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Summary

Data are presented (both previously published and new)
which suggest that, as tumors of animals increase in size, the
growth fraction (GF) of the viable tumor cells that are in the
cell division cycle decreases. As the GF decreases, sensitivity to
antimetabolite drugs decreases. Significant reduction of a large
(>108) viable tumor cell population is followed by an increase

in GF and increased sensitivity to antimetabolite drugs.
Based on these concepts, a rational chemotherapeutic

approach to treatment of malignant disease involving
sequential therapy with highly reactive and cell cycle-non
specific agents (e.g., alkylating agents) followed by cell
cycle-specific anticancer agents (e.g., antimetabolites) is
suggested.

Introduction

The "cure" of clinically recognizable solid tumors of animals

with single-drug therapy has rarely been accomplished, being
limited to Cytoxan "cure" of advanced transplanted
plasmacytoma in hamsters (3) and actinomycin D "cure" of

advanced transplanted Ridgway osteogenic sarcoma in mice
(15). Similar examples in man are also limited to significant
"cures" of choriocarcinoma with Methotrexate (4) and some
"cures" of Burkitt's lymphoma with Methotrexate (11) or

Cytoxan (1, 2). In view of the large number of different
malignant diseases of animals, including man, I consider it to
be likely that these few examples of drug "cures" are the

exceptions proving the rule that single-drug curative therapy of
most tumors will not be achieved easily, if at all, with
currently available drugs. Finding new drugs with greater
selective cytotoxicity for tumor cells over vital normal cells
could change this situation, but in the meantime, attempting
to improve effective cancer chemotherapy with currently
available drugs appears to be clearly indicated. How can we use
observed tumor cell population kinetics in planning chemo
therapeutic "cure" of clinically recognized tumors?

'The original work reported herein, carried out at the Southern

Research Institute, was supported by Contracts PH43-65-594 and
National Cancer Institute, NIH, and by Grant T-lll from the
American Cancer Society.

2 Kettering-Meyer Laboratories, affiliated with Sloan-Kettering

Institute.

Growth Dynamics of Solid Tumors

The growth of transplantable or spontaneous solid tumors in
animals is characterized by a progressively longer mass
doubling time (DT) as the tumor increases in size. While the
DT is increasing, the mean generation time (Tc) of the cells
actually in the cell division cycle remains essentially constant
(8). These points are illustrated in Chart 1. The increasing DT
must be due to (a) a progressively increasing proportion of the
viable cell population (those capable of unlimited cell division)
going into a nonproliferative state or (Z>)to a progressively
increasing cell loss from the tumor by exfoliation, metastasis,
and/or cell death (18, 19). The tumor-mass curve in Chart 1
was fitted with the Gompertz equation, which mathematically
states that tumor growth is at every instant exponential but
with a growth constant that is simultaneously decreasing
exponentially. Other transplantable and spontaneous rodent
tumors with which the Gompertz function describes observed
tumor growth are listed in Table 1.
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Chart 1. The average rate of growth of Adenocarcinoma 755 (Ca 755)
in mice in relation to the average generation time (Tc) of the dividing
tumor cells labeled -by a pulse exposure to tritiated thymidine. The

calculated growth fractions ignore cell loss and may be much too low
for tumors in excess of 1 gm.

A. (O)Theoretical growth curve based on observed TC'S of dividing Ca

755 cells in small, medium, and large tumors.
B. (+) The average rates of tumor growth observed in 100 animals

following implant of tumor fragments (approx. 25 mg) by trochar.
The line through the observed data and the extrapolation ( )
represent a best-fit Gompertz function as determined by least squares.
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Table 1

Southern Research Institute

Mouse Hamster

Ca755
SalSO
Lewis lung
Ehrlich carcinoma
C3H mammary

Melanotic melanoma 1
Plasmacytoma 1

Reported by Laird (6, 7) and McCredie et al. (9)

Mouse Rat Rabbit

KrebsEhrlichMQM6C3HEDDBA

lymphomaEUE0771Osteo

sarcomaC3H
mammary0Walker

256:W26blW12a7W10a6W10b4R39

Sarcoma:R3a7R4C4a7R3Brown-Pearce(B18a5)

Flexner-Jobling

Tumors for which the Gompertz function adequately describes
growth over the experimentally measurable range.

