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SUMMARY

Bone marrow aspiration smears obtained from 35
individuals, 5 years following exposure to the
Hiroshima atomic bomb, were intensively
evaluated for radiation related cytologic abnor-
malities. No definite radiation related changes
were observed, but some findings were very
suggestive. The most interesting of these was the
occurrence of internuclear bridges joining
erythroid precursors in the marrow smears of
seven (20%) of the heavily exposed survivors.
Although not specific it is likely that this lesion
is indicative of residual stem cell damage and
some degree of ineffectual erythropoiesis. The
bone marrow morphologic lesions may be good
markers of residual radiation damage but they
are too infrequent in their occurrence to be of
value as a biologic dosimeter. The findings in
this study also suggest that a gradual disappear-
ance of radiation induced late bone marrow
changes continues for periods of 3 to 5 years or
more following high dose acute radiation
exposure.

INTRODUCTION

The acute radiation hematologic effects in man
are well known."” The occurrence of leukemia
as a late sequelae of excessive exposure fo
ionizing radiation also is well recognized,’*™'°
but very few observations have been made in
man during the years immediately following
recovery from the acute radiation injury.

Many bone marrow examinations have been
performed on the A-bomb survivors in Hiroshima
and Nagasaki over the years, but most exami-
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nations have been for the purpose of diagnosis
of a possible blood dyscrasia. The bone marrow
aspiration smears evaluated in this report are
unique in that they were obtained from exposed
survivors who were not suspected of having an
underlying hematologic problem.

MATERIALS AND METHODS

At RERF 54 bone marrow aspiration smears
which had been obtained from a group of heavily
exposed [Hiroshima survivors rtecently were
identified. The aspirates were obtained in 1950,
5 vears following exposure to mixed gamma-
neutron radiation from the A-bomb in Hiroshima.
These marrow aspirates were part of an extensive
clinical and laboratory investigation that was
carried out on 78 survivors in an ophthalmology
program at ABCC who had experienced moderate
to severe acute radiation signs and symptoms
following A-bomb exposure. The purpose of the
study was to determine if other late manifes-
tations of radiation injury existed in this popu-
lation with known radiation induced ophthal-
mological disease. The initial findings from this
study were reported by Fillmore'! whose
comments were: “At the time of the study the
hematological findings did not disclose any
blood dyscrasias. ... The aspiration sternal marrow
specimens obtained on 27 patients were
compatible with the peripheral hematological
findings.”

Radiation dose estimates (T65 dose*) were
available for 45 of the 54 patients for whom
bone marrow slides were available. The distri-
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*In the late 1960s and early 1970s radiation dose assignments were completed for most A-bomb survivors in the

Life Span Study.u' 3 This Sample contains virtually all persons in both cities who are known to have been
exposed to substantial amounts of ionizing radiation from the bombs. Thus, most persons who had severe
acute radiation symptoms and developