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ABSTRACT

Selected features of the historical development of our knowledge

of leukemia are discussed. The use of different methodologies for study

of the nature of leukemic cell proliferation are analyzed. The differences

between older cell kinetic data using tritiated thymidine and autoradiography

and the newer cell culture methods are more apparent than real. It is

suggested that tritiated thymidine and extracorporeal irradiation of the

blood may be useful for therapeutic agents that have not been given an

adequate trial.

Radiation leukemogenesis presents an opportunity for study of the

nature of leukeinogenesis that has not been exploited adequately.



INTRODUCTION

Marcel Bessis suggested that I write a historical perspective on the

development of knowledge about leukemia and its management. This sounded

like a fun thing to do for one who had participated in certain aspects of

research on leukemia and easy for one who had already done the same in 1966

for the Leukemia Society of America. Now that the arbeit is finished, perhaps

it should be retitled "Resurrection of Ranbling Thoughts and Notions on

Leukemia by an Aging Investigator".

It has been 135 years, give or take a couple, since leukemia was described

in three different places by three different nationalities known for their

propensity to engage in controversy, sometimes leading to open warfare. Such

it was with the discoverers of leukemia—Bennett (1), an Englishman working

in Scotland; Craigie (2), a bona fide Scot; Donne (3) in France; and Virchow

(4), a politically-liberal German in Berlin. The controversy was mainly

between Bennett and Virchow for priority in respect to nomenclature and

determination of the process. In actuality, Donne's publication probably

preceded the others. He and Craigie seemed to leave the heated controversy

to the Englishman transplanted to Edinburgh and the politically-enlightened

Virchow. Each uad quaint notions about leukemia. The remarkable thing is

how far they went in describing the leukenic process before microtomes,

histological staining, and the compound cicroscope. This observer must give

the edge to Virchow for having a better notion of the nature of leukemia as

we perceive it today. The century between 1345 and 1945 was characterized

by refinements in diagnosis, classification, and continuing international

controversy. A few major developments were:
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1. Viral nature of fowl leukosis (5).

2. Radiation leukemogenesis in mice by the late Jacob Furth (6).

3. Antimitotic agents to study cell proliferation (7).

4. Introduction of radioisotopes into biological research in general and,

in particular, for study of cell proliferation by von Hevesy (8).

As a student and house officer in the late 1930"s, I saw radiation

therapy and the poisons, benzene and Fowler's solution Csodium arsenite), used

along with direct and indirect transfusions. I was impressed by the toxicity

of benzene and arsenic and the temporary effectiveness of radiation therapy,

particularly of the spleen in chronic lyraphocytic and granulocytic leukemias.

The open, fresh transfusions of the day, filtered through gauze, were nearly

always beneficial despite the common, violent pyrogenic and occasional hemo-

lytic reactions in the pre-Rh days. We usually gave a liter of fresh blood

500 ml on successive days. The benefit, temporary cessation of bleeding, in

retrospect may have been due to platelets

In 1948 Farber et_ al. (9) published on the first dramatic, temporary

remissions of acute lymphocytic leukemia of childhood with foli** acid antagonists.

This therapeutic advance occurred in conjunction with the explosive growth of

knowledge on the chemistry of DNA synthesis, regulation of cell proliferation,

and the emergence of DNA as the genetic material that holds the code for all

biological processes.

Ludwig Gross' demonstration of the viral causation of some murine leukamias

(1) opened another field of research that continues to expand today. We know

viruses are connected with leukemia, in the chicken, the mouse, cats, cattle,

and some primates. The evidence for viral participation in human leukemias

remains indirect, but as yet, I believe, not proved. In 1966 my friend, Kenneth

Eadicott, Director, National Cancer Institute, SIH, USA stated at a symposium on

Perspectives in Leukemia (11) "A little over a year ago, at the strong recommenda-

tions of several of the speakers on this program, especially Dr. Zubrod and
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Dr. Skipper, I agreed to a major reorientation of the large cancer chemotherapy

program, focusing it to a very large extent on leukemia. I took these two

actions for what will strike scientists as a very simple reason. In the mouse,

leukemia is essentially a virus disease, it can be prevented by several tech-

niques of vaccination, and it can be cured—and I use the term in its true

sense—with drug therapy. And I, for one, do not think there's that much

difference between a man and a mouse!"

The late, unabashed but perceptive William Dameshek (29), a frequent visitor

and participant in conferences at the Institute for Cellular Pathology, Hopital

Bicetre, summarized this conference in.his usual pithy and pertinent manner

from which I quote in part;>, "The idea of obtaining that elusive 'break-through1,

the term so beloved of newspaper reporters, is unlikely and, in fact, illogical.

Leukemia may be said to represent not a single disease but a variegated group

of conditions probably due to a variety of pathogenetic agents. This thought

was challenged by our distinguished guest, K. M. Endicott of NIH, with whom I

would surely not wish to indulge in any controversy. He pointed out that this

multietiolcgic approach is by no means likely. Also, that a 'breakthrough' is

not only desirable but very likely. This thinking is based on Dr. Erdicott's

firm conviction that the viral approach to leukenia is the sole key to the

entire problem. Thus, mouse leukemia is essentially a viral disease; it can

be prevented by vaccination; it can be cured *oy drugs. And why, after all, are

man and mouse so much different that the saze approach cannot apply? One can

only pray that Dr. Endicott will prove to be right, whether or not his timetable

of a year for the hoped-for event \s accurate."

It is now nearly 15 years later and the "hoped-for event" has not occurred.