"A similar analysis with a different growth function has been reported
by Mendelsohn (10).

There is a very active current dialogue concerning the
contribution of cell loss to the observed progressive asymptote
of these plotted tumor-mass curves. That cell loss occurs is

patently obvious, but, in my opinion, it is of little importance
to the chemotherapist. Since only dividing cells contribute to
increase in tumor mass, the chemotherapist is concerned only
with viable cells which retain proliferative integrity. It seems
unlikely that the asymptote of the tumor-mass curve observed
with most solid tumors is due to a high growth fraction (GF)3

superimposed on a high tumor cell death rate. If this were
true, we should see marked tumor cell kill and resulting mass
regression following treatment with one or more of the many
cell cycle-specific (CCS) antimetabolite drugs as well as with
the cell cycle-nonspecific (CCNS) agents, e.g., alkylating
agents. Generally speaking, advanced tumors with a long DT
are responsive only to CCNS agents and not to CCS agents,
suggesting a low GF of the viable cells. A number of different

The term "growth fraction" (GF) means different things to different
people. For this discussion, "growth fraction" is defined as the fraction

of the total viable tumor cell population actually in the active cell
division cycle (Gj, S, Gj, or M). The viable tumor cell population is
defined as those cells in the active cell division cycle plus those
currently static (Go) but retaining the potential for resuming active cell
division under any circumstances.

human tumors with DT from 6.5 to 23 days have been
reported to have labeled thymidine indices of less that 7%
(18), and the thymidine indices have been observed to
decrease significantly with a number of transplantable rodent
tumors [Adenocarcinoma 755 (Ca 755) in mice, Leukemia
L1210 (L1210) in vitro and Plasmacytoma 1 (Pia 1) in
hamsters] as the DT increases (8) [L. Simpson-Herren,
personal communication]. In addition, some tumor cells that
are very sensitive to antimetabolite drugs while growing
exponentially are significantly or totally insensitive to these
same agents when in the nondividing, but viable, state (12,
14).
We attempted to determine whether we could change the DT

of Sarcoma 180 (Sa 180) and Ca 755 by transplanting tumors
showing progressively increasing DT. Results of two such
experiments are shown in Charts 2 and 3. Donor tumors were
taken at 4-20 days postimplant, and tumor pieces of equal size
were implanted subcutaneously into groups of 10 normal
recipients. The tumor growth in the recipients was plotted,
along with tumor growth in the donors. Tumor growth curves
were plotted in relation to the time of implant of the donors
to avoid having a series of superimposed curves. It is clear that
with each tumor we produced a family of essentially identical
growth curves, irrespective of the DT of the donor tumor at
the time of transplant. These observations allow the interpre
tation, but do not objectively establish as fact, that as the total
tumor mass is decreased, the GF increases. This can have great
importance to chemotherapy. If advanced tumors with long
DT and relative insensitivity to CCS agents acquire a shorter
DT due to an increased GF as the tumor mass is decreased by
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Chart 2. Observed growth curves and computea mass doubling times
of Sarcoma 180 (Sa 180) implanted subcutaneously in Swiss mice. The
sublines (e.g., A , B C , D , E ) were taken at 2-day intervals after the
donor tumors were grossly apparent (Day 4) until the donor tumor
growth curve was essentially asymptotic (Day 12). The growth curves
are best-fit Gompertz functions as determined by least squares.
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Chart 3. Observed growth curves and computed mass doubling times
of Adenocarcinoma755 (Ca 755)implanted subcutaneously in BDFj
mice. The sublines (e.g., A', B', G', D', E', F', G') were taken at 2-day

intervals after the donor tumors were grossly apparent (Day 8) until the
donor tumor growth curve was essentially asymptotic (Day 20). The
growth curves are best-fit Gompertz functions as determined by least

squares.

partially effective surgical or radiologie treatment or CCNS
drug therapy, then the promise of upgrading CCS drug
response following temporarily effective treatment with CCNS
agents appears likely.

