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Summary. Two adults with rapidly progressive acute myeloblastic and
myelomonoblastic leukemia were given single injections of tritiated thymi-
dine, and measurements were made of the growth rates of their leukemic and
normal hematopoietic cells by radioautographic methods. Although almost
all leukemic blasts in both marrow and blood were metabolically active
as shown by their ability to incorporate tritiated uridine and leucine in Vitro,
only 5.6% and 6.1% ol the blasts in the marrow and even fewer in the blood
incorporated tritiated thymidine. The mitotic indexes of the marrow blasts
were 0.66% and 0.52%; no circulating blasts were dividing. The mean gen-
eration times of the actively proliferating blasts were estimated to be 49 and
83 hours. This cannot be equated with the doubling time of the total leu-
kemic population as there is evidence that many blasts fail to continue di-
viding and die. The mean durations of the phases of the blasts' mitotic cy-
cles were as follows: DNAsynthesis (S) = 22 and 19 hours, premitosis (G2)
= 3 hours, mitosis (M) = 0.47 and 0.62 hour (minimal estimates), and post-
mitosis (G1) = 24 and 61 hours. In both patients the maximal mean transit
time of the blasts in the blood was 36 hours, and the minimal numbers of ac-
tively dividing blasts present were 1.6 and 2.6 X 109 per kg of body weight.

Estimates were also made of the rates of proliferation and maturation of
the residual normal erythrocytic and granulocytic cells in these two patients.
Although total production was markedly diminished because of reduction in
the number of normal elements, the relatively few remaining normal cells
appeared to be dividing and maturing at rates that are about the same or only
slightly slower than those found in normal subjects.

Weconclude that the main reason leukemic blasts displace normal hemato-
poietic precursors in acute leukemia is that the blasts largely fail to differ-
entiate. Many die but many others persist in the marrow and elsewhere as
primitive cells and continue to proliferate. As the blasts accumulate, they
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gradually displace the normal hematopoietic cells, most of which continue
their normal course of differentiation and leave the marrow as nondividing
mature cells. It is not known why the over-all production of normal cells
is not adequately increased to compensate for the anemia, granulocytopenia,
and thrombocytopenia that develop, but apparently the leukemic cells some-
how interfere with the proliferation or differentiation or both of normal stem
cells.

Introduction

Although there have been recent advances in
knowledge about normal hematopoiesis (1-8), in-
formation is still limited about cellular prolifera-
tion in acute leukemia (8-14). The present re-
port is a study of two adults with acute leukemia
in whom in vivo measurements were made of the
mean generation times of their leukemic cells and
of the phases of their mitotic cycles. Estimates
were made of the total numbers of dividing leu-
kemic cells and of their mean transit times in the
blood. Insofar as possible, the rates of prolifera-
tion and maturation of residual normal hemato-
poietic cells and their times of emergence into and
disappearance from the blood were also measured.

Methods

Injection of thymidine-'H and preparation of radioauto-
graphs

Twenty mc of tritiated thymidine (thymidine-'H, 6.6 c
per mmole) 1 was injected intravenously during 5 min-
utes; for reasons to be presented later it appears unlikely
that this dose significantly disturbed the mitotic cycle.
At intervals thereafter, about 0.05 ml of marrow was as-
pirated from either the sternum or anterior or posterior
iliac crest, and smears were made directly. Five- to 10-
ml samples of blood were placed in dried heparinized
tubes. After centrifugation in silicone-treated tubes,
most of the plasma was removed and smears were made
of the buffy coat. Fifteen to 20 smears were made of
each specimen on gelatinized slides and immediately
dried with a hairdryer. The slides were then fixed in
absolute methyl alcohol for 15 minutes, air dried, and
stored until the experiment was completed. All radio-
autographs were processed together as previously de-
scribed (15), with a single shipment of Kodak AR 10
radioautographic stripping film. All film shipments were
tested for background activity before use on nonradioac-
tive buffy coat smears. Only film with an average of less
than 1 grain per nucleated cell in areas that had the
highest background was used. The radioautographs for
the in vivo studies were exposed for 2 or 4 weeks, de-
veloped, and stained with Giemsa at pH 5.7.

1 Schwarz Bioresearch, Orangeburg, N. Y.

In vitro studies

Two to 10 ml of marrow or blood was diluted with
2 vol of Gey's solution containing approximately 10 U of
heparin per ml. Samples were placed in test tubes
to which were added separately thymidine-'H and uri-
dine-3H (SA 200 mc per mmole each) or leucine-'H (SA
400 mc per mmole) to give final concentrations of 0.05 to
0.2 Ac per ml for thymidine-'H and 0.2 to 1.0 ,Ac per ml
for uridine-'H and leucine-'H. The tubes were incubated
at 370 C in a shaking water bath for 15 minutes to 29
hours. After centrifugation, the buffy coat was taken off,
and smears were made and processed for radioauto-
graphs as previously described; they were exposed for
2 weeks for the thymidine-'H and 8 weeks for the uri-
dine-'H and leucine-'H experiments. In general, the
amount of isotope incorporated per cell varied directly
with the isotopic concentration and inversely with the
cellular concentration.

Mitotic index and counting of labeled cells

The mitotic index was determined by counting the
number of blasts in mitosis among 5,000 or more blasts on
direct smears and was expressed as a percentage. All
recognizable stages of mitosis were counted (except early
prophase). One hundred or more blast mitoses were
counted for determining the fraction of labeled mitoses,
and 1,000 to 5,000 interphase blasts for the fraction of la-
beled blasts. To avoid false positives, we chose a count-
ing threshold of 5 grains 2; all cells with fewer grains
were considered unlabeled for purposes of obtaining la-
beling indexes, median grain counts, and so on. For
grain count distributions, 100 or more labeled interphase
cells and 50 or more labeled mitoses were tabulated and
their grain counts plotted in increments of 10 except for
the group with the lowest count (5 to 9, 10 to 19, and so
on up to 90 to 99). Cells with 100 or more grains were
grouped together. The assumptions concerned with the
use of thymidine-'H for studying cellular proliferation
have previously been considered in detail (9, 15, 17-23).

2 The grain count distribution due to background ac-
tivity obeys the Poisson probability law (16). The
mean background grain count of slides counted was
about 35 grains per hundred cells, with a maximum of
about 60 grains per hundred. At this maximal back-
ground level, 45% of the cells have at least 1 grain due
to background, 12%o have at least 2 grains, 2%o 3 or
more, 0.3% 4 or more, and only 0.04%o will have greater
than 4.
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After intravenous injection in man, thymidine-SH is
rapidly catabolized and is available to cells for incorpo-
ration into DNAfor only about 20 minutes (24).

Phases of mitotic cycle and generation time

The nomenclature for the mitotic cycle phases is as
follows (25): DNA synthesis, S; premitosis, G2; mito-
sis, M; and postmitosis, G1. The mean duration of S
was measured as the time between the midpoints of
the rising and falling curves of per cent labeled mitoses
(15, 22). The a) minimal, b) median, and c) maximal
durations of G2 are defined as the times between admini-
stration of thymidine-3H and, respectively, a) the appear-
ance of the first labeled mitotic figure, b) when 50%o and
c) 100%o of mitoses are labeled (15, 22, 26). These esti-
mates of course include a portion of the mitotic phase, but
this was ignored. Providing that all blasts are pro-
liferating and cells leaving the marrow do so randomly,
it can be shown by an adaptation of the method of
Cleaver (27) that the duration of M is, Tm= [mitotic
index (MI) X mean generation time (TG) ]/0.693. If
some blasts are not dividing, the true MI of the prolifer-
ating fraction is higher than the apparent MI, and the
true Tm will be longer. The divisor 0.693 enters be-
cause of the assumption of random passage to the blood.
Although blasts probably pass into the blood preferen-
tially in G1 (as shown by the facts that the initial la-
beling index is lower in the blood than in the marrow,
and that no mitotic blasts are found in the blood), this
would probably result in only a small increase in the di-
visor. At worst, the divisor could be as large as unity;
this would be the case if blasts could pass to the blood
only immediately after mitosis. Since it is more likely
that they can do so during most of G., the actual divisor
is probably close to the one used.

The mean generation time (TG) of the blasts was mea-
sured as the time taken for the median grain count of
the more highly labeled cells to halve. The first median
grain count used (Io) was that after the majority of la-
beled cells had completed their first division (about 24
hours), since the time between administration of thymi-
dine-3H and the first division includes only a portion of
the mitotic cycle. The subsequent halving of the grain
count (IO/2) then reflects the generation time.

The number of labeled blasts counted for each sample
was 100 to 200; the 40% or 50%o of cells with the high-
est grain counts were used. This fraction is large enough
that little error is introduced even if the population is
highly variable. On the other hand, by utilizing only the
more highly labeled cells we were able to follow their
median grain count for a longer period, resulting in a
more accurate estimate of the generation time. A com-
plicating factor encountered in the use of this technique
is that the daughters of lightly labeled cells may fall be-
low the counting threshold upon division. Their exclusion
has the effect of artificially raising the median grain count
of "labeled" cells, resulting in an overestimation of TG.
To correct for this, we assumed that the decrease in la-
beling index was due entirely to cells falling below the
threshold after division, and the fraction of labeled cells

used for the median grain count estimate was increased
proportionally to the decrease in labeling index. Since
mitoses were not observed in the blood, we assumed that
division occurs only in the marrow and that the blood
data represent a smoothed out, delayed version of the
situation in the marrow with a time lag of about a day.
The marrow data were considered more accurate than the
blood. The actual procedure used to estimate TG (15)
was to obtain a least-squares fit (28) of a straight line
to a semilogarithmic plot of the median grain count
versus time. The numerical calculations were performed
on a Control Data Corporation 160A digital computer.

The duration of G, was determined by subtracting the
total of the measurable phases (S, G2, and M) from TG.

Blood transit time and total number of dividing blasts

The mean transit time of cells in the blood is defined
as the average time spent in the blood (9). This is
equal to the t1 for disappearance of highly labeled cells
from the blood (calculated by the method of least
squares) divided by 0.693. The grain count threshold is
chosen sufficiently high that relatively few cells enter-
ing from the marrow during the period of measure-
ment will have grain counts in this range, and "recircu-
lating" cells that might return to the blood after dividing
elsewhere will no longer have counts above this threshold.
A threshold of 60 grains was selected; if a higher one
was used, there were too few cells to obtain valid results.

The method used to estimate the total number of di-
viding blasts in the marrow is based on the assumptions
that a) the system is in a steady state; b) cell death in
the marrow is negligible, and all cells are proliferating;
c) cells passing from the marrow into the blood do so
randomly with respect to phase of mitotic cycle; and d)
there is little recirculation of proliferating blasts from
blood to marrow. If the system is growing or if mar-
row cell death is significant, the estimate will be too low;
if c or d is invalid, it will be too high. As mentioned
earlier in connection with derivation of the expression
for Tm1, it is unlikely that the fact that assumption c is
not strictly correct will cause significant error in the
result. There is evidence (see Discussion) that assump-
tion d is probably valid. Therefore it is probable that
error due to factors a and b is of greater significance than
c and d, and the expression presented here for the
number of dividing blasts will be considered a minimal
estimate. The expression is derived by equating the rate
at which new blasts are produced in the marrow to the
rate at which they leave the blood: (0.693/TG) X N1 =

(l1IT) NB, or NM= TGNB/0.693r, where TG= mean gen-
eration time, Nm= number of dividing blasts in the mar-
row, r =mean transit time of blasts in the blood, and
NB = number of blasts in the blood.

The blood volume was assumed to be 66.5 ml per kg of
body weight (29).

Normal erythrocytic and granulocytic cells

Normal hematopoietic cells were classified mainly ac-
cording to conventional morphologic criteria (30). Gen-

508



STUDIES OF CELLULAR PROLIFERATION IN ACUTELEUKEMIA

9----o a 5 grains or more

......4 *lOgrainsor more

3* X - 50 grains or more
A.. -. 100 grains or more

5 10 11 127
DAYS

AVERAGE GRAIN COUNT

(Mitoses)

4 9 12 21 29 2 '3 4
r___),,~"

GRAIN COUNT DISTRIBUTION
IMitoses)

L*Lbk.Lh. IL

I .- II
GRAINS / CELLS

I1I 1'1

l
7/12 7/14 7/16 7/18 7/20 7/21

FIG. 1. TIME OF APPEARANCEOF LABELED BLASTS IN MITOSIS IN R.R. The duration of the plateau of maximal la-
beled mitoses and the true shape of the descending curve are uncertain because no samples were obtained between 12
and 21 hours. Radioautographs exposed 2 weeks.

erally, the principles and methods formulated by in-
vestigators at Brookhaven National Laboratory (2-4,
6, 17, 31, 32) were used to measure the rates of prolifera-
tion and maturation of these cells. For comparative pur-
poses we have also used the same criteria and nomen-

clature for erythropoietic cells (6, 17, 32). Cells were

classified by morphologic criteria except in ambiguous
cases, where size was also considered.

The proportional distribution of red cell precursors

was determined by counting 1,000 or more of these cells.
Five hundred or more polychromatic normoblasts were

counted for the mitotic index. For determining the per-

centage of labeled cells, 25 or more basophilic normo-

blasts, 50 or more metamyelocytes, and 100 or more

polychromatic or orthochromatic normoblasts, bands, and
polymorphonuclear cells were counted.

Case reports

Subject 1, R.R. R.R., a 68-year-old woman, was diag-
nosed elsewhere as having acute leukemia in May 1963,
1 month after she had excessive bleeding following ex-

traction of several teeth.. She was given 2,500 ml of
whole blood, and prednisone (100 mg per day) was

started on June 14, 1963. There was little improve-
ment and she was admitted to James Ewing Hospital on

July 10, 1963. Numerous ecchymoses and petechiae were

present. There was no detectable enlargement of the
lymph nodes, liver, or spleen. The hematocrit was 19%,
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SIS IN M.T. Radioautographs exposed 2 weeks.

hemoglobin level 5.8 g per 100 ml, leukocytes 23,000 per
mm', and platelets 3,000 per mm'; the peripheral blood
differential showed polymorphonuclear neutrophiles 17%,
bands 6%, monocytes 8%o, lymphocytes 16%o, atypical
lymphocytes 3%, metamyelocytes 2%, blasts 48%o, and
nucleated red cells 2%. A sternal marrow aspirate was

very hypercellular, and the differential was as follows:
blasts 76.2%, promyelocytes 6.0%o, myelocytes 2.8%yo,
metamyelocytes 2.2%o, bands 4.4%o, polymorphonuclear
neutrophiles 3.4%o, eosinophiles 0.2%o, monocytes 1.0%o,
lymphocytes 3.2%o, nucleated red cell precursors 0.4%o,
and plasma cells 0.2%o. Some of the blasts had Auer
bodies. No megakaryocytes were seen and there were

no megaloblastic changes. A diagnosis was made of
acute myeloblastic leukemia. Almost all cells classified
as "promyelocytes" were abnormal; however, as it was

often not possible to distinguish them from blasts in the
radioautographs, they were grouped together as "blasts."

Prednisone was discontinued, and 20 mc of thymidine-3H
(0.26 .uc per g of body weight) was injected on July 11,
the day after admission. Because she had been running
a low grade fever, thought to be due to bronchopneu-
monia, tetracycline was started on July 15; her tempera-
ture returned to normal and remained so thereafter.
Other than 1,000 ml of whole blood, no further treatment
was given until July 16, when 6-mercaptopurine and thia-
diazole were started as part of a clinical trial to see

whether the latter would enhance the therapeutic effect
of the purine analogue. The leukocyte count gradually
fell and there was a slight improvement in the peripheral
blood differential, but the platelet count remained low
and the marrow remained hypercellular without any im-
provement in the differential. Her clinical condition
worsened rapidly. Prednisone was begun again on July
23, but there was no improvement and she died 3 days
later as a result of an intracranial hemorrhage. Post-
mortem examination showed a generalized bleeding di-
athesis. The marrow was densely packed with blasts,
and there was moderate infiltration of leukemic cells in
the liver, spleen, lymph nodes, renal cortices, and sub-
mucosa of the stomach and intestine. The liver and
spleen weighed 1,500 mg and 200 g, respectively.