Directors of the National Cancer Institute, UsA, have come and gone. Research

policy is in a state of flux in the U.S. and perhaps research monias are really
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in jeopardy in U.S. and elsewhere, partly due to unrealistic promises and

decisions by scientific administrators in government to the Congress and the

public. Diseases are not cured or controlled by bureaucratic government fiat.

Progress is made, probably most economically, by the support of scientists

working on scientist-generated ideas, patiently putting together a jigsaw

puzzle. Occasionally, there will be. brilliant insights into problems, leading

to research , that accelerate the progress of science and contribute to the cure

of disease. And one should not ignore the American saying "No amount of plan-

ning will ever replace dumb luck", the tear falling on a culture plate with

lysis of bacteria alerting the prepared mind and lysozyme is discovered by

Fleming.

In respact to chemotherapy, Dameshek said "To buck the ch^ ^therapeutic

program, which has been put together so beautifully and is so carelly organized

would be, I think, quite improper, especially since no other means exist at this

time to modify the leukemic process nor to return the leukemic processs to a

normal type of growth mechanism. At this time, then, and until better methods

are avilable, we must simply do as the crusaders did, centuries ago, and kill

off all of the 'bad citizens hoping that the time will come when slaughter will

no longer be necessary and we'll be able to convert them." Alas, the slaughter

is not limited only to "bad citizens" but also to the good, pluripotent stem

cells, which may be fewer in number, and more apt to be eradicated by the dogma

of "total kill". Today we are confronted with a great dilemma. An increasing

number of children with acute lymphoblastic leukemia and perhaps some adults

with acute myeloblastic leukemia are being cured by chemotherapy, but why? I

shall address some aspects of this dilemma through a reanalysis of our and

other's kinetic data and also resurrect some of the things I was brash enough

when younger to state in New Orleans, December 1966 against the dogma of the

da>- at the conference on Perspectives in leukemia, sponsored by the Leukemia

Societv of America.
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It is now 14 years later and human leukemia has not been shown unequivocally

to be a viral disease, and there is no vaccine for immunization. Despite the

great empirical progress in managing this dread disease, it remains a

therapeutic challenge.

From this sketchy historical background, I will concentrate on those aspects

of leukemia with which we in the Medical Department at Brookhaven National

Laboratory have been concerned since 1957. Our efforts involved scientists

from home and abroad. Major contributors were T. M. Fliedner (12-14), S. A.

Killmann (15-19), L. M. Schiffer (20-22), M.L. Greenberg (23-24), P. C. Vincent

(25), P. A. Stryckmans (26), and K. R. Rai (27).

A Definition of Leukemia:

Leukemia is a disease of aberrant white cell proliferation, characterized

always by defective cell maturation and divergence from steady state cell pro-

liferation which may, depending on the stage of the disease, result in over-

or under-production of leukemic and normal cells.

The Kinetics of Leuksaic Cell Growth:

No one has ever questioned the obvious fact that neoplasia represents a

diversion from "steady state" cell proliferation. The notion of unrestricted

rapid growth of neoplastic tissue goes back to Virchcw (30) who considered the

body "a cell-state in which every cell is a citizen" and disease is "merely a

conflict of citizens in this state, brought about by the action of external

forces". When I first read his notions I applauded his imagination and con-

sidered his thoughts rather naive. Today we have killer cells, suppressor

cells, helper cells, managerial cells, diverse cell-to-cell interactions,

hematopoietic inductive microenvironment (HIM), humoral erythrocytic regulators

(HER), long-range and short-range regulators, long-and short-lived molecules

and yet more certainly to come. It is a pity we can't resurrect Virchow and

see his reactions to his visions. The acronyms are nearly as numerous as those

in our government regulating our society.
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Virchow's concept of leukemia bas been interpreted as meaning an increased

and uncontrolled proliferation of cells resulting in local invasion and

distant metastasis. This concept is still held today in many circles.

Mallory (31) believed neoplastic processes represented a wide panorama

of growth potentials and did not distinguish between benign and malignant

tumors in all instances but rather considered them in terms of growth rates

and metastases, a perceptive and, T believe, wise notion.

Bierman (32) must be given credit for studies on cell proliferation

in leukemia and developing the concept of balance hypothesis in leukemia,

rr~ognizing an imperfect balance between production and death of leukemic

cells. We initiated studies in 1957 on cell proliferation in humanbeings

(33) and in 1960 extended these to acute myeloblastic leukemia (15) and

multiple myeloma (16). Our first in vitro studies (34) had led us to

believe that malignant neoplastic processes in some instances may produce

fewer cells per cell present per unit time than normal cells. Labeling of

DNA with H-thymidine combined with autoradiography and classical cytology

aade it possible to study these processes in vivo (33-36).

Our studies (Killmann et_ al.,15) on acute myeloblastic

leukemia -'initiated the following;

1. Peripheral blood blasts are either "sterile" or generally in phases

of the call cycle other than DNA synthesis.

2. Labeled and unlabeled marrow blast cells enter the blood in the same

proportion as they are found in the narrow.

3. Release of blast cells from the blood is a random process with a

half-time of 23 hours, average sojourn of 33.2 hours.

4. Blast cell generation time was estimated to be less than 50, 60 and

L0 hoars in separate patients.



This is somewhat longer than normal myelocyte generation time of 52 hours

by Cronkite and Vincent (37) and Boecker et_ ad. (38).

