 49.6 144.0 438.6 926.0 1823.0 1577.0 1982.0
2 50.0 65.9 126.9 429.1 968.0 1039.0 b
3 73.4 64.2 117.2 3343 1116.0 1292.0 2035.8 2827.0
4 58.8 65.3 123.6 478.9 1430.7 1718.0 b
) 65.1 67.9 136.0 372.4 1016.6 1147.0 1054.9 1490.0

“ Mice were bled on the days reported and the plasma was assayed for the alkaline phosphatase activity as de-

scribed under Materials and Methods.
® Mouse was dead prior to the assay date.

= C(B-C) and y, = 46/B% in [2a] and [2b]
then they become

dC(t)/dt = 48C(B-C)IB?, [3a]
dA@)/dt = y,AC(B-C) = v,B2AC/48, [3b]

where 8 = maximum size of tumor, and § =
maximum rate of tumor growth. The solu-
tion of [3a] and [3b] for the growth of tumor
and alkaline phosphatase level is

C@) = B/(1+exp(-48(t—1)/B)) (4]

and
A(t) = A, explk)/(1+exp(—kyt+ks)), [5]

where 8 = maximum size of tumor; 8 =
maximum rate of tumor growth; 7 = time at
which the tumor was half grown, and also
the time at which the growth rate was at
maximum; and A, = a constant. Equation 4
described the time-dependent increase of
OS cells [C(t)]. Equation 5 described the
time-dependent increase of AP [A(t)] in
tumor-bearing animals. To define the tumor
growth equations for the OS model, certain
constants occurred in the growth curve and

must be estimated. From these experi-
ments, these were: 8, maximum tumor size,
=430.33 x 10%; §, maximum rate of tumor
growth, =31.229 x 10% cells/day; and, 7,
time at which the tumor was at half its
size and also the time at which the growth
rate of the tumor is at its maximum, =18.3
days. For the time-dependent increase of
AP, the background level of AP was given
as A(,) = 56.37 for these experiments.
The essential constants to define the curve
were calculated and were: A, = 56.37;
k, = 3.33, k, = 0.326, and k; = 6.08.
The two equations define the entire course
of growth of the neoplasm in vivo.

The experimental results for number of
tumor cells versus time was compared with
the calculated expected results using the
above equations with the substituted con-
stants (Fig. 2). Similarly, the time-depen-
dent change of the experimentally deter-
mined AP activity was compared with the
expected activity, using the experimentally
derived constants (Fig. 3). As may be seen
for both figures, the equations expressed

TABLE II. TIME-RELATED GROWTH OF TUMOR SI1ZE OF INDIVIDUAL MICE BEARING
SUBCUTANEOUS IMPLANT OF OSTEOSARCOMA

Tumor size (mm), Days

Mouse
No. 10 15 20 25 30 35 43
1 2.86 5.75 8.42 11.95 12.98 14.15 18.00
2 3.14 5.76 10.23 11.97 13.67 a
3 3.03 5.55 9.02 12.03 12.82 13.50 17.78
4 4.11 8.03 9.22 11.21 14.32 a
5 4.50 6.90 9.37 11.92 13.37 14.51 17.00

? Mouse was dead prior to the assay date.
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TABLE 1II. TotAL NUMBER OF TUMOR CELLS PER
MoOUSE POST-TRANSPLANTATION

Tumor cells/mouse x 10%,% Days

No. 5 10 15 20 25 30 35

1 32 133 271 364 448 430
2 2 36 117 268 369 378 ¢
3 49 33 107 237 387 405 461
4 22 35 114 282 417 440 ¢
5 35 40 126 251 375 390 380

“ Calculated with equationC = @ + y In A, where C
is the number of tumor cells x 10, o and y are con-
stants, and A is alkaline phosphatase units per mouse.

® Mouse was dead prior to the assay date.

the entire course of tumor growth and AP
activity with time. The experimental points
for both tumor cell numbers and AP showed
good fit with R? = 0.9972 and R? = 0.9991,
respectively.

