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ABsTrRACT The cytokinetics of subcutaneous metas-
tases in five patients with melanoma was studied.
Multiple simultaneous biopsies following pulse labeling
with tritiated thymidine were performed in one patient.
There was relatively uniform labeling and mitotic indices
among these. Within the individual tumors, there was
some variation in the labeling index with small clusters
of tumor cells having significantly higher labeling in-
dices than more sparsely infiltrating tumor cells. Repeti-
tive biopsies following pulse labeling were performed
in two patients. The per cent labeled mitosis curves were
similar in the two patients. By computer analysis a me-
dian Ga period of 5.3 hr and an S period of 21 hr were
obtained. The generation time (T.) was highly variable
with a median of 3 days. This T. was consistent with that
calculated from grain count studies in these patients.
Two patients received either intermittent or continuous
tritiated thymidine over a 10-20 day period. Analysis
of the labeling index curve by computer fitting indicated
a growth fraction of 20-309,. The growth fraction cal-
culated by other indirect methods was consistent with
the computer analysis. The potential tumor doubling
time as calculated from the T. and growth fraction was
much shorter than the actual doubling time indicating
that cell loss was approximately 70% of the rate of cell
production.

INTRODUCTION

Since the introduction of tritiated thymidine (TdR-*H),
a precursor specific for DNA and highly suitable for
autoradiography (1), cytokinetic research of experi-
mental tumors and human leukemia has developed rap-
idly. However, studies of human solid tumors have been
limited (2-9).
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In addition to fundamental knowledge concerning
tumor growth such studies provide important informa-
tion for therapeutic trials. Anti-tumor agents may be
divided into those that affect proliferating cells exclu-
sively, and those which affect both proliferating and
nonproliferating cells (10, 11). Thus, the choice of
agents or combination of agents, the duration of admin-
istration, the interval between courses (scheduling), the
total duration of treatment, and the interpretation of the
magnitude and duration of response should ideally be
predicted on the basis of cytokinetic information with
respect to the tumor as well as normal rapidly prolifer-
ating tissues (12, 13). Therapeutic approaches based on
cytokinetic information have improved the therapeutic
index of anti-tumor agents in experimental systems (14,
15). Human metastatic melanoma is ideally suited for
cytokinetic studies because: (a) metastatic nodules com-
monly occur in the subcutaneous tissue and can be
readily biopsied, and (b) such tumors are medullary,
that is, they have a high proportion of neoplastic cells
in the stroma.

The present study describes the proliferative behavior
of tumor cells in five patients with disseminated mela-
noma who had multiple small subcutaneous melanoma
metastases. The cell cycle times, the phases of the
mitotic cycle, the growth fraction, and the rate of cell
loss were determined.

METHODS

Five patients with multiple subcutaneous metastatic mela-
noma were selected. The cytokinetic studies were performed
immediately before treatment with the new agent dimethyl-
imidazole carboxamide triazeno which has produced objec-
tive response in 25% of patients with metastatic melanoma
(16). The nature and purpose of the study was discussed
with the patients and informed consent was obtained.

The first patient, C. B., a 66 yr old female, was given a
single injection of 8.5 mCi of methyl-thymidine-*H, SA 15.5
Ci/mmole (Schwartz Bioresearch Inc., Orangeburg, N. Y.).
The second patient, L. L., a 70 yr old female, and the third
patient, E. H., a 37 yr old male, were given 10 mCi of
TdR-*H intravenously. The fourth patient, T. J., a 77 yr old
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male, was given 3 mCi intravenously every 24 hr for 10 days
with a total dose of 30 mCi. The fifth patient, M. S., a 49
yr old female, received 3 mCi/24 hr by continuous intra-
venous infusion for 20 days (total dose 60 mCi).* After the
injection of TdR-’H, tissue specimens were obtained by
excisional biopsy from small subcutaneous metastatic lesions.
For lesions greater than 1 cm in diameter tumor was ob-
tained by aspiration biopsy employing a special needle.
Autoradiography. The specimens were fixed with 6%
formaldehyde in 0.1 M phosphate buffer (pH 7.4) with 8%
sucrose, embedded in paraffin, and sectioned at 5 u. For
radioautography, the slides were mounted with Kodak AR10
films by the stripping technique (17). The mounted slides
were exposed for either 3045 days after pulse labeling or
2-3 months after intermittent and continuous labeling at 4°C

*The use of the isotope in patients in this study was
approved by the Isotope Committee of the University of
Texas M. D. Anderson Hospital and Tumor Institute under
license from the Department of Public Health, State of
Texas.

in light-tight boxes containing Drierite (W. A. Hammond
Co., Xenia, Ohio). The slides were developed in Kodak
D19 Developer at 18°C, fixed in Kodak acid fixer, and
stained with hematoxylin-eosin stains. From each paraffin
block at least 10 slides were prepared. The labeling index,
grain counts, mitotic index, and labeled mitoses were deter-
mined on only those cells which could be recognized as
neoplastic with reasonable certainty. The average back-
ground was less than one grain per cell nucleus, and a label-
ing criterion of three grains per cell was adopted. For
each tumor area (Fig. 1) 1000-2000 melanoma cells were
evaluated for labeling index, mitotic index, grain count, and
per cent labeled mitoses. For each tumor (Table I) 6000-
13,000 cells were analyzed.

Determination of DNA specific activity. DNA was iso-
lated from about 30 to 50 mg of fresh tumor specimens
by the modified Schmidt-Thannhauser procedure (18). The
DNA content was measured by the modified Dische’s method
(19). The specific activity of DNA was expressed as dis-
integration per minute (dpm) at 100% efficiency per ug
DNA.

TaBLE I
Proliferation Activity of Melanoma and Benign Nevus (Patient C. B.)

Size of No. of cells Labeling Mean grain Mitotic Labeled
Samples tumor examined index counts index mitoses
(mm)* % % %
Melanomat A 1.5 X 1.2 6,320 4.47 32.6 0.43 63
B 3.0 X 1.7 13,438 6.11 341 0.59 59
C 1.8 X 1.3 9,135 6.22 42.3 0.59 62
D 2.0 X 1.2 8,015 3.83 31.9 0.49 54
Benign nevus E 1.5 X 0.7 4,934 0.34 9.7 0.08 —

* Estimated from cross section.

t A, C, and D; intensely melanotic, B; slightly melanotic.
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RESULTS

Proliferative activity of different metastatic lesions
and benign mevus. In patient C. B., four metastatic
melanomatous lesions and one benign nevus were biop-
sied from different cutaneous sites 12 hr after pulse
labeling in order to determine the variation in prolifera-
tive behavior. One of these tumors (B in Table I) is
presented schematically in Fig. 1. In this lesion and in
the other metastases, the labeling indices in different
areas ranged from 3 to 129. Nests of melanoma cells
had a higher labeling index (6.0-12.09%) than the infil-
trating areas (2.5-4.29). The mitotic index paralleled
the labeling index. The mean grain count was less
variable, but also tended to vary with the labeling index.

The parameters of cellular proliferative activity for
these tumors are presented in Table I. Although there
was some variance of proliferative activity in different
histological sites within a given metastatic lesion, the
over-all variation in labeling index among the tumors
was small (3.83-6.22%). There was no difference be-
tween the intensely melanotic and the relatively amela-
notic lesion. The benign nevus had a much lower label-
ing index (0.34%).

Average duration of cell cycle as measured by labeled
mitosis curve and grain count halving. Since the kinetic
behavior of small tumors within a given patient did not
vary greatly, serial biopsies of small lesions were per-
formed in two patients (L. L. and E. H.) after pulse
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Ficure 3 Cytokinetic studies in patient E. H. after pulse labeling with TdR-*H.

labeling. Cell kinetic analyses were performed by the
labeled mitosis technique (20-22) and by grain count
halving (6, 21, 23). The percentage of labeled mitoses
was plotted against time after a single injection of
TdR-*H (Figs. 2 and 3). The time at which 509, of
mitoses were labeled gives an approximate estimate of
the mean duration of the premitotic phase (Tez). The
mean duration of DNA synthesis (Ts) can likewise be
approximated by the time between the 509, labeled
mitosis on the ascending and descending portions of the
curve, Using this method, the Te: was about 5 hr in the
case of L. L. and 6 hr in the case of E. H., and Ts was
about 20 hr in the case of L. L. and 24 hr in the case of
E. H. However, the labeled mitoses results are not sig-
nificantly different for the two patients, and a single
curve was computed to both sets of data by the method
of Barrett (24). This method allows calculation of the
mean phase durations and their standard deviations, and

computes the probable distribution of cell-cycle times.
This data is shown in Fig. 4; the median T. was about
3 days, and varied considerably.

The grain count usually decreases exponentially with
time and the grain count half-time has been employed to
measure the T. for relatively homogeneous populations
of cells, all of which are in the proliferating pool (6,
21, 23). The' mean grain counts per cell were plotted in
the semilogarithmic scale against time (Figs. 2 and 3).
There were two components in the grain count curve.
In the initial component the grain count decreased
rapidly because the half-time of the first division is equal
to the duration of S or a portion thereof plus G: plus the
moles per liter (6, 21). The first component had the half
decay of about 1-1.5 days which is quite close to aver-
age duration of T. plus Te.. The second component of
the curve had a half-time of 7 days for patient L. L. and
9 days for patient E. H. There was good agreement
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between the half times as determined from the upper
109, and upper 209, and from all of the labeled cells
(see Discussion for interpretation).

The sequential labeling index and mitotic index, for
patients L. L. and E. H. are also presented in Figs. 2
and 3. The labeling index increased during the first 24
hr as the cells labeled during the S period proceeded

TdR->H 3mCi x 10 Injections

Vil oyl

through division. It remained constant for the next 4-8
days suggesting equilibrium between labeled and non-
labeled cells. After 5-9 days, the labeling index de-
creased as the grain counts were diluted below the
threshold level. In both patients, the mitotic index did
not change, indicating that the samples obtained from
different lesions had a reasonably similar proliferative
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TABLE

II

Influence of Previous Biopsy and Size of Tumor on Proliferative Activity of Melanoma Cells

Patient Size of tumor Site in tumor Labeling index Mitotic index
% %

T.]J. 0.4 X 0.5 mm — 49.3 +3.4 0.75 +0.12
3 X4cm Adjacent to 59.5 +£8.2 1.10 +0.46

previous biopsy

Intact areas

Periphery 48.1 £7.9 0.72 £0.31
Center 32.1 +£4.8 0.36 +0.16
M. S. 0.4 X 0.4 mm — 70.2 +4.4 0.48 +0.08
2 X3cm Periphery 68.2 8.4 0.51 +0.16
Center 45.0 9.6 0.38 +0.22

The tumors were obtained 4 days after a 10 day intermittent tritiated thymidine injection in
patient T. J. and on the last day of a 20 day continuous infusion in patient M. S. Each value
represents the mean =sbD of three determinations.

activity and that the doses of TdR-*H used did not cause
radiation injury sufficient to alter the cytokinetics.

Intermittent and continuous labeling. The fourth pa-
tient, T. J., was given 3 mCi every 24 hr for 10 days.
Serial biopsies of small subcutaneous metastases were
performed at the intervals listed. The labeling index
increased linearly for 8 days, the rate of increase de-
creased between the 8th and 10th days, and thereafter,
leveled off (Fig. 5). However, the rate of increase in
per cent labeled mitoses was relatively slow indicating
that the interval between TdR-*H injections was too
long and allowed unlabeled cells to enter mitosis.

The fifth patient, M. S, received TdR-*H by continu-
ous intravenous infusion at a dose of 3 mCi/24 hr for 20
days (Fig. 6). The labeling index increased to 709
by the 9th day and then increased more slowly. The per
cent labeled mitoses increased rapidly reaching 75%
after 1 day and greater than 909, after the 3rd day.
After termination of continuous labeling the labeled
mitoses decreased considerably while the total per cent
labeled cells did not change. The mean grain count in-
creased twofold over the 20 day labeling period. The
mitotic index remained constant within a range of 0.35—
0.53. After termination of continuous labeling, the mean
grain count decreased exponentially with a half-time of
6.5 days (Fig. 5).

The above data was obtained from small (<1 cm
diameter) subcutaneous tumors., On the last day of
TdR-"H infusion in patients T. J. and M. S. a larger
tumor was also excised (Table II). These had labeling
indices at the periphery similar to the simultaneously
biopsied smaller tumor. The labeling index in the central
areas of the larger tumors was less. There was no
microscopic evidence of necrosis.