Our studies (Greenberg et_ al. 24) using HTdR ̂ ii vivo with double

labeling and observation of the flow of labeled cells through mitosis derived

values for phases of cell cycle times in acute myeloblastic leukemia of 14-20

hours for DNA synthesis and 20-47 hours for generation time. Comparable

values have been found in ALL (24a) and CGL (25). Even though Greenberg £t_ al.

(24) selected a method allowing study of the largest myeloblasts with 50%

in DNA synthesis, some non-cycling cells may have been included reducing the

fraction labeled and thus increasing the calculation of the generation time

from the simplistic equation:

t -*-i!L
G ~ L.I.

where t = average DNA synthesis time
NS

L.I. = —rj = fraction in DNA synthesis

NG

N_ = number in DNA synthesis
N = number in cycle
G

Henca, T_ is a maximal value. HTdR kinetic studies also led to the notion of

G

a non-dividing population of smaller blasts (Gavosto _et_ al_. , 39-43 ; Killmann

et d., 15 ; Mauer and Fisher, 44; and Clarkson ££ al., 45). Gavosto et al,

(41) suggested that the obvious proliferating large pool of leukemia cells

was not self-sustaining. Saunders and Mauer (46) and Gabutti _et_ al_. (47)

produced cogent evidence suggesting that the smaller renting blast cells could

re-enter mitotic cycle in the leukemic patient before and after therapy, thus

perhaps acting like a stem cell although one cannot state unequivocally that

this does not represent slow amplification of a non-self-sustaining population

of leukemic cells. Stryckirians e_t a_l (49) demonstrated repair replication in

acute myeloblastic leukemia cells showing that they can synthesize DNA after
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excision of lesions. This may be more pertinent to therapy than to

kinetics of leukemic cell proliferation allowing leukemic cells to repair

damage induced by chemotherapy and sustain themselves, despite chemotherapy.

Killmann (48) in 1965 posed an important question, "Are all leukemic

'blasts' stem cells?" His analysis of the problem is as fresh today as it

was in 1965. It would appear that the answer to his question then was an

emphatic "no_", as it is also today with experimental proof to be shown.

Dicke et_ al (51,52) initiated studies on cloning of acute myeloblastic

leukemia (AML) cells jLn_ vitro by pre-incubating AML cells in PHA and then

plating in agar over agar feeder layer and found colony growth. Buick et al.

(53) cultured peripheral blood AML cells in methyl cellulose with growth

medium containing 5-10% PHA-LCM and found colonies of 20-200 cells albeit

with a very low plating efficiency of 10 ~ - 10 . It is to be noted that only

blood AML blasts are cultured not bone marrow cells, raising the question of

whether blood leukemic cells are a random sample of all leukemic cells in the

body. Their next study investigated the proliferative state of these progenitor

3
cells and found that about 50% are in DNA synthesis by HTdR or iiydroxyurea

cytocide (54). These studies were extended (55) demonstrating that colonies

could be plucked out and replated, producing new colonies. "Self-renewal" by

this manner was demonstrated in secondary and tertiary plating. Minden et al.

(57) demonstrated that blast cells and T-cell progenitors in the blood could

be separated and studied independently. It is of more than passing interest

that Greenberg et al. (24) found in 1972 that about 50% of the marrow pro-

liferating blasts are in DNA synthesis by the maligned combination of cytology

and HTdR autoradiography. In addition, the DNA synthesis time of these blasts

by double labeling and lataled mitosis curve was of the order of 14 hours.

Kence, if 50% of the "blast cell" progenitors in blood are in DNA synthesis

with little variance of G,, the cycle time would be of the order of 28 hours.



Killmann et al. (15) pointed out that "blast cells" preferentially released

to the blood may in large part be end cells or that "blast cells" in late G,

and S are not released. Until the marrow "blast cells" are studied in culture,

one must have an open mind as to whether the blood blast cells in AML are a

random sample of the bone marrow and other anatomic sites where leukemic cell

proliferation is underway.

In 1966 I presented a series of models based on the kinetic studies of

ourselves and others shown in Figure 1. The model assumes that there are

various agents that may act singly or in concert with each other to produce

a pre-leukemic or leukemic clone(s) of cells which takes long and variable

times to grow to diagnoseable levels of 10 cells.

Model A with a small stem cell pool and slow maturation can probably

be rejected. Model S with a small stem cell pool is probably most consistent

with HTdR kinetic data and the newer clonal tissue culture assays of the

Canadian group (53-57). However, it is to be noted that their culture studies

are performed on peripheral blood and not bone marrow AKL blasts which have

different kinetics when studied in vivo (15,23,24,28,39-48). Model C with

an expanded stem cell pool may represent a few cases of very florid leukemia

or "blast crises" or chronic granulocytic leukemia. Model D with the total

population dividing as a stem cell pool is most unlikely.

A stem cell pool with autonomous proliferation doubles in size with each

generation unless cells are removed by death or differentiation. This is

described by the following equations:
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0.693^
e CG

X = — £ f growth constant
G

N = N e X t

o

t = time from t to t
o

-r— *• the number of generations (n)

dN
, = XN, the growth rate in an expanding population

For the steady state N, the size is constant. Let A, N equal the rate

of removal from all causes (death and differentiation) then the net rate of

change is:

•g£ = XN-X-N = 0 in the steady state.

