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SUMMARY

A rapid and reproducible method for the preparation of
autoradiographs from single-cell suspensions of human
tumor cells, including melanoma and lung carcinoma, is
described. Tritiated thymidine of high specific activity (6.0
Ci/mmole) was used so that autoradiographs could be
developed and read at 24 hr after the sample was taken.
Samples were prepared in duplicate, and a Hypaque-Ficoll
density gradient was used to separate viable tumor cells
from dead tumor cells, red blood cells, and tissue debris.
Autoradiographs were prepared from single-cell suspen
sions of the viable tumor cells recovered from each split-
sample fraction. The labeling index percentage (the number
of labeled tumor cells per 100 tumor cells counted) was
determined from the autoradiograph of each sample frac
tion, and the average of the two labeling indices was
considered the labeling index percentage of the sample. The
labeling index percentage was reproducible when compared
with that of the other one-half. A twofold difference
between labeling indices could be declared significant at p
< 0.05. The values obtained for the labeling indices of a
variety of tumors, including melanoma and oat cell carci
noma, were comparable to those reported using other
methods, including in vivo labeling. Our data support
previous observations that the labeling index varies little in
simultaneous biopsy specimens from the same patient, at
least in melanoma. The method described lends itself well to
the serial study of the labeling index as a measure of the
proliferative fraction of tumors obtained from patients with
accessible disease.

INTRODUCTION

The "flash" LI2, or proportion of cells in a population
which incorporates TdR-3H at a point in time, is a
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well-described measure of proliferative activity within bio
logical systems. The LI determination may prove helpful to
the cancer therapist if it can be used as a guide to treatment,
in several respects: (a) to identify rapidly growing tumors
that might be quite sensitive to cell cycle-specific drugs; (b)
to predict which tumors will respond to specific chemother
apy, since a decrease in proliferation after therapy should
take place if tumor regression is to be expected; and (c) to
test whether synchronization or recruitment has been
achieved within a tumor population by drug manipulation.
To serve either of the latter 2 purposes, serial determina
tions of the LI are necessary, requiring multiple tumor
samplings. This factor has limited the clinical application of
the technique, but 2 even greater drawbacks to its successful
application exist: (a) the complicated and tedious nature of
processing tumor specimens and reading autoradiographs
and (b) the length of time required to develop autoradio
graphs.

To make LI determination a procedure of potentially
practical significance in patient care decision-making re
quires a method whereby results can be obtained rapidly and
reproducibly and whereby slides representative of the popu
lation sampled can be read easily. Our purpose in this study
has been to develop such a method.

MATERIALS AND METHODS

Specimens were obtained by excisional biopsy of tumor
nodules (64 samples), aspiration of neoplastic effusions (17
samples), or aspiration of bone marrow involved by tumor
(7 samples). Informed consent was obtained in all cases.
Some patients had received prior chemotherapy, but none
were initially studied less than 3 weeks from completion of
such therapy.

Tumor nodules with weights ranging from 0.2 to 2.0 g
were obtained prior to therapy for Li's from 25 patients

with melanoma, 10 patients with lung carcinoma, and 16
patients with other types of solid tumors. A steel grid was
placed in a Petri dish to which MEM had previously
been added. The tumor sample was placed in the grid,
minced with scissors and forceps, and then broken into
finer particles with a glass stirring rod. The grid was re
moved and the crude tumor cell suspension was trans
ferred from the Petri dish to a conical graduated 15-ml
test tube and centrifuged at 1500 rpm for 10 min. After
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centrifugation, the supernatant was discarded and the
cell pellet was resuspended in fresh MEM to a volume
of 7 ml. (Neoplastic effusions were processed in the same
way except that the procedure began with centrifugation
to obtain a cell pellet, and the effusion fluid, rather than
MEM, was used as a suspending medium. Bone marrow
samples containing tumor cells were processed in the same
manner as effusions.) One ml was removed; from this
sample, the tumor cell count x IO6tumor cells per ml of