Theroretically, drug treatment of an advanced tumor with a
long DT and a low GF should be initiated with a high dose of a
CCNS agent to obtain maximum decrease in the total viable
tumor cell population at the start of therapy. This should
result in an increase in the GF of the surviving viable tumor
cell population and an increase in sensitivity to one or more
CCS agents as drug-killed tumor cells undergo lysis and

rÃ©sorption,and the other factors which may decrease the GF
are removed.

We put this idea to experimental test with the Cytoxan-
sensitive Pia 1 in hamsters (Chart 4). When 1-0-D-arabino-
furanosylcytosine (ara-C) was given on optimal dose and
schedule starting 7 days postimplant (Plot B), essentially no
tumor cell kill was seen. Howe ver, when a 3-41ogi 0 cell kill by
Cytoxan therapy (Plot C) was obtained on Day 2 postimplant,
and then the same dose of ara-C on the same schedule was
given beginning on Day 7 postimplant (Plots Dj, D2, and 03),
a 50 to >97% cell kill per course of ara-C was obtained, and
53% of the animals were long-term survivors presumed to be
"cured" [D. P. Griswold, personal communication]. We

interpret these readily reproducible observations to indicate

15 20 25 30 35 40 45 50 55 6O
Days After Tumor Implantation

Chart. 4. Graphic idealization of the response of Plasmacytoma (Pia
1) in hamsters to treatment with l-(3-D-arabinofuranosylcytosine (ara-C)

with and without previous tumor cell kill by Cytoxan.

Similar experimental results have been obtained with
advanced Ca 755 in mice (8, 13). A cumulative mortality ptot
of BDFi mice implanted with Ca 755 and treated sequentially
with Cytoxan followed by 6-mercaptopurine (6-MP) in
repeated courses is shown in Chart 5. The tumors of the
treated animals were between 400 and 500 mg on Day 7
postimplant when therapy was started. Each group of animals
contained 10 tumor-bearing mice. A single dose of Cytoxan or
a single course of 6-MP resulted in about 100% increase in
median life span but no survivors. A single course of Cytoxan
followed by 6-MP gave a 40% total tumor regression and
"cure." Two, three, and four courses of Cytoxan followed by

6-MP therapy gave essentially 100% total tumor regression and
"cure." Two mice (one treated with two courses and one

treated with three courses) developed a 6-MP-resistant tumor.
However, 28 of 30 mice (two, three, and four courses of
therapy) showed complete tumor regression by the 48th
postimplant day, and all remained tumor free. Similarly
"cured" animals reimplanted with Ca 755 all developed fatal

tumors indistinguishable in size and time to host death from
previously unexposed control mice, indicating that the
observed total and permanent tumor regressions were indeed
"cures" (13). Treatment of similar tumor-bearing mice with

Cytoxan or 6-MP alone, but on the same schedule and up to
LDi o or slightly greater doses, failed to "cure."

The following conclusions are not, in my opinion,
inconsistent with the tumor growth data from the published
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Chart 5. Cumulative mortality in mice bearing advanced
Adenocarcinoma 755 (Ca 755) (mean tumor weight 500 mg Â±100 mg)
treated with one or more nonlethal courses of sequential therapy with
Cytoxan followed by 6-mercaptopurine (6-MP).

reports referred to and with the experimental data presented
above.

(a) As solid tumors grow, the GF of the viable cells appears
to decrease and the sensitivity of the total viable cell
population to antimetabolite anticancer agents appears to
decrease. If this be true, then the generally observed poor
response of clinically recognized tumors to antimetabolite
drugs should be predictable and anticipated.

(b) As tumor mass is significantly reduced by surgical,
radiologie, or drug treatment, the GF of the remaining viable
tumor cell population rises. The extent of the rise in GF is
dependent upon the percent reduction of tumor cells by
partially effective therapy and the temporal aspects of tumor
mass reduction by lysis and rÃ©sorption.

(c) These observations are consistent with the idealized
therapeutic approach to drug treatment of advanced (clinically
recognized) tumors of experimental animals or of man,
illustrated in Chart 6.

