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SUMMARY

The most significant late hematologic effect of
atomic bomb radiation exposure in the populations
of Hiroshima and Nagasaki has been the increased
occurrence of leukemia. The radiation effect for
leukemia has disappeared in Nagasaki but slightly
clevated rates still exist in Hiroshima. Multiple
mycloma also is radiation-related, but there is only
a sugpestive relationship for malignant lymphoma.
No evidence exists of a late radiation effect for
primary disturbances of hematopoiesis in the ab-
sence of malignant discase, Somatic hematopoietic
markers of previous radiation exposure include
lymphocyte chromosomal aberrations and an in-
creased frequency of mutant T-lymphocytes de-
ficient in hypoxanthine phosphoribosyltransferase.
A radiation effect also has been observed for the
frequency of mutant erythrocytes lacking expression
ol glycophorin-A protcin on the membrane. There
is no evidence for radiation-induced disturbance
of granulocyte function, but age-related acceler-
ated decline in the immunological functions of
T lymphocytes and age-related alteration in the
number of certain subsets of circulating T and B
lymphocyles appears 1o be radiation-rclated. A
number of radiation-related hematology research
proposals which might be considered for the future
are included in this report.
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INTRODUCTION

This report summarizes the current status of the late
radiation-related hematologic effects which have
been observed at ABCC-RERF in the exposed
populations of Hiroshima and Nagasaki. It is hoped
that this summary will facilitate the planning of
future studies to detect newly appearing disease
or continuing occult manifestations of radiation-
induced damage to the hematopoietic system. The
potential interaction of subclinical early radiation-
induced bone marrow damage and changes associ-
ated with aging are strong indications for continued
hematologic surveillance of the A-bomb exposed
population. Tt is imperative that the opportunity not
be missed Lo define any late changes which may
occur in the A-bomb survivors while under medical
surveillance at RERF.

Radiation risk estimates for all early ABCC stud-
ies up to the mid-1960s were based on distance
from the hypocenter. Subsequent radiation dose
estimates were based on the T65D system, which
now has been replaced by the DS86 system. It is
believed that the DS86 system represents improved
dosimetry for the exposed survivors and the current
database provides bone marrow dose estimates for
all persons with DS86 kerma estimates. The rapid
availability of bone marrow dose estimates provides
the basis for improved determination of radiation-
related hematologic effects.

The early ABCC hematological studies (1947-39)
have been summarized by Blaisdell and Amamoto. !
The initial suppression of circulating blood cell lev-
els following A-bomb radiation exposure and return
to the normal range within three months have been
documented. Special studies of anemic individuals
by Lange and Moloney (1951-53) showed that most
anemias present at that lime were predominantly
microcytic and often associated with hookworm in-
fection. Iron deficiency etiology also was supported
in 1956 by studies of plasma iron concentration.
There was no statistical difference between those
exposed to radiation and controls throughout the
1950s in respect to leukocytosis or leukopenia, and
repeated white cell counts on persons with abnormal
counts usually failed to demonstrate a sustained
change. Very limited studies of platelet number and
blood coagulation carried out in 1954-55 also failed
to demonstrate any radiation effect. The outstanding
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late hematologic consequence of radiation occurring
during this time period was an increased incidence
of leukemia which was shown to relate to the degree

of radiation exposure.>—*

The present report extends the radiation-related
hematologic findings described in Blaisdell’s sum-
mary over an additional 27 years. This means that
the youngest person exposed is now over 40 years
old and that effects of aging will be increasingly
reflected in measurements made. These subsequent
studies provide a more complete picture of the
average blood counts in exposed and nonexposed
populations. It is now possible to define not only
the latent period before appearance of hematologic
malignancies, but also the total period of increased
susceptibility to this complication.  Also to be
summarized are a variely of studies attempting
to demonstrate occult manifestations of radiation
exposure to hematopoietic tissues.

REVIEW OF ABCC-RERF STUDIES, 1960-87
Quantitative Aspects of Hematopoiesis

Mecasurements of the number of circulating blood
cells have been carried out biennually as paIL of the
ABCC-INIH Adult Health Swdy (AHS).®% This
began in 1958 with the selection of one group of
subjects from Hiroshima and Nagasaki who had
been less than 2,000 m from the hypocenter and
exhibited major radiation symptoms, a second group
of persons located less than 2,000 m from the
hypocenter without major radiation symptoms, a
third group of persons who were more than 3,000 m
from the hypocenter, and a fourth group of persons
who were not in either city at the time of the homb
(ATB). The initial AHS population consisted of
about 5,000 age- and sex-matched persons in each
of the four groups. Comparisons could be made
for sex- and age-malched cohorts between exposed,
lightly exposed or nonexposed participants of the
program. There were 11 two-year examination
cycles from 1958 to 1980 with a participation
rate in the range of 80%-90% of persons in the
contact arcas in both cities during the early years,
decreasing o current participation levels of about
60% in Hiroshima and 75% in Nagasaki. Mean
hemoglobin concentrations, total white blood cell
counts, and percent granulocyles, lymphocytes, and
monocyles have been calculated by city, age, and
sex in relation to T65D kerma dose estimates. A
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number of variables undoubtedly enter into the data,
such as seasonal variations.” Slight changes were
observed, including a somewhat lower hemoglobin
concentration in the 1966-68 examination interval
for Hiroshima males of age 0-19 ATB assigned a
T65D kerma of 1 Gy or more. A review of red cell
indices in these individuals disclosed microcytosis,
suggesting that the decrease was related to iron
deficiency anemia in part of the population. In
later years, a nonsignificant decrease in hemoglobin
concentration with increased radiation dose was
more apparent in females than males, more apparent
in Hiroshima than Nagasaki, and more apparent in
those who were younger than older ATB. These
differences were not great when compared with
the age-related decrease in hemoglobin observed in
males over 50 years of age, as reported during the
period of 1958-68.%

Total white cell counts showed a slight increase with
increasing radiation dose through the subgroups,
significant only for the examination interval of
197274 through 1976-78.5 The increased white
cell counts were associated with increased neu-
trophils and decreased lymphocytes. However,
these changes were slight and would not be expected
in themselves to be of any functional significance.
The early decline in white cell counts, noted by
Blaisdell to have occurred from 1947 through 1956
in both the exposed survivors and controls, has not
recurred.