Decay of DNA specific activity. After TAR-*H label-
ing, the DNA specific activity (dpm/sg DNA) was
measured serially on the samples obtained from three
patients, L. L., E. H.,, and M. S. When the specific
activities (dpm/ug DNA) were normalized by setting
the initial highest value at 1009, and plotted against time
in a semilogarithmic scale, the DNA specific activity
decreased exponentially with the half-decay time of
8-10 days (Fig. 7).

DISCUSSION

Our initial studies were designed to determine the varia-
bility of the proliferative activity of melanoma metas-
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tases within the same patient. Such variables included
the character of the infiltrate, the size of the lesion, the
center as compared to the periphery of the lesion, degree
of melanotic pigmentation, and the effect of previous
biopsies. The labeling index in different parts of small
subcutaneous metastases varied from 3 to 129, (Fig. 1).
In general, the small nests of tumor cells had higher
labeling indices than the diffusely infiltrating tumor
cells. These latter areas showed variable round cell
chronic inflammatory infiltration. Thus, the lower pro-
liferative activity may reflect host-defense mechanisms.
It has been demonstrated in experimental systems that
immune response to a tumor will restrain its prolifera-
tive activity (25, 26). In spite of the variation in the
labeling index and mitotic index within different areas
of small tumors, the labeling index and mitotic index of
pooled random areas within small tumors in the same
patient did not show a large variation (Table I). Such
reproducibility is also apparent in the sequential biopsy
studies. Most of the biopsies were performed on small
subcutaneous tissues (less than 1 cm in diameter). Two
simultaneous excisional biopsies of a large and small
tumor were performed on two patients (T. J. and M. S.)
who had continuous or intermittent labeling (Table IT).
In each instance, the labeling index and mitotic index
in the center of the tumor was one-third less than at the
periphery of the tumor. In neither instance was there
morphologic evidence for necrosis in the center of the
tumor. The periphery of the large tumors had labeling
and mitotic indices comparable to those of small tumors.
Frindel, Malaise, and Tubiana have observed that
biopsy of a large tumor may not affect the labeling
index of subsequent biopsies on the opposite site of the
tumor in a labeled mitosis study (8). One of our
patients (T. J.) had an excisional biopsy of a large
tumor 10 days after a needle biopsy (Table II). The
labeling and mitotic indices in areas immediately adja-
cent to the previous biopsy were slightly higher than
in a remote peripheral area of the tumor.

In patient C. B., where four small tumors were biop-
sied simultaneously after pulse labeling, three were in-
tensely melanotic and one was minimally melanotic by
gross and microscopic study. In spite of this, there was
no significant difference in proliferative activity. This
does not accord with the evidence that amelanotic lesions
are more “malignant” in terms of clinical behavior (27).

Since at least within small tumors, the proliferative
activity did not vary greatly within the same patient,
serial biopsies were performed with pulse labeling and
continuous labeling in patients with multiple small sub-
cutaneous lesions in an effort to define the proliferative
characteristics of the disease.

The per cent labeled mitosis curve following pulse
labeling in patients L. L. and E. H. is plotted in Fig. 4.
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The data were subjected to computer analysis (Fig. 4)
and the median and standard deviation of the T and
Tez determined (24). The value for Te: (median 5.3 hr)
is similar to that reported for human epidermoid car-
cinoma cells in serous effusions and in skin tumors
(6, 8). The T. period (median 21 hr) is somewhat
longer than has been observed or assumed from most
previous clinical studies (2-5, 8, 9). It is consistent with
observations on neoplastic cells in serous effusions in
man (6). The median Tea period (T. less Ts + Te2) was
46 hr. Since there was considerably greater variability
in the Te than in the Ts or Te: (Fig. 7), it is apparent
that this calculated Te: is highly variable and accounts
for most of the variability in the T..

Generation time (T.). The generation time (T.)
is important in projecting chemotherapy studies and for
use in calculating other cytokinetic parameters. Unfor-
tunately, approaches to determining the T. involve in-
direction and assumptions. Therefore, we attempted to
determine the T. utilizing several techniques.