Discussion. Computer simulation models
of complex biological systems, are rapidly
being recognized as valid and necessary
tools in research (9—12). Until recently,
utilization of the modeling capabilities of
computers in cancer research has resulted
in two relatively separate areas of devel-
opment: (i) probabilistic models to simulate
active cell growth based on discrete cell
cycle phases and times (13—15); and (ii)
continuous system models that describe
cell growth in general or in terms of
mathematical equations (1, 16—18).

Our investigations apply quantitative
techniques to measure the growth of a
murine OS tumor. The experimental mea-
surement of tumor growth led to the for-
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F1G. 2. Plot of total number of tumor cells/mouse x
10~® versus days. Experimentally obtained values (@),
tumor cell numbers obtained with the Eq. 4 (O).
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(A) and calculated values using Eq. 5 (O).

mulation of equations which describe the
entire natural growth of the tumor. The
equations allow one to predict the AP or
numbers of tumor cells for an animal with
OS for any time interval based on a few AP
measurements. While these relationships
have been clearly established by these
studies, the description by the equations of
growth cannot reflect the events of a true
biological model. In the biological model,
all dividing cells follow a cyclic pattern
which includes mitosis, G,, S, G,, and G,
phases. Nevertheless, the mathematical
definition of the growth of the tumor in vivo
is the first step required for developing a
kinetic model in which the actual numbers
of tumor cells growing in vivo can be related
to the numbers of cells in the different
phases of the cell cycle.

In this study, individual mice given 1 X
10® tumor cells sc have been monitored for
increased tumor size by caliper mea-
surements and elevated AP levels with
time. From AP measurements, the number
of viable tumor cells in individual animals
have been calculated for any instant of
time, using an experimentally derived time
independent equation, C = a + y In A.

Every measure of tumor growth applied
(average tumor cell numbers, tumor size
measurements by caliper and AP levels
over time) has shown the growth curve as
sigmoidal. The equations describing the
growth of the murine OS have depended on
assessing specific experimental growth
constants. These have been defined as 3,
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maximum tumor size; §, maximum rate of
tumor growth; and 7, time at which the
tumor is at half its size and also when the
growth rate is maximum. While the equa-
tions have given an accurate measure of the
increase in the number of cells in vivo with
time, the cell cycle kinetics at each stage of
the murine OS growth remains to be estab-
lished by flow cytometry measurements
(19, 20). The present equations however
permit: (i) calculation for tumor cell num-
bers in individual animals at any instant of
time based on experimental AP mea-
surements and (ii) predictions to be made of
the course of growth of the neoplasm.

The model gives the natural course of
growth and is useful in predicting certain
tumor growth parameters, AP or cell num-
bers, in a mouse with osteosarcoma. Po-
tentially, with only two or three mea-
surements of the AP levels in an individual
mouse, irrespective of when or how many
tumor cells were injected, we can locate the
stage of growth of the tumor on the ex-
pected growth curve and its presumed
course of growth. We can determine
whether maximum growth rate has been
reached or when it may be reached, and
estimate the interval to maximum tumor
burden and death. The predictive aspect of
the OS growth model will be extremely
useful if it can also be applied to the growth
of metastasized lung tumors after the pri-
mary tumor has been removed. This area is
currently being investigated.

Summary. Experimental methods and
mathematical relationships were devised
based on quantitative estimation of number
of in vivo osteosarcoma cells and alkaline
phosphatase levels from individual animals
during the natural course of growth of the
tumor implant. A least square regression
plot of the experimental values gave the
equation C = o + y In A where o = inter-
cept, v = slope, A = total alkaline
phosphatase/mouse, and C = the number of
tumor cells/mouse. The average tumor cell
number and the increase in alkaline phos-
phatase are time-related events and were
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expressed by two equations which then
permitted estimation of the growth of the
murine osteosarcoma before the event had
taken place.
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