Subject 2, M.T. M.T., a 61-year-old woman, was ad-
mitted to another hospital on March 4, 1964, because of
weakness and dyspnea, and a diagnosis of acute leuke-
mia was made. She was given prednisone (20 mg per
day) and 1,500 ml of whole blood and discharged on
March 21, 1964. She was admitted to James Ewing
Hospital on April 18, 1964, because of recurrent weak-
ness. She had a few petechiae and ecchymoses of the
skin, and the spleen tip was just palpable. The lymph
nodes and liver were not enlarged. The hemoglobin
level was 6.3 g per 100 ml, hematocrit 20%, leukocytes
15,000 per mm3, and platelets 11,000 per mm'. The
peripheral blood differential showed polymorphonuclear
neutrophiles 1%, lymphocytes 10%, and blasts 89%. A
sternal marrow aspirate was very cellular and had the
following differential: lymphocytes 10%, polychromato-
philic and orthochromatic normoblasts 4%, monocytes
4.5%, and blasts 81.5%. The blasts were interpreted as
monoblasts by some hematologists; others thought they
had mixed features of myeloblasts and monoblasts. Oc-
casional Auer bodies were seen. About 4% of the poly-
chromatic normoblasts and metamyelocytes and more
mature erythrocytic and granulocytic forms showed minor
megaloblastic or macrocytic changes; these were absent
in the earlier precursors.

On April 21, 1964, 20 mc of thymidine-3H (0.34 /Ac per
g of body weight) was injected. Her clinical condition
remained fairly stable, and no treatment was given during
the next week except 2,000 ml of whole blood. The leu-
kocyte count fell spontaneously to around 8,000 per mm'.

On April 28, 1964, a continuous intravenous infusion
of 5-fluoro-2T-deoxyuridine (FUdR) was started and
continued for 5 days. She developed moderate gastro-
intestinal toxicity and the leukocyte count fell to 4,500 per
mm', but the marrow remained hypercellular with over
90% blasts. Her subsequent course was complicated by a
pararectal abscess and bilateral pyelonephritis, both of
which responded poorly to antibiotics. Beginning May
18, 1964, she received three intravenous injections of vin-
cristine over the next 11 days. The peripheral leuko-
cyte count fell from 10,800 per mm' to 1,100 per mm3, the
platelets from 30,000 per mm3 to 5,000 per mm3, and the
marrow became hypocellular. She then developed pneu-
monia, septicemia, and jaundice and died in shock on
June 3, 1964.

510

c



STUDIES OF CELLULAR PROLIFERATION IN ACUTELEUKEMIA

R.R.
r H3-Thymidine 20 mc I.V.

LABELED BLASTS
Marrow

Blood
, , ,U.

1 2 3 4 5 6 7 8 9 10 11 12
DAYS

o0 AVERAGEGRAIN COUNT

10

HRS. 1/3 2 12 21 29 34 6 6

100- GRAIN COUNT DISTRIBUTION

60 (Blood)

mu&jLJ L iL L

a Blood
* Marrow

DAYS

" PMPP fI ' IMP 'P rI MI
,1IeFII1 ITt I

m
(Marrow) 0 100

GRAINS /CELL

MITOTIC INDEX (Marrow)

U . . 1

TOTAL AND DIFFERENTIAL
LEUKOCYTECOUNT

(Blood)

Transfusion!
t I 4 t +

6-MP 175mg/day
Thiadiazolen 5ma/dav

Total
Others

| mLymph
Polymorphonuclear
Band

7||| MMetamyelocyte
s~l/ / r~ylocyte,

B Ir~asts

I t

Prednisone 100mg/day/d packed
red cells

II l~wv W I M3
.

I

led
I I I~ 1

TDe

FIG. 3. TIME OF APPEARANCEOF LABELED INTERPHASE BLASTS IN R.R. Radioautographs exposed 2

weeks. 6-MP = 6-mercaptopurine.

201-

10

n

511

4
GRAINS/
CELL

TIME OF
SAMPLE

%CELLS

100

%CELLS 60

20

% 1.0Fn_

25 -

x103/mm3

1963 7/11 7/13 7/15 7/17 7/19 7/21 7/23 7/25

8

Is



CLARKSON, OHKITA, OTA, AND FRIED

M.T.

F H3-Thymidine 20 mc I .V.

%
20

Marrow
10

LABELED BLASTS
- B-lood4< ,U--.Q -C, I,

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
I ~~~~~~DAYS

l- o Blood
* Marrow

ID AVERAGE GRAIN COUNT
I I1~~in n i n In i n n n n

SAMPE HRS. 12 4243248 56 72 6 7 8

%CELLS

2a

10 DAYS 13 15

GRAIN COUNTDISTRIBUTION
(Blood)

LiLL-LI[L LLI L

(Marrow)

ALLILII [
0 100

'' '' GRAINS/ ELL
MITOTIC INDEX

(Marrow)
0i ' ' '

14 LEUKOCYTE COUNT

A ~~~~~~(Blood)Toa
6- Blast .. -

Transfusion +

FUDR30 mg/day

4/21 4/23 4/25 4/27 4/29 5/1 5/3 5/5
FIG. 4. TIME OF APPEARANCEOF LABELED INTERPHASE BLASTS IN M.T.

weeks. FUdR= 5-fluoro-2'-deoxyuridine.

Results

Mitotic indexes and labeled blast initoses

Before injection of thymidine-3H, the mitotic
index (MI) of the marrow blasts was 0.44%o in
patient R.R. and 0.28%' in patient M.T. During
the studies it varied between 0.1%7/ and 0.66%
(average 0.28%o) in the 11 marrow samples from
R.R. (Figure 1) and between 0.23%7o and 0.52%7o
(average 0.36) in the 12 samples from M.T.

Radioautographs exposed 2

(Figure 2). The lower values were presumably
largely due to greater dilution with blood (no
mitotic figures were found in the blood), and the
highest values probably most nearly represent the
true MI. Although direct evidence is lacking, it
seems probable that the MI remained more or less
constant during the study since the variations ap-

peared to correlate with the cellularity of the sam-

ple and occurred randomly rather than in a di-
urnal or consistent manner.
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The times of appearance of labeled blasts in
mitosis in the marrow in R.R. and M.T. are

shown in Figures 1 and 2. A small percentage of
mitoses was almost certainly truly unlabeled at
the tops of both curves, since when the radioauto-
graphic exposure time was doubled and 100 blast
mitoses in each sample were recounted, their aver-

age grain counts approximately doubled but 2 to
4%) still had no grains at all.

It is apparent that the relative numbers of
highly and lightly labeled mitoses did not change
appreciably until about the end of the first day,
after which most of the persistent labeled mitoses
had a low labeling intensity. It is highly probable
that the latter were truly labeled, since the average

background grain count as determined by count-
ing 1,000 "unlabeled" interphase cells (i.e., those
with less than 5 grains) was less than 1 grain per

cell, and only 2%o or less of both "unlabeled" inter-
phase cells and "unlabeled" mitoses had 4 grains.
Furthermore, by exposing the radioautographs 4
weeks and raising the grain count threshold to 7
or 8 grains (not shown), the percentages of la-
beled mitoses were almost identical to those found
at the 5-grain threshold in Figures 1 and 2.

Durations of phases of mitotic cycle

G, phase. The median duration of G2 was

about 3 hours in both patients. The minimum
was between 20 minutes and 2 hours in R.R. and
is unknown in M.T. because no specimen was

obtained earlier than 2 hours. The maximal
duration of G2 is uncertain since not all mitoses
were labeled. The few unlabeled mitoses at the
tops of the curves appeared no different from the
labeled ones, and it is probable that either a) their
G2 phases were longer than 12 to 16 hours, b)
the combined duration of G2 plus S was shorter
than this, or c) they were so situated that they
were not exposed to a sufficient concentration of
thymidine-3H to become labeled.

