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Summary. In 31 children with acute leukemia, the proliferative activity of
the leukemic marrow cell population as measured by mitotic and labeling
indexes varied widely from patient to patient and from one disease stage to
another. Leukemic marrow had a small but statistically significant diurnal
variation of proliferative activity. Changes in labeling indexes were directly
related to changes in the proportion of large dividing blasts in the marrow.
Generation times of dividing leukemic blast cells in 3 patients were similar
at diagnosis and in relapse. Changes in proliferative activity of leukemic
marrow can be explained by progressive accumulation of nondividing leu-

-kemic cells.

Introduction

A marked variation from patient to patient
has been observed in the proliferative activity of
human marrow leukemic cell populations as mea-
sured by the per cent of cells incorporating tritiated
thymidine (labeling index) and by the mitotic in-
dex. A difference of labeling index between blood
and bone marrow leukemic cell populations in the
same patient has already been reported (1, 2).
This difference is due to a decreased number of
dividing leukemic cells in the blood.

The variation of proliferative activity found in
the marrow cell compartments in acute leukemia
has not been explained. The changes could in
part be caused by diurnal variation of prolifera-
tive activity or alterations of generation times for
the dividing cells. The leukemic marrow is com-
posed of both dividing and nondividing elements
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(3) ; therefore changes in the proportion of divid-
ing cells could also account for the observed varia-
tion,

The following studies were done to document
the variation of proliferative activity and to at-
tempt to ascribe a cause for it. The results of the
studies indicate that changes in the proportion of
dividing cells are primarily responsible for the ob-
served variation.

Methods

Thirty-one children with acute leukemia, ranging in
age from 1 to 14 years, were studied. All studies were
in accordance with standards for clinical research estab-
lished at our institution. As determined by morphologi-
cal criteria (4), 5 patients had acute myeloblastic leukemia
(AML), and the rest had acute lymphoblastic leukemia
(ALL). The patients studied at the time of diagnosis
were untreated ; those seen in relapse had had all therapy
discontinued before study. In only 7 of the 43 studies
were the bone marrows less than 90% replaced by leu-
kemic blast cells. Labeling indexes were determined by
both in vivo and in vitro techniques. The mitotic index
was measured in 15 patients.

In vitro studies. The mitotic index was determined by
a modification of the method reported by Japa (5).
One ml of marrow aspirated into a siliconized syringe was
placed on a watch glass and immediately covered with
acetocarmine solution. After 10 minutes marrow par-
ticles were transferred to glass slides. A cover slip was
applied and sealed with silicone grease. Cover slips
were tapped gently to spread the cells. Nuclear ma-
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TABLE 1
Status of subjects
Peripheral blood Bone marrow
replacement
Hemo- Leuko- by leukemic
Patient Age Sex Diagnosis* Stage of disease globin cytes Blasts cells
years g X 108 % %
A. Diurnal variation
1 8 M ALL Relapse 12.6 4.1 3 98
2 4 F ALL Relapse 74 6.4 62 95
3 3 F ALL At diagnosis 1.3 23.5 93 97
4 4 M ALL At diagnosis 5.8 2.9 8 98
S 9 F ALL At diagnosis 4.4 123.0 96 94
6 10 M AML At diagnosis 7.0 52.1 77 86
B. Generation time
1 11 M AML At diagnosis 5.6 473.5 97 98
2 6 F ALL Relapse 12.3 88.5 93 97
3 8 F ALL Relapse 7.1 2.1 1 90

* ALL = acute lymphoblastic leukemia; AML = acute myeloblastic leukemia.

terial was stained well by this technique and mitotic fig-
ures were readily identifiable. One thousand nucleated
cells from each of 10 cover slip preparations were counted
and the mitotic index was expressed as number per 1,000
cells. .

By redirecting the bone marrow needle at the same site,
we obtained a second aspiration with a heparinized sy-
ringe for the labeling index. One to 2 ml of marrow was
incubated with gentle shaking for 50 minutes at 37° C
with tritiated thymidine (SA 360 uc per mmole) in a
concentration of 1 uc per ml. Buffy coat was then ob-
tained by spinning the sample for 10 minutes in a Win-
trobe tube. Radioautographs were prepared from cover
slip smears with Kodak AR 10 stripping film. After
10 to 14 days’ exposure the film was developed and the
slides were stained with Wright's stain. One thousand
blast cells from each of 5 cover slips were counted and
the labeling index was expressed as per cent. The
background grain count in acellular areas of equal size
to cell nuclei varied from 2 to 4 grains. Due to the
excess of label used, there was no difficulty distinguishing
labeled from unlabeled cells.