sample was determined with the Model B Coulter counter,
and tumor cell viability was determined by the trypan blue
dye exclusion method. The remaining 6 ml were divided into
3-ml fractions, each of which was placed into a 25-ml
Erlenmeyer flask and incubated with TdR-3H (specific

activity, 6 Ci/mmol; sample concentration, 5 /Â¿Ci/mlof
sample) for 1 hr in a 37Â°shaking water bath. Isotope

incorporation was terminated by placing both Erlenmeyer
flasks into an ice bucket for 10 min. A volume of cell
suspension containing at least 0.5 x IO6viable tumor cells

per ml of sample (as determined by trypan blue viability)
was removed from each flask. Each volume of cell suspen
sion was layered onto 3 ml of a Hypaque-Ficoll mixture (1
ml 33.9% Hypaque: 2.4 ml 9% Ficoll, with specific gravity
of 1.080) which had previously been added to 2 Kimax
centrifuge tubes (tube height, 100 mm; inner diameter, 10
mm). Both tubes were centrifuged in a cold centrifuge (4Â°)

at 2500 rpm for 15 min.
The tumor cell suspension was separated into 4 layers by

the Hypaque-Ficoll solution following centrifugation. [The
specific gravities cited are estimates based on previous data
(2)}. The top layer (specific gravity, 1.020) was composed
primarily of MEM and was essentially devoid of cells. A
"buffy" layer composed of cells in high concentration was

formed at the interface (specific gravity, 1.050) between the
top layer and the Hypaque-Ficoll layer (specific gravity,
1.080). The 3rd or Hypaque-Ficoll layer was relatively
acellular and clear. The sediment formed a 4th layer at the
bottom (specific gravity, 1.090).

Each layer was removed with a Pasteur pipet from each
sample half and was transferred to separate test tubes. Cell
counts and trypan blue viability determinations were then
performed on each layer. Appropriate dilutions of the cell
counts of each layer were then made with normal 0.9%
NaCl solution, and slides were prepared from the cell
suspension in each layer for autoradiography. Two-tenths
ml of the diluted cell suspension containing approximately 2
to 8 x IO4 cells/0.2 ml of sample was added to a

cytocentrifuge cup and centrifuged for 5 min at 1000 rpm.
After a drying time of at least 4 hr the cytocentrifuge-

prepared slides were dipped 10 times in each of 2 staining
dishes containing 5% cold trichloroacetic acid, then 5 times
in a staining dish containing methyl alcohol. The slides were
removed from the methyl alcohol and allowed to dry at
room temperature for at least 30 min.

The slides were then dipped in Kodak NTB-2 emulsion,
exposed for 24 hr in a light-tight box, developed with D-19
developer, and fixed with Kodak general purpose fixer.
After they were dry, the slides were stained with May-Griin-
wald-Giemsa. A total of 200 tumor cells were counted on a
slide from each one-half of the sample for the buffy layer, or

400 cells/sample. Slides from the Hypaque-Ficoll layer and
the sediment were prepared in all patients, and similar
counts from these layers for LI determination were made
whenever possible. Background counts for the autoradio-
graphs were always less than 5 grains/cell nucleus. Cells
were considered labeled if 8 or more grains were seen over
the nucleus.

In reading the autoradiographs, an object was counted as
a cell only when an obvious, intact nucleus and cytoplasm
could be discerned. Smudges and naked nuclei were not
counted.

Statistical Considerations. The differences between the
Li's of the buffy layers for halves of the same sample were

determined as a measure of the error inherent in the
experimental method. Since the variation between duplicate
readings was larger for higher Li's than for lower ones, it
was necessary to take logarithms of the Li's (actually,

logarithms of the LI plus 1, to avoid the problem of a 0
argument), and comparisons between Li's are thus ex

pressed as a ratio. The estimated variance of the log counts
for halves of a split sample was 0.01 as determined from an
analysis of variance based on the data generated for 102
samples, all read by the same observer (R. Livingston).
Thus, the standard deviation of the logarithms of the ratio
of 2 Li's is approximately 0.141. A statistically significant

ratio (p < 0.05) is, therefore, any ratio greater than or equal
to 1.9, and one may expect with this degree of certainty that
split sample halves will vary in their LI by less than a factor
of 1.9.

