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circulation and their relative propensity to form metastases.
Consequently, the 1st objective of this study is to quantify
the size distribution of clumps of tumor cells in the effluent
blood and to evaluate the effect of factors that may modu
late the clump distribution. These factors include time,
trauma, and ablation of the primary tumor. An additional
objective of this study is the verification of the hypothesis
that a given number of tumor cells in clump form are of
greater potential in the production of metastases than are a
similar number of single tumor cells. This has been accom
plished by study of the pulmonary metastases resulting
from a single i.v. infusion of tumor cells of known concen
tration and clump size distribution.

One further objective is the evaluation of the relative
importance of local or intratumor factors in the formation of
clumps of tumor cells. This has been accomplished by
comparison of the vessel size distribution within the tumor
and with the size of clumps present in the venous effluent of
the primary tumor. One of the possible determinants of
clump size may be vessel size within the primary tumor,
since a tumor cell clump must pass the vascular plexus in
order to enter the systemic circulation. By comparing the
distribution of sizes of the tumor clumps and vessels, some
indication of the importance of local formation of clumps
may be gathered.

MATERIALS AND METHODS

Tumor-Host System. The transplantable T241 fibrosar
coma C57BL mouse system was chosen because it exhibits
rapid hematogenous spread and a reproducible pattern of
growth and development (6, 12). As described previously
(6), the tumor is transplanted in 30-mg aliquots into the
murine femoral muscle.

Effluent Tumor Cell Clumps. The rate of entry and size
distribution of tumor cell clumps in the local tumor venous
effluent is studied as described previously (6). In this
method the circulation to the tumor is isolated and perfused
at controlled pressure via the iliofemoral vessels. The per
fusate is a cell-free oxygenated nutrient medium at 37Â°(6). A
quantity of 20 ml of venous effluent is collected and passed
through a Nuclepore filter (8 @mpore size). Cytological
elements retained on the filter are quantitated. Tumor cells
are identified by size and nuclear to cytoplasmic ratio (6).
The tumor cell clumps are counted and placed in the follow
ing size categories: single cells, clumps of 2 to 3 cells, 4 to 5
cells, 6 to 7 cells, and 8 or more cells.

Identification of Perfused Tumor Vessels. Tumors are
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SUMMARY

The relationship between the size distribution of vessels
in an implanted tumor, the size distribution of tumor cell
clumps collected in the venous effluent of the tumor, and
the development of pulmonary metastases have been stud
ied. The purpose is to evaluate the importance of clumps
and their site of formation in the metastatic process. The
results demonstrate a negative exponential character for
both the size distribution of effluent tumor clumps and the
tumor vessel population. Tumor trauma or massage in
creases total tumor cells and clumps released into the ef
fluent. Serial amputation demonstrates that tumor cells are
continuously being released on a day-by-day basis in vivo. A
linear relationship exists between the proportion of vessels
with diameters large enough to pass a tumor clump of a
given size and the proportion of clumps of that size within
the venous effluent. Injection of tumor cells in clumps of 6
to 7 cells produces a significantly greater number of meta
static foci than does a similar number of single tumor cells;
larger clumps produce significantly more metastatic foci
than do smaller clumps matched for the number of cells.
These studies verify the significance of tumor clumps in the
metastatic process. It is suggested that tumor cell clumps
arise locally within the vascular bed of the tumor.

INTRODUCTION

The concentration and size distribution of tumor cell
clumps that enter the circulation play a significant role in
the hematogenous metastatic process (2, 4, 7, 11). Our
previous studies (6) have indicated that tumor cell clumps
are a reproducible finding in the venous effluent of a trans
planted T241 fibrosarcoma. The present study was under
taken to confirm this observation and analyze it more fully.
Previous investigators (2, 11) have recognized that i.v.-in
jected tumors cells in clump form have a greater tendency
to form metastases than do the same number of single
tumor cells. However, no data have been available on the
size distribution of tumor cell clumps released sponta
neously into the venous effluent of a primary tumor. A better
estimate of the importance of clumps in the unperturbed
hematogenous metastatic process requires quantitative in
formation on the size distribution of clumps entering the
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perfused with a low-viscosity crystal violet stain solution to
identify tumor vascular structures (6). The tumor is bisected
and unstained histological slides are prepared. This stain
ing procedure colors the vascular wall a deep blue with little
or no leakage of stain into surrounding tissue. All vascular
structures present in tumor tissue are counted and their
smallest transverse diameter is measured by ocular mi
crometer.