Figure 2 shows a concept of a leukemic population based on old

HTdR in vivo autoradiographic data and the newer culture cloning data of

-2 -4
the Canadians. If one accepts the seeding of 10 -10 for peripheral

AML blasts as being representative of all AML blasts, then the stem call

pool is 10 -10 ~ of the total population. Since at diagnosis the leukemic

population is at least 10 cells the leukemic stein call pool is a minimum

7 9
of 10 - 10 cells,still a formidable number to kill. If they are all in

cycle with 50% in DN.' synthesis and with a t of 15 hours (Greenberg et al.,

24), assuming short term steady state the birth rate Kg is
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N

N = number in UNA synthesis

t = time for DNA synthesis in hours = 15

x 2 = 0.06 x 10
7/hour or

g g
°'5 x 1 0 x 2 = 0.06 x 10 /hour

If the stem cell pool remains constant in size the flow out into the

expanding pool is 0.5 of the above. For an expanding stem cell population

the flow out is less than 0.5.

Tritiated Thymidine - an Untested Therapeutic Agent?

Greenberg, &t_ al^. (23), demonstrated that tritiated thymidine

( HTdR) had a marked cytocidal effect on leukemic cells in one case of

acute lyaphoblistic and one case of acute myelogenous leukemia. The

cytocidal effect in acute lymphoblastic leukemia was documented by a

dramatic drop in the peripheral lymphoblast count (Figure 3), a marked

decrease in the size of the spleen and disappearance of leukemic

infiltration in the skin.

The case of acute myeloblastic leukemia had been treated extensively

with methotrexate, vincristine, prednisone and 6-mercaptopurine without

any sustained benefit. He was referred to Brookhaven Nationil Laboratory

for a trial of extracorporeal irradiation of the blood (ECIB) with

marked anemia, thrombocytopenia hepato-splenomegaly, and a white count

of 51,200/mm . The white count rose to 209,000 with meningeal leukemic
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infiltrations. With ECIB, the white count fell to 30,000 without

significant improvement in the meningeal signs and symptoms which

subsided after intrathecal methotrexate. ECIB continued but WBC and

leukemic masses increased in size. In view of the benefit of HTdR in

the first case and to study the kinetics of the leukemia, a series

of HTdR injections were begun (0.25 uCi/g body weight every 12 hours).

The WBC decreased precipitously and the spleen and cutaneous leukemic

3
infiltrations diminished in size. To my knowledge, HTdR has not been

given a definitive therapeutic trial. HTdR in large doses does not

produce undesirable symptoms in doses that produce cytocidal effects

in animals nor were undesirable side effects observed in the two patients

we studied.

In view of the data of the Toronto group that about 50% of the stem

cells of AML are in DNA synthesis, one should be able, in all probability,

to deliver cytocidal doses to this population by HTdR within 48 to 72 hours.

The effectiveness could be checked by the culture of the AML stem cells

as described (53-55).

In acute lymphoblastic leukemia, CSS radiation is necessary to kill

the leukemic cells that have penetrated into this sanctuary for leukemic

cells. The use of HTdR IV and/or intrathecally would select only those

cells in DNA synthesis and spare neurones and glial cells that are

injured by external irradiation. In fact, the limitation en external

irradiation is sec by the tolerance of neural tissue for radiation.

3

Briefly, HTdR should be given a therapeutic trial because it is:

a. Cytocidal for human AML cells and ALL cells.

b. Has few if any undesirable side effects.

c. May eliminate the need for external radiation of the CNS by
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attacking leukemic stem cells in the CNS without injury to

neurones or glial cells after intrathecal injection and may

penetrate the CNS after intravenous injection abrogating the

need for intrathecal injections.

Is There a Role for Extracorporeal Irradiation of the Blood (ECIB)

in AML:

Schiffer et al. (20,23) treated 14 cases of AML with ECIB. The

medium survival tic.t of the patients was 8.0 months, which was as good

as, if not bettar than, the. chemotherapeutic regimen then in use. There

was a correlation between survival time and the cransit dose of irradiation

(Figure 4). We were not able to extend these studies nor has any cooperative

group investigated the possible benefit of ECIB in AML. It would appear that

ECIB may be a valuable adjunct to treatment by reducing the number of leukemic

stem cells without injury to normal tissues before instituting chemotherapy.

Radiation Leukemogenesis;

Radiation is an established leukemogen in man and animals. The lost

quantitative data arise from the Japanese populations exposed to atomic

bombs at Hiroshima and Nagasaki (58-61). A large number of human beings

were e: posed to radiation during a fraction of a second. The hematopoietic

depression was dose dependent. Normal hemopoiesis rebounded commencing

30 days or so after exposure and was near normal levels by 3—4 months

after the exposure. If radiaticn produced leukemic "mutants" that grew o-jt

in parallel with the same kinetics as normal cells, one would begin tc

diagnose leukemia when about 10 to 10 leukemic cells are present. If

there is no leukemic cell death the time to grow out 10 - 10 leukemic
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cells from 1 or more similar leukemic mutants is shown in Figure 5 for

doubling tiraes of 6 and 48 hours. With a doubling time of 6 hours one cell

will produce 10 - 10 in 9-10 days. If more than one leukemic cell with

same growth characteristics is produced simultaneously the time to grow

out 10 - 10 cells is proportionately decreased. With a doubling time

of 48 hours it takes 68 to - 5 days to grow out a diagnoseable leukemic

population from a single cell. In both Hiroshima and Nagasaki the first

clear-cut increase in the incidence of leukemia was observed 18 months

after the exposure and peaked at about 5-6 years after exposure. Today,

36 years after exposure the incidence of leukemia in the exposed population

is still slightly above the nonexposed populations. The incidence of

all sorts of leukemia was higher and peaked sooner in younger age groups.