Proposed Approach to "Curative" Sequential Chemotherapy

(Chart 6)

1. Assume 100 gm of tumor in one or more sites at the time
of clinical detection. With few exceptions, the GF of the viable
cells will be low (<10%). Response to CCS agents should be
low since only those in actual cell division cycle will be
sensitive. All viable tumor cells will be vulnerable to kill by
CCNS agents, and, therefore, CCNS agents are indicated for
first treatment. Since no known anticancer agent has shown
selective logi o kill for tumor cells over vital normal cells in

man or animals of >7 logio, the likely requirement for
sequential treatment for "cure" is apparent. Treat with a

CCNS agent giving a tumor cell kill of ^2 log! 0 (line A).
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-^ Normal cell recovery time from
__2log kill dose of CCNS agent
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Chart 6. Idealized approach to curative therapy of advanced tumors
using a cell cycle-nonspecific (CCNS) agent (e.g., alkylating agent)
followed by a cell cycle-specific "(CCS) agent (e.g., antimetabolite) in

repeated courses.

2. The billion tumor cells surviving therapy (line A) resume
growth with little, if any, lag (12, 16) (line B). If the dose of
CCNS agent (line A) cannot be given again before the tumor
cells surviving Une A treatment repopulate the tumor, and if
the repopulation time (line B) equals the normal cell recovery
time from the CCNS agent, "cure" with sequential treat

ment with this CCNS agent is clearly impossible. How
ever, during the recovery time from the CCNS agent, only
those viable tumor cells that are in division cycle will
repopulate the tumor. To hold the viable tumor cell popula
tion static during the normal cell recovery time, only
one-half of the dividing tumor cells must be killed. A CCS
agent is clearly indicated for this purpose since (a) dividing
cells are killed by CCS agents, (b) possibly only a fraction of
the LDj o dose will be needed to kill one-half of the dividing
tumor cells, and (c) the biochemical toxicity mechanism of
the CCNS and CCS agents may be different and, therefore,
neither additive nor potentiating.
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In using CCS agents, optimal scheduling based on known cell
cycle stage dependence of the CCS agent should be caretully
considered (17).

Quite obviously there may have to be a delay in starting the
CCS agent since toxicity to the vital normal cells of the patient
must control all drugs and schedules. Assume success in
holding the viable tumor cell population static with a CCS
agent (line C) during the normal cell recovery time from the
drug dose used in line A.

3. Now the CCNS agent can be repeated to give another 2
log, o tumor cell kill (line D). The CCS agent is repeated (again
after required delay to avoid additive or potentiating toxicity).
By now the viable tumor cell population has been reduced
99.99% (to IO7), and we can hopefully expect an increased

GF and greater sensitivity to the CCS agent (line E) (see Charts
1â€”4).We may even expect a net loss in viable tumor cells
during this course of relatively nontoxic CCS agent therapy,
which is again given during the normal cell recovery period
from the CCNS agent.

4. The CCNS agent is again repeated to yield another 2 log, 0
tumor cell kill (line F). By now the total viable tumor cell
population is so low that the GF is likely to be very high, and
significant log kill of viable tumor cells by the CCS agent may
be expected (line G).

5. "Cure" may be obtained by a final treatment with the

CCNS agent (line H) or by abandoning CCNS treatment and
continuing CCS treatment (line I) to kill the last viable tumor
cell.

This proposed therapeutic approach can doubtless be
seriously attacked by many. Despite my critics, I think we are
near the point at which we must try to derive some practical
understanding from our diverse (and often, to this time,
empirical) experimental and clinical observations in cancer
chemotherapy. I believe we are recognizing biologic principles
that may be broadly applied in developing more useful
programs of drug treatment of metastatic solid tumors of man.
I believe the principles and concepts illustrated in Chart 6
apply to the drug "cure" of some animal tumors (Charts 4, 5).

Similarly, this therapeutic approach appears to be similar to
the improved combination chemotherapy of acute lymphatic
leukemia in man with CCS agents (with or without additional
CCNS agents) following remission induction (5 logio
reduction in leukemia cells) by prednisone plus vincristine as
reported by Holland (5).
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