Chemicals and Commercial Suppliers. Chemicals were
obtained from the following suppliers: TdR-3H (specific

activity, 6 Ci/mmole) (Schwarz/Mann, Orangeburg, N.
Y.); Hypaque (Winthrop Laboratories, New York, N. Y.);
Ficoll (M.W., 400,000: Pharmacia Fine Chemicals, Pis-
cataway, N. J.); MEM (Grand Island Biological Co.,
Santa Clara, Calif.); trypan blue dye (Grand Island Biologi
cal Co.); Die developer (Eastman Kodak Co., Rochester, N.
Y.); NTB2 nuclear track emulsion (Eastman Kodak); gen
eral purpose fixer (Eastman Kodak); May-Griinwald (Cur-
tin Scientific Co., Houston, Texas); and Giemsa (Curtin
Scientific Co.).

RESULTS

Trypan blue viability was determined before and after
separation on the Hypaque-Ficoll gradient system for
tumor cells in the buffy layer on 51 solid tumor specimens.
The results are shown in Table 1. The median viability was
22% before and 86% after separation, with a median
increment of 64%. Additional viability determinations were
performed on the Hypaque-Ficoll layer in 7 patients: the
mean value was 41% for the Hypaque-Ficoll compared to
80% for the buffy layer for the same 7 patients. For 5 of
these patients, viability determinations were performed on
the sediment, and these showed a mean value of 12%. In 15
neoplastic effusions, the mean trypan blue viability before
gradient separation was 89% (median, 95%). After separa
tion of effusion specimens on the gradient, effusion cells in
the buffy layer also had a mean viability of 89%.

The relative recovery of viable cells in each layer was
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estimated by multiplying the percentage viability for tumor
cells times the total number of cells recovered in that layer.
In 35 of 37 specimens, most of the viable tumor cells were
recovered in the buffy layer, and in 33 of 37, more than
two-thirds of the viable tumor cells were in the buffy layer.
Recovery in the buffy layer plus the sediment always
accounted for more than 95% of the viable cells. Both
patients in whom most of the viable cells were recovered in
the sediment had lymphoma.

Li's were performed on the buffy layer versus the
Hypaque-Ficoll layer in 10 specimens, and on the buffy
layer versus the sediment in 28 specimens. The mean and
median values for the Hypaque-Ficoll layer did not differ
significantly from those for the buffy layer; in the sediment,
they were not significantly different in 16, significantly
lower in 11, and significantly higher in 1 (a patient with
lymphoma). Had smudges and naked nuclei been counted,
the LI values in the sediment would have been even lower,
since this debris from presumably dead or dying cells was
always concentrated in this layer. Because of their tendency
to clump, red cells were recovered almost entirely from the
sediment layer. Polymorphonuclear leukocytes also were
primarily found in the sediment, due to their high density.

The results (obtained from the buffy layer) for the flash
LI in melanoma, determined by this method, are compared
in Table 2 to those obtained by a variety of other methods
(10-12, 16-18). The median LI value of the tumor cells for
all of the other methods was 3.6% (range, 0 to 23%). This
value is comparable to the median LI of 3.3% (range, 0.5 to
12%) in our series of patients with melanoma.

Table 3 compares the results for flash Li's in lung cancer

obtained by Dr. F. Muggia (personal communication) using
the method of intralesional injection of TdR-3H, followed

by needle aspiration or tumor biopsy, to those obtained by
the present method. The similarity in the results obtained by

Table 1
Trypan blue viability (solid tumor specimens)

% viability

the 2 techniques is again apparent, as is the distinct
difference in LI between small cell (oat cell) carcinoma and
the other histological types of lung cancer.

DISCUSSION

DNA synthesis in tumor tissue can be quantitated by
determination of the proportion of cells that incorporate
TdR-3H, a radioactively labeled specific presursor of DNA.

When determined at a given point in time, such as 1hr after
incubation in vitro, the fraction of cells that have incorpo
rated isotope per a given number counted is termed the LI%
(percentage of cells labeled).

There are 4 previously described general methods
whereby the LI% has been determined for human solid
tumors: (a) systemic injection of TdR-3H and subsequent

preparation of autoradiographs from biopsied material (1,
3, 5, 7-9); (b) local injection of TdR-3H into a tumor

nodule, followed by biopsy (19) or needle aspiration (18)
and preparation of the material obtained for autoradiog i-
phy; (c) in vitro determination of the uptake of TdR-3H into

tissue slices made from biopsied material, (13) and (d) in
vitro determination of TdR-3H uptake into cell suspensions

prepared by mincing of surgical specimens (4).
Unfortunately, the practical application of current

methods for obtaining the LI% in human solid tumors is
limited by a variety of technical difficulties.

One difficulty, relevant to clinical application, is charac-

Table 3

Flash Ll% in lung cancer (pretreatment)

Median Mean Range

PregradientPostgradientIncrementNo.

of samples228664278457515-7548

10020-89

InvestigatorM

uggiaCell

typeSmall

cell, 12 samples (range,
7.2-23.8)

Adenoca, 5 samples (range,
2,6 4.9)

Epidermoid, 6 samples (range,
0.9 9.8)1Mean15

3.6

3.6.1%Median16.7

3

2.5

Livingston Small cell, 5 samples (range, 23.6 24
19 30)

Adenoca, 2 samples (values, 3, 3.0
3)

Epidermoid, 3 samples (range, 3.4 3.4
3.3-4.0)

Table 2

Flash LI% in melanoma (pretreatment)

InvestigatorsTerz

etal.Muggia
andDeVitaWolberg
andBrownShirakawaeia/.Titus

andShorterSky-PeckAll

aboveLivingston
et al.MethodIn

vivo, systemicTdR-3HIn
vivo, localTdR-'HIn
vitro, tissue slices (24hr)In
vivo, systemicTdR-3HIn

vitro, tissueslicesIn
vitro, tissueslicesAll

aboveIn
vitroâ€”¿�cell suspension(withgradient

separation)No.

studied1124131225MedianLl%23.080.5553.32.03.63.3Range0-230.5-12.0
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teristic of all the methods mentioned, namely, a delay of 1to
8 weeks or more for exposure to autoradiographs before the
LI data is available. With in vivo methods, long exposure
time is impossible to circumvent, as shortening the time of
exposure must involve an increase in the dose of radiation
emitter. With an in vitro method with flash exposure such as
this, it is possible to circumvent this problem simply by
using a higher specific activity of TdR-3H to shorten

necessary exposure time. Observations from our laboratory
(J. S. Hart et al., unpublished data) show a peak in LI after
24 hr of exposure to emulsion when the dose of TdR-3H of

specific activity 6.0 Ci/mmole is 5 //Ci/ml sample: LI
values at 1,3, and 6 weeks are not significantly different for
a given sample, although the mean grain counts are, of
course, higher.

A 2nd problem inherent to methods that involve the
determination of LI% by counting the number of cells in
cross-sections cut through different areas of a tumor is lack
of specificity among authors as to site within the tumor of
the LI% determination. It is known that the LI% in areas of
relative hypoxia, often characteristic of the center of a
tumor, is lower than the LI% in well-oxygenated areas near
blood vessels (6). As an extreme example, it is possible that
information derived only from a cross-section cut through
the margin of a tumor nodule might give very different
results from the same analysis of a cut taken through a
different area. Of course, this problem is minimized by
counting as great a number of sections as possible, cut from
one edge of the tumor to the other. But this necessitates
counting thousands of cells, rendering application to large
numbers of samples impractical for most laboratories.

Other technical problems are specific to the methods
used. From the standpoint of obtaining information most
nearly directly, in vivo systemic injection of TdR-3H

LI in Solid Tumors

approaches the ideal. However, the time required for
development of autoradiographs, expense involved, and
radiation risk to the patient make its large-scale use
impractical, especially for serial studies.