For example, those under 15 at the time of bombing (ATB) had their peak

incidence 6 years after exposure, 15-29 years ATB at 9 y«ars, 30-44 years

ATB at 14 years and 45 and over ATB at 22 years after exposure (60) . In

those under 15 AT3 the increased incidence appeared to disappear by 17

years after exposure and is still slightly elevated for all older age

groups 36 years after exposure.

Radiation is clearly an initiating agent. Modan (61) suggests that

radiation suppression of immune processes may act as a promotor. However,

the detectible suppression of immunity by radiation in animals is short-

lived, lasting only a few weeks to a few months and the duration of

suppression is a direct function of radiation dose. It is difficult, if

not impossible, to explain the long latency by impaired immune surveillance

since immune processes appear to have returned to normal in the Japanese

exposed to the atomic bombs. One needs to search elsewhere for an

explanation.
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Lajtha, in this conference, has developed models of leukemogenesis

based on relative responsiveness of the "leukemic stem line" to regulatory

factors that inhibit and stimulate normal stem cell proliferation. Presumably

the "slipping" away from inhibitory influences ^presents successive

"mutational" steps leading a preleukemic cell to an autonomously proliferating

leukemic stem cell line.

There are other potential explanations. In established leukemia there

is a major death function of leukemic cells (15,24,40-44). If a leukemic

population from inception consists of a stem line whose self-renewal

capability is only slightly greater than its probability of differentiation

into a multiplying transit population doomed to die aftar n divisions there

could be a highly variable latency depending upon the probability of self-

renewal and the amplification of the leukemic transit population. These

thoughts can be expressed in terms of responsiveness of the leukemic stem

cell to physiological stimulators and inhibitors of pluripotent stem cells

as has been done by Lajtha in this symposium.

Leukemia is considered in most instances to be a clonal disease--at

least when it is diagnosed in man. This does not mean that only one cell

became "leukemic" at the initiating event. There may be many aberrant

clones with different self-renewal probabilities. Those with probabilities

less than 0.5 will self destruct.

Some consideration should be given to the nature of the deposition of

energy in tissue from low LET radiation. The absorbed dose is expressed

as rads (100 ergs/g. tissue). One can relate ergs to ionizations per unit

volume of tissue. The ionizations are formed in clusters over the path

length of a charged particle and not randomly. Path lengths vary with energy.

Such clusters can be ca.Ied "absorption events" and may supplant the rad
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at very low levels of exposure when small volumes of tissue may be

receiving no exposure over long intervals.

12
The "reference nucleus" (62) has a volume of 270 x 10 ml or

270 fim . The probability that a reference nucleus will be hit when

exposed to 0.1 rad of 100 keV xray photons can be estimated as follows:

0.1 rr.d - 10 ergs/g - 6.242 x 10 1 2 eV/g - 6,242 eV/piu3 = 0.1836 ion pairs//im3.

In a volume of the "reference nucleus" of 270 jim there will be

270 x 0.1836 or 49.57 ion pairs per cell nucleus on the average. Therefore,

if ion pairs were randomly distributed, all cell nuclei would be hit Row-

ever, ion pairs are bunched in delta ray tracks with ranges up to 3 /un.

Because of this, ionizations may be produced in the nucleus from

primary events occurring up to 3 urn beyond the nuclear membrane. Adding

3 jim in all directions to the 8 jim diameter of the "reference nucleus"

gives a sphere of 14 pm diameter and 1437 jim volume, within which primary

events that can affect the nucleus occur. When a primary event occurs

beyond this boundary, the delta rays will not reach the nucleus. The

3
1437 /xta sphere receives 0.1836 x 1437 or 264 ion pairs.

Since 100 keV photons lose about 0,14 of its energy per primary event,

there are 2—rr '•— or 412 ion pairs per track. Thus the 264

ion pairs produced in the 1A jim sphere represent an average of 264/412 or

0.640 tracks per 14 um sphere. All of these originating in the nucleus

will be effective, but only something of the order of, but less than,

half of those originating in the surrounding 3 jam thick shell of cytoplasm

will reach the nucleus.

For simplicity, assume that a total of 150 pairs affect an average

nucleus (50 from tracks originating in the nucleus plus 100 from tracks

from the 3 jim shell). This reduces the number of effective primary events
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to 150/412 » 0.364 per nucleus. Assuming a Poisson spatial distribution

of these events e-0.364 = Q ^ ^ ^ f r a c t i o n o f c e l l n u c l e i

which receive "zero" dose.

At 1 rad and more, essentially all reference nuclei will receive 1

or more events involving different volumes of DNA.

The locations of the critical volume(s) of DNA in the stem cell are

not known. In addition it is not known which chromosomes and which genome(s)

are involved. The frequency of single strand breaks is high with low LET

radiation and a very high fraction are epaired. The frequency of double

strand breaks is low, but a high fraction are not repaired. The incidence

of base pair changes is not known nor is the rate of repair well established.

Low LET radiation has a small component of high LET effect which has nearly

no repair. The relationship of all of these factors is not known. Since

leukemogenesis results from initiating and promoting events one can perceive

how competing injury and repair processes may result in a highly variable

latency from injury to a single dose of radiation before that sequence of

events results in the "somatic genotype" injury of the "leukemic genome(s)"

that finally is phenotypically expressed by "aberrant white cell prolifera-

tion, characterized always by defective cell maturation and divergence

from steady state cell proliferation which may, depending on the stage of

thtj disease, result in over- or under-production of normal and leukemic

cells" in varying patterns as the phenotypic expressions of the basic

genetic injury evolve.



Figure 1 (BNL 11-795-80)

Schematic comparison of normal cell proliferation to various models of

leukemic cell proliferation.
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Figure 2 (3NL 10-547-80)

Schematic presentation of acute myelobastic leukemia based on HTdR

autoradiography and progenitor "blast cell" cloning.
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Figure 3 (BNL 5-60-65)

Total white cell count in the peripheral blood during er'zire

hospitalization. Morning and evening blood are shown. Ten injections of

HTdR (0.25 jiCi/g body weight, Sp. Act. 1.9 Ci/mM were given over a five

day period at 9 a.m. and 9 p.m.
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Figure 4 (BNL 2-10-67)

Apparent correlation of survival time of patients with acute

myeloblastic leukemia treated with extracorporeal irradiation of the

tlood with the dose of radiation received by cells in a single treat-

ment through the irradiator, from L. M. Schiffer et_ al_. Blood _31_,

17-32, 1968, reproduced by permission of Grune and Stratton, Inc.,

N.Y.



500

<or
u
co
o

H
CO
•z.
<

I-
CQ
*—I

o
LJ
LU
CD
<
CC
LU

<

400 -

0 6 8 10 !2
MONTHS OF SURVIVAL

14 16 18



Fr.gure 5 (BNL 11- 1394-66)

Graphic illustration of the time it takes to grow out 10

or 10 cells from 1 to 10 cells that commence proliferating.

Calculations based on doubling times of 6 or 48 hours.



IOK

I0 9 : '

I 0 8

I 0 7 :

I I I

uj
u
£
HI

I 10s

'

I 0 3

j i

10 i •
i I

-DOUBLE TIME 6 hrs
48 hrs-

AND o TO I010 CELLS
AND * TO 10" CELLS

10 20 30 40 50 60 70
DAYS



REFERENCES

1. Bennett, G. H. Two cases of disease in enlargment of Che spleen in which
death took place from the presence of purulent matter in the blood. Edinburgh
Med. Surg. J. j>4_, 413-423, 1845.

2. Craigie, D. Case of disease of the spleen, in which death took place in
consequence of the presence of purulent matter in the blood. Edinburgh Med.
Surg. J. 64_, 400-412, 1845.

3. Donne, A. Cours ie Microscopie Compleiaentaire des Etudes Medicales Paris
Balliere, 1844.

4. Virchow, R. Weisses 31ut Froriet's Notii an 3j>, 151<-156, 1845.

5. Rous, P, Transmission of a malignant new growth by means of a cell-free
filtrate. J. Amer. Med. Assoc. 9<5, 198, 1911.

6. Furth, J. and Furth, O.B. Neoplastic disease produced in mice from general
irradiation with x-rays. I. Incidence and types of neoplasm. Am. J,
Cancer 28_, 54-65, 1936.

7. Dustin, A. P. The quantitative estimation of mitotic growth in the bone
marrow of the rat by the Stathmokinetic methods. In: The Kinetics of
Cellular Hemopoietic Proliferation, Frederick Stohlman, Jr., Ed., Grune
and Stratton, M. Y. 1959.

8. von Hevesy, G. and J. Otteson. Rate of formation of nucleic acid in the
organs of the rat. Acta Physiol. Scand _5_, 237> 1943.

9. Farber, S., L. K. Diamond, R. D. Mercer, R. F. Sylvester, Jr., and J. A.
Wolf. Temporary remission in acute leukemia in children produced by folic
acid antagonists. New Eng. J. Med. 238, 787-793, 1948.

10. Gross, L. Spontaneous leukemia developing in C H mice following inoculation
in infancy with AK leukemic extracts of AK embryos. Proc. Soc. Exp. Biol.
Med. 2£, 27-32, 1951.

11. Endicott, K. M. In: Perspectives in Leukemia. Dameshek and Dutcher, Eds.,
p. 2, Grune and Stratton, N. Y. and London 1963.

12. Fliedner, T. M. , Cronkite, E. P, and Robertson, J. S. Granulocytopoiesis I,
Senescence and random loss of neutrophilic granulocytes in human beines
Blood 2£, 402-i.l4, 1964.

Fliedner, T. M., Cronkit«
Granulocytopoiesis II. E
granulocytes in human beirgs. Blood 24_, 683-700, 1964.'

13. Fliedner, T. M. , Cronkite, E. P., Killmann, S. A. and Bond, V. P.
Granulocytopoiesis II. Emergence of pattern of labeling of neutrophilic
2ranulncvtP.c; in human hpir">c R1rtrtJ ?/, to-) •?/•»/•! -i m >



14. Fliedner, T. M. Experimental studies on PHA-stimulaced lymphocytes and
autotransfusion of i7H-cytidine labelled lymphocytes in chronic lymp^ot
leukaemia. In: The Lymphocyte in Immunology and Haemopoiesis. J. M. Yoffey,
Ed., pp. 196-206, Edward Arnold, Ltd., London 1967.

15. Killmann, S. A., Cronkite, £, P., Robertson, J. S., Fliedner, T. M. and
Bond, V. P. Estimation of phases of the life cycle of leukemio cells from
labeling in human beings in vivo with tritiated thymidine. Lab. Invest.
12, 671-684, 1963.

16. Killmann, S. A. Cell proliferation in multiple myeloma studied with
tritiated thymidine in vivo. Lab. Invest. 11^ S45-853, 1962.