S phase. The mean duration of S was 21.6
hours in R.R. and 18.7 hours in M.T. The grain
counts of the mitoses did not change significantly
during the first day, when most of the labeled cells
underwent their first division; hence the average

rate of incorporation of thymidine-3H must have
been approximately constant during the S phase.
The explanation for the persistence of (mostly

lightly) labeled mitotic figures after the first day
is uncertain; they did not differ morphologically
from the unlabeled mitoses. By comparing the
grain count distribution data in Figures 1 and 3,
and in 2 and 4, it is apparent that the mitotic
blasts and interphase blasts no longer shared a
similar grain count distribution after the first day
(i.e., more of the mitoses had a low labeling in-
tensity). Although a few of the persistent labeled
mitoses (i.e., those with 10 or more grains) may
have had a very long G2 phase, this cannot ac-
count for the 15 to 30%o that remained labeled.
No clear second rising wave of labeled mitoses
was observed; this may have been due either to
an insufficient number of samples or else to rapid
loss of synchrony of the labeled population after
their first division. One possible explanation for
the persistent labeled mitoses is reutilization of
thymidine-3H; this has been demonstrated in vivo
in a number of experimental systems by others
(33-39). However, the per cent of interphase
cells with 5 or more grains in the marrow fell
progressively after 24 to 29 hours (Figures 3 and
4, top graphs), and there was no increase in the
number containing 1 to 4 grains (not shown).
Another possibility is that some of the persistent
labeled mitoses were cells with a low DNAsyn-
thesis rate associated with a very long S phase;
these blasts would incorporate less thymidine-3H
than the majority, which divided earlier. Finally
it is possible that some blasts had very short gen-
eration times and were undergoing second divi-
sions. Since most mitoses after 1 day were lightly
labeled, it may be that the more highly labeled
cells were inhibited from undergoing second and
later divisions as a result of thymidine-3H toxicity.

Mphase. If we assume that the highest mitotic
indexes found in the marrow are most nearly cor-
rect, for R.R., minimal duration of Tm= [0.66/
100 (MI) x 49 hours (TG)]/0.693 = 0.47 hours;
for M.T., minimal duration of TM= LO.52/100
(MI) x 83 hours (TG)]/0.693 = 0.62 hours.

G1 phase. For R.R., the average G1 = 24
hours; and for M.T., 61 hours.

Labeled interphase blasts

In R.R.'s marrow 3.0% of the blasts were la-
beled at 20 minutes and 3.4%c at 2 hours (Figure
3, top graph). In the blood, 0.6% and 0.7%o were
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method. Radioautographs exposed 2 weeks. TdR =

thymidine.

labeled at 20 minutes and 2 hours, respectively.
The percentage of labeled blasts reached a maxi-
mum of 13%o in the marrow at 29 hours and
11.5%o in the blood at 45 hours and thereafter
slowly declined. It will be noted that the per
cent of labeled blasts in R.R.'s marrow more than
doubled in the first 29 hours. Possible explana-
tions are thymidine-3H reutilization or repeated
divisions of labeled blasts, but we consider the
major factor more likely to be that the earlier
marrow samples were more diluted with pe-

ripheral blood and hence their (apparent) labeling
index was too low. The latter proposal is sup-

ported by the observation that the mitotic indexes
were lower in the earlier samples (Figure 3, mi-
totic index). Even if diluted to the same degree,
the labeling indexes of the later marrow samples
would be less affected, since the labeling index
in the blood increased to approximate that in the
marrow by the second day (Figure 3, top graph).

In M.T.'s marrow, 6.1%o of the blasts in the
marrow were labeled in the initial 2-hour sample,

and 0.2%o of those in the blood were labeled at 1
hour (Figure 4, top graph). The labeled blasts
reached a peak of 13.5%o in the marrow at 24
hours and 9.1%o in the blood at 56 hours and then
gradually fell.

Generation times of blasts

The calculated values for TG ( 1 SD on a

logarithmic scale) were as follows: R.R. = 49
(42 to 60) hours in the marrow and 52 (49 to
54) hours in the blood, and M.T. = 83 (70 to
102) hours in the marrow and 69 (57 to 88)
hours in the blood (Figure 5).

Mean transit time of blasts in blood

The calculations of blood transit times of blasts
were based on the disappearance times of circu-
lating blasts having 60 or more grains (Figure 6).
The starting points for the computations were
chosen to be the times at which the absolute num-
bers of these blasts were maximal. The observed
half-times for disappearance (TD) were 25 (21
to 30) hours for R.R., and 25 (21 to 32) hours
for M.T. These times are upper limits since it
is known that some cells with more than 60 grains
were still present in the marrow (Figures 3 and
4, grain count distribution data), and presumably
some of these were still entering the blood during
the period of observation. The mean transit time
of the blasts in the blood was 36 hours in both
patients.

In the initial blood samples about half the la-
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beled cells had 60 or more grains (48% at 20
minutes for R.R. and 54% at 1 hour for M.T.),
presumably due to a higher concentration of
thymidine-3H in the venous blood than in the
marrow immediately after injection (Figures 3
and 4, compare grain count distribution in marrow
and blood). The percentage of labeled blasts in
the blood with 60 or more grains thereafter fell
progressively, due both to loss of highly labeled
cells from the blood and to influx of labeled cells
from the marrow, most of which were less highly
labeled. Nevertheless, because some of the mar-
row blasts were highly labeled, the absolute num-
bers of circulating blasts with 60 or more grains
(per 1,000 total blasts) rose to maximal values
at 29 hours in R.R. and 49 hours in M.T.; they
then fell until none were found after 96 hours in
R.R. or after 195 hours in M.T.

R.R.
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~LABELED INTERPHASE BLASTS
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Total number of dividing blasts

The average number of blasts in R.R.'s blood
during the period of study was 12,000 per mm3,
and with an estimated blood volume of 5,000 ml
the total number of circulating blasts (NB) was
60 x 109. Since their mean transit time (T) was
36 hours, each hour 60 x 109/36 = 1.7 X 109
blasts entered the blood, and the same number of
mitoses must have occurred to maintain this num-
ber. The total number of dividing blasts (NM),
therefore, was: [49 (TG) X 60X 109 (NB)]/
[0.693 x 36 (T)] = 12 x 1010; or (12 x 1010)/76
kg = 1.6 x 109 per kg of body weight.

In M.T., the average number of circulating
blasts during the study was 11,700 per mm3, and
with a blood volume of 3,900 ml the total number
of circulating blasts was 45.6 x 109. NM= [83
(TG) X 45.6 x 109 (NB) ]/[0.693 x 36 (T) ] =

15 x 1010; or (15 x 101o)/58.5 kg = 2.6 x 109
per kg of body weight.

Incorporation of uridine-3H, leucine-3H, and
thymidine-3H in vitro

All of both R.R.'s and M.T.'s blasts from both
marrow and blood utilized uridine-3H and leu-
cine-3H in vitro, and the amount incorporated was
almost maximal by 4 hours. The percentage of
R.R.'s blasts that were labeled in vitro immedi-
ately with thymidine-3H and their average grain

%CELLS
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0
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(Interphase blasts)

BnD 11 [1
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FIG. 7. TIME OF APPEARANCEOF LABELED BLASTS IN

MITOSIS AFTER PULSE LABELING OF R.R.'s MARROWIN
VITRO FOR 20 MINUTES WITH THYMIDINE-'H. [SA 200 mc

per mmole, concentration 0.05 ,uc per ml (= 2.5 X 10'
mmole per L).] Labeled thymidine was then removed
and replaced with excess nonradioactive thymidine (2.5 X
10' mole per L). Concentration of nucleated cells in
incubation mixture = 55,000 per mm'. Radioautographs
exposed 2 weeks.

counts were as follows: blood = 1.3%, 86 grains;
marrow = 5.6%, 45 grains (peripheral leukocytes
= 20,000 per mm3; undiluted marrow = 149,850
nucleated cells per mm3). The maximal average
grain count occurred at 4 hours, and the per cent
of labeled blasts did not change appreciably over
29 hours. Since M.T.'s marrow and blood were
not incubated with thymidine-3H until after the
latter had been given in vivo, the results may not
be valid and are therefore not presented.

A pulse labeling experiment was also done in

515



CLARKSON, OHKITA, OTA, AND FRIED
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which R.R.'s marrow blasts were exposed to
thymidine-3H (2.5 X 10-4 mmole per L) for only
20 minutes (Figure 7). The cells were then cen-
trifuged, the supernatant was removed, and the
cells were resuspended in autologous serum and
Gey's solution containing 1,000-fold excess of
nonradioactive thymidine (0.25 mmole per L).
The blasts' mitotic index was only 0.1%; this low
value undoubtedly was a result of dilution with
peripheral blood, as a total of 10 ml of "marrow"
was aspirated for this experiment. The minimal
duration of G2 = greater than 2 hours, median
G, = 4 hours, and mean S = 27 hours (measured
from projection of descending curve to 50%o
level). Compared to the time of appearance of
labeled mitoses in vivo, there was significant
prolongation of DNAsynthesis and delayed entry
into mitosis. Excess thymidine (about 2 to 5
mmoles per L) has been shown to block DNA
synthesis and suppress mitotic activity in several
mammalian cell types grown in vitro (40-44).
Other possible factors causing delay in passage
of cells through the mitotic cycle in vitro are
trauma associated with aspiration of marrow and
the fact that the cells remained at room tempera-
ture for about 45 minutes while being prepared
for incubation.

Labeling of normal hematopoietic cells

To evaluate the nature of the disturbance in
normal hematopoiesis in acute leukemia, we fol-
lowed the time course of thymidine-3H labeling

of our patients' residual normal hematopoietic
cells.

Erythropoiesis. The ratios of proerythroblasts:
large basophilic normoblasts:small basophilic nor-
moblasts: polychromatic normoblasts: orthochro-
matic normoblasts were as follows: for R.R.,
1:4.7:2.0:30.6:17.3; and for M.T., 1:6.3:3.3:
43.5 :71.0. The mitotic index of the polychro-
matic normoblasts was 1.6% for R.R. and 4.7%o
for M.T. There were too few earlier precursors to
determine their mitotic index with any reliability.

For M.T., the percentages of cells initially
labeled (2 hours after thymidine-3H) and their
average grain counts were these: proerythro-
blasts, 80%, 40 grains (only 10 cells found);
large and small basophilic normoblasts, 65%,
26 grains; and polychromatic normoblasts, 16%,
22 grains (Figure 8). From halving of the aver-
age grain count by the method of least squares
(not shown), the generation time of the basophilic
normoblasts was calculated to be 30 ± 7 hours
and of the polychromatic normoblasts 48 + 8
hours. These are maximal estimates, since the
average grain counts of all labeled cells were used
because there were too few to select just the most
highly labeled. They must also be regarded as
only rough approximations, since no correction
was made for influx or efflux of labeled cells into
and out of these maturation compartments. La-
beled orthochromatic normoblasts first appeared
at 12 hours and reached a maximum at 48 hours.

In R.R., the percentage of cells initially labeled
(at 2 hours) and their average grain counts were
as follows: proerythroblasts, 60%o, 150 grains
(only 10 cells found); large and small basophilic
normoblasts, 48%, 42 grains; and polychromatic
normoblasts, 10%o, 32 grains. The basophilic nor-
moblasts reached a peak of 84%o at 21 hours and
the polychromatic normoblasts 62% at 21 hours.
The rate of disappearance of labeled erythroid
precursors in R.R. was slower than in M.T., and
their (maximal) generation times, as calculated
from halving of their average grain counts, were
longer: basophilic normoblasts = 56 + 6 hours,
and polychromatic normoblasts 55 + 7 hours. No
orthochromatic normoblasts were labeled at 12
hours or earlier, and the maximal percentage la-
beled was 25% at 21 hours.

Granulopoiesis. M.T. had too few granulocytes
to obtain reliable counts. Two hours after injec-
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tion in R.R., 7%7 of the myelocytes in the marrow
and 8.5%o of those in the blood were labeled, and
the average grain count of each was 42. The
percentage of labeled myelocytes increased rapidly
to 67% in the marrow at 12 hours and to 80%o
in the blood at 29 hours. They then declined
until only 3 and 5%o remained labeled at 12 days
in the marrow and blood, respectively. Although

most of the myelocytes appeared morphologically
normal, it will be recalled that there were 6%
promyelocytes in the marrow (which were all as-
sumed to be leukemic), and it is possible that
some of the myelocytes may also have been leu-
kemic. They are, therefore, not charted with the
more mature granulocytes, which were all as-
sumed to be normal (Figure 9).
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TABLE I

Estimated parameters of proliferation of leukemic blasts and normal myeloblasts*

Leukemic blasts
Myeloblasts in subjects with

R.R. M.T. normal hematopoiesis

Per cent in DNAsynthesis 5.6 6.1 (marrow) 32-85 (10, 12, 13, 31, 45)t
(initial LI) 1.3 0.2 (blood)

Mitotic index, % 0.66 0.52 (marrow) 2.5 (46)
Mean duration S

phase, hours 22 19 13-14 (7, 8); 6 (47)
Median duration G2

phase, hours 3 3 ? 2 (6, 8)
Mean duration Mphase,

hours 0.47 0.62 0.6 (1)
Mean duration GI phase,

hours 24 61 ? 13-32
Mean generation time,

hours 49 83 30-48 (1, 18, 31)
Mean blood transit time,

hours 36 36
Total number dividing 1.6 X 109 2.6 X 109

blasts, per kg

* LI = labeling index. Nomenclature for mitotic cycle phases: S phase = DNAsynthesis; G2 phase = premitosis;
M phase = mitosis; G, phase = postmitosis.

t References for normal values given in parentheses.

Discussion
In Table I are listed the parameters of prolifera-

tion that were measured in the leukemic blasts of
R.R. and M.T. and the corresponding values for
normal myeloblasts as given in the literature.
Some of the latter information (6-8, 17, 18, 31)
was obtained from the study of only one or two
subjects who were in a normal steady hemato-
poietic state, and the range of normal values is
not known.

Percentage of blasts synthesizing DNA

The percentage of leukemic blasts in the mar-
row that was engaged in DNA synthesis at any
one time is considerably lower than that of normal
myeloblasts (Table I). This is in keeping with
previous studies of patients with acute leukemia
in whom the percentages of marrow blasts ini-
tially labeled with thymidine-'H were as follows:
6.1% (0.2 to 9.1%o) (10), 7.9%o (2.2 to 26.5%o)
(48), 9.9%o (3.0 to 24%o) (49), and 9%o (4.1 to
17.3%o) (13). The initial labeling indexes of our
patients' circulating blasts were even lower than
in the marrow, again in keeping with most other
studies in which both leukemic marrow and blood
were studied (9, 13, 49-51). Roll and Killmann

(52) have reported that the labeling index of leu-
kemic blast cells in the blood of four patients with
untreated acute leukemia remained essentially con-
stant at different times of the day.

The maximal initial (thymidine-3H) labeling
indexes (those found in vitro) were taken as the
most nearly correct values for R.R.'s leukemic
blasts. It is not clear why their labeling index
was higher in vitro than in vivo, as in most other
patients we have studied, the values agree very
closely. Possible explanations include the fol-
lowing: a) blasts synthesizing DNA at a mar-
ginal rate may have reached the labeling threshold
only in vitro where the thymidine-3H concentra-
tion is higher; or (in the case of marrow), b)
sampling differences; or c) some blasts may have
been under hypoxic or other adverse conditions
in vivo and only begun DNAsynthesis in vitro.

Mitotic index

In confirmation of previous studies (13, 53),
the leukemic marrow blasts in our patients had
lower mitotic indexes than those reported for
normal myeloblasts (46, 54), and the leukemic
cells did not divide in the blood. The data of Kill-
mann, Cronkite, Fliedner, and Bond (46) were
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used for normal myeloblasts for comparative pur-
poses in Table I, but none of the previous studies
are exactly comparable because different tech-
rhiques were used. In 12 other patients with acute
leukemia whom we have studied the average mi-
totic index of the marrow blasts was 0.71% (0.2
to 1.16%o) and of the circulating blasts 0.01%
(0.0 to 0.08%o) (51, 55). These are minimal val-
ues for the marrow blasts, since there is always
some dilution with blood. Almost all blasts in
both blood and marrow were metabolically active
in these as well as in other patients with acute leu-
kemia whom we have studied (51), as indicated
by incorporation of uridine-3H and leucine-3H.

Duration of phases of mitotic cycle

The only comparable measurements of the dura-
tion of DNAsynthesis in normal granulocyte pre-
cursors are in two patients in whom it was esti-
mated to be 13 to 14 hours (7, 8). Ota (56) has
studied the appearance times of labeled blast mi-
toses in vivo in three additional patients with
acute leukemia, and in all three the duration of S
was roughly 20 hours. The duration of the S
phase of R.R.'s blasts in vitro was somewhat
longer (27 hours), probably due in part to the
inhibitory effect of excess nonradioactive thymi-
dine (40-44), and in part to nonphysiological
conditions in vitro.

The grain count data in both our patients indi-
cated that the over-all average rate of thymi-
dine-3H incorporation was roughly constant dur-
ing the S phase in most of the labeled blasts.
However, it is possible that in some, DNAsyn-
thesis may have occurred at a significantly slower
rate, and the method used gives no information
about variability in individual cells. Different
results have been reported in different cell types
growing in vivo or in vitro under different experi-
mental conditions. In some studies (57-59) the
rate of thymidine-3H incorporation during DNA
synthesis has been almost constant, whereas in
others the cells have shown nonuniformity in rate
of labeling (60-63). Significant differences have
been noted in the rate of thymidine-3H incorpora-
tion among different pairs or groups of human
leukemic chromosomes and also between different
segments of individual chromosomes (64).

The median duration of G2 was about 3 hours

in our patients' blasts with a minimum of less than
2 hours. The duration of Go was not stated for
normal granulocyte precursors, but from pub-
lished labeled mitoses curves (6, 8) the median
appears to be around 2 hours.

The minimal duration of the mitotic phase of
our patients' leukemic blasts (about 0.5 to 0.6
hour) was about the same as that found for nor-
mal myeloblasts (1). Boll and Kuhn (65) by di-
rect observation timed the duration of 93 myelo-
cyte and 1 myeloblast mitoses in vitro in normal
human marrow cultures and found the mean mi-
totic time to be 88 minutes; in leukemic myelo-
blasts, the mean duration of mitosis was signifi-
cantly longer (142 minutes).

Generation time

The mean generation time of normal myelo-
blasts has been estimated to be about 30 to 48
hours, whereas in our patients' blasts it was 49
and 83 hours (1, 18, 31). Killmann and his asso-
ciates (9) found the mean generation time of the
blasts in one patient with acute myeloblastic leu-
kemia to be about 80 hours and in another with
acute blastic transformation of chronic granulo-
cytic leukemia to be about 50 hours. We have
studied 12 other patients with acute leukemia and
estimated the mean generation time of the blasts
to be between 76 and 215 hours (51, 55, 56).
These values were determined by the same meth-
ods employed in the present study except that no
correction was made for decrease in the per cent
of labeled blasts during the period of measure-
ment (see Methods) ; in cases where this was sig-
nificant, the true generation times are shorter than
previously stated (by roughly one-third).

On the basis of changes occurring in the per cent
of labeled blasts in the marrow and their grain
counts during the first day or later after one or
more injections of thymidine-3H in several chil-
dren with acute leukemia, Mauer has concluded
that only about 20 to 30%o of the blasts in the
marrow were actively proliferating and that their
generation time was around 20 hours ( 11, 48, 66).
This is about the time we found for the mean
duration of S, and although it is possible that some
blasts have a shorter S phase and may begin to
synthesize DNA again almost immediately after
dividing, this estimate of the generation time ap-
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pears to us to be too short for the majority of
proliferating blasts. Furthermore, since a small
rapidly proliferating population of blasts would
rapidly outnumber a larger nonproliferating popu-
lation, such a situation could not exist for long.
Many of our results as well as their interpretation
are different from those reported by Mauer, but
we are presently unable to fully explain the dis-
crepancies because of the different techniques
employed. Part of the explanation may lie in the
fact that we deliberately avoided using grain count
changes that occurred during the first day after
thymidine-3H administration in measuring TG.
Wewaited until conditions had more or less equili-
brated between the marrow and blood compart-
ments since grain count changes are rather un-
predictable during the first day due to unequal
labeling intensity in the different compartments.
In addition, the time between thymidine-3H ad-
ministration and the first division does not en-
compass a full mitotic cycle, but disregards the
G1 phase, which according to our results accounts
for the greater part of TG. It should also be noted
that almost all of our studies have been in adults;
although we have not found any consistent differ-
ences in TG of blasts in different types of acute
leukemia, no definite conclusions can be made
until comparable studies in adults and children
have been performed.

Using the rate of increase in the percentage of
leukemic cells in the marrow of children with
acute leukemia whose disease was undergoing re-
lapse, Frei and Freireich (67) found that the ob-
served slopes on a semilogarithmic plot were con-
sistent with a 4- or 5-day doubling time of the
leukemic cells. By a similar method of analysis,
Ellison and Murphy (68) estimated that the dou-
bling time of blasts in lymphoblastic leukemia
(children and adults) was 51 to 6 days, whereas
in acute myeloblastic leukemia in adults it was
about 10 days. In these studies it was assumed
that all blasts were proliferating; if only a portion
were dividing, their generation time would of
course be shorter.

The current investigation provides no direct
evidence about what fraction of leukemic blasts
is actively proliferating. However, we have previ-
ously reported the results of continuous infusions
of thymidine-3H for 8 to 10 days in four patients

with acute leukemia (51). At the end of the infu-
sions, 82 to 93% of blasts in both marrow and
blood were labeled, and their mean generation
times were similar to those found in patients to
whom we gave single injections of thymidine-3H.
This strongly suggests that the majority of blasts
undergo DNA replication (and presumably then
divide) at least once during the 8- to 10-day pe-
riod. On the other hand, if all blasts were pro-
liferating, the labeling index would be related to
the fraction of TG occupied by S (69), and the
following relationship should be valid (27):

Initial labeling index (LI)

exp[0.693 (G±T)L ( TG )]
X {exp[0.693(y)] -

f L (TG )

where TG2, TM, and Ts = the durations of the
respective phases. For R.R., calculated LI =

38.2%, whereas observed LI = 5.6%. For M.T.,
calculated LI = 17.8%o, whereas observed LI
6.1%o.

Obviously the observed initial labeling indexes
of the marrow blasts in the present two patients
are too low, even taking into account that these
values are minimal ones because of dilution with
peripheral blood. Webelieve that the most plau-
sible explanation to reconcile these apparently
contradictory observations is that many of the
daughter cells of dividing blasts fail to divide
again and instead die. Nondividing blasts cannot
persist in the marrow for long; if they had, fewer
blasts would have been labeled at the end of the
continuous infusions. It is presently uncertain
whether many blasts die in situ in the marrow or
whether most of them pass into the circulation to
die, but the latter seems more probable.

An important consideration is whether the leu-
kemic blasts that die are those that have under-
gone some degree of maturation or become senile
in a manner analogous to the life cycle of normal
cells. Small leukemic blasts have been reported
to have a much lower initial thymidine-3H labeling
index than large (and presumably younger) blasts
(14, 66); this has been interpreted to mean that
leukemic blasts may grow older and lose their
proliferative capacity without maturing. How-
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ever, in many cases of acute leukemia the blasts
do undergo some degree of maturation, and it is
in fact their ability to partially differentiate that
enables one to diagnose the morphologic type of
leukemia. The circulating cells are frequently
more mature than those in the marrow. A num-
ber of such cases with morphologically hetero-
geneous blasts have been studied after thymi-
dine-3H administration, and it has been demon-
strated that the more mature cells may stop
proliferating (8, 13, 51, 55, 56). Most of the
blasts in R.R. and M.T. were fairly uniform mor-
phologically, and although some showed partial
differentiation toward promyelocytic or monocy-
toid forms, there were not enough such cells and
their morphologic features were generally too im-
precise to allow correlation between different
stages of maturity and different thymidine-3H
labeling patterns.

These points should be emphasized: a) TG as
used in this study is a measure of the mean gen-
eration time of that cohort of blasts which was
synthesizing DNAat the time thymidine-3H was
given. It is the average time between two con-
secutive mitoses of the actively dividing blasts
and should not be confused with the doubling
time of the entire leukemic population (67, 68),
which will be longer since some blasts are dor-
mant or die. b) TG is merely a mean value, and
the present studies afford no information about
the variability of generation times beyond suggest-
ing that some blasts may have very short genera-
tion times (1 to 2 days). Our continuous infu-
sion studies indicate considerable variability with
some blasts' generation times being longer than 10
days (51, 55). The extremes are not yet known,
nor is it known how large a fraction may consti-
tute the "leukemic stem cells" or what their pro-
liferative behavior may be. c) The thymidine-3H-
labeled cohort is presumably representative of pro-
liferating blasts when the disease is in full relapse,
but one cannot assume that the relatively few
blasts which survive during remission have the
same TG. No information is available about the
latter. Further, chemotherapy may result in pro-
longation of the TG, either as a result of selective
killing of more rapidly dividing cells or of slow-
ing the growth of surviving blasts that are (sub-
lethally) damaged (55). Such an effect has pre-

viously been demonstrated in L1210 mouse leu-
kemia (70) and in the free ascitic cancer cells in
a patient with ovarian carcinoma (15).

Mean blood transit time

The upper limit for the mean transit time of the
circulating blasts was about 36 hours in our pa-
tients and about 33 hours in two patients studied
by Killmann and his associates (9). The fate of
these blasts could not be determined from our
studies. However, in autotransfusion experiments
with circulating acute leukemic blasts labeled in
vitro with uridine-3H, we have found their rate
of disappearance to be similar to that of the highly
labeled blasts in the present studies (55). Most
of the uridine-3H-labeled cells disappeared without
returning to the marrow and resuming prolifera-
tion. As normal myeloblasts are of course confined
to the marrow, no comparable figures are avail-
able. The mean blood transit time of normal
neutrophiles has been established as 9.4 (range
5.1 to 13) hours by means of labeling with diiso-
propylfluorophosphate-32P (71).

Total number of dividing blasts

Killmann and co-workers (9) estimated that
the total number of dividing blasts in one patient
with acute leukemia was 2.5 x 1011; the patient's
weight was not given, but if it is assumed to have
been 70 kg, this would be about 3.5 X 109 blasts
per kg. In our patients the values were 1.6 and
2.6 x 109 per kg.

Frei and Freireich (67) have estimated that the
total number of leukemic cells present in the bone
marrow, spleen, and liver of four children, 10 to 14
years old, who died with acute lymphocytic leu-
kemia was 1.65 X 101s (1.3 to 1.8 x 1012). If
one assumes an average weight of 40 kg, this
would be about 4 X 1010 cells per kg or more than
ten times the number arrived at in the present
study. The most plausible explanation for this
discrepancy lies in the inherent differences in the
methods used. Frei and Freireich (67) used
Chalkley counts (72) to determine the total num-
ber of leukemic cells, whereas the method we used
measures the minimal number of blasts that must
be actively dividing to maintain a constant num-
ber in the circulation. Blasts marginated on vessel
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walls, those in tissue infiltrates without free access
to the blood, and those dying or in a nondividing
state are not included.

Our methods are not applicable to normal
hematopoietic precursors. Previous estimates
have varied considerably (73, 74); Killmann,
Cronkite, Fliedner, and Bond (1) considered the
best estimates to be 3.5 x 109 per kg for erythroid
precursors and 8.8 x 109 per kg for neutrophiles
and their precursors in the marrow.

Effects of thymidine-3H onl proliferation parame-
ters

With the doses used in our two patients (0.26
and 0.34 ,uc per g, SA 6.6 c per mmole), it is
unlikely that the time parameters of proliferation
were appreciably altered either by intranuclear
tritium or by exogenous thymidine. In animal
experiments in which thymidine-3H has been ad-
ministered in zivo, doses of 1 ,uc per g or greater
(18, 75-78) have been necessary to produce acute
toxic effects such as lengthening of the generation
time or of DNAsynthesis time (77), disruption
of the rhythm of the replication cycle (77), mitotic
abnormalities (75, 77), reduction in the mitotic
rate (75, 77), or cell death (18, 78). In our
studies there was no discernible effect on the mi-
totic index or on the incidence of mitotic abnor-
malities, even among the most highly labeled cells.

One can compute (18, 76) that blasts with 100
grains in our studies received an average maximal
dose to the nucleus of about 360 rads during the
first day (provided they did not divide until 24
hours after incorporating the thymidine-31H).
With 100 grains per nucleus (estimated minimal
volume 200 M,3), after a 14-day exposure period,
if one assumes a radioautographic efficiency of
1%, there are 714 disintegrations per day. Since
60 disintegrations produce an average of 30 rads
to a 200_P3 nucleus (18, 76), the average daily
dose to these nuclei is approximately (714/60)
X 30 rads = 357 rads. It might be expected that
such highly labeled cells would suffer some radi-
ation damage. Although we could find no evi-
dence from the grain count data that there was

any slowing in DNAsynthesis or delay in entry
into their first division, it is possible that subse-
quent divisions were inhibited. In a previous
study in a patient with a neoplastic effusion whose

cancer cells incorporated over ten times as much
thymidine-31H as the leukemic blasts, the most
highly labeled cells showed retardation in DNA
synthesis and delayed entry into their first mitosis,
and they failed to undergo subsequent divisions
(15).

Whereas large amounts (about 2 to 5 mmoles
per L) of thymidine have been shown to inhibit
cellular multiplication in vitro (40-44), smaller
amounts (about 1.5 x 10-6 mmoles per g body
weight) have been shown to stimulate mitotic ac-
tivity in the duodenal epithelium of mice in zivo
(79). It was postulated that this stimulatory ef-
fect was due to shortening of DNA synthesis
time as a consequence of a significant expansion
of the body thymidine pool (79-81). No signifi-
cant increase in mitotic index was observed in the
blasts of either of our patients after thymidine-3H
administration. As the total amounts given were
only 4.3 and 5.2 x 10-8 mmole per g of body
weight, it seems unlikely that doses of this magni-
tude would influence cellular replication.

Normal hematopoietic cells in acute leukemia
It is of considerable importance to define as

precisely as possible the disorder responsible for
depletion of normal hematopoietic cells in acute
leukemia. If this were possible, it would not only
clarify the interrelationships between leukemic
and normal cells but might also lead to a better
understanding of normal regulatory mechanisms
as well as the nature of the essential defect in
leukemic cells.

At the time thymidine-3H was administered,
both our patients were severely anemic and had
reduced numbers of erythroid precursors in the
marrow. The absolute number of granulocytes
was severely reduced in M.T., but only slightly
so in R.R.

Erythropoiesis. In Table II are listed estimates
of the parameters of proliferation and maturation
of the erythrocytic precursors that it was possible
to measure in our two patients and the comparable
findings in the one hematopoietically normal sub-
ject who has been studied by similar methods (6,
17, 18, 32). By computing the flow rate of cells
through the maturation compartments, Cronkite
and associates concluded that there is no ineffec-
tive erythropoiesis in the normal individual (in
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TABLE II

Estimated parameters of erythropoiesis

Basophilic normoblasts Polychromatic normoblasts Orthochromatic normoblasts

M.T. R.R. Normal* M.T. R.R. Normal* M.T. R.R. Normal*

Initial labeling index, % 65 48 80-85 (17) 16 10 50 (17) 0 0 0
(2 hours)

Time of maximal 12 21 3 (17) 12 21 12 (17) 48 48 24 (17)
labeling, hours

Grain count halving 30 56 29 (18) 48 55 29 (18)
time, hours

Time of first appear- 9-12 13-21 4 (17)
ance labeled cells in
marrow, hours

Specific mitotic index, % ? ? 4.9 (46) 4.7 1.6 5.7 (46)

* References for normal values given in parentheses.

contrast to that found in two patients with per-
nicious anemia and one with myeloid metaplasia)
(32). The basophilic and polychromatic normo-
blasts in our two leukemic patients had lower ini-
tial labeling indexes, were generally slower in
reaching maximal labeling, and had slower grain
count halving times. The polychromatic normo-
blasts in R.R. also had a lower mitotic index than
the average found by Killmann and his associates
(46) in six normal individuals (the range of
values was not stated). The exact times of first
appearance of labeled orthochromatic normoblasts
are not known in the leukemic patients, but in any
case they appeared later and reached maximal
values more slowly than in the normal subject.
An additional difference was that, in general, a
higher proportion of more mature nucleated red
cells was found in the leukemic patients. In the
normal subject (6) the ratios of proerythroblasts
(E1) :large basophilic normoblasts (E2) :small
basophilic normoblasts (E3) :polychromatic nor-
moblasts (E4) :orthochromatic normoblasts (E5)
were 1:2.2 :6.1 :8.1 :19.1, whereas these ratios
were for R.R.: 1 :4.7:2.0:30.6:17.3, and for M.T.
1:6.3 :3.3 :43.5 :71.0. Taken as an isolated find-
ing, the increased proportion of more mature
forms (at least in M.T.) could mean either an
increased rate of production or else that the cells
were passing through these maturation compart-
ments at a slower rate. When considered in con-
junction with the previous findings, the latter in-
terpretation is most likely correct. Using the
methods formulated by Cronkite and his associates

(6, 17, 32), we have computed the production
rates of the erythroid precursors in each of the
five maturation categories (not shown), but our
data are not precise enough to establish whether
erythropoiesis was wholly effective.