Infusion (l.v.) of Tumor Cell Clumps. For investigation of
the possibility that circulating tumor cells incorporated in
clumps may have a greater propensity to form pulmonary
metastatic foci, an aliquot of tumor cells with a known
clump size distribution is infused into the tail vein of recipi
ent mice. The recipient mouse is anesthetized with a suble
thaI dose of sodium pentobarbital (30 mg/kg). Under a
stereomicroscope a longitudinal midline incision, 1 cm, is
made in the dorsal connective tissue overlying the tail vein.
The vein is carefully exposed and a cannula is inserted in
the lumen. Injection volumes of 0.05 ml are infused over a
10-mm period.

Cell Clump Separation. Tumor cell clumps are obtained
from the nonnecrotic portions of 10- to 14-day-old tumors.
After being minced thoroughly with scissors, the tumor
tissue is diluted with an equal weight of Ringer's solution.
The suspension is gently agitated for 0.5 hr. For the prepa
ration of single tumor cells the suspension is passed
through Whatman filter paper (Grade Course 4, maximum
effective pore size of 25 @m)in a 47-mm Swinnex filter
holder. The cell concentration of the filtrate is found using a
WBC-counting procedure under a hemocytometer. For this
method a proportion of the number of total cells that appear
in clumps of 2 to 3 cells is less than 1%. No clumps larger
than 3 cells are seen. The cell suspension is immediately
used for injection. For the preparation of clumps, the sus
pension of mince is passed through a nylon mesh with a
diagonal mesh spacing of 200 j.@m.By this method the
clump size distribution varies with each new preparation
and therefore must be quantitated separately for each ex
periment. The total filtrate concentration of cells, the clump
number, and the size distribution are determined under a
hemocytometer. Clumps are seen in a size range of 2 to 20
cells. Single cells comprise less than 25% of the total cells.
In the cell suspensions, 90% of the single cells and 95% of
the clumps are judged viable by trypan blue exclusion. In
order to demonstrate the transplantability of the cell sus
pensions (single cells with less than 1% clumps, or clumps
with less than 25% single cells), cells or clumps were in
jected i.m. into a series of mice in adjunct studies. In these
experiments, inoculation of 1 x 10Â°cells as single cells or
clumps showed equivalent rates of tumor development and
indicated the viability and growth potential of these prepa
rations.

Twelve days following iv. clump infusion, macroscopic
pulmonary metastases are assayed in excised lungs by
transillumination as described previously (6).

Tumor Trauma. Two types of trauma are administered to
groups of tumor-bearing animals, manual massage and in
tratumor 0.9% NaCI solution injection. These 2 groups are
studied and compared to a control group which is not
subjected to trauma. Animals are anesthetized by CO2 nar
cosis. The femoral tumor-bearing region of animals in the

1st experimental group is vigorously massaged digitally for
30 sec. Animals in the 2nd experimental group are given
injections of 0.2 ml 0.9% NaCI solution into the tumor. Both
of these forms of trauma are performed 7 days postimplant.
Pulmonary metastatic foci are assayed 6 and 14 days post
trauma. In addition, to estimate the effect of tumor trauma
on the venous effluent clump size distribution, 12-day-old
tumors were traumatized by massage and the size distribu
tion of tumor venous effluent clumps was evaluated concur
rently in the collected perfusates.

Tumor Amputation. Before amputation, animals are anes
thetized with sodium pentobarbital (30 mg/kg). Since ma
nipulation of the tumor during the amputation procedures
may cause release of tumor cells into the venous effluent,
the femoral region proximal to the tumor is ligated before
excision. A loop of black silk ligature is placed around the
proximal femoral region as close as possible to the head of
the femur. The loop is gradually tightened and securely
fastened to occlude the circulation totally. The femur and
associated tissue at the base of the stump are ligated and a
skin flap is closed with braided silk suture. The clean wound
is covered with Polymyxin B-Bacitracin-Neomycin ointment.
Amputations were performed on groups of 10 mice 3,4,7,9,
10, and 12 days following tumor implantation.

RESULTS

Effluent Clump Size Distribution. The size distribution of
tumor cell clumps in the venous effluent of animals studied
on Days 7, 10, 12, and 15 following tumor implantation are
compared in Chart 1. Clumps are placed in 5 classes: single
cells, clumps of 2 to 3 cells, 4 to 5 cells, 6 to 7 cells, and 8 or
more cells. At the time periods studied, the distribution is
similar for all clump classes other than those containing 8
or more cells. The proportion of clumps of 8+ cells in
creases significantly with time and is associated with a
decrease in the proportion of smaller clumps up to Day 15 of
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Chart 1. Effluent clump size distribution compared over 4 postimplant
periods. c@= 2 S.D. is shown for the 8+ (clumps of 8 or more cells) size
because only here was there a significant difference (p < 0.05).

CANCERRESEARCHVOL 36890

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397264/cr0360030889.pdf by guest on 19 M

ay 2023



Dayof amputa
tion following tu
mor implantationMetastatic

foci 12 days
postimplantProbability

of no
metastaticfoci30.0

Â±0.01.040.23
Â±0.650.971.25Â±1.380.492.33Â±

1.210.1103.50
Â±2.60.0125.60
Â±2.40.0

Tumor Cell Clumps and Metastases

the study. Since the clump size distribution for all groups
other than the largest are similar, the overall distribution is
characterized for the total of 22 perfusions in Chart 2. This
graph demonstrates that approximately 68% of the effluent
tumor cells are in the single cell class while the proportion
of cells in larger clump classes decrease exponentially with
clump size. However, while the clump size distribution is
relatively stationary during this time interval, the total con
centration of tumor cells in the effluent is rapidly rising. As
reported previously using this system (6) tumor cells are
first seen in the venous effluent on Day 5. The estimated
total number of tumor cells released over 24 hr rises steeply
from 3.8 x 10@cells on Day 10 to 1.5 x 10@cells on Day 15.

Metastases following Tumor Amputation. All mice har
boring the tumor for 3, 4, 7, or 9 days survived the amputa
tion procedure while only 5 of the 10 from the 12-day group
survived the operation. The poor surgical survival in older
tumors may be attributable to shock from the loss of resid
ual blood within the excised tumor.

Table 1 shows the steady increase in the number of meta
static foci with time and the rapid decline in the probability
that no metastatic foci are present.

Metastases following Tumor Trauma. We have previ
ously reported (6) that tumor trauma in the form of massage
results in a 10-fold increase in the concentration of tumor
cells in the tumor venous effluent. This increase is associ
ated with a greater proportion of large size clumps. Table 2
shows the effects of tumor trauma administered 7 days after
tumor implant.

The effects of tumor trauma are evident as early as 6 days
after massage. At this time, tumor cells liberated during
trauma will have grown to sufficient size to be identified
macroscopically. However, the difference in metastases ob
served at this time is not statistically different from control
values. Both forms of trauma produce a statistically sign ifi
cant (p < 0.05) increase in the number of metastatic foci by
12 and 14 days posttrauma.

While the clump size distribution is relatively predictable

Table 1
Thenumber and probability of pulmonary metastasesfollowing

primary site amputation

a Mean Â± S.D.

with time in the unperturbed state (Chart 2), trauma pro
duces a prominent alteration in the distribution as shown in
Chart 3. Following trauma, the total number of effluent cells
is increased by a factor of about 10 while the clump size
distribution shifts noticeably in the direction of larger-sized
clumps.

Metastatic Foci following Single Injection of Clumps.
The injection of single tumor cells and tumor cells in clumps
into the mouse tail vein resulted in many metastatic foci that
were assayed 12 days later. As shown in Table 3, tumor cells
in clump form produced a significantly (p < 0.05) greater
number of metastatic foci than did the same number of cells
in single-cell form. Furthermore, larger-sized clumps pro
duced significantly (p < 0.05) more metastatic foci than
smaller-sized clumps. Comparison of a similar number of
cells injected in the 3 size classes shows an approximate
linear relationship between average clump size and the
number of metastases formed.

Tumor Vessel SIze Distribution. The tumor vessel size
distributions measured on postimplant Days 7, 10, 12, and
15 are compared in Chart 4. The mean vessel diameter
increases with time, but the increase is not statistically
significant (p < 0.05) during these time periods. The vessel
size distribution changed significantly with time only for the
vessels larger than 100 @min diameter. These 100-jim yes
sels are almost nonexistent on Day 7, but comprise 2.2% of
the population on Day 15. Sincethedistribution fordifferent
postimplant times are similar, an overall distribution for this
time period (7 to 15 days) is characterized in Chart 5. The
proportion of tumor vascular structures greater than 5 @m
in diameter decreases exponentially with vessel size.

DISCUSSION

Effluent Tumor Cells and PerturbatIons. The size distri
bution of clumps in the venous effluent of a transplanted
T241 fibrosarcoma has been quantified in this study. Pre
vious investigators have noted the presence of circulating
tumor cell clumps (3, 7) but have not studied their size
distribution. Our present data characterize the size distribu
tion as a negative exponential with largest clumps occur
ring less frequently. The distribution changes little in the
time period studied, although the total concentration of
tumor cells rises rapidly. An estimate from our previous
studies (6) indicates that up to 1.5 x 10@tumor cells may

-J +
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Chart 2. Clump size distribution combined for all time periods. Data at the
4 time Intervals studied are combined from Chart 1.@ = 2 S.E. The negative
exponential relationship with increasing clump size reflects that seen at each
of the Individual time periods.
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Table 2
Effect of trauma to primary tumor on number of pulmonary metastases

a Mean Â± S.D.

a Significantly different from control; p < 0.05.
C Trauma performed on Day 7 after implantation of primary tumor.
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Chart 3. Effect of tumor trauma on effluent clumps. Following mechanical
trauma to the tumor the distribution favors the release of larger clumps (â€¢=
i; n = 3), compared to nontraumatized effluent ( 0). Notice less of an effect
on single cells and clumps of 2 to 3 cells.

Table 3
Relationshipof numberand clump sizeof injected tumor cells with

formation of metastases 2 3 4 5 Ã¨ 7 8 9 10 II
VESSEL CLASS

Chart 4. Tumor vessel size distribution. The size distribution of perfused
tumor vessel changes little over the 4 time periods, except for an increase in
the number of larger vessels seen at the later time periods. The symbols
represent the same time periods shown in Chart 1. The units of vessel
diameter are Mm. The negative exponential character is similar to that for
clump size.

tastases and that this relationship can be described mathe
matically. Trauma to the primary tumor is known to produce
an increase in metastases (10). The present studies demon
strate that trauma produces an increase in release of tumor
cells characterized by a greater proportion of large clumps
(Chart 3). These clumps may be â€œstrippedâ€•from within the
lumens of large tumor venules by the trauma. Trauma to the
tumor is associated with the release of a greater number of
single tumor cells (8) as well as clumps.

In contrast to the effects of trauma, amputation ablates
tumor cell entry into the circulation at a defined time. The
number of macroscopic metastatic foci observed at times
after amputation were initiated by tumor cells that entered

a Mean Â± S.D.

enter the circulation over 24 hr. The studies of Butler and
Gullino (1) estimated that 10.53 x 106tumor cells/day enter
the venous effluent from a mammary adenocarcinoma. This
difference between their findings and those reported previ
ously by us may reflect variations among tumor-host sys
tems as well as the age of the tumor. We have demonstrated
(9) that the rate at which tumor cells enter the circulation is
correlated in time with the development of pulmonary me
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static foci formed increases roughly in proportion to the
clump size. One x 10@cells in clumps containing 6 to 7
tumor cells produce 10 times the number of metastases as
compared with a similar number of single cells. Doubling
the clump size approximately doubles the number of metas
tases formed for a given number of cells.

In order to try to estimate the relative importance of
clumps in the course of the metastatic process, we must
combine the information gained from the metastatic poten
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Chart 5. Vessel size distribution combined for all time periods. Data at the
4 time intervals are combined from Chart 4.@ = 2 SE. The units are the same
as in Chart 4.
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the circulation at some time previous to amputation. When
the number of metastatic foci seen after amputation are
compared with those present in the unperturbed tumor
bearing mouse (nonamputated control), the rate of develop
ment of metastases appears similar differing only in the time
(Chart 6) at which the metastases are observed. The meta
static foci seen after amputation reflect the events of tumor
cell release antedating the amputation. Serial tumor ampu
tation is also a means of verifying that tumor cells and
clumps are entering the circulation continuously. If tumor
cell discharge was a highly sporadic event, then metastases
would not accumulate progressively and predictably as is
observed in these studies (Table 1; Chart 6).

The EffectIveness of Tumor Cell Clumps Introduced by
Injection In Formation of Metastases. Watanabe (11) was
one of the 1st investigators to report that the number of
metastasesdevelopingwas relatedto circulatingclumps
rather than single malignant cells. However, Zeidman (13)
and Koike (5) recognized the influence of size of the individ
ual tumor cell on the formation of metastases. Recently,
Fidler (2) showed that the i.v. injection of clusters of 4 to 5
melanoma cells produced a significantly greater number of
metastases than did the same number of cells injected in
single cell form. The data presented in this study demon
strate that a given number of tumor cells injected in clump
form have a greater propensity for forming metastases than
the same number of single tumor cells. Our findings on the
relative importance of clumps, therefore, confirms the re
ports of others in different tumor-host systems (2, 4, 11).
From Table 3, it can be observed that the number of meta

- S1015202530
POSTIMPLANTTIME(DAYS)

Chart 6. Comparison of observable metastases with absolute total metas
tases. â€˜Absolutetotalâ€•includes those metastases microscopic at the time of
amputation as well as those observable macroscopically that have grown to
observable size at the time of assay (from Table 1). â€¢,number of observable
macroscopic metastases present in the unperturbed metastatic process fol
lowing serial sacrifice; (@)= 2 S.D.; number adjacent to the symbol is n. For
explanation, see Discussion.â€•

K â€˜2-3

K'4-5

CLUMP SIZE (K CELLS/CLUMP) FREQUENCY,S

Chart 7. Relationship between the distribution of vessel size and clump
size. Let K represent the number of tumor cells per clump. The proportion of
all vessels greater than K multiplies of tumor cell diameter (@â€”S.D. from the
tumor cell size distribution) Is plotted against the proportion of clumps of
size K. The line drawn through the points has a 45Â°slope on this log-log plot
indicating a direct relationship of vessel size to clump size.
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tial of injected clumps with the knowledge of the clump size
distribution entering the tumor venous drainage in the in
tact animal. This analysis is based upon the following as
sumptions: (a) the clump distribution data obtained in the
perfusions are representative of the â€œnaturalâ€•distribution
occurring in vivo; and (b) metastatic foci are formed from
those clumps in accordance with the results observed in our
experimental study of injection of prepared clumps. On the
basis of the injection studies, we assume a proportional
relation between clump size and the number of metastatic
foci formed. Consider a population of 1 x 10Â°tumor cells
entering the circulation from the primary tumor in a clump
size distribution similar to that in Chart 3. It can then be
estimated that about 7 metastatic foci form from single
cells. At least 7 foci originate from clumps composed of 2 to
7 cells, and at least 4 foci originate from clumps of 8 or more
cells. Therefore, according to this prediction, a total of 11
metastatic foci would be established from tumor cells in
clump form while 7 foci would result from single tumor
cells. This analysis supports the contention that a majority
of the metastatic foci seen in the hematogenous metastatic
process in the present system are a result of tumor cells in
clump form.

The finding of clumps in the tumor venous effluent raises
the question of how and where they enter the circulation.
Does release into the circulation occur only at a few isolated
sites in tumor venules or are clumps being released gener
ally throughout the tumor vascular plexus? If the latter
condition is more correct, we would expect the size distri
bution of tumor vessels to be related to and possibly deter
mine the size distribution of effluent tumor cell clumps. This
hypothesis assumes that a clump of tumor cells could not
pass from a vessel smaller than the dimensions of the
clump. Since the minimum diameter of the tumor cells
studied here is 15 j,@m(6), a vessel of this diameter is chosen
as the smallest vessel that can serve as a circulatory entry
route for tumor cells. The proportion of effluent tumor cell
clumps equal to a given size category (multiples of 15 @m)

is plotted in Chart 7 against the proportion of tumor vessels
that are larger than that size and can, therefore, serve as an
entry site for those clumps. The linear relationship found
between these variables lends support to the hypothesis
that the tumor vessel size distribution is an important deter
minant of the size distribution of tumor cell clumps released
into the circulation.

ACKNOWLEDGMENTS

We gratefully acknowledge the technical assistance of Rene Novotony and
Eleanor Oldham.

REFERENCES
1. Butler, T. P., and Gullino, P. M. Quantitation of Cell Shedding into

Efferent Blood of Mammary Adenocarcinoma. Cancer Res.,35: 512-516,
1975.

2. Fidler, I. J. The Relationship of Embolic Homogeneity, Number, Size and
Viability to the Incidence of Experimental Metastasis. European J. Can
cer, 9: 223, 1973.

3. Griffiths, J. D., and Salsbury, A. J. Circulating Cancer Cells. Springfield,
Ill.: Charles C Thomas, Publisher, 1965.

4. Knisely, W. H., and Mahaley, M. S. Relationship Between Size and Distri
bution of â€œSpontaneousâ€•Metastases and Three Sizes of Intravenously
Injected VX2 Carcinoma. Cancer Res., 18: 900-905, 1958.

5. Koike, A. Mechanism of Blood-Borne Metastases. I. Some Factors Affect
ing Lodgement and Growth of Tumor Cells in the Lungs. Cancer, 17:
450-489, 1964.

6. Liotta, L. A., Kleinerman, J., and Saidel, G. M. Quantitative Relationship of
Intravascular Tumor Cells, Tumor Vessels, and Pulmonary Metastases
following Tumor Implantation. Cancer Res., 34: 997-1004, 1974.

7. Nadel, E. M. Symposium of Tumor Cells in the Circulating Blood. Acta
Cytol., 9: 3. 1965.

8. Romsdahl, M. M., McGrath, R., Hoppe, E., and McGrew, E. Experimental
Model for the Studies of Tumor Cells in the Blood. Acta Cytol., 9: 141-
145, 1965.

9. Saidel, G., Liotta, L. A., and Kleinerman, J. System Dynamics of a Meta
static Process from an Implanted Tumor. J. Theoret. Biol., in press.

10. Tyzzer, E. E. Factors in the Production and Growth of Tumor Metastases.
J. Med. Res., 28: 309-332, 1913.

11. Watanabe, S. Metastasizability of Tumor Cells. Cancer, 7: 215, 1954.
12. Wexler, H., Ryan, J., and Ketcham, A. S. The Study of Circulating Tumor

Cells by the Formation of Pulmonary Embolic Tumor Growths in a
Secondary Host. Cancer, 23: 946-951 . 1969.

13. Zeidman, I. Fate of Circulating Tumor Cells. I. Passage of Cells through
Capillaries. Cancer Res., 21: 38-39, 1961.

894 CANCERRESEARCHVOL 36

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397264/cr0360030889.pdf by guest on 19 M

ay 2023