17. Killmann, S. A., E. P. Cronkite, T. M. Fliedner, and V. P. Bond
Mitotic indices of human bone marrow cells. I. Number and cytologic
distribution of mitosis. Blood 19_, 743-750, 1962.

18. Killmann, S. A., Cronkite, E. P., Fliedner, T. M., Bond, V. P. and
Brecher, G. Mitotic indices of human bone marrow cells II. The use of
mitotic indices for estimation of time parameters of proliferation in
serially connected multiplicative cellular compartments. Blood 21, 141-163,
1963.

19. Killmann, S. A., Cronkite, E. P., Fliedner, T. M. and Bond, V. P. Mitotic
indices of human bone marrow cells. III. Duration of some phases of
erythrocytic and granulocytic proliferation computed from itotic indices.
Blood :4, 207-280, 1964.

20. Schiffer, L. M., H. L. Atkins, A. D. Chanana, E. P. Cronkite, M. L. Greenbexg,
P. A. Stryckmans. Extracorporeal irradiation of blood CECIB) in man. II
Treatment of acute rayelocytic leukemia. Blood 3_1_, 17-32, 1968.

21. Schiffer, L. M., A. D. Chanana, E. P. Cronkite, M. L. Greenberg, B. D. Jones,
P. A. Stryckmans. Application of extracorporeal irradiation of blood in
lymphoma, leukemia, and normal transplantation. Cancer Chemotherapy, Eds.
I. Brodsky and S. B. Kahn, pp 249-259, Hahnemann Symposium, Phila. 1965.

22. Schiffer, L. M., A. D. Chanana, E. P. Cronkite, M. L. Greenberg, P. Stryckmans,
K. Rai, P. C. Vincent. L'irradiation extra-corporelle du Sang dans la
leucemie lyraphoide chronique. Nouvelle Revue Francaise d'Hematologie _8_,
6V1-/00, 1968. ~

23. Greenberg, M. L., A. D. Chanana, fcl. P. Cronkite, L. M. Schiffer, and P. A.
Stryclanans. Tritiated thymidine as a cytocidal agent in human leukemia.
Blood 28, 851, 1966.



24. Greenberg, M. L., Chanana, A. D., Cronkite, E. P., Giacomelli, G., Rai, K. R.
Schiffer, L. M., Stryckmans, P. A., and Vincent, P. C. The generation time
of human leukemic myeloblasts. Lab. Invest. 2£, 245-252, 1972.

25. Vincent, P. C., E, P, Cronkite, M. L, Greenberg, C. Kirsten, L. M. Schiffer,
P. A. Stryckmans, Leukocyte kinetics in chronic myeloid leukemia. I. DNA
synthesis time in blood marrow myelocyte. Blood 33_, 843-850, 1969.

26. Stryckmans, P. A., Cronkite, E. P., Fache, J., Fliedner, T. M., and Ramos, J.
DNA synthesis time of erythropoietic and granulopoietic cells in human
beings. Nature 211, 717-720, 1966.

27. Stryckmans, P. A.> A. D. Chanana, E. P. Cronkite, M. L. Greenberg, L. M.
Schiffer. Studies on lymphocytes IX. Survival of autotransfused lymphocytes
from chronic lymphocytic leukemia. European J. Cancer 4_, 241-246, Iy68.

28. Rai, K. R.f x. Sawitsky, E. P. Cronfcite, A. D. Chanana, R. N. Levy, and
B. S. Pasternack. Clinical staging of chronic lymphocytic leukemia.
Blood 46. 219-234, 1975.

29. Cronkite, E. P., Kinetics of leukenic cell proliferation. In: Perspectives
in Leukemia, 158-186, William Damashek, R..M. Dutcher, Eds., Grune and
Stratton, Inc., New York 1968.

30. Damashek, W. M. In: Perspectives in Leukemia, 293-297, William Damashek,
R. M. Dutcher, Eds., Grune and Stratton, Inc., New York 1968.

31. Virchow, R. Cellular pathology, translated fronthe 2nd Edition of the
original by F. Chance (Great Books of St. John's reprint) Ann Arbor Mich.
Edwards Bros. Inc., 1940.

32. Mallory, F. B. Principles of Pathologic Histology, W. B. Saunders Co.,
Philadelphia, 1920.

33. Bierman, H. R. Some principles underlying the pathological physiology of
leukemias in man. In: Proc. of the Second National Cancer Conference,
1962, Vol. 1, 516, N. Y. American Cancer Society, 1964.

34. Cronkite, E. P., Bond, V. P., Fliedner, T. M. and Killmann, S. A. The use
of tritiated thymidine in the study of hemopoietic cell proliferation. In:
Ciba Foundation Symposium of Hemopoiesis, Wolstenholme, G. E. W., and
O'Connor, M. , Eds. 70-92, Boston, Little, Brown and Co. 1960.

35. Cronkite, E. P., Bond, V. P., Fliedner, T. M., Rubini, J. R. and Killmann. S.A.
Studiss on the life cycle of normal and neoplastic lymphocytes by labeling
DNA with tritiated thymidine. In: Proc. of 9th Int. Congress of Radiology,
Rajewsky, B., Ed. Vol. 1, pp 894-905, Georg Thieme Verlag, Stuttgart, 1960.

36. Cronkite, E. P., Fliedner, T. M., Killniann, S. A. and Rubini, J. R. Tritium-
labeled thyraidine (H TDR): Its somatic toxicity and use in the study of
growth rates and potentials in normal and malignant tissue of man and animals.
Tritium in the Physical and Biological Sciences, IAEA, Vienna II_, 189-209, 1962.