We have measured the same parameters of
erythropoiesis in three other patients with un-
treated acute leukemia, and the results were gen-
erally comparable. Thus it appears that the (few)
surviving erythropoietic precursors in acute leu-
kemia usually proliferate and mature in a manner
similar to that in normal subjects, but at a some-
what slower rate. These conclusions must be re-
garded as only tentative, since it is not known
what the range of normal values may be. Al-
though our data are rather fragmentary, it will be
difficult to obtain more complete information when
the disease is in relapse because of the paucity of
red cell precursors and reluctance to perform even
more frequent marrow aspirations. Patients in
remission usually have more erythroid precursors
and more precise measurements are feasible, but
the kinetics of erythropoiesis may be different.

Granulopoiesis. In the same hematologically
normal subject used for the studies of erythro-
poiesis, labeled metamyelocytes first appeared in
the marrow at 3 hours and attained maximal
labeling about the third day (31, 32). By de-
termining the rate of entry of cells into this first
nonproliferating compartment, Cronkite and as-
sociates concluded that there is probably no in-
effective granulopoiesis in normal man. In the
marrow, labeled juveniles and bands first ap-
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peared at 12 to 36 hours and reached a peak of
labeling around the fourth day. Labeled poly-
morphonuclear neutrophiles first appeared in the
marrow around 2 days and reached a peak by the
seventh day (31, 32). The time of emergence
of bands and polymorphonuclear neutrophiles into
the blood was studied in this patient and four
others judged to be in a normal steady hemato-
logic state; polymorphonuclear neutrophiles first
appeared between 96 and 144 hours and bands
about 1 day earlier (3, 17, 32). The maximal
percentage of polymorphonuclear neutrophiles la-
beled was reached at about 6 to 7 days (2, 3, 17).
In two patients with infections, the emergence
times of polymorphonuclear neutrophiles were
shorter (48 to 72 hours) (3).

The only normal granulocytic cells suitable for
study in our two patients were the metamyelo-
cytes, bands, and polymorphonuclear neutrophiles
in R.R. Some of the myelocytes may have been
leukemic, and of course there was no sure way to
distinguish normal promyelocytes and myeloblasts
from leukemic ones. The times at which labeled
bands and polymorphonuclear cells first appeared
(Figure 9) were similar to those found in normal
subjects. The observation that R.R.'s labeled
neutrophiles reached a maximum in the blood a
day or two sooner may have been influenced by
the fact that she had a slight infection. The time
of appearance of labeled metamyelocytes in the
marrow was slightly slower than in the one nor-
mal subject, but this difference may not be sig-
nificant, since there may have been slight differ-
ences in morphological classification. We have
studied the same parameters of granulopoiesis in
four other patients with acute leukemia and ob-
tained very similar results (55). This is also in
agreement with the reported findings in three
other leukemic patients (3, 48). No definitive
conclusions can be made regarding effectiveness
of granulopoiesis without precise information on
generation and maturation times, but from the
evidence presently available it appears that the
rate of maturation of residual normal granulocytes
is not greatly abnormal in acute leukemia.

Interrelation of leukemic and normal hematopoi-
etic cells
Although the actively dividing leukemic blasts

proliferate no faster and most divide more slowly

than the normal hematopoietic precursors, the
blasts eventually displace the latter. This is
mainly because the blasts have largely lost their
ability to differentiate; many die either in situ in
the marrow or else after being discharged into the
circulation, but many others persist in the mar-
row and continue dividing. The relatively few
surviving normal hematopoietic precursors also
continue to proliferate, but most of their progeny
follow their normal course of differentiation;
when they reach a stage of maturity at which they
are no longer able to divide, they pass out into the
blood as in the normal state and hence do not ac-
cumulate in the marrow.

When acute leukemia is in relapse, anemia and
thrombocytopenia almost always develop to some
degree; granulocytopenia is common, although
granulocytosis may also occur, especially during
infection. Most previous work has centered on
the pathogenesis of anemia in acute leukemia, and
it is clear that there may be a number of mecha-
nisms operative in causing anemia, aside from
simple displacement of erythroid elements by leu-
kemic cells (82-84). Regardless of the cause,
one might expect the hematopoietic system to
compensate for any reduction in normal cells
either by increasing its rate of production or by
increasing the size of its producing plant (e.g.,
probably by activating more stem cells or other
very primitive precursors). The rate at which
the intermediate precursors undergo division and
maturation is no faster than normal and possibly
may be slower (at least in the case of erythroid
precursors) ; these events may normally proceed
at near maximal rates that cannot be greatly ex-
ceeded. Since the total production of normal cells
is usually markedly deficient and the rate of in-
termediate cell production is probably not suffi-
ciently abnormal to account for the deficit, the
major defect appears to be in the reduced size of
the primary generating compartment. Thus the
leukemic cells must somehow prevent the normal
stem cells from responding adequately.

Little is known about control of leukopoiesis,
but there is evidence that erythropoietin is impor-
tant in regulating erythropoiesis. Its principal ac-
tion is to increase the rate at which stem cells
differentiate to form proerythroblasts (85-89),
although it may also have other actions such
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as stimulating reticulocyte release (89). Serum
erythropoietin levels are generally high in acute
leukemia (90-92), and the lower the hemoglobin
value, the higher the titer (92). The high serum
level is a result of both increased production by
the kidney and lowered consumption by the re-
duced mass of erythrocyte precursors (92).
There thus appears to be an adequate stimulus to
increase production of proerythroblasts, but the
response is not adequately fulfilled. There are as
yet no clues as to how leukemic cells interfere with
the stem cell response, but possible mechanisms
include a) competition for known essential nu-
trilites or for unknown factors that stimulate cel-
lular growth (82-84, 93), b) excessive synthesis of
substances by the leukemic cells that might result
in end-product inhibition of enzymatic activity or
repression of enzymatic synthesis in the normal
cells (93-96), c) contact inhibition (97, 98), or
d) production of a growth inhibitor by the leu-
kemic cells (99-102). None of these postulated
mechanisms have been proved operative in acute
leukemia, and it is difficult to see how any except
possibly the last could account for erythropoietic
inhibition in all situations [e.g., both in cases
where the marrow is densely replaced by blasts
before anemia develops and in cases of "preleu-
kemia" (103-105) where the normal elements
may be reduced long before extensive infiltration
occurs]. In any case, the leukemic cells are al-
most invariably able to compete successfully with
the normal precursors, but the nature of their ad-
vantage is obscure.

When chemotherapy is successful in causing
remission, it is because the leukemic cells are
more sensitive to the injurious action of the drug
than the normal cells (106). This greater sensi-
tivity cannot be explained solely on the basis of
differences in rates of proliferation and must be
due to other factors (107-109). The leukemic
cells are either destroyed or their natural advan-
tage is sufficiently diminished and the surviving
normal cells are then able to repopulate the mar-
row. The proliferation kinetics of human leu-
kemia are considerably more complicated than
those in transplanted mouse leukemia, in which
all, or nearly all, the leukemic cells proliferate
exponentially ( 110-114). Conclusions drawn
from mouse experiments may be misleading if

applied directly to the human disease. Our pres-
ent understanding of the growth kinetics of human
leukemia is too incomplete to be able to rationally
formulate the most effective treatment during dif-
ferent stages of the disease. Until more informa-
tion is available, the selection of treatment sched-
ules with active drugs must remain largely
empirical.
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ANNOUNCEMENTOF MEETINGS

The American Federation for Clinical Research will hold its Twenty-
fourth Annual Meeting in Atlantic City, N. J., in the Pennsylvania Room,
Haddon Hall, on Sunday, April 30, 1967, at 9:00 a.m. Joint sectional
meetings with The American Society for Clinical Investigation will be held
on Sunday afternoon at Chalfonte-Haddon Hall, and additional meetings
sponsored by The American Federation for Clinical Research will be held
on Sunday evening.

The American Society for Clinical Investigation, Inc., will hold its
Fifty-ninth Annual Meeting in Atlantic City, N. J., on Monday, May 1,
at 9:00 a.m., in the Pennsylvania Room, Haddon Hall, and will join The
American Federation for Clinical Research in simultaneous sectional meet-
ings on Sunday afternoon, April 30, at Chalfonte-Haddon Hall.

The Association of American Physicians will hold its Eightieth
Annual Meeting in Atlantic City, N. J., in the Pennsylvania Room, Haddon
Hall, on Tuesday, May 2, at 9:30 a.m., and in the Vernon Room on
Wednesday, May 3, at 9:30 a.m.
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