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Cell Kinetics in Human Malignancies Studied with in Vivo Administration of
Bromodeoxyuridine and Flow Cytometry1
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ABSTRACT

Bromodeoxyuridine (BrdUrd) is a pyrimidine analogue which is incor
porated into the DN A of proliferating cells. When in vivoBrdUrd infusion
is coupled with Divariate flow cytomctry to measure cell BrdUrd incor
poration and I)V\ content, both the percentage of DNA-synthesizing
cells jBrdUrd-labeling index (LI)] and the DNA synthesis time (Ts) can
be determined on the same tissue sample. From experimentally deter
mined LI and 7s, the potential doubling time of the population and its
cell production rate are calculated. To ascertain whether the BrdUrd
infusion method is clinically feasible and if data are reliable, we studied
patients with leukemia, refractory anemia, multiple myeloma, and brain
and gastric tumors. The BrdUrd incorporation data were compared with
those determined on duplicate samples with the techniques conventionally
used for LI and7Â°svalues, i.e., 'II and uC-labeled thymidine autoradi-

ography, respectively. The complete BrdUrd procedure takes 6-9 h, and
no immediate toxicity from BrdUrd administration has been observed. In
an 8-month period. 154 patients were studied. Successful LI and Ts
determinations were obtained in 78.9 and 59.7% of cases, respectively,
more often in hematological than in solid tumors. The values for LI and
'/'-,assessed with the BrdUrd technique were very close to those found
with MI- and MC-labeled thymidine autoradiography (r = 0.88, P < 0.005,

and r = 0.89; P < 0.005, respectively). The potential doubling time and
production rate were accordingly similar. These data indicate that in vivo
BrdUrd infusion coupled with flow cytometry measurements can be
performed in clinical settings and that this method is reliable. It could be
used for kinetic studies in clinical trials aimed at evaluating the prognostic
relevance of prolifcrative parameters and for planning radio- and/or
chemotherapy.

INTRODUCTION

A number of clinical trials (1-7) have suggested that prolif-
erative characteristics are of prognostic relevance in tumors.
However, controversies still exist on this topic, and extensive
investigations are made difficult by the fact that accurate kinetic
data are not easy to obtain in clinical settings. The method
most commonly used to measure proliferative activity is evalu
ation of the S-phase fraction of the tumor population (8). This
is done with autoradiography, determining the percentage of
cells incorporating ['HjdThd'-labeling index, or with FCM,

determining the percentage of cells with DNA content inter
mediate between the diploid (2n) and the tetraploid (4n) values
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(2n-4n cell%). However, the S-phase fraction gives only a
limited insight on cell proliferation, for which the time param
eters of the cell cycle are also necessary (9). More complex
techniques yield a wider experimental panel of kinetic param
eters, including the duration of the cell cycle phases, but are
exceedingly difficult to apply in humans. For example, the
method of the labeled mitoses curve involves the in vivo admin
istration of radioisotopes and multiple tumor sampling, in
addition to time-consuming autoradiographic procedures. This
topic has been extensively reviewed by Steel (9).

It is theoretically possible to obtain a complete kinetic picture
easily by administering in vivo BrdUrd and by performing
measurements with bivariate FCM (10). BrdUrd is a nonra-
dioactive pyrimidine analogue which is taken up by DNA-
synthesizing nuclei, and BrdUrd-incorporating cells are de
tected with an anti-BrdUrd monoclonal antibody (11). After
staining the same cell population with propidium iodide (which
stoichiometrically intercalates into DNA), the distribution of
BrdUrd-labeled cells and their total DNA content are simulta
neously measured with FCM (12). From these measurements,
both the LI and the DNA 7"sare determined on a single tumor

sample (13). Other cell kinetic parameters such as the tumor
doubling time and production rate are then mathematically
derived.

In a previous study (14), we presented some preliminary
results with in vivo BrdUrd infusion coupled with FCM meas
urements. We report here the results obtained on a much larger
cohort of patients, and we compare the BrdUrd kinetic data
with those determined on duplicate samples with the techniques
conventionally used for studying cell kinetics (15), i.e., tritium-
(for LI) and carbonium-labeled (for Ts) thymidine autoradiog
raphy (16, 17).

MATERIALS AND METHODS

From September 1986, to August 1987, 154 patients with neoplastic
diseases received in vivo BrdUrd infusion before cell specimens were
obtained for diagnostic (including cytological and histolÃ³gica! exami
nation) and/or therapeutic (curative or palliative surgery) purposes
(Table 1).

Patients with gastric and brain cancers and refractory' anemia with

blast excess (18) had newly diagnosed disease. Patients with AL were
either untreated or relapsed following successful treatment. Patients
with MM had very advanced disease, with clinical and hematological
features (the BM plasmaceli infÃ­ltratewas>91%) of the acute terminal
phase (19).

Permission to administer BrdUrd was given by the Ethical Commit
tee at the Department of Internal Medicine of the University of Pavia,
and informed consent was obtained from each patient. Additional
procedures performed on duplicate cell samples from a part of the
patients were in vitro ['HjdThd and [l4C]dThd (16, 17.20) incorporation

studies.

BrdUrd Incorporation Study

In Vivo BrdUrd Administration. Patients were given a 15- to 20-min
infusion of BrdUrd. 500 mg in 100 ml sodium chloride solution.
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prepared by the Department of Pharmacology, Istituto di Ricovero e
Cura a Carattere Scientifico Policlinico San Matteo. Tumors were
sampled 1 h or 4-6 h after completion of the BrdUrd infusion.

Sample Processing. In patients with hematological malignancies, 2-
ml BM samples were obtained by sternal aspiration. Two patients with
leukemia were studied three times, once at presentation and twice after
disease remissions (29 and 181 days and 33 and 231 days after pres
entation, respectively). BM aspirate was also obtained in 10 solid tumor
patients having normal BM cytology and histology. They are referred
to as normal BM in Table 1. Cells were layered (in a 1:1 ratio) on
Ficoll-Hypaque and collected after centrifugation (6.0 x g for 30 min).

In all patients with brain tumors and in 17 of the 35 patients with
gastric cancers, a 2- to 4-mm-diameter tissue sample (with no gross
signs of tissue necrosis) was obtained during surgery. In 6 patients with
gastric cancer two samples from different areas of the tumor were
obtained. In the remaining 12 patients with gastric cancer, 2-5 much
smaller endoscopie biopsies were pooled for the study. These tissue
samples were processed to obtain single cell suspensions for FCM by
using disaggregation methods which differed according to the macro
scopic appearance of the tumor sample. For soft and fragile samples
(as those from most brain tumors), purely mechanical devices were
used. After removal of blood and electrocoagulated portions, samples
were carefully minced with a sharp blade and syringed through decreas
ing (from 19 to 25) gauge needles. Both these procedures were carried
out in Hanks' balanced salt solution without Ca2+ and Mg2*. since the

absence of these divalent cations prevents fragile tissues from sticking
or clumping together. Special care was also taken to avoid both exces
sive shearing and formation of air bubbles, which are a cause of cell
damage. This disaggregation procedure was continued until only the
connective tissue remained, and it took an average of 20-30 min. For
harder tumors (as often gastric tumors are, especially when scirrhous),
a mechanical technique was coupled with enzymatic digestion. These
samples were first washed in PBS and cut into 1- to 2-mm1 fragments,
and then incubated at 37Â°Cin Ca2+- and Mg2+-free Hanks' balanced

salt solution containing 0.2% collagenase, type I (Worthington Bio-

chemicals Co.; with respect to collagenase IV, collagenase I has lower
tryptic activity and produces much "cleaner" cell suspensions, i.e., cell

suspensions lacking cellular debris), with constant agitation (using
either a rotating wheel apparatus, to which 25-ml universal bottles
containing the tissue and the enzyme solution are attached, or a shaking
water bath or a magnetic stirrer in a conical flask). Avoiding Ca2+ in

the medium does not lower collagenase dissociation (notwithstanding
a widespread belief to the contrary) and has the added advantage of
preventing clumps (see above). The median collagenase incubation time
was 30 (range, 15-60) min. This incubation time was chosen empirically
for individual tumors by trying to dissociate the sample with pipeting
at 15-min intervals to see if it has started to break up. After incubation
the tumor pieces were dissociated as described above.

Cell suspensions from both hematological and solid tumors were
washed twice in PBS, filtered through a 35-/im-pore nylon filter and
resuspended in PBS. If the suspension was "dirty" following filtration

(i.e., it contained debris), it was either spun slowly (0.6 x g for 10 min)
or spun through a higher density medium (such as bovine serum
albumin, sucrose, or Ficoll) to remove debris. However, this was not
usually necessary. After counting in a Burker's chamber, cells were

ultimately fixed in 70% ethanol at a concentration not exceeding 1 x
IO6cells/ml.

BrdUrd and DNA Staining. The method used to detect BrdUrd-
labeled cells has been described in detail elsewhere (10, 14). Briefly,
cell suspensions were first incubated with 2 N HC1 (for 30 min at 37Â°C)

to denature the double strand DNA. This allows the anti-BrdUrd MoAb
to react with BrdUrd in the DNA chain (11, 21). About 1 x IO6 of

these cells were later suspended in 1 ml of PBS containing 0.5% Tween
20 and 0.5% NGS for 15 min at 37Â°C,washed in PBS, and then

incubated in 0.5 ml of PBS containing Tween 20 and NGS and 10 p\
of the anti-BrdUrd MoAb (Becton Dickinson. Lab Impex. Ltd., Twick
enham, Middlesex, United Kingdom) for 30 min at room temperature
with occasional mixing. Following two washings in PBS. the cells were
resuspended in 1 ml of PBS containing Tween 20 and NGS for 15 min.
and later with the second antibody (10 n\ of goat anti-mouse IgG

fluorescein isothiocyanate conjugate; Sigma Chemical Co.), in 0.5 ml
of PBS/Tween 20/NGS for 30 min. After two further washings in PBS,
the cells were resuspended in 4 ml PBS containing 10 Mg/ml propidium
iodide (that stoichiometrically stains DNA) for 15 min.

Flow Cytometry. Bivariate distributions of BrdUrd labeling (green)
versus DNA content (red) were measured by utilizing an Ortho System
50-M Cytofluorograph (Ortho Instruments, Westwood, MA) (10) and
the data, collected in the list mode, were analyzed with an Ortho 2150
computer. An appropriate window (which was chosen from the cyto-
gram of the red fluorescence peak versus cell area signal) was used to
eliminate debris, cell doublets, triplets, etc., from the analysis. For each
specimen, 20-50 x IO3 cells were analyzed. Nonspecific staining, as
evaluated on cells stained for DNA and treated with the secondary-
antibody without previous incubation with the anti-BrdUrd MoAb, was
negligible. In any event, it was subtracted from the measurements by
using the computer.

DNA histograms were constructed with the same instrumentation.
As diploid reference standard, normal tissues were used according to
the type of tumor under study; for example, normal gastric mucosa was
used when a gastric carcinoma was to be measured. The presence of
aneuploidy was estimated by evaluating the DNA index, i.e., the ratio
between the modal channel of the G0-G, peak of the tumor population
and the modal channel of the Go-Gi peak of the reference standard. In
cases with unimodal DNA distribution, the percentages of cells with
2n (Go-G, phase), 4n (G2- and mitotic phases) and 2n-4n (S phase)
DNA content were determined as previously described (20).

Evaluation of BrdUrd-LI. The BrdUrd-LI was determined on either
1-h or 4- to 6-h samples. In the 1-h samples BrdUrd-labeled, green-
fluorescing cells belonging to the S phase have a peak DNA content
distribution in the middle of the 2n-4n interval. The window for the
LI determination comprises all these cells, and the LI is their percentage
figure over the whole population, as measured with a larger window
(22). In the 4- to 6-h samples (which are used to determine both the LI
and the 7s; see below) the S-phase cells labeled with BrdUrd at the
time of BrdUrd infusion have moved toward GÃ¬,so that their peak
DNA content distribution is shifted toward 4n. Furthermore, some of
them have recycled to G0-Gi following mitosis, so that they are found
in the cytogram as labeled cells with 2n DNA content. In these cases
the LI value is the percentage, over the whole population, of the S-
phase cells plus one-half the percentage of the 2n BrdUrd-labeled cells.

Evaluation of BrdUrd-7"s. The BrdUrd-7s was assessed on cell sam

ples taken 4-6 h after completion of BrdUrd infusion. The whole
procedure for 7"scalculation has been described by Begg et al. (13) and

is illustrated in Fig. 1. Basically, it involves assuming that at the time
of BrdUrd infusion the mean DNA content of BrdUrd-labeled, S-phase
cells is in the middle of the interval between the 2n (Gi-G0) and 4n (62)
peaks and that the rate of cell progression through the S phase is
constant. At the time of tumor sampling, i.e., 4-6 h later, the position
of the BrdUrd-labeled S-phase cells (as measured from their mean DNA
content) allows one to determine the rate at which they have progressed
through the S phase. All S-phase cells are expected to have reached 62
at a time corresponding to 7"s, which can be calculated from this

progression rate.

|3H|dThd and |14qdThd Incorporation Studies

A part of the same cell sample (from normal, AL, and MM BM)
used for the BrdUrd-LI and BrdUrd-7"s determination was also used to
evaluate the LI (48 patients) and the 7"s(13 patients) with |'H]dThd
and |'4C]dThd autoradiography, respectively. Autoradiography was not

performed on solid tumor cells because the laborious disaggregation
technique these tumors require may alter the metabolism of these cells,
and hence their radioactive precursors' incorporation.

The pHjdThd-LI was determined by a standard method (20). At
least 1000 cells were scored for each determination.

The technique of quantitative [14C]dThd autoradiography for evalu

ating the TV,is based on the concept that, under standardized experi
mental conditions, the in vitro uptake of |'4C]dThd by the cell nucleus

is proportional to the rate of DNA synthesis, from which the 7s is
calculated as the time needed to duplicate the diploid dThd content of
the nucleus at this rate of dThd incorporation. This method has been
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time-Â» 0 TS The reciprocal is the PR:

o>

oc.
o
Z>
CD

D

FG, FS FG2 FG, FS FG2

DNA (red )

FG,

Fig. I. Method for the evaluation of DNA Ts. Assumptions are that at time
0, the mean DNA content (red fluorescence) of BrdUrd (ÃŸ[/DÃ„)-labeledS-phase
cells (green fluorescence) (shadedplus black area) is in the middle of the interval
between the G, and G2 peaks (their position, i.e., their relative movement (AMI)
with respect to the interval between G, and G2, is 0.5 (AMI = Fs - FG,/FG2 -
FG,, where F is the mean red fluorescence of the corresponding phase of the cell
cycle) and that the rate of progression of cells through the S phase is constant.
At the time of tumor sampling (/), S-phase cells have progressed toward GÂ¡,and
some (black area) have already recycled. The new position of the S-phase cells is
measured from their mean DNA content (red fluorescence), and their relative
movement (RM2) at this time is calculated according to the above formula. AllS-phase cells are expected to have reached G2 at a time corresponding to 7"s.The

Ts is hence calculated with the formula:

0.5
RM2 - 0.5 X /

For example, assuming that RM2 is 0.75 at t = 6 h, S-phase cells would reach
1.0 at 12 h, and this is an estimate of 7"s.

thoroughly described elsewhere (16, 17). Briefly, heparinized BM is
filtered to avoid cell clumps and incubated with 5-fluorodeoxyuridine
(in order to prevent the utilization of endogenous dThd) for 6 min at
37Â°C.The ['4C]dThd is then added and the incubation is prolonged for

7 min more. Cells are then smeared onto slides, which undergo an
autoradiographic procedure. The radioactivity incorporated into every
single cell nucleus is quantitated photometrically (with a Leitz MPV2
microscope photometer equipped for incident light bright field meas
urements) by comparing the blackening present over the nucleus of a
labeled S-phase cell with the blackening produced by a standard source
of known radioactivity (['4C]polymethyl methacrylate) attached to the

same slide. The rate of dThd incorporation in the labeled nuclei is
derived from these data, since the incubation time, the concentration,
and the specific activity of the ['4C]dThd used are known. The 7"sis

calculated as the time needed by the cell to duplicate the dThd content
of the diploid nucleus (23) at the measured rate of dThd incorporation.
At least 200 labeled cells were randomly measured for each 7"sdeter

mination.
The harmonic mean (16) of the 7s of the entire population was used

for successive calculations. It minimizes the bias of sampling, due to
the different probabilities of becoming labeled that cells with different
dThd incorporation rates have. Furthermore, the single 7"svalues could

not represent the real duration of DNA synthesis for a given cell, since
small variations in the rate of dThd uptake occur during the S phase.
In cases where tumor cells were aneuploid by DNA flow cytometry, the
harmonic mean of the FS was corrected by taking into account the
DNA index, which is known from DNA histograms (24).

Calculated Cell Kinetic Parameters

Once the LI and 7"swere experimentally obtained (from BrdUrd or
from [3H)dThd and [14C]dThd incorporation data), two additional ki

netic parameters were calculated, namely the rpot and the cell PR (9,
16, 17).

For these calculations, a steady state condition (9) was arbitrarily
assumed for the studied populations. The TpÂ«is hence calculated by
the formula:

7-po,(days) =
nxlÂ°Â°

24

LIPR (cells/100 cells/day) = â€” x 24

RESULTS

The results are summarized in Tables 1 and 2 and in Figs.
2-8.

None of the 154 patients who received BrdUrd infusion
experienced immediate toxicity or adverse reactions.

Representative Cytograms. Fig. 2 shows typical bivariate dis
tributions of BrdUrd and DNA values from the BM of two
previously untreated patients, from whom samples were taken
for BrdUrd-LI evaluation 1 h after BrdUrd infusion. In Fig. 2A
almost all cells (from a patient with lymphoblastic AL) having
a DNA content (2n-4n) typical of the S phase show BrdUrd
incorporation, i.e., enter the window for the BrdUrd-LI deter
mination. In Fig. 2B a number of cells (from a patient with
MM in acute terminal phase, with plasma cells representing
the 98% of BM cells) having 2n-4n DNA content do not
incorporate BrdUrd. Thus, they are not considered in the
BrdUrd-LI evaluation.

Fig. 3 shows a similar cytogram from a patient with gastric
cancer who had both diploid and hyperdiploid cells. In this
case, BrdUrd-LI could be calculated for the whole tumor (13%)
and for the hyperdiploid population (17.5%).

Fig. 4 shows a cytogram obtained in a patient with nonlym-
phoblastic AL for the Ts determination 6 h following BrdUrd
infusion. With respect to that in the cytograms of Fig. 2, the
position of the BrdUrd-labeled cells is shifted to the right. This
means that in the interval between BrdUrd infusion and tumor
sampling they have moved through the S phase. Some of them
have already recycled and now show a diploid DNA content.
Fig. 5 shows a similar cytogram obtained in a brain glioblas-
toma. Calculation of the Ts from cytograms of this type is
accomplished according the procedure described in Fig. 1.

BrdUrd-LI and BrdUrd-7s Determination. To obtain the LI
and 7s values, the complete BrdUrd procedure takes 8-9 h
from the start of the BrdUrd infusion and 2-3 h from the tumor
sampling.

The LI was successfully determined in 123 of 154 cases
(79.8%) who received BrdUrd infusion, using either 1-h or
(usually) 4- to 6-h tissue samples. The LI could be assessed less
often on solid (54 of 78 cases = 69.2%) than on hematological
tumor (69 of 76 cases = 90.7%) samples. Failure was in fact
more frequent in solid than in hematological neoplasias. Rea
sons for the failure were, in decreasing order, the lack of
sufficient cells for FCM (due to insufficient material obtained:
this occurred in 7 of 12 gastric cancers that underwent endo
scopie biopsy), the presence of few viable cells in the biopsy
(due to histologically proven necrosis), and the difficulty of
obtaining clean single-cell suspensions (this happened in two
brain tumors).

The Ts could be derived in 92 of 154 (59.7%) patients who
underwent BrdUrd infusion, all of whom also had successful LI
measurement. The causes that hampered the LI evaluation also
hampered that of the Ts. In addition, the Ts could not be
determined in cases (mostly brain meningiomas) with a very
low (less than 2%) LI, due to the difficulty in reliably measuring
the relative movement (Fig. 1) of this small cohort of S-phase
cells in the 4- to 6-h samples (Fig. 6).

Comparison of BrdUrd-LI and BrdUrd-7s with Autoradi
ographic LI and Ts. Fig. 1A shows the close linear correlation

6240



CELL KINETICS IN HUMANS WITH IN VIVO BrdUrd ADMINISTRATION

Table 1 Median values ana" range of kinetic data obtained in human malignancies with in vivo administration of bromodeoxyuridine

To calculate Tpot and PR from the experimentally determined II and TS. a steady state model for cell proliferation was assumed.

LIdeterminationDiagnosisNormal

BMÂ°Gastric

tumorsBrain

tumorsMeningiomasGliomasRAEBtALMultiple

myeloma, terminal phaseNo.

of patients
studied10353112104610No.

of
patients102222109428LI15.4(12.4-25.4)*9.9(5.7-14.0)2.1(0.9-3.9)6.3(2-7.6)9.5(4.3-15.5)6.2(0.9-11.7)11.7(10.4-24.5)No.

of
patients10171108406Other

kinetic parameters'determination7-s(h)13.7(11.8-21.4)15.2(13.4-22.7)16.715.3(10-22.7)9.7(6.5-15.0)12.1(6.9-27.8)10.4(7.5-25.0)Tpo,

(days)3.6(3.3-4.0)9.8(6.8-13.5)63.213.4(4.6-63.2)6.1(2.3-14.5)8.5(2.8-16.7)2.9(0.6-4.2)PR(cells/100cells/day)27.3(23.2-28.5)10.1(7.2-14.4)1.446.3(3.6-11.2)25.9(6.7-41.2)14.4(3.6-30)28.3(14.6-55.2)

" Normal BM, morphologically normal bone marrow from patients with gastric and brain tumors: RAEBt, refractory anemia with blast excess in transformation.
* Numbers in parentheses, range.

Table 2 Gastric cancer: kinetic values measured on two samples (a and h)
obtained from different areas of the same tumor

CaseSample1

ab2

a
b3

a
b4

a
b5

a
b6

a
bLI8.0

7.513.414.010.5

12.89.8

10.17.0

7.813.114.0/'s(h)23.424.413.8

15.916.8

15.315.2

14.222.7

22.218.2

18.0/"p,,,

(days)2.9

3.21.0

1.11.6

1.21.5

1.43.2

2.81.31.2PR(cells/

100cells/day)8.2

7.323.3

21.115.0

20.115.4

17.07.4

7.617.2

18.6

between the LI values obtained on duplicate samples from the
BM of 48 patients (having hematological tumors or normal
BM; Table 1) using in vivo BrdUrd administration and in vitro
[3H]dThd autoradiography.

Fig. IB shows that a correlation also exists between the 7k
values obtained on duplicate samples in 13 patients using in
vivo BrdUrd administration and in vitro quantitative [14C]dThd

autoradiography. BrdUrd values were systematically a bit
higher than the [14C]dThd values. As detailed elsewhere (16).
this is due to the fact that ['4C]dThd-7"s determination is per
formed by calculating a "flux" parameter, while BrdUrd-7"s is
a "compartment" parameter. Flux values are slightly smaller
than compartment values, and the longer the 7"svalues become,

the less this makes a difference.
As expected, the /"p,,,and PR values determined from BrdUrd

infusion and from autoradiographic data were also linearly
correlated (r = 0.91, P < 0.05: and r = 0.83, T < 0.05.

respectively).

<r
o
D
OD

LM8%
2n 4n%=19 .|fe"M$Â£â€¢i

''"'BLl=22.8%2n

4n%=38i

' !

2n
DNA DNA

Fig. 2. Bivariate distribution of BrdUrd (BL'DR) incorporation and DNA

values from two patients, one with acute lymphoblastic leukemia (II and the
other with multiple myeloma in acute terminal phase (B). with plasma cells
representing the 98?r of the bone marrow cells. Measurements were performed 1
h following BrdUrd infusion. In (A) all the cells with a DNA content intermediate
between the diploid (2n) and the tetraploid (4n) value (2n-4n), i.e.. typical of the
S phase, have incorporated BrdUrd, so that the 2n-4n cell percentage (2n-4n%)
and the BrdUrd-LI (Â¿7%)are similar. In (B) a number of -n -In cells did not
incorporate BrdUrd. so that the LI is lower than the 2n-4n%.

Cumulative Kinetic Data in Human Tumors. Table 1 summa
rizes kinetic data obtained with the BrdUrd technique. The
highest LI and PR values and the shortest 7"^, were found in

the morphologically normal BM and in the BM plasma cell
populations of patients with MM in acute terminal phase. Brain
meningiomas had the lowest proliferative activity. Intermediate
values for LI, PR. and 7"pulwere found in AL, refractory anemia

with blast excess, gastric cancer, and brain gliomas.
Two patients with AL had three sequential BrdUrd studies,

one at presentation and two during cytostatic-induced remission
of the disease. This was possible because there was no residual
BrdUrd labeling in the blood 4 days following each BrdUrd
infusion. The LI and the PR were low at presentation (Fig. 8),
when all BM cells were leukemic blasts, and rose at remission,
when BM cytology was normal.

Table 2 shows that two tumor samples obtained from differ-
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DMA

Fig. 3. DNA profile (A) and bivariate distribution of BrdUrd (BL'DK) and

DNA (B) from a patient with gastric cancer having both diploid (2n) and
hyperdiploid (arrow) cells. Measurements Â«ereperformed l h following BrdUrd
infusion. In tumors such as this (where the modal DNA contents of the two
populations are well separated), both the LI of the total tumor population (13%)
and that of the population with the greater modal DNA content (17.5"Â¿)can be

determined (by including or excluding the population with the lower DNA content
from measurements).

U.22J
TS-13.8

ac
O

CD

DNA
Fig. 4. Bivariate distribution of BrdUrd (BUDR) and DNA values from a

patient with nonlymphoblastic acute leukemia. Measurements for both LI (%)and 7"s( /.Si (h) determinations were performed 6 h following BrdUrd infusion.

With respect to the cytograms in Fig. 2, BrdUrd-labeled cells have moved through
the S phase (their mean distribution is shifted to the right) and some of them
have already recycled (showing a diploid DNA content). Calculation of Ts is
accomplished according to the procedure described in Fig. 1.

TS =12.1

L I = 5.9

a.
o

m

2n i,n
DNA

Fig. 5. Bivariate distribution of BrdUrd (BUDR) and DNA values from a
patient with brain glioblastoma (explanations as in Fig. 4).

LI = 1.8

cr
O
3
m

2n An
DNA

Fig. 6. Bivariate distribution of BrdUrd (BUDR) and DNA values from a
patient with brain mcningioma. As in Figs. 4 and 5, measurements were performed
6 h follow ing BrdUrd infusion. However, in this case the /, could not be calculated
due to the difficulty in reliably measuring the relative movement (Fig. 1) of the
small (less than 2%) cohort of S-phase cells.

18-

15-

6H

3-

r =080
p<a005

O 4 8 12 16 20
BUDR-LI

15-

Â«M

I
0 5-1Â«* â€¢*

B

r =089
p<O005

10 15
BUDR-TS

20

Fig. 7. . I. correlation between the LI values obtained from in \-irn BrdUrd
administration (BUDR-LI) and in vitro [3H]dThd autoradiography (3H-TdR-LÂ¡)
on duplicate samples. B. correlation between the DNA 7"sobtained from in vivo
BrdUrd administration (BUDR-TS) and in vitro quantitative [MC]dThd autoradi
ography (I4C-TdR-TS) on duplicate samples.

II- 25.4
TS=21.4
Tpot-84.3
PM-1.18

ent areas of 6 gastric cancers did not give very different LI and
7"svalues, except in case 3.

In 20 patients (16 of whom had solid tumors), both diploid
and highly hyperdiploid cells coexisted in the same tumor
sample, and the two DNA peaks were sufficiently separated to
allow determination of the BrdUrd-LI both for the overall and
for the aneuploid cell population (as in Fig. 3). Median LI was
7.6% (range, 0.9-21.7) for the overall and 10.2% (range, 2.4-
24.5) for the hyperdiploid population (P< 0.05). The hyperdip-
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Fig. 8. Sequential determinations of kinetic parameters in a patient with acute
nonlymphoblastic acute leukemia who achieved remission of the disease. I, at
presentation; B, 29 days later, at early remission; and C, 6 months later, during
stable remission.
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loid population LI was lower (P < 0.05) than the overall
population LI in 1 case, and greater in 12 cases. In 7 cases the
two values were similar.

DISCUSSION

Our data show that administering BrdUrd in vivo and using
FCM for measurements allows one to obtain reliable experi
mental measures for the LI and 7"sin humans, while using only

one tumor sample. Other kinetic parameters depicting tumor
growth were calculated. The in vivo BrdUrd technique was
feasible in a clinical setting and we were able to study a large
number of patients in a short time.

The use of BrdUrd to label S-phase cells relies on the fact
that BrdUrd is incorporated, like [3H]dThd, into proliferating
cells (25), both in vitro and in vivo (10). The BrdUrd-incorpo-
rating cells are identified with an anti-BrdUrd MoAb (11), by
using immunofluorescence or immunohistochemistry to detect
the reaction. The percentage of BrdUrd-labeled cells, i.e., the
BrdUrd-LI, is a reliable estimate of the size of the S phase. As
occurred in this investigation, the BrdUrd-LI and the traditional
[3H]dThd-LI have been found to be very close, both in experi

mental models (10, 26) and in humans (27). Statistically, the
BrdUrd-LI values measured with FCM, as in this study, are
more accurate than both [3H]dThd-LI and BrdUrd-LI values

determined on slides, since a much greater number of cells is
evaluated with FCM than by visual counting. The problem of
background, which is a difficulty in the [3H]dThd-LI evaluation

(9), is also lessened, in that nonspecific staining is low in
BrdUrd preparations used for FCM and can also be subtracted
with the computer. The other traditional method for evaluating
S phase is to measure the 2n-4n cell percentage with conven
tional DNA FCM (8). With regard to this method, the BrdUrd
technique has the advantage that it avoids counting as prolif
erating those cells which have 2n-4n DNA content but do not
actually synthesize DNA, because they are not labeled with
BrdUrd (Fig. 2B). These cells are also documented by deter
mining the Feulgen-DNA content on slide preparations from
tumor cells previously exposed to [3H]dThd in vitro (28). They

lead to an overestimation of the S phase with DNA FCM as
compared to the [3H]dThd autoradiographic determination (8,

29).
In this study, we used the in vivo administration of BrdUrd

to label S-phase cells, coupled with two-parameter FCM for
rapid measurement of BrdUrd-labeled cell progression through
the S phase in the 4-6 h following BrdUrd infusion. With
respect to the in vitro BrdUrd method, this allows experimental
measurement of 7"son the same sample used for the LI deter

mination (Figs. 4 and 5), assuming that cell progression through
the S phase is constant (13). The Ts depicts the rate at which
proliferating (i.e., BrdUrd-labeled) cells move through the S
phase, a parameter that is exceedingly difficult to determine in
humans, especially in solid tumors (9). In vivo BrdUrd infusion
was used to label leukemia cells, which 1-2 h later were also
exposed to [3H]dThd in vitro (30). This allows the 7*sto be
obtained with a simplified "double-labeling technique" (9), but

time-consuming autoradiography and visual counting are not
avoided with this procedure.

The values for 7s drawn from the FCM-BrdUrd incorpora
tion analysis must be viewed as accurate. In this research they
were strictly related to the values drawn on duplicate samples
from quantitative [l4C]dThd autoradiography (Fig. IB), which

is another accepted method for calculating 7s (15). For solid

tumors and AL these values were also similar to those obtained
with other autoradiographic techniques (9, 31).

From the experimentally obtained LI and 7"s, a number of

temporal kinetic parameters can be calculated (9, 16, 17). We
have selected only the 7"^,, i.e., the time at which the whole

tumor duplicates, and the PR, i.e., its rate of cell production,
as the most meaningful in giving an overall picture of tumor
growth. The 7*poland PR values calculated from the LI and 7"s

give rates of tumor growth which are more rapid than those
experimentally derived from direct measurements of tumor
masses, due to cell loss (9). Cell loss could therefore be derived
in cases where both measurements can be obtained, as shown
in solid tumors (9) and MM (32).

It must be noticed that in deriving 7*sfrom FCM cytograms
(Fig. 1) we arbitrarily used Begg's algorithm (13), and in cal
culating 7"potand PR from LI and 7S we assumed a steady state

model for cell proliferation. Other algorithms for Ts (33) and
other more complex models for cell proliferation (9) have been
described and could have easily been adopted. Deciding which
mathematics would be theoretically more appropriate in inter
preting experimental FCM data was, however, beyond the scope
of this research, whose aim was to obtain experimental data
from BrdUrd-DNA cytograms.

Our study indicates that the in vivo BrdUrd procedure is
feasible in clinical settings. Immediate adverse reactions follow
ing BrdUrd infusion were neither observed in this study nor
reported. Long-term BrdUrd toxicity is not likely, since BrdUrd
is neither radioactive nor myelotoxic at the dosage used (32).
At larger doses it is actually used as radiosensitizer (34, 35).
The in vivo BrdUrd method requires only one tumor sample,
which is needed anyway for diagnostic or therapeutic purposes,
and takes 8-9 h from the start of BrdUrd infusion and only 2-
3 h from the tumor sampling. These times are distinctly less
than those necessary for [3H]dThd and especially for [l4C]dThd

autoradiography, which take several days or weeks to furnish
LI and 7"svalues, respectively.

With FCM-BrdUrd incorporation analysis, we were able to
study 154 patients in an 8-month period; LI values were ob
tained in 79.8% of cases and 7"s, Tpo,, and PR values were

obtained in 59.7% of cases. As expected, kinetic values could
be determined more often on hematological than on solid
tumors. Failure in calculating both LI and 7"swas due to not

obtaining suitable FCM samples, and this happened almost
exclusively in solid tumors. Reasons for this failure were the
insufficient cell harvesting from biopsied gastric cancers and,
much more infrequently, the presence of histologically proven
necrosis in some brain and gastric tumor samples, and the
difficulty in obtaining a clean (i.e., without cellular debris) cell
suspension. With an adequate surgical sample and by using the
cell dissociation technique we have described, this latter occur
rence was absolutely uncommon in brain and gastric cancers
we studied. Failure in obtaining the 7"s in cases who had

successful LI determination was that in tumors with very low
LI (almost exclusively in brain meningiomas) it was not possible
to measure reliably the relative movement of the small cohort
of S-phase cells in the 4- to 6-h samples.

Although no attempt was made in performing statistical
analysis, the measurements for LI obtained on BM populations
appear to be reliable. According to the literature on [3H]dThd-
LI levels, the BrdUrd-LI values were greater in morphologically
normal BM than in active AL and refractory anemia with blast
excess in transformation (2, 4, 19). They rose, as expected (4),
in two patients with AL who achieved remission of the disease
(Fig. 6). As was found in our cases, very low S-phase values
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have been reported in meningiomas (36-38). There is no sense

in discussing the accuracy of the LI values in gastric cancer and
gliomas (and of the Ts values in all pathologies), since the
literature data on these topics are only occasional (9).

For solid neoplasias a long-discussed possibility is that kinetic
parameters are different in different areas of the tumor, so that
the proliferative characteristics obtained could be partly deter
mined by the site of tumor sampling (i.e., they may not be
representative of whole tumor kinetics). FCM-//I vivo BrdUrd
incorporation analysis (possibly coupled with direct visual in
spection of BrdUrd incorporation on tissue sections) (39) seems
an adequate method for ascertaining this point. For example,
in this study 6 patients with gastric tumors had LI and 7s
measured on two different tumor samples, and the intratumoral
kinetic variation was quite low.

With respect to the methods of determining the LI and 7"s
on slides (using either [3H]dThd or BrdUrd for LI, and [I4C]-

dThd for 7S), a limitation of the BrdUrd labeling and FCM
technique is that the values obtained are mean values for the
whole sample population, since cell morphology cannot be
taken into consideration. Hence, the kinetic parameters depict
the proliferative activity of the tumor only if essentially all the
cells in the sample are neoplastic as, for example, in overt AL,
advanced myeloma, and most solid tumors. In cases in which
the sample population is a mixture of neoplastic and residual
normal cells (for example, in hematological diseases with only
partial bone marrow involvement, such as MM or refractory
anemia with blast excess), the LI and 7"svalues obtained and

the parameters calculated are, accordingly, mean values for this
mixture. To overcome this limitation, a marker for the neo
plastic cells could be used, for example, a B-cell marker in

myeloma (40). Based on this marker, neoplastic and normal
cells could be sorted and then measured separately for BrdUrd
incorporation and DNA content. Another possibility would be
to use instrumentation capable of measuring at least three
parameters simultaneously (41); that is, the tumor population
marker, BrdUrd incorporation, and DNA content.

Besides the theoretical interest in knowing the pattern of
human tumor growth, two clinical advantages could be offered
by the in vivo BrdUrd technique. First, the ease with which
kinetic parameters are obtained in large numbers of patients
could substantiate, or challenge, the clinical relevance of pre
treatment tumor proliferative characteristics in prospective se
ries. Second, BrdUrd results are time scale suitable for clinicians
to use in planning treatments in individual cases. For example,
in radiotherapy a gain in local disease control might be obtained
in tumors having doubling times less than 5 days, if the 6- to
7-week treatment is drastically shortened by giving 2-3 frac

tions per day (42).
We conclude that cell kinetics can be reliably studied in large

numbers of human tumors with homogenous cell populations
by combining in vivo BrdUrd administration and FCM meas
urements. Possible clinical advantages involve the evaluation of
the prognostic meaning of proliferative activity and aid in
planning antitumor treatments.

ACKNOWLEDGMENTS

We appreciate the cooperation of many physicians and surgeons at
the University of Pavia in administering BrdUrd to the patients and in
providing tissue samples.

REFERENCES

1. Silvestrini, R., Piazza. R., Riccardi. A., and Rilke. F. Correlation of cell
kinetic findings with morphology of non-Hodgkin's malignant lymphomas.
J. Nati. Cancer Inst.. 58:499-507. 1977.

2. Montecucco, C. M., Riccardi. A.. Traversi, E., Mazzini, G., Giordano, P..
and Ascari, E. Proliferating activity of bone marrow cells in dysmyelopoietic
(preleukemic) syndromes. Cancer (Phila.), 52: 1190-1195, 1983.

3. Silvestrini. R.. Daidone. M. G.. and Gasparini, G. Cell kinetics as a prog
nostic marker in node-negative breast cancer. Cancer (Phila.), 56: 1982-
1987. 1985.

4. Riccardi, A., Montecucco, C. M., Danova, M., Ucci, G., Mazzini, G.,
Giordano. P.. and Pasquali. F. Flow cytometric evaluation of proliferative
activity and ploidy in myelodysplastic syndromes and acute leukemias. Basic
Appi. Histochem., 30: 181-192. 1986.

5. Bauer. K. D., Merkel, D. E., Winter, J. N., Marder. R. J.. Hauck, W. W.,
Wallemark. C. B.. Williams, T. J.. and Variakojis. D. Prognostic implications
of ploidy and proliferative activity in diffuse large cell lymphomas. Cancer
Res.. 46:3173-3178. 1986.

6. Hoshino, T., Nagashima. T.. Cho, K. G., Muovic. J. A., Modes, J. E., Wilson.
C. B., Edwards, M. S. B.. and Pitts, L. H. S-phase fraction of human brain
tumors in situ measured by uptake of bromodeoxyuridine. Int. J. Cancer, 38:
369-374. 1986.

7. Riccardi. A., Montecucco, C. M., Danova, M., Ucci, G., Merlini, G. P.. and
Ascari, E. Rate of M-component changes and plasma cell labeling index in
25 patients with multiple myeloma treated with Peptichemio. Cancer Treat.
Rep.. 69:971-975, 1985.

8. Riccardi, A., Danova. M.. Montecucco. C. M.. Ucci. G., Cassano, E., Gior
dano, M., Mazzini, G.. and Giordano. P. Acute non lymphoblastic leukemia:
reliability and prognostic significance of bone marrow S phase size deter
mined with propidium iodide DNA flow cytofluorometry- Scand. J. Hae-
matol.. 36: 11-17, 1986.

9. Steel, G. G. Growth Kinetics of Tumors, pp. 86-216. London: Oxford
University Press, 1977.

10. Wilson, G. D., McNally, N. J.. Dunphy. E.. Pfragner. R.. and Karcher, H.
The labelling index of human and mouse tumours assessed by bromodeoxy
uridine staining in vivo and in vitro and flow cytometry. Cytometry, 6: 641-
647. 1985.

11. Gratzner. H. G. Monoclonal antibody to 5-bromo- and 5-iododeoxyuridine:
a new reagent for detection of DNA replication. Science (Wash. DC), 218:
474-475, 1982.

12. Dolbeare, F., Gratzner, H. G., Pallavicini, M. G., and Gray, J. W. Flow
cytometric measurement of total DNA content and incorporated bromode
oxyuridine. Proc. Nati. Acad. Sci. USA, 80: 5573-5777, 1983.

13. Begg, A. C., McNally, N. J., and Shrieve, D. C. A method to measure the
duration of the DNA synthesis and the potential doubling time from a single
sample. Cytometry. 6: 620-626, 1985.

14. Danova, M., Wilson, G.. Riccardi. A., Mazzini, G., Ucci, G.. Giordano, P.,
Brugnatelli, S., Luoni. R., McNally, N. J., and Ascari. E. In vivo administra
tion of bromodeoxyuridine and flow cytometry for cell kinetic studies in
human malignancies. Haematologica. 72: 115-119. 1987.

15. Andreeff. M. Cell kinetics in leukemia. Semin. Hematol., 23:300-314,1986.
16. Dormer. P. Kinetics of erythropoietic cell proliferation in normal and anemic

man. A new approach using quantitative 14-C autoradiography. Prog. His
tochem. Cytochem., 6: 1-81, 1973.

17. Ucci, G-, Riccardi. A.. Danova, M., Montecucco. C. M., and Ascari. E. In
vitro evaluation of multiple kinetic parameters in human leukemia by quan
titative I4C autoradiography. Haematologica, 70: 101-105, 1985.

18. Bennett. J. M., Catovsky. D.. Daniel. M. T.. Flandrin. G.. Gallon, D. A. G.,
Gralnick. H. R.. and Sultan, C. Proposal for the classification of the myelo
dysplastic syndromes. Br. J. Haematol., 51: 189-199, 1982.

19. Bergsagel. D., and Rider. W. Plasma cell neoplasma. In: V. T. DeVita, S.
Hellman, and S. A. Rosenberg (eds.). Cancer Principles and Practice of
Oncology, Ed. 2, pp. 1753-1795. Philadelphia: J. B. Lippincott, 1985.

20. Riccardi, A., Mazzini, G., Montecucco, C. M., Cresci, R., Traversi, E.,
Berzuini. C., and Ascari, E. Sequential vincristine, arabinosylcytosine and
Adriamycin in acute leukemia: cytologie and cytokinetic studies. Cytometry,
3: 104-109. 1982.

21. Moran, R., Darzynkiewicz, Z., Staiano-Coico, L., and Melamed, M. R.
Detection of 5-bromodeoxyuridine (BrdUrd) incorporation by monoclonal
antibodies: role of the DNA denaturation step. J. Histochem. Cytochem.,
4:5:821-827. 1985.

22. Fujikawa-Yamamoto, K., Miyashita, N.. and Odashima. S. Flow cytometric
determination of cell cycle parameters of V79 cells by continuous labeling
with bromodeoxyuridine. Cell Struct. Fund., //: 115-124, 1986.

23. Sandriiter, W.. MÃ¼ller,D., and Gensecke. O. Ultraviolettmikrospektopho-
tometrische Messungen des nucleinsÃ¤uregehalts von spermien und diploiden
Zellen. Acta Histochem., 10: 139-154. I960.

24. Dormer. P., Ucci, G.. Lau. B.. Haas, R. J.. and Janka. G. E. In vivoproduction
of childhood acute leukemia cells in relation to ploidy and immunological
subtype. Leuk. Res.. *: 587-595. 1984.

25. Swartzendruber. D. E. A bromodeoxyuridine (BudR)-mythramycin technique
for detecting cycling and non cycling cells by flow microfluorometry. Exp.
Cell Res., 109: 439-443, 1977.

26. Langer. E. M.. RÃ¶ttgers.H. R., Scliermann, M. G., Meier, E. M., Milten-
burger, H. G., Schumann. J.. and GÃ¶dhe.W. Cycling S-phase cells in animal
and spontaneous tumors. I. Comparison of the BrdUrd and 'H-thymidine

6244



CELL KINETICS IN HUMANS WITH IN VIVO Brdllrd ADMINISTRATION

techniques and flow cylometry for the estimation of S-phase frequency. Acta
Radiol. Oncol., 24: 545-548. 1985.

27. Raza, A., Ukar, K.. and Preisler, H. D. Double labeling and in vitro versus in
vivo incorporation of bromodeoxyuridine in patients with acute non-lympho-
cytic leukemia. Cytometry. 6: 633-640. 1985.

28. Riccardi. A.. Martinotti. A., and Perugini. S. Cytokinetic studies in two cases
of plasma cell leukemia. Haematologica. 62: 581-589. 1977.

29. DC Fazio, A.. Learv. J.. Medley, D. W.. and Tattersall. M. H. N. Immuno-
histochemical detection of proliferating cells in vivo. }. Histochem. Cyto-
chem.. 35: 571-577. 1987.

30. Raza. A., Maheshwari, Y., and Preisler, H. D. Differences in cell cycle
characteristics among patients with acute nonlymphocytic leukemia. Blood.
69: 1647-1653. 1987.

31. Gavosto, F., and Pileri. A. Cell cycle and cancer in man. In: R. Baserga (ed.).
The Cell Cycle and Cancer, pp. 99-128. New York: Marcel Dekker, 1971.

32. Ucci, G., Riccardi. A.. Dormer, P., Danova. M.. Luoni, R., Montecucco, C.
M., Ciotti. R., and Girino, M. Proliferation kinetics of plasma cells and of
normal haemopoietic cells in multiple myeloma. Cell. Tissue Kinet.. 20:311-
318, 1987.

33. White, R. A., and Meistrich, M. L. A comment on a "method to measure

the duration of a DNA synthesis and the potential doubling time from a
single sample." Cytometry', 7: 486-490. 1986.

34. Russo. A., Gianni. L.. Kinsella, T., Klecker, W.. Jr., Jenkins, J., Rowland,
J., Glatstein, E., Mitchell, J. B., Collins. J., and Myers. C. Pharmacological
evaluation of intravenous delivery of 5-bromodeoxyuridine to patients with
brain tumors. Cancer Res.. 44: 1702-1705. 1984.

35. Kinsella, T.. Mitchell, J. B., Russo, A., Morstyn, G., and Glatstein, E. The

use of halogenated thymidinc analogs as clinical radioscnsitizers: rationale,
current status, and future prospects: non-hypo\ic cell sensitizers. J. Radial.
Oncol. Biol. Phys.. 10: 1399-1406. 1984.

36. Hoshino. T.. Nagai. M., and Sano. K. Application of bromouridine in
radiotherapy of malignant brain tumors. Nippon Acta Neuroradiol.. 8: 36-
47, 1967.

37. Hoshino. T.. N'agashima, T.. Murovic, J. A.. Wilson, C. B.. and Davis. R. L.

Proliferative potential of human meningiomas of the brain. A cell kinetic
study with bromodeoxyuridine. Cancer (Phila.), 58: 1466-1472, 1986.

38. Danova, M.. Riccardi. A., Mazzini, G., Ucci, G., Gaetani, P.. Silvani, V.,
Kncrich. R., Butti, G., and Ascari. E. Ploidy and proliferarne activity of
human brain tumors: a flow cytofluorometric study. Oncology (Basel), 44:
102-107. 1987.

39. Danova. M., Riccardi. A., Brugnatelli. S.. Fiocca. R.. Girino. M.. Villani, L..
Giodano. P., Diornigi. P., Giodano, M., Buttini. R., Ucci. G., and Mazzini.
G. In vivobromodeoxyuridine incorporation in human gastric cancer: a study
on formalin fixed and paraffin embedded sections. Histochem. J.. 20: 125-
130. 1988.

40. Tong. A. W., Lee, J. C., and Stone, M. J. Characterization of a monoclonal
antibody having selective reactivity with normal and neoplastic plasma cells.
Blood, 69: 238-245. 1987.

41. Stewart. C. C., Stevenson, A. P., and Steinkamp, J. A. Characterization of
cell populations in tumors by multiparameter flow cytometer. In: D. L.
Taylor, A. S. Waggoner, et al. (eds.). Applications of Fluorescence in the
Biomedicai Sciences, pp. 585-597. New York: Alan R. Liss, Inc., 1986.

42. Thames, H. D., Peters. L. J., Withers. H. R.. and Fletcher, G. H. Accelerated
fractionation versus hyperfractionation: rationale for several treatments per
day. Int. J. RadiÃ¢t.Oncol. Biol. Phys., 9: 127-138, 1983.

6245