37. Cronkite, E. P., Greenhouse, S. W., Brecher, G. and Bond, V. P. Implication
of chromosome structure and replication on hazard of tritiated thymidine
and the interpretation of data on cell proliferation. Nature 189, No. 4759,
153-154, 1961.

38. Cronkite, E. P. and Vincent, P. C. Granulocytopoiesis. Series Hematologica,
II, No. 4,3-43, 1969.

39. Boecker, W., Ernst, P., Cronkite, E. P., Killmann, S. A. and Robertson, J.S.
The correlation of human myelocyte size, DNA content and synthesis:
implications for granulopoiesis. Exp. Hemat. £, 619=626, 1978.

40. Gavosto, F., Maraini, G., and Pileri, A. Proliferative capacity of acute
leukemia cells.Nature (London) 187-611, 1960.

41. Gavosto, F., Pileri, A., Bachi, C. and Pegoraro, L. Proliferation and
maturation defect in acute leukemia cells. Nature (London) 203, 92,1964 .

42. Gavosto, F., Pileri, A., Gabucti, V., Masera, P. Cell population kinetics
in human acute leukemia. Europ. J. Cancer 3^ 301, 1967,

43. Ibid—Non-self maintaining kinetics of proliferating blasts in human acute
leukemia. Nature (London) £L6_, 188, 1967.

44. Gavosto, F., Pileri, A., Ponzone, A., P. Misera, R. P. Tarocco, and V. Gabutti.
Different blast cell kinetics in acute myeloblastic leukemia. A hypothesis
of different stem cell origin. Acta Hetnatologica ̂ , 215, 1969.

45. Clarkson, B., T. Ohkita, T. Ota, and J. Fried, studies of cellular prolifera-
tion in human leukemia. I. Estimation of growth rates of leukemic and
normal hematopoietic cells in two adults with acute leukemia given single
injections of'tritiated thymidine. J. Clin. Invest. 4_6_, 506-517, 1967.

46. Saunders, E. F., B. C. Lampkin, and A. M. Mauer. Variation of proliferative
activity in leukemic cell populations of patients with acute leukemia. J.
Clin. Invest. 46, 1356, 1967.

47. Saunders, E. F., A. M. Mauer. Reentry of nonproliferating leukemic cells into
proliferative phase of acute childhook leukemia. J. Clin. Invest. 48_, 1299,
1969.

48. Gabutti, V., A. Pieli, R. P. Tarocco, F. Gavosto, E. H. Cooper. Proliferative
potential of out-of-cycle leukemia ceils. Nature (London) 224, 375, 1969.

49. Stryckmans, P., G. Delalieux, J. Manaster, M. Socquet. Potentiality of out-
of-cycle acute leukemia cells to synthesize DNA. Blood 3b_, 697, 1970.

50. Killmann, S. A. Proliferative activity of blast cells in leukemia and
myelofibrosis. Acta Med. Scand. JL78, 263-380, 1965.

51. Dicke, K. A., G. Spitzer, M. J. Ahearn. Colony formation in vitro by
leukemic cells in acute inyelogenous leukemia with phytohemagglutinin as a
stimulating factor. Nature j25£, 129-130, 1976.



52. Dicke, K. A., G. Spitzer, D. Herman, K. B. McCredie. In vitro growth of
normal and malignant hemopoietic cells in man. Saunders, G.F., Editor, In:
Cell Differentiation in Neoplasia, New York, Raven Press, p. 239, 1978.

53. Buick, R. M., J. E. Till, E. A. McCulloch. Colony assay for proliferative
blast cells circulating in myeloblastic leukemia. Lancet _1, 862-863, 1977.

54. Minden, M. D., J. E. Till, and E. A. McCulloch. Proliferative state of
blast cell progenitors in acute myeloblastic leukemia (.AML). Blood ̂2_,
592-600, 1978.

55. Buick, R. M., M. G. Minden, E. A. McCulloch. Self renewal in culture of
proliferative blast progenitor cells in acute myeloblastic leukemia.
Blood 54, 95-104, 1979.

56. McCulloch, E. A., A. F. Howatson, R. N. Buick, M. D. Minden, C. A. Izaguirre.
Acute myeloblastic leukemia considered as a clonal myelopathy. Blood Cells
5_, 261-277, 1979.

57. Minden, M. D., R. N. Buick, E. A. McCulloch. Separation of blast cell and
T-cell lymphocyte progenitors in the blood of patients with acute myelo-
blastic leukemia. Blood 54_, 186-195, 1979.

53. Watanabe, Susumu. Cancer and leukemia developing among atom-bomb survivors.
In: Handbuch der Allgemeinen Pathologie, p p, 461-577, Springer-Verlag,
Heidelberg, New York 1974.

59. Anderson, R. E., Nishiyama, H., Ii, Yohei, Ishida, K. Pathogenesis of
radiation-releated leukaemia and lymphoma. The Lancet, 1060-1062, May 13,

60. Ichimaru, M. and Ishimaru, T. Leukemia and related disorders. J. Radiat.
Res. Supplement, 89-96, 1975.

61. Modan, B. and Lubin, E. Radiation induced leukemia in man. Ser. Haemat
VII,(2)192-210, 1974.

62. Tritium and other radionuclide labeled organic compounds incorporated in
genetic material. NCRP Report No. 63. National Council on Radiation
Protection and Measurements 1979 "