(@) Analysis of the per cent labeled mitosis curves
failed to reveal evidence for a second wave of labeled
mitoses. By computer fitting to the per cent labeled
mitosis curve, a generation time of 3 days with a wide
variability was found (Fig. 7) (24). This technique for
determining the T. is probably the most accurate and
least subject to bias in heterogeneous cell populations.

(b) The decrease in grain count per labeled cell after
pulse labeling was exponential, and the half-time was
7-9 days in patients L. L. and E. H. (Figs. 2 and 3).
In a relatively homogeneous population of cells, all of
which are proliferating, the grain count half-time would
be a precise measurement of T.. However, if there are
variations in cell cycle time, if cells enter a non-
proliferating compartment, or if there is loss of cells
below a labeling threshold, the grain count half-time
overestimates the T.. This may be shown as follows.

Let n cells be labeled by a single injection of tritiated
thymidine, and let their mean grain count be 2 g. Any
cell loss is assumed to be random. If the durations of
the S and Gephases (Ts, T:) are relatively constant,
all of the labeled cells will have divided in time Ta + T
and the mean grain count will be g. This initial com-
ponent of the grain-halving curve is clearly seen in
Figs. 2 and 3, and is consistent with T.+ T:=1.0-1.5
days.

Of the n new cells produced at the first postlabeling
division n X GF must reenter cycle if the growth fraction
(GF) is to remain constant (28). Thus there are:
n(1+ GF) labeled cells reentering cycle (n X GF new
cells, and n cells to replace those that entered mitosis) ;
and n(1— GF) labeled cells that leave cycle.

Let T. be the median cell cycle time. At time
t= T.+ 3 Ts + T, after labeling, half of the cells of

S. Shirakawa, J. K. Luce, 1. Tannock, and E. Frei III



population (A) will have reentered mitosis. At this
time there will be

2 X 3 n(1 4+ GF) cells with mean grain count 1 g
(population A, binary fission)

4 n(1 + GF) cells with mean grain count g
(population A, not yet divided)

n(1 — GF) cells with mean grain count g
(population B)

Thus, the mean grain count at this time is:

3 1+ GF) +3(1+ GF) + (1 — GF)
(1+ GF) +3 (1 + GF) + (1 — GF)

which is equal to

4
&S+ GF

Thus, the grain halving curve has a second component

. 4 .
which would decrease by a factor ST GF in time
Te — 1 T,. If the GF is small (approximately 209,) as
it is here, the T, for patient L. L. (Fig. 2) is about
3.0 days and for patient E. -H. (Fig. 3) about 4.0 days.

It has been pointed out that loss of labeled cells below
a labeling threshold (29) can also lead to an over-
estimate of T., and that a correction to the grain-halving
curve should be applied. However, loss of labeled cells
below a labeling threshold did not occur until at least
4 days after thymidine injection in patient L. L. (Fig. 2)
or until 8 days in patient E. H. (Fig. 3). This effect
should therefore lead to only small errors in the present
estimates of T..

(c¢) The increase in grain count during continuous
administration of TdR-*H (Figs. 5 and 6) would pro-

vide a technique for determining the T. in homogeneous’

cell systems. However, the variability in T., the low
GF and the considerable cell loss (see below) preclude
interpretation of grain count increase.

(d) With continuous or intermittent tritiated thymi-
dine administration, there occurs a linear increase in the
labeling index for 8-9 days following which the per cent
labeled cells leveled off. This break in the curve with
continuous infusion of tritiated thymidine probably rep-
resented the maximum T.. The computer technique was
employed to determine the set of kinetic factors which
would fit most closely the labeling index with continuous
labeling (29) (Fig. 5). It was found that an assumed
uniform T. of 9 days and a growth fraction (GF) of
409, fit the curve reasonably well but is inappropriate
since the T. is known to be highly variable. A 3 day
generation time with wide variability as determined
above by the per cent labeled mitosis curve and a GF
of 20-309, also fit the observed labeling index curve

and is consistent with the T. as calculated from the
labeled mitosis curve.

It is concluded that the median T. is 3—4 days with
considerable variability.

Growth fraction. (a) If 1009, of the cells were pro-
liferating, the expected labeling index after pulse labeling
would equal A T./T. where N is a factor close to one
(28). The growth fraction may be obtained by compar-
ing this expected labeling index with that measured ex-
perimentally. Thus, the growth fraction is approximately

LI r LT X T". Using this formula, the growth

T/T. T
fractions for L. L. and E. H. were estimated to be 219,
and 159, respectively.

(b) A more sensitive extension of the above method
of measuring growth fraction involves intermittent or
continuous labeling with tritiated thymidine. This was
done in patients T. J. and M. S. (Figs. 5 and 6). Since
the intermittent labeling at 24-hr intervals probably did
not label all cells which entered the S-phase in patient
T. J. it was not employed in determining growth frac-
tion. For patient M. S., the method of Steel, Adams,
and Barrett (28) was used. Theoretical continuous
labeling curves were derived for various values of
growth fraction by assuming the distributions of phase
times corresponding to the computed labeled mitoses
curve of Fig. 4. An acceptable fit to the data was
obtained for a growth fraction of 209, (Fig. 6).

(¢) The growth fraction may also be determined
from the ratio of per cent labeled cells to per cent
labeled mitoses at 4-5 days after pulse labeling (30, 31).
This ratio was 459, for patient L. L. and 359, for
patient E. H. However, this ratio is an overestimate of
the growth fraction in a growing cell population, and a
correction should be made for movement of cells from
proliferating to nonproliferating compartments as de-
scribed by Mendelsohn (31). Unfortunately, insufficient
data were obtained in the present study to apply an
exact correction. Moreover the corrected values would
probably not be inconsistent with those determined by
the above methods.

Thus, the growth fraction for these relatively small
tumors (less than 1 cm in diameter), is approximately
20-309. There is evidence from experimental in vivo
studies of solid tumors that the growth fraction is less
in the center of large tumors. Our observation that the
labeling index is lower in the center of large tumors
than at the periphery of such tumors or in smaller
tumors is consistent with this observation (Table II).

The distinction between the nonproliferating cells and
cells with long generation times may be arbitrary. While
some of the nonproliferating cells are end stage, many
are probably capable of reentering the proliferatvie pool.
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Thus, in human acute leukemia small “resting” leukemia
cells are capable of reverting to the proliferative state
(32). In experimental systems nonproliferating tumor
cells may be clonogenic. Also, in experimental systems,
the growth fraction tends to decrease as the tumor size
increases (33). Conversely, as a tumor is reduced in size
by treatment the growth fraction may increase, that is,
nonproliferating cells may reenter the proliferating pool.

Cell loss. It has been observed for animal and human
tumors that the generation time and the growth fraction
frequently results in a calculated or potential tumor
volume doubling time (DT5) which is much shorter than
the actual volume doubling time (DT.) (8, 34). To
explain this discrepancy, Steel has proposed cell loss
(CL) by exfoliation, metastases, or cell death (34). If
cell loss is assumed to be random with respect to the cell
cycle, it may be calculated as a fraction of the rate of

entry of cells into mitosis from the following equations
(34).

@ cL=1-2T
DT.

() DT, = T, _ log2
log (1 + GF)

As determined above the T. is about 3 days and the GF
about 209,. Therefore, the DT, is about 12 days. The
actual doubling time in our patients was impossible to
determine because of the small size of the tumors and
because the patients were not observed for a long time
period in the untreated state. Sequential studies of the
volume change of pulmonary metastases in patients with
melanoma have indicated volume doubling times of 2-16
wk with a median of 6 wk (27). So calculated, the rate
of cell loss expressed as a fraction of the rate at which
cells are added to the population by mitosis is 70%.
Thus, cell loss is a significant factor in determining
growth rate in these relatively small tumors. In experi-
mental solid tumors, the rate of cell loss increases as the
tumor size increases (33, 35).

Did the g-irradiation alter the cytogenetics? The cal-
culated maximum dose to the nucleus of the melanoma
cells in our patients was 15 rad (36). The fact that there
was no change in the mitotic index after tritiated thymi-
dine (Figs. 2, 4, and 5) would suggest that this amount
of B-irradiation did not alter the cytokinetics of the
tumor cells. The only slight and equivocal evidence that
radiation may have altered the cytokinetics in this study
was the grain count half-time which was slightly lower
in the more heavily labeled cells (Figs. 2 and 3).
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