Local injection of TdR-3H into a tumor nodule, with

subsequent biopsy or needle aspiration, obviates the need
for a high dose of radiation emitter and is much less
expensive. However, there is at least a potential problem of
less than uniform exposure of cells to TdR-3H as a result of

nonhomogeneous tissue penetration, and needle aspiration
is not always successful. Also, the method cannot be applied
to the study of neoplastic effusions.

The study of viable tissue slices incubated with TdR-3H

presents the same problems of possible unequal tissue
penetration by the isotope and potential sampling error as a
result of examining a limited number of sections. Prepara
tion of a cell suspension from the tumor specimen as a whole
was originally described by Coons et al. (4) as an alternative
approach to autoradiography of human tumors, and it
possesses several major advantages: (a) the sampling error is
minimized, since all portions of the tumor are equally well
represented; (b) the cells are uniformly and consistently
exposed to isotope; and (r) the counting of a monocellular
layer of clearly defined individual cells is technically much
easier than counting sections. Our method is a modification
of the cell suspension technique in which exposure time has
been shortened and the Hypaque-Ficoll gradient system has
been added to obtain a purified suspension of viable tumor
cells.

The Hypaque-Ficoll gradient system, originally developed
by Boyum (2) and described by him for isolation of
mononuclear cells from the other formed elements of blood,
has in the past found application principally in immunologi-
cai investigations. However, our results indicate that the

Table 4
Variation in LI for simultaneous biopsies in human tumors

InvestigatorsShirakawa

elal.Livingston

et al.MethodInvivoJdR-'H/nv/voTdR-3H/nv/voTdR-3HPresentPresentPresentPresentSize

oftumor(cm)0.15

xO.I20.3
xO.I70.18
xO.130.2x0.120.04

x0.053x40.04

x0.042x3(g)0.70.50.250.30.60.31.50.4LI%4.56.16.23.849.3"59.5"70.2"68.2Â°(periphery)45.0Â°(center)2.52.500.811.013.03.24.5PatientC.B.T.

J.M.S.L.

M.J.

Z.R.M.N.M."

" The tumors were obtained 4 days after a 10-day intermittent TdR-3H injection in Patient T. J.
and on the last day of a 20-day continuous infusion in Patient M.S.

* Biopsies taken 20 days apart, without intervening therapy.
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method is equally applicable to separation of most of the
viable tumor cells (together with the lymphocyte and
macrophage population of a sample) from red cells, dead
tumor cells, and tissue debris. This facilitates reading of the
autoradiograph even further, and defines the denominator
for the LI clearly as a population of viable cells.

These conclusions seem justified at present: (a) LI
determinations by this method are rapid, relatively simple,
reflect a denominator of primarily viable cells, and are
closely reproducible within split-sample halves, and (b)
results in melanoma and in lung cancer appear to be
comparable to those obtained by other methods, including
in vivo.

It has been suggested that a decrease in LI% precedes
clinical response and that either no change or an increase is
correlated with subsequent failure of the therapeutic modal
ity used (6, 12). To draw any conclusion from such serial
studies involves a critical assumption that the LI% of human
tumors does not vary widely from one sampled metastatic
site to another. If such variation exists, then significant
differences over time might be accounted for by inherent
biological variability relating to sample site, rather than
perturbations of kinetic behavior induced by therapy. In
Table 4, we have summarized the available data from
studies in man which bears on this point. In 3 patients
studied by Shirakawa et al. (11) and 4 patients that we
studied, with multiple biopsies, it appears that the variation
within the LI% from one sample site to another is within the
limits of error one might expect from replicate halves of the
same sample. This relative uniformity was observed despite
a tremendous variation in the size of nodules studied by
Shirakawa et al. in which small portions of larger nodules
were compared (in 2 patients) with very small nodules
sampled in their entirety.

Although the available data are not conclusive, it there
fore seems likely that more than 2-fold changes in Ll% over
time may reflect therapy effect. Clinically, the most impor
tant consideration is, of course, whether such changes in fact
predict subsequent clinical response. Such correlative stud
ies are currently underway in our laboratory.
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