To assess the validity of the in wvitro labeling method,
we compared in vivo and in vitro labeling indexes in 3
patients. A marrow sample was aspirated for an in
vitro labeling index as described above. Then an iv in-
jection of 200 uc tritiated thymidine per kg body weight
was given. One hour later a marrow sample was as-
pirated and the per cent of marrow cells labeled deter-
mined by the radioautographic technique after a 60- to
90-day exposure period.

Diurnal variation. Six children with acute leukemia

were studied. The pertinent information concerning these -

patients is given in Table IA. The patients were hos-
pitalized and followed the routine activity of an open
ward appropriate for the age group. All were free of in-
fection. During the study period the clinical status of the
patients did not change and neither medications nor blood
transfusions were given.

Bone marrow samples were obtained from four sepa-
rate pelvic sites at 6-hour intervals during a 24-hour
period (6:00 a.m., noon, 6:00 p.m., and midnight). No
premedication was given but sites were well infiltrated
with local anesthetic. In witro labeling and mitotic in-
dexes were determined for each time period.

The resulting data were subjected to an analysis of
variance to determine the probability that the observed
variations in mitotic index and per cent of cells incor-
porating tritiated thymidine could have occurred by
chance. A p value <0.05 was considered significant.
The Student range test was applied at the 5% signifi-
cance level to obtain the minimal significant change (X)
of the indexes (6a).

Dividing and nondividing leukemic cells. The dividing
and nondividing leukemic cells may be identified by
morphologic criteria (3). Dividing blast cells are large
with fine nuclear chromatin and nondividing blast cells are
small with coarse nuclear chromatin. Only the large di-
viding cells incorporate label during a 1l-hour incuba-
tion with tritiated thymidine. The leukemic cells were ar-
bitrarily designated as being large or small in 10 studies
on 5 patients based on their relative size and according
to the characteristics of nuclear chromatin. The sig-
nificance of the changes in labeling indexes and propor-
tions of large blast cells was determined by means of
Student’s ¢ test (65).

TABLE II
Correlation of 1-hour in vivo and in vitro labeling
of leukemic cells
Patient In vivo In vitro
% %

1 11.8 £ 1.7* 126 £ 1.9

2 44 4+1.0 5.5+£0.7

3 50+1.1 4.1 £ 09

* 4+ 18SD.
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FIG. 1. LABELING AND MITOTIC INDEXES OF MARROW

LEUKEMIC CELLS: 43 sTUDIES IN 31 pATIENTS. Corre-
sponding mitotic and labeling indexes are joined by a
solid line.

In vivo studies. The generation time for dividing leu-
kemic cells was determined in 3 patients by obtaining
serial bone marrow samples after a single iv injection
of tritiated thymidine (SA 360 uc per mmole) in a dose
of 200 uc per kg body weight. Clinical data concerning
these patients are given in Table IB. Radioautographs
were prepared from the aspirated marrow samples and
exposed for 60 to 90 days. The time course for the per-
centage of labeled mitotic figures was determined by
counting 100 to 150 mitotic figures per marrow sample.
Two values were obtained for each sample, one with cells
having 3 grains or more and one with cells having 7 grains
or more, in order to minimize the possible effect of la-
bel reutilization. The background grain count in acellu-
lar areas was 2 grains in a size similar to cell nuclei.
In these studies the labeling index of the marrow was de-
termined by the per cent of labeled cells in the 1-hour
sample,

Results

In an attempt to establish that an in vitro label-
ing index reflects proliferative activity i vivo,
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we studied 3 patients by the in wvitro and in vivo
methods simultaneously. As shown in Table II,
the results did not vary significantly. The labeling
indexes from 43 studies in 31 patients ranged from
1.8 to 63% (Figure 1). Corresponding mitotic
indexes in 15 studies as shown in Figure 1 ranged
from 1.0 to 11.1. There was good correlation
(r 0.80, p<0.001) (6c) between labeling and
mitotic indexes as expressions of the proliferative
activity of the leukemic cell populations.

Labeling indexes in 23 studies obtained at the
time of diagnosis ranged from 1.8 to 15.5 with a
mean value of 6.7% (Figure 2). As also shown
in Figure 2, 20 labeling indexes obtained from
patients in early relapse ranged from 6.0 to 63
with a mean value of 17.7%. The difference in
mean values is significant (p < 0.01) (6b).
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Fic. 2. COMPARISON OF LABELING OF MARROW LEUKEMIC
CELLS AT TIME OF DIAGNOSIS AND RELAPSE: 43 STUDIES
IN 31 PATIENTS.
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There was no difference in the degree of marrow
replacement at the time of diagnosis and in relapse.

There was no correlation of labeling indexes
with age or sex of the patient, type of leukemia,
duration of survival from diagnosis, degree of
marrow replacement with leukemic cells, or blood
leukemic blast cell concentration. However, in
the 9 patients with labeling indexes greater than
6% at the time of diagnosis, the duration of symp-
toms was less than 2 weeks. Conversely, patients
with symptoms more than 2 weeks in duration at
time of diagnosis had labeling indexes less than
6%. Beyond this observation, no direct statistical
correlation between labeling indexes and duration
of symptoms could be developed (6¢).

Ten patients who were studied at the time of
diagnosis were restudied in one or more subsequent
relapses. The changes in labeling indexes are
shown in Figure 3. In 8 patients a significant in-
crease in labeling from diagnosis to the first re-
lapse was found (p < 0.001). One patient having
no change in labeling at the first relapse had a
marked increase at the time of a second relapse
(p <0.001). In one patient a decrease in labeling
was found at relapse (p < 0.01) and in another a
decrease from first to second relapse was observed
(p < 0.001). ‘
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Fi1c. 3. CHANGES IN LABELING OF MARROW LEUKEMIC
CELLS AT TIME OF DIAGNOSIS AND SUBSEQUENT RELAPSES.

To follow changes in labeling during a single
relapse, we obtained labeling indexes a week apart
in one patient who was receiving no therapy. The
first index was 9.8 =0.7% and the second 9.4 =

TABLE III
Diurnal variation of mitotic indexes: mean number of mitotic figures per 1,000 nucleated cells

Patient 6:00 a.m Noon 6:00 p.m. Midnight p value* K value*
1 10.1 & 1.0t 9.9 + 2.6 114 +19 13.1 + 3.4 <0.05 2.9
2 46 +2.1 59 %22 70+ 14 6.7 £ 1.9 <0.05 2.3
3 3.6 1.8 5.6 1.9 49 + 1.7 7.8 £ 1.7 <0.001 2.1
4 49 1.6 44 +20 6.1 = 3.0 8.1 422 <0.01 2.7
5 1.2 £ 0.7 0.8 +=0.8 1.2 0.8 0.8 +1.3 NS 1.8
6 24 1.3 3216 16 £1.5 1.1 £ 0.7 <0.01 1.5
* See text.
t &= 1SD.
TABLE IV

Diurnal variation of labeling indexes: mean per cent of leukemic blast cells incorporating tritiated thymidine

Patient 6:00 a.m. Noon 6:00 p.m. Midnight p value* K value*
1 23.2 £ 1.4t 30.1 4.3 27.3 £ 2.7 284 £ 1.5 <0.01 49
2 123 = 1.1 134+ 1.6 134 +2.2 139 &+ 3.1 NS 4.1
3 8.3 +1.5 8.3+ 0.8 6.5 £+ 1.6 75314 NS 2.4
4 5.3 % 0.6 6.3 + 0.8 5.6 + 0.9 4.7 +£ 0.7 <0.05 1.4
5 2.1 0.3 20404 3.34+038 24 £+ 09 <0.05 1.2
6 3.3£0.7 4.2 £ 0.5 4.2 %+ 0.7 3.0+0.8 <0.05 1.2

* See text.

t £+ 1SD.
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TABLE V
Changes in labeling index and proportion of large blasts with stage of disease

Labeling of

Patient Stage of disease Marrow labeling index Proportion of large blasts large blasts

%o % %

1 Diagnosis 5.2 £ 1.3* 10.2 + 1.8 50
Relapse 21.8 £ 5.7 52.4 + 12.6 41

2 -Diagnosis 6.7 =14 16.6 + 1.6 40
Relapse 16.1 4= 1.8 33.5 & 1.6 48

3 Diagnosis 4.5 £ 1.3 9.9 = 2.2 45
Relapse 21.3 44 42.2 = 8.0 50

4 Diagnosis 2.0 £ 0.5 59+ 05 34
First relapse 20.0 = 1.9 404 += 3.3 50

Second relapse 81+14 19.5 = 1.8 42

*+1SD.

1.1%. These values are not significantly differ-
ent.

Diurnal variation. A statistically significant di-
urnal variation of mitotic indexes was found in 5
of the 6 patients studied (Table IIT). In 4 of the
patients (no. 1, 2, 3, 4) the mitotic index was
greatest at 6:00 p.m. or midnight as found in nor-
mal subjects (7). In Patient 6 the greatest value
was at noon. There was no significant variation
in Patient 5, whose marrow contained very few
mitotic figures.

A small, although significant, variation in label-
ing indexes was found in 4 of the 6 patients (Ta-
ble IV). In Patients 4 and 6, the labeling index
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Fic. 4. CORRELATION OF LABELING INDEX AND PRO-
PORTION OF LARGE LEUKEMIC CELLS: 10 STUDIES IN 5
PATIENTS.

was least at midnight and in Patients 1 and 5
least at 6:00 a.m. and noon, respectively. No
variation was found in Patients 2 and 3.

In the patient with no variation of mitotic in-
dex a significant variation of thymidine uptake
was found, and in the 2 patients having no varia-
tion of thymidine uptake a significant variation in
mitotic index was found. All patients, therefore,
had significant variation in' one or both of their
measurements of proliferative activity.

Changes in proportion of dividing cells. In 4
of the patients having multiple studies it was pos-
sible to follow changes in the proportion of divid-
ing leukemic cells from diagnosis to subsequent
relapses. As shown in Table V, in each patient
an increase or decrease in the labeling index of the
marrow leukemic cell population was associated
with a corresponding increase or decrease in the
proportion of large dividing cells. Labeling of
the large cells varied from 34 to 50%. The
strong correlation of labeling indexes with propor-
tion of dividing cells is shown in Figure 4. The
coefficient ‘of correlation of 0.98 is highly sig-
nificant (p < 0.001) (6¢).

Generation time of dividing leukemic cells. The
time courses of appearance of labeled mitotic fig-
ures were similar in all 3 patients (Figure 5).
There were no labeled mitotic figures in the 1-hour
samples, After labeled cells had completed DNA
synthesis and passed through the postsynthesis rest
phase, labeled mitotic figures appeared, increasing
to 80 to 90% by 10 hours. As the last cells of the
labeled cohorts completed mitosis, unlabeled cells
entered mitosis, and the per cent of labeled mitotic
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F1c. 5. APPEARANCE OF LABELED MITOTIC FIGURES AFTER A SINGLE INJECTION OF TRITIATED THYMIDINE.

figures decreased at 30 to 40 hours. From the
data is indicated a DNA synthesis period of about
20 hours. As the labeled cells entered a second
mitosis an increase in per cent of labeled mitotic
figures appeared at 50 to 70 hours, indicating a
minimal generation time of approximately 60
hours.

Discussion

The use of tritiated thymidine and its evalua-
tion as a cell label in zivo (8, 9) and in vitro (10)
have been previously discussed. The observed
wide range of labeling indexes in marrow leukemic
cells cannot be attributed to inability of some leu- -
kemic cells to incorporate label or to a heterogene-
ous distribution of label throughout the marrow
(3). Because of the extensive marrow replace-
ment by leukemic cells, variations in mitotic in-
dexes could not be caused by presence of normal
cell elements. The similarity of i vivo and in
vitro labeling indexes found on simultaneous
study in 3 patients indicates that both methods are
valid reflections of proliferative activity. Dilu-
tion of marrow samples with leukemic cells from
blood was not considered significant because there
was no correlation of labeling index to blood leu-
kemic blast concentration and also labeling indexes

obtained from multiple simultaneous marrow as-
pirations did not differ significantly (3). Thus,
wide variations are indicated from the data in the
proliferative activity of marrow leukemic cell popu-
lations from patient to patient and in the same
patient from one stage of the disease to another.
The presence of a diurnal variation of prolifera-
tive activity could affect interpretation of kinetic
data. Myeloid elements of normal human marrow
have a diurnal variation of proliferation as shown
by mitotic and labeling indexes (7). A diurnal
variation of thymidine uptake was not present in
leukemic cells from blood (11), which, however,
is generally not a proliferative compartment in
acute leukemia (1, 2). Some experimental malig-

_nant tumors in animals maintain cyclic prolifera-

tive activity (12, 13). All 6 patients studied for
diurnal variation of proliferative activity had a
statistically significant diurnal variation in one or
both measures. However, the magnitude of varia-
tion was insufficient to explain the wide range of
proliferative activity found in these 31 patients.
As some antileukemic drugs affect DNA synthe-
sis, the presence of a diurnal variation of the pro-
portion of leukemic cells in DNA synthesis could
influence the time of maximal therapeutic effec-
tiveness as demonstrated for some animal tumors
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(13). From the data on the small number of pa-
tients studied, no such consistently optimal time
for daily therapy in human leukemia was found.
It is of interest that in 4 patients studied, a diurnal
variation of mitotic indexes like the normal pat-
tern (7) was found, suggesting that the cells are
responsive to some of the usual mechanisms con-
trolling cell division.

The use of tritiated thymidine #n vivo to deter-
mine generation times of leukemic cells presents
many problems (8, 9). Patients may be sub-
mitted to a limited number of marrow aspirations.
The resulting data may be difficult to interpret
because of the loss of some labeled cells into
background after division and label reutilization
(14, 15). Only a minimal generation time can be
obtained from the time course for labeled mitotic
figures. It is reasonable that a range of generation
times for dividing leukemic cells may exist in the
same patient. The failure of the per cent of la-
beled mitotic figures to decrease to zero after the
first wave of mitoses and the incomplete develop-
ment of the second wave of labeled mitoses would
support this hypothesis. Furthermore, heavily la-
beled mitotic figures indicative of first or second
generation cells have been found as late as 210
hours after label injection (16). Thus, some
leukemic cells' may have a prolonged rest phase
after the initial mitosis, appearing as heavily la-
beled mitotic figures 200 hours later. In spite of
the above limitation, it appears that the minimal
generation time for dividing leukemic blast cells
was similar at diagnosis and in relapse in the 3
patients studied. :

The relationship between blast size and thymi-
dine uptake has been noted previously (3, 17, 18).
A strong positive correlation was found between
the labeling index of the marrow cell population
and the proportion of large, dividing blast cells.
Therefore it is most reasonable to explain the
observed variation in proliferative activity of mar-
row leukemic cell populations by changes in the
proportion of dividing cells within those popula-
tions.

The proliferative activity of leukemic marrow
was greater in relapse than at time of diagnosis.
The patients in relapse were studied early in re-
lapse, whereas patients seen for the first time at
diagnosis may have been studied comparatively
late in the development of their disease. It is of
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interest in this regard that patients with high la-
beling* indexes at the time of diagnosis had rela-
tively short duration of symptoms. Ehrlich as-
cites tumor cells in mice have a progressive
decrease in labeling and mitotic indexes after im-
plantation due to an accumulation of nondividing
cells (19). The presence of nondividing blast
cells in human leukemia has been demonstrated
by several investigators (2, 3, 17). The changes
found in the proliferative activity of human leu-
kemic marrow cell populations may also be due to
an accumulation with time of nondividing cells.
So far the available kinetic studies do not dis-
tinguish the nondividing cell from a cell having a
very prolonged interphase.

If this concept is correct, then the labeling in-
dex of leukemic marrow cells should decrease as
the patient is followed in relapse without therapy.
In one patient so studied, a decrease in marrow
cell labeling could not be demonstrated over a 1-
week period. However, the patient may have
been studied too late in the period of “tumor
maturation,” or 1 week may have been an inade-
quate period of time to produce a significant
change in proliferative activity.
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