A search was made in the extended Life Span Study
(LSS-EXT) for isolated individuals with chronic
marrow failure. Only 12 cases of “aplastic anemia”
were found, and a relationship to radiation could not
be demonstrated.®1? Anderson et al'! identified 12
patients with idiopathic generalized myelofibrosis in
the ABCC autopsy series between the years 1950-
59. The autopsy prevalence of myelofibrosis was
found to be 41/ greater than the autopsy prevalence
throughout Japan. It should be emphasized that the
total number of persons found to have myelofibrosis
was small and that the Anderson et al study was
the only one that completed on myelofibrosis at
ABCC-RERF. A scarch for polycythemia in the
AHS during the interval 1958-87 in the exposed
and nonexposed populations, which are ol about
equal size, uncovered five suspecied cases.!? Only
one of these, an unexposed male, appeared 1o have
had polycythemia vera. Two of the other possible
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cases were not exposed and the remaining two
have been assigned a kerma of 0.12 and 0.38 Gy
(DS86), respectively. These resulls do not support
a radiation effect for polycythemia vera in the AHS
populations of Hiroshima and Nagasaki.

Of interest in the AHS population was the increase
in sedimentation rate as related to radiation exposure
(3.8%).'? This may be expressed as an increase of
about 0.004 mm/hour per T65D kerma of 0.01 Gy.
Average differences of 9%—11% with control for
age, sex, and anemia between unexposed persons
and those with T65D kerma in the range of 0-
0.09 Gy versus those with T65D kerma of >1 Gy
are lypical. This effect was cvident in all age-
groups with the exception of those over 50 years
of age ATB. This apparent radiation effect for the
sedimentation rate has persisted in the AHS despite
several changes in the type of anticoagulant used
over the years.

Studies were conducted in the AHS during the pe-
riod of 195860 for evidence of age- and radiation-
related effects for decrease in major blood group
red cell antigen strength and serum antibody titers.
It could not be demonstrated that red cell antigen
strength varied either with age or amount of previ-
ous radiation exposure.!*1% Red cell aniibody titers
showed a significant decline with age, but there was
no radiation effect.'”

Leukemia, Lymphoma, and Related Disorders
The incidence of leukemia in exposed persons
was monitored in the open city populations of
Hiroshima and Nagasaki by means of the Leuke-
mia Registry during the 1950s and 1960s.!” The
role of the registry has been not only to confirm
the diagnosis of leukemia, but also to determine
the types and clinical characteristics of radiation-
induced leukemia.!®

In the carly 1970s, the Leukemia Registry changed
its population base from the open populations of
both cities to the LSS-EXT population.!” Shifts in
city base populations due to out-migration of A-
bomb survivors, in-migration of unexposed persons,
and altered city boundaries were largely responsible
for this change. The LSS-EXT population of about
120,000 persons, although more limited in size, has
provided the regisiry with a more reliable basis for
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determining leukemia incidence among survivors
than did the open city populations. The sample is
fixed in size and mortality surveillance is virtually

100%.

Leukemia mortality from 1950 has been reported
for the LSS population al intervals of every three to
four years since 1961, based on death certificate in-
formation. The most recent report, Report 11, is the
first LSS report which utilizes DS86 dosimetry.20:21
The most recent report of leukemia incidence, as
based on registry information and T65D dosimetry,
is available only through 1979.% Currently, there
are about 210 confirmed cases of leukemia in the
registry for which onset occurred while resident in
either city and for which there is a DS86 estimale.
Approximately another 45 cases of confirmed leu-
kemia are not included in the registry at this time
because they lack DS86 estimates.

Leukemia incidence has shown a very clear rela-
tionship to radiation exposure since the late 1940s
and early 1950s.3%22=25 In persons with T65D
kerma doses of more than 1 Gy during the peak
years 1951-52, the relative risk of leukemia was
about 40 times that of the control population.®
The age-adjusted excess relative risk for leukemia
in the combined cities for persons who received
more than 1 Gy during the past 30 years, based on
mortality data and DS86 kerma estimates, has been
calculated at 4.97.2%:2! This continues to represent
the highest relative risk for any radiation-induced
umor. The absolute risk varies with age, but for
the age-adjusted population it is 2.3/10%/person-
year-gray as estimated from recent mortality studies
using DS86.20:21 The earlier relationship with T65D
kerma appeared linear for kerma as low as 0.3-
0.4 Gy in the Hiroshima population, but was
quite curvilinear in Nagasaki.?! The magnitude of
the T65D kerma responses throughout the years
also tended to be greater in Hiroshima than in
Nagasaki.?*?2=2% However, mortality risk esti-
mates now are quite similar in both cities for both
DS86 kerma and DS86 bone marrow dose.?%21 The
configurations in both cities are quite linear, but
some nonlinearity remains in the low dose range.
The lowest DS86 kerma showing a significant
increase in leukemia mortality is in the range of 0.2—
0.49 Gy.?! The male-to-female ratio for leukemia is
about 2 to 1. Leukemia is the only radiation-related
malignancy with a significant male excess.
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The median latent period between radialion expo-
sure of children and their development of leukemia
was five Lo six years.?® This interval was prolonged
with increasing age at time of exposure. The in-
terval of vulnerability to leukemia terminated about
15 years following exposure in children exposed at
less than 15 years of age.>* Since the early 1950s,
the excess risk of leukemia due to A-bomb exposure
has continued to decrease in both citics. Baseline
levels appear to have been reached in Nagasaki by
1970, but they have remained slightly increased in
Hiroshima.? Some differences in the characteristics
of radiation-induced leukemia have been reported
to exist between Hiroshima and Nagasaki. No
radiation effect for persons exposed to T65D kerma
estimates of 1 Gy or less and no increase in
radiation-induced chronic myelogenous leukemia
(CML) have been shown at a kerma of 2 Gy or
less in Nagasaki. In contrast, in Hiroshima the risk
for all types of leukemia increases with kerma and
there is an increase in CML among persons who
received less than 0.5 Gy T65D kerma.

The risk for acute lymphocytic leukemia (ALL)
has been the highest in the persons who were
the youngest ATB. The radiation risk for acute
myclogenous leukemia (AML) increases with age
ATB and with time after exposure. A particularly
high risk for CML appearcd carly in the exposed
younger age-group but, in general, the types of age-
related leukemia have been similar in the exposed
and control groups. No radiation-related risk has
been established for chronic lymphocytic leuke-
mia. Clinical manifestations, responses to therapy,
and survival of persons with the various types of
radiation-induced leukemia do not appear to be un-
usual in comparison to those which occur in persons
without a previous history of excessive radiation
exposure.  Age-specific information for various
types of leukemia strongly suggest that CML is the
most characleristic type ol A-bomb-induced human
leukemia.

A systematic study of chromosome aberrations in
persons with radiation-induced leukemia has not
been conducted at ABCC-RERF. Studies from
other institutions, however, suggest that some chro-
mosomal changes may be fairly characteristic. To
clarify a possible relationship between persistent
chromosomal aberralions in leukemogenesis, the
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distribution of chromosomal break points in Iym-
phocytes in marrow cells was studied.”® The 3,846
break points from 52 survivors were distributed
nonrandomly, with 50 sites having a significantly
higher incidence of breaks. Twenty of the 50 break
points were consistent with break points relating
to human neoplasm, 16 of them to fragile sites.
This report also included information persons with
acute leukemia in Hiroshima. In persons who
had been heavily exposed, there was a lendency
for chromosomes 5 and 8 to be most frequently
involved. The chromosome aberrations were more
frequent and more complex in the heavily exposed
than they were in cells from leukemia patients with
little or no previous radiation exposure. Another
report has suggested that deletion of chromosome 7
may be quite specific for radiation-induced ALL.%7

Several attempts have been made to detect blood
changes which preceded leukemia diagnosis. In
a few individuals developing CML, leukocytosis
and depressed white cell alkaline phosphatase were
observed one to two years before the clinical
appearance of their disorder.”® In some patients
who later developed acute leukemia, atypical or
abnormal lymphocytes were lound in circulation
for as many as 4-5 years preceding the changes
of acute leukemia.?® In another study of 55 heavily
irradiated subjects, for whom hematologic data were
available before the onset of leukemia, 7 showed
preleukemic changes of anemia, thrombocylopenia
or lcukopenia, and 2 showed polycythemia,*?

The risk of leukemia was not increased following
in utero A-bomb exposure, as observed in separate
incidence and mortality studies ol cohorts of 3,636
and 2,802 exposed survivors and their controls,
respectively.®13? Leukemia has been identified in
only two persons in these groups, both of whom
had a low degree of exposure. In addition, studies
were carried out on the children of exposed parents,
if either one or both parents had a kerma estimate
greater than 0.01 Gy T65D. No increased risk of
leukemia has been demonstrated in relationship to
parental exposure.

A study recently was completed on the peripheral
blood and/or bone marrow smears from 193 persons
having leukemia, in which the specific type of
leukemia was reclassified according to the French—
American-British (FAB) classification.®* There was
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little difficulty in reclassifying, since there was 85%
agreement among the evalualing hematologists.
One point of interest was the identification of 18
persons with acute T-cell leukemia in Nagasaki and
3 in Hiroshima. Lack of a relationship to radiation
exposure®” suggests that this virus-induced leuke-
mia is not radiation-induced and therefore probably
should be excluded from future calculations of
radiation-induced leukemias.

Little systematic study of the relationship between
radiation exposure and the occurrence of myelodys-
plastic disorders has been undertaken at ABCC-
RERF. The FAB reclassification of leukemia has
resulted in the identification of some cases which
previously had been classified as preleukemic or
in one of the more unusual categories of acute
leukemia. At no time have any of these disorders
been specifically identified in the mortality studies,
based on death certificate information. There are,
however, about 150 persons in the LSS mortality
study who are reported 1o have died of diseases
of the blood or blood-forming organs.”” Most of
these include persons with leukemia and anemia
secondary to other forms of malignaney, but it is
quite possible that some may represent various types
of myelodysplasia.

A relationship between radiation exposure in A-
bomb survivors and the occurrence of multiple
myecloma was first suggested by Anderson and
Ishida®® and was later confirmed in the LSS pop-
ulation during the period from 195076370 The
crude annual incidence rate per 100,000 population
was 4.2 in those with more than 1 Gy T65D kerma,
1.3 in those with T65D kerma of 0.01-0.99 Gy,
and 1.1 in the controls. The increase of myeloma
became apparent about 20 years after exposure, and
it has been largely confined to those who were
40-60 years of age ATB. The relative risk for a
DS86 kerma of 1 Gy in the most recent mortality
information is 3.29.°%!

Information is scanty on the relation of radiation
to lymphomas.421 363840 gy oestive evidence from
several sources indicates that the incidence of non-
Hodgkin’s lymphoma increases about 15 years after
exposure to very high doses of radialion. No
evidence has surfaced of any increase in radiation-
induced Hodgkin's disease for either city. A signif-
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icanl increase in radiation-induced non-Hodgkin's
lymphoma is shown only for persons with more
than 1 Gy T65D kerma in Hiroshima and 2 Gy or
more in Nagasaki. However, these data were based
on only nine lymphomas in Hiroshima and five in
Nagasaki in persons with more than 1 Gy T65D
kerma.?® Hodgkin's disease constituted 25% of the
lymphomas in the general population, but only 14%
in the exposed group. Most non-Hodgkin’s lym-
phomas in both groups were classified as reticulum
cell or diffuse histiocytic in type. The average
and median number of years between exposure and
onset of lymphoma for persons with 2 Gy or more
T65D kerma was about 20 years, but at present any
relation between these malignancies and radiation
should be considered unproved.

Qoccult Changes Induced by Radiation

The most striking marker of radiation-induced oc-
cult cellular injury is that of persistent residual
chromosomal damage. Studies dating from the early
1960s showed a significant increase in chromosomal
abnormalities in circulating lymphocytes of persons
radiated in utero or any time after birth. There
was a clear relationship between estimated radiation
and the number of effected lymphocytes, the figure
exceeding 10% at calculated T65D kerma of more
than 5 Gy.'! It also was repeatedly shown that
the frequency was increased for any given T65D
kerma estimale in Hiroshima as compared to the
Nagasaki population,®43 The kerma-response re-
lationship in Hiroshima was linear, but in Nagasaki
appeared more curvilinear with widely scatiered
points in both cities. The city differences in kerma-
response relationships much more closely approxi-
mated each other when the DS86 dosimelry system
was applied.®? The Nagasaki kerma-response curve
became linear with only slightly less aberration
frequency than in Hiroshima. Chromosome aber-
ration {requency increased aboul 60% in both cities
when using DS86 kerma as compared to T65D.
For marrow dose, however, little change is noted
between the two dosimetries.

The abnormalities were principally of the symmet-
rical exchange type. Clones of cells with identical
chromosomal aberrations have been frequently ob-
served in lymphocytes of heavily exposed persons.
In a recent study of 23 subjects previously shown to
have more than 10% abnormal lymphocytes, a total
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of 896 metaphases was examined by an ordinary
staining method and then reexamined after trypsin-
G-banding stain.®® The number of chromosomal
aberrations observed was 376 in 311 cells where
precise identification was possible. Two hundred
and eighty-eight were initra- or interchromosomal
symmetrical exchanges due to two break evenls,
while only 24 were found to be asymmetrical
exchanges. Twenty-eight aberrations showed acen-
tric [ragments and terminal deletions; the remain-
ing 36 were complex intra- and interchromosomal
exchanges involving three or more breaks which
resulted in insertions and double translocations. No
statistical difference has been observed between
the frequency of cytogenetic abnormalities in the
peripheral blood lymphocytes of the children born
of exposed parents as compared lo those born of
nonexposed parents.

A study in Nagasaki of chromosome aberrations
was evaluated in the peripheral blood hematopoietic
stem cells from 21 persons who were under age
20 ATB, whose estimated T65D kerma was 1 Gy
or more, and whose peripheral blood lymphocytes
had 10% or more chromosome aberrations.*” The
11 controls were matched by age and sex and had
peripheral blood lymphocyle aberrations ranging
from 0%—-1%. Chromosome abnormalities simi-
lar to those in the peripheral blood Iymphocytes
were demonstrated in 11.5% of the colonies of
granulocyte/monocyle-colony forming cells (GM-
CFC) and in 12.0% of the colonies of burst-
forming unit-crythrocyte (BFU-E). None of the
control colonies of these cells showed chromosome
abnormalities. The findings were highly significant
and suggest that radiation may effect relatively
undifferentiated stem cells.

Phenotypic Changes

Studies have been carried out o detect in vivo so-
matic mutations resulting from chromosomal dam-
age. One of the methods employed was the hy-
poxanthine phosphoribosyliransferase (HPRT) mu-
tation assay employing peripheral T lymphocytes.*®
This assay detects the loss of a functional product
of the X-linked HPRT gene. Analysis of assay
results for 27 exposed survivors and 17 controls
using DS86 kerma estimates showed a significant
but shallow positive correlation between mutant

frequencies for T cells and individual kerma.’
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These results for HPRT were obtained 40 years
after the presumed mutational event. It seems likely
from initial results that the frequency of the HPRT-
mutant T lymphocytes decreases over lime in A-
bomb survivors. A more recent study of exposed
survivors with high and low chromosome aberration
frequencies showed that the mutant frequency for
the high aberration group was significantly greater
than that for the low aberration group.”® This
study also demonstrated that the mutant frequency
for HPRT in the exposed group was significantly
higher than for the unexposed controls. A second
method with some advantages is the assay for
glycophorin A protein (GPA) of the erythrocyte
membrane.”! This protein occurs in allelic forms M
and N and is the product of co-dominanily expressed
chromosomal alleles. Fluorescein-labeled specific
anlibodies were employed to tag the individual
allelic forms, and variants were isolated by flow
cytometry and sorting. Exposed individuals showed
variant frequencics several times those of controls,
despite the fact that these measurements were made
more than 30 years after exposure. While there
appeared to be an in vivo selective disadvantage
for lymphocytes lacking HPRT activity, resulting in
the presence of only a small number of the cells in
circulation at this time, the GPA abnormality of the
red cell appears to have no adverse effect. A double
flow sorter was used in the initial measurements of
GPA, but more recently a single beam flow sorter
has been adopted for this purpose.”

Granulocyte Behavior

Several studies of granulocyte behavior have been
carried out. Blood bactericidal activity for E.
coli of 152 AHS subjects was determined by
Hollingsworth and Hamilion.>® The number of
bacteria which could be cultured after 24 hours’
incubation with granulocytes bore no relationship
to radiation exposure. Neutrophil phagocytosis
and respiratory response to certain macromolecular
substances was carried out by Barreras and Finch®*
in 1962 in a small group of AHS Hiroshima
subjects. Neutrophils were estimated with latex
particles, sensitized and unsensitized starch, and E.
coli endotoxin. No significant difference was noted
in the responses of 10 heavily exposed subjects
and 10 matched controls. In 1977, Pinkston et
al® measured random migration and chemotaxis
of granulocytes by means of an agarose plate
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technique. Measurements of the blood of 200
persons in Hiroshima and an equal number in
Nagasaki with T65D kerma of 1 Gy or more and
their matched controls were compared. No radiation
effects were observed.®® In 1978-79 a study of
whole blood phagocytosis and bactericidal activity
was conducted on 353 A-bomb survivors and their
controls in Hiroshima and Nagasaki. The mean
DS86 bone marrow doses of the 95 exposed persons
in Hiroshima and 34 in Nagasaki were 1.4 Gy and
1.2 Gy, respectively. In vitro radiation was shown
1o have an effect on granulocyle migration and
release, but not of a magnitude likely to be detected
at exposure levels of survivors.58

Only one study has been undertaken at ABCC-
RERF to evaluate granulocyte reserves in A-bomb
survivors. As a measurement of cell demargination,
cell counts were made before and afler a two-
step exercise test.>” The immediate postexercise
increases in total white count, granulocytes, and
lymphocytes were 33%, 20%, and 60%, respec-
tively. No relation to radiation dose in this group of
54 subjects was observed in the AHS population.

Lymphocytes

Oesterle and Norman”® compared the average num-
ber of total peripheral blood lymphocytes by age
for exposed and nonexposed persons in the AHS
subjects during three examination cycles between
1958 and 1972. No radiation effect was observed,
but a significant drop in absolute lymphocyte count
for the cohort of persons over 70 years of age was
demonstrated.

In 1975, a study of the number of T and B cells
and the phytohemagglutinin (PHA) responsiveness
of T cells in the peripheral blood was initiated.””
The 1,047 individuals evaluated were divided into
four T65D kerma groups (0, 0.01-0.99, 1.0-1.9,

and 2 Gy or more). The relative number of T
and B lymphocytes was estimated by means of a

sheep red cell rosetting technique. For all age-
groups combined, the number of T cells and their
PHA responsiveness tended to decrease and the
number of B cells tended to increase with a higher
exposure dose, but the results were not significant.
Comparison of the 2 Gy or more group with a
nonexposed group showed a diminished number
of T cells and PHA responsiveness [or all age-
groups. PHA responsiveness in these heavily ex-
posed persons was also demonstrated as a function
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of age with the greatest decrease in the older age-
group. A subsequent study of the responsiveness of
lymphocytes to allogeneic antigens in mixed lym-
phocyte cultures showed a significant decrease in
lymphocyte responsiveness with increasing levels of
radiation exposure.®’ The decline in responsiveness
was greater among persons who were 15 years of
age or older ATB than among those who were less
than 15 years old ATB.

Swudies by Yamada et al®! showed that the dif-
ferentiation of blood B lymphocytes into immune
globulin-producing cells by pokeweed antigen and
the function of concanavalin A in inducing sup-
pressor T lymphocytes both tended to be more
depressed in the exposed group, but the results were
not statistically significant. A more detailed study
of lymphocyte subpopulations was carried out by
Fujiwara et al®? employing monoclonal antibodies.
Subjects were divided into groups of 29 with over
1 Gy kermma, 46 with 0.01-0.99 Gy kerma, and
29 with no exposure. Total lymphocytes were
monitored by Leu-1* and showed no change with
age or radiation. The Leu-2a and a monoclonal
antibody detected cells with a decrease in cytotoxic
suppressor aclivity related to age, but not related to
radiation. The Leu-3a monoclonal antibody which
detected helper and inducer cells also showed a
decrease related to age, but not related to radiation.
The HLA-DR™ antibody which detected monocyles
and B cells showed an increase with age, but again
no effect of radiation. This did not support the slight
depression reported by Yamada et al.®!

The most comprehensive study was by Kusunoki
et al,%? in which the peripheral blood mononuclear
cells of 1,328 A-bomb survivors in Hiroshima
were studied with monoclonal antibodies. With
increasing age, the numbers of some lymphocytes
in T cell subpopulations and of B cells tended
to decrcase. The number of blood lymphocytes
positive for CD35 antigen was significantly lower in
people with more than 1 Gy T65D kerma among
those over 30 years of age ATB. Similar decreases,
although not significant, were observed in these
older survivors for CD4, CD8, and CD19 antigen
positive cells. Results suggested that the aging ol
the T cell-related immune system was accelerated
by radiation. On the other hand, the number of Leu
7 or CD16 cells increased significantly with age, but
with little dependence on radiation exposure.
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A study of multiple immune response parameters
recently was completed in Hiroshima.® Peripheral
blood mononuclear cells were tested for interleukin
2 production, lymphocytes were tested for natural
killer cell activity and interferon production, and
serum was tested for interferon and circulating
immune complexes. None of the immunologic vari-
ables was significantly related to radiation exposure.

A study of the release of migration inhibition factor
from stimulated T cells was completed in both
Hiroshima and Nagasaki in 1978.% Some city
differences were noted, probably methodological in
origin, but no radiation effect was demonstrated.

A study of colchicine cytotoxicity for the peripheral
blood lymphocytes of 151 AHS participants in
Hiroshima was conducted in 1976.°° The results
were negative for a radiation effect, but showed a
modest age-related effect.  With the development
of a technique o study lymphocyte radiosensitivity,
as measured by survival following exposure 1o
ionizing radiation,®" it is anticipated that studies on
the peripheral blood lymphocytes of survivors and
suitable controls will be performed in the future,

Serum Proteins

Several studies of serum proteins have been con-
ducted on the AHS population during the past
20 years.®®7! The earliest was a study of serum
protein clectrophoresis of 1,831 persons in the
Hiroshima AHS.% No radiation effect was found.
An immunoglobulin study of 803 AHS participants
in Hiroshima during 1968-69 showed a signil-
icant correlation between -+ globulin and kerma
in females only.%® This effect was thought to be
probably due to chance variation. Immunoglobulin
levels were obtained for 2,043 AHS participants
in Hiroshima and Nagasaki during 1970-71.7° No
relationship was observed between radiation dose
and serum immunoglobulin levels for IgG, IgA, and
IgM. Serum protein electrophoresis of 4,690 AHS
participants between October 1979 and September
1981 showed a radiation effect for w1, a2, and
A globulins.”! There was no relationship to either
albumin or v globulin.

Coagulation

Clinical bleeding disorders have not been observed
as possible late radiation effects in the AHS. How-
ever, quantitative and qualitative studies of throm-
bocyte and clotting factors now are in progress.
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DISCUSSION AND RECOMMENDATIONS
The carliest sysiematic hematologic studies in
Hiroshima and Nagasaki were conducted by the
Joint Commission describing the two- to three-
month period of marrow suppression after the
atomic detonations.! This was followed by a num-
ber of ABCC studies beginning in 1947 (HE-
67, ME-55, PE-18, ME-74, ME-83) which by
and large documented a return to blood values
in the irradiated population comparable to control
subjects.! Anemia studies in the 1950s showed iron
deficiency rather than radiation exposure as the most
frequent cause, and patients identified as having
aplastic or refractory anemia were so few as to
permit no conclusion on the possible relation to
radiation. Leukemia emerged as the outstanding
hematologic complication of radiation in the early
1950s, and the rise and fall in its incidence has
been defined. Tt was not until about 1965 that the
excess number of cases of multiple myeloma and
nonhematologic malignancies was large enough Lo
become statistically significant.

In 1958 the ABCC-JNIH AHS began. A population
of about 20,000 in Hiroshima and Nagasaki was se-
lected for biennial health examinations and ongoing
blood studies. Mean values of red and white cells
showed no sustained differences between exposed
and control subjecis. At the same lime, more sublle
effects of radiation on blood cells were searched for
and found. These included damage lo lymphocyte
DNA as shown by chromosomal abnormalities and
phenotypic expressions of radiation in red cells and
T lymphocytes. Abnormaiities in lymphocyle trans-
formation were associated principally with aging,
but possibly showed a combined effect of aging and
radiation. Abnormalities in granulocyte function
were also sought, but not found.

As we approach the 1990s, in a sense the program
is entering a new phase. The basic interests are
the same: to seek out late radiation effects and
to identify harmful ones. The primary efforts will
continue to be the detection of any excess incidence
of malignancy in the irradiated population and the
attempl to demonstrate the role of chromosomal
damage and/or immune defects in its pathogenesis.
The problem in the future is that the exposed popu-
lation is becoming aged, and the radiation-induced
diseases monitored are precisely those which occur
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with increased incidence in the elderly. Thus, future
studies must deal with a high background and must
take pains o separate age-related changes [rom
those of radiation. The following comments will
therefore deal with radiation and aging as they apply
to hematologic aspects of the program.

Standard Cell Counts

Mean values for hemoglobin and hematocrit need
to be expressed as a function of age and sex versus
radiation exposure. Aging has a depressing effect
on the red cell values of the male which is nol
seen in the female.”™® Also, absolute granulocyte
and lymphocyte counts should be presented, since
this is more relevant than expressing percent of
the total white cell count. Platelet counts, as
now routinely performed, will be a desirable ad-
dition. However, little may be expected from
an analysis of mean cell counts in the AHS for
they have remained essentially normal for more
than 20 years. More valuable than mean values
will be the detection of abnormalities in isolated
individuals. The latter objective will be enhanced
by expressing the results of cach individual over
time, so that any significant change may be beller
appreciated.  Included should be the hemoglobin
concentration, absolute lymphocyle and granulocyte
counts, platelet count, sedimenlation rate, serum
ferritin (if done), circulating globulin (as determined
by electrophoresis), red cell volume, bilirubin, and
transferrin saturation. Together these would repre-
sent a uselul red cell profile. A progressive change
outside of the predetermined normal range should
lead to a more detailed study of the individual. The
present age of the population makes it particularly
likely that evidence of marrow dysplasia will be
detected in some individuals in this fashion.

The Red Cell

Detecting abnormalities in erythropoiesis in the
individual patient can be improved by measure-
ments such as the mean corpuscular volume (MCV),
and plots of size distribution which are routinely
obtained by some of the newer counting instru-
ments. These studies, with additional monitoring
of transferrin saturation, so as to exclude those
with iron-deficient erythropoiesis dug to either iron
deficiency or inflammation, will provide a basis for
characterizing the hemoglobin concentration in the
aged. This has not been well studied in the past.”
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More sophisticated measurements of erythropoiesis
are becoming available which would be of interest
to apply in a selective fashion to the AHS. A
radioimmunomelric assay for erythropoietin now
appears valid as a measurement of the degree of
proliferative stimulus of erythroid colony-forming
unit (CFU-E).™® An enzyme-linked immunosorbent
assay (ELISA) measurement of plasma transferrin
receptors reflects the cellularity of the erythroid
marrow and correlates well with kinetic measure-
ments of erythropoiesis.”? The capacity for erythro-
poiesis also might be measured directly by means
of in vitro culture of the circulating erythropoi-
etic precursors (BFU-E).™® These, combined with
the hemoglobin concentration, reticulocyte count,
transferrin saturation, and MCV should provide a
state-of-the-art profile of erythropoiesis. The results
may indicate whether the macrocytosis described as
occurring in old age™® is the result of an increased
erythropoietin stimulation of marrow with decreased
production capacity. It would seem worthwhile to
apply these methods to a selected aging population
with and without radiation exposure and to individ-
uals developing red cell abnormalities.

Reticulocyte counts would be useful if satisfactory
technology could be employed which would count
large numbers of cells and which would detect the
small amount of RNA present in the reticulocytes
of normal individuals. A pilot study could be
undertaken in which lighter red cells are removed,
since one report suggests this is a consequence
of radiation exposure.”” It may be that red cell
studies could be extended eventually by treating
selected subjects with erythropoietin to determine
the capacity of their erythroid marrow to respond,
as has already been done in renal failure patients.”®

Iron Status

During two years, the AHS group could be moni-
tored for hemoglobin, transferrin saturation, ferritin,
MCYV, and red cell protoporphyrin/heme ratio. This
would provide information similar to the Hanes
#2 survey in the United States.” In the case
of a deficient iron supply (transferrin saturation
<15% and/for red cell protoporphyrin/heme ratio
increased), the ferritin concentration will indicate
whether this is due to iron deficiency (ferritin
<12 pg/L) or inflammation (ferritin >100 pg/L).
Furthermore, ferritin may be considerably increased
in chronic disease, especially liver or neoplastic
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discase, prior o the recognition of the underlying
process. In addition and of special interest would
be the opportunity to determine whether high ferritin
values result from past radiation exposure. Special
attention should be given to the possibility of
high serum ferritin values as markers for hidden
neoplasms.?¢

Granulocytes

Based upon past examinations in Hiroshima and
Nagasaki, there is little reason to believe that future
abnormalitics will be noted in the mean number of
granulocytes occurring in the exposed AHS popu-
lation. Age-related changes in granulocyle number
are belicved to be negligible.”™  Studies at RERF of
granulocyle phagocytosis, migration, and metabolic
activity likewise give no evidence of functional
impairment in previously irradiated individuals. On
the other hand, a number of reports indicates modest
alterations of granulocyte function with age.’1-84
A recent study suggests that changes in calcium
homeostasis may play a role in the age-related
decline in neutrophil function®® The possibility of
radiation enhancement of this aging effect deserves
some consideration for future studies.

In the [uture, identifying individual abnormalities
in granulocyte number and/or morphology will be
important. Scatllergrams obtained by new counting
cquipment may be helpful to supplement and per-
haps eventually replace smear differentials. Other
measurements such as plasma B-12, lactoferrin and
muramidase quantitation, which provided additional
information of leukocyte turnover, have not shown
sufficient promise to warrant application to this
population. The emphasis should be on detailed
diagnostic studies of any individuals showing a
persistent granulocylopenia or granulocytosis or the
presence of abnormal or immature granulocytes.

Lymphocytes

Much of the current interest in lymphocytes relates
to the convenience of using circulating lymphocytes
for studies of chromosomal abnormalitics and relat-
ing the somatic mutations in DNA to phenotypic
effects. Studies of this type are being vigorously
pursued at RERF. A sccond area of interest is
the nature of lymphocyte subpopulations, which is
being examined by means of monoclonal antibodies,
by transformation, and by quantitation of antibody
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response. Total lymphocyte counts and counts of
the various identifiable lymphocyte subpopulations
arc of particular interest as they relate to age and
radiation. Age may be the most conspicuous factor
in the changes observed thus far, but the possibility
of a superimposed effect of radiation is appropri-
ately under vigorous study by immunologists at the
Foundation.

Highly recommended are the collection and long-
term storage of lymphocytes from persons in the
AHS including the in utero cohort. The samples
selected should include persons who represent a
wide spectrum of radiation doses with age- and sex-
matched controls. Consideration should be given
to long-term storage for the purposes of study of
radiation-induced alterations of cell function, the
phenotypic characteristics of subsets of T and B
cells, and possible new or increased DNA muta-
tions. It is recognized that future improvements in
immunologic and DNA techniques may make possi-
ble the identification of radiation-induced changes at
cellular or subcellular levels which currently are not
possible. The recognition of lymphocyte or DNA
changes which may occur prier to the development
of cancer is another important challenge. The AHS
population now is rapidly declining in size, hence a
cell storage program should be instituted in the near
future.

The cryopreservation techniques which previously
were developed at RERF appear to be quite satis-
factory for the identification of lymphocyte subsets
and evaluation of both T and B cell function.®3%
The detection of mutations through the direct ex-
amination of DNA will require the establishment of
permanent B cell lines with cell storage in liquid
nitrogen.  Immortalization of B lymphocytes is
hest accomplished by means of Epstein-Barr virus
transformation.f” Techniques have been established
at RERF for the study of possible DNA muta-
tions in the children of exposed A-bomb survivers
in Hiroshima and Nagasaki.®® Extension of these
techniques to the cohort selected from the AHS
should not be dilficult. Peripheral blood lympho-
cytes which are not used for ongoing laboratory
studics at RERF are a potential source of cells for
transformation and storage. In many instances, il
may not he necessary to obtain extra blood from
AHS participants for the storage program.
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Blood Coagulation

Recently, routine platelet counts have been carried
oul in the AHS. With proper instrumentation, size
distribution can also be examined. This may as-
sist in identifying persons with myeloproliferative,
myelodysplastic or structured platelet disorders.
Mcasurement of plasma glycocalicin®® might pro-
vide a useful index of platelet turnover. This would
be of interest both from the standpoint of primary
disorders of platelet production or immune destruc-
tion, bul also might reflect atherosclerosis in aged
individuals. Individuals showing thrombocytopenia
or thrombocytosis should be investigated in detail.
It is strongly recommended that an activated partial
thromboplastin study be conducted for the purpose
of identifying circulating anticoagulants (i.e., lupus
anticoagulant, factor-specific anticoagulants, etc.)
which tend to increase with age and possibly with
radiation exposure. The presence of such circulating
anticoagulants also is an indication of probable B
cell dysfunction.

Sedimentation rate

A consistent finding in the AHS has been the effect
of radiation on the mean sedimentation rate. This
increase of 109%-12% was significant in age-groups
before but not after the age of 50, so that its
cause may be more difficult to idenlify in future
studies of an aging population. At any rale, some
effort might be expended to determine the cause ol
this effect during these many years. Quantitative
measurements of fibrinogen should be made first,
and then the levels of serum globuling should be
determined.

Immune Quantitation of Serum or Plasma
Proteins

An early study in the AHS program which should be
followed up related the major blood group antibody
titers in serum 1o aging and radiation exposure.!® In
addition to the ABO system the concentrations of
other blood group antibodies also could be related
to age, radiation exposure, and possibly even to the
development of cancers through use of stored serum
samples.

It seems likely that in the future an increasing
number of interesting measurements will be carried
out by means of the ELISA technique. A laboratory
could be set up specifically for hematologic mea-
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surements of, for example, plasma ferritin.”’ Com-
bined with transferrin saturation, one may evaluate
iron supply to tissues (transferrin saturation) and
body iron stores (ferritin). Other ELISA measure-
ments have already been mentioned earlier, includ-
ing plasma transferrin receptors exfoliated from red
cell membranes,” plasma glycocalicin from platelet
membranes,®” and plasma erythropoietin. "

Late Marrow Failure

One question yet unanswered because of inadequate
data is whether certain individuals will develop
marrow failure due to late radiation effects. Pre-
vious examination of death certificates identified
those whose major cause of death was listed as
anemia, and a few of these showed pancyiopenia.
Another more comprehensive search of death cer-
tificates may now be warranted, augmented by data
from hospital records and attending physicians to
determine whether any difference in incidence of
marrow failure (including either aplastic or refrac-
tory anemias) in the radiated versus control groups
can be demonstrated.

Hematologic Malignancies

The recalculation of radiation dose, according to
DS86, gives incidence curves for malignancy which
are generally similar in Hiroshima and Nagasaki
with certain exceptions. Under the new FAB classi-
fication, the group of acute T cell leukemias that is
largely found in Nagasaki shows no relationship to
radiation, consistent with the viral etiology of these
leukemias.?® This demonstrates the importance of
identifying the sublype of leukemia by special stains
and appropriate membrane markers, since it cannot
be assumed that all are radiation-related. Continued
attention needs to be given to the high incidence of
chronic granulocytic leukemia found in Hiroshima
as compared to Nagasaki. It will also be of interest
to determine whether the prior high incidence of
leukemia in the highly irradiated group will have
any effect on the fulure incidence of leukemia in
that group. The possibility that those persons who
developed radiation-induced leukemia were those
who would have been prone to the development of
leukemia later in life should be considered. The city
differences previously reported for lenkemia were
based on T65D dose estimates. They are direct
observations, but lack strict stalistical scrutiny and
should be reanalyzed by DS86.

o FIEE & OEH T A, BB O RRBER (T A
7o) yHFIEE) & RREETHE (7 = ) F v ) HAE
T& 35, ELISAEOZ OMOER Ic>w s, BEL
A ML ERAM AN A 5 BUBE L 7= fusg b 7 » 2
FxW e L7y — T MU 5 O M glyeo-

calicin, ™ (M4 AuRf T F P4 X5 k5,

b o< 7z A,

BEMEBEBETS

F— BP0 ICARREDEE LTS
BRE O —-D0d, Bostis I ko T e A e
A2 ELTHS. LIATIZERE s N~
T B toBE T, ERIERESAME L > THEH
OFER AT B, F b o b B 2R I ER R A
W s, M THRLCEBE SO LN EMm 2+
o, mELBR CFHE» GfliET— 15T,
MR B L AP B L ORI R A B (B AR
MR A OORTEME R A S8 ) OREEEIIEAS S
HEhbikETREIBWEES TS LA L

ki 1187 E
DS86 1 23E - < M G B M DED B AT SO RS B, METE
gl o, R OFE R BRI, BT

BeWM i CH VIR L2 D8 5
LWFABZ M T, FELTRmTALGNT
U B PR T R M T S L, BB ER S O R L
Wi TuwaELA, Ziad, ARIEATT A LA IR
ARkt W IO Ee G, T 9T
DE MR MO LD EIEE 2 520D T,
$h B e k) A A i — A — &R L 21 e
FRIOEEARETHS E G5, HLTEEML
o7, itk pidr B s o R R AT L
SnTh, J s EEEARETHS. L, Akt
MMEREIC 0T, BAATIZE Y S A iR o
KA, T OOREO S PO MR SR A RE T
DEIERET A L ICbHRA L NS, HGHE
TREECNEE AR L R E, W REILE ST
P RE R R i+ & & Ch o2 & v ) e & 58
FAGENE S, GER, [UHE 22T MR
A 5N TV, TEDMHEEM I Z TS0 T
Wi, FhEESRMEHERBETHIN, BEL
Bl Aem b oThH, DSS6 AT
WO THIT AR ETH A,

(IR .

EEIS



The demonstration of an increased incidence of
myeloma in the irradiated group calls for a con-
tinued search, not only for overt disease, but also
for “subclinical” abnormalities in the B lympho-
cyte population. Electrophoretic measurements of
plasma proteins should be continued in the AHS
cohort. Protein abnormalities should be studied by
immunologic techniques, further illuminating the
question of whether the same relationship exists
between benign and malignant paraproteins, as has
been reported elsewhere.®%*? Follow-up studies
would depend on the initial results, although in-
dividuals with paraproteins should be worked up
in detail and have sequential paraprotein measure-
ments. A latent period of longer than 20 years for
myeloma suggests that lymphomas may also have
very long periods of latency. This underlies the im-
portance of continued detection of individuals dying
of hematologic malignancies through follow-up of
death cerlificates and through the tumor and tissue
registries. Myelodysplasia and other preleukemic
states which may be detected either in the AHS or
HE-39 study!® will be of particular interest.

Serum Storage

Continuation of the serum storage program for
participants of the AHS program is recommended.
Changes in serum micronutrients, proteins, and
other constituents prior to the development of cancer
and a number of disorders associated with aging
continue to be of great interest. Future technology
may make possible the identification of radiation-
related changes which are not possible to identify
at this time. It is recommended that at least 2 mL
of serum be cryopreserved from each person in the
AHS at the time of regularly scheduled biennial
exarnination.

GENERAL COMMENTS

Research at the Foundation operates in some degree
of isolation from the general biomedical research
community because of RERF’s geographic location
and its highly focused mission. And at a time when
medical research costs are escalating, increasing
financial constraints have been placed upon RERF’s
program. Nevertheless, great activity in research at
the molecular biology level has stimulated increas-
ing collaboration between scientists from different
disciplines, underscoring the importance of sustain-
ing and further developing communication between
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the Foundation and related scientific entities in
the United States and Japan. As the expertise of
the national health institutes in both countries is
brought to bear on issues related 1o geriatrics, new
observations about aging may prove relevant to late
radiation effects,

The ABCC-RERF research program has made a
major contribution to our knowledge of late adverse
radiation effects—but perhaps of even greater im-
porlance has been the demonstration of the body's
ability to absorb so much chromosomal damage
with so little evidence of organ dysfunction as mea-
sured by a large number of clinical and laboratory
studies over the course of many years. Standard
studies of the formed elements of the blood have
shown little except minor changes in subpopulations
of lymphocytes. Further routine studies can be
strengthened by more advanced instrumentation. It
would seem important to construct “projects”to the
extent that even standard measurements through
publication in the open literature will contribute
to our basic information of radiation, aging. and
even “normality”. Most important will be the
continued search for hematopoietic dysfunction in
individual subjects and in the study of the incidence
of hematologic malignancies in exposed and control
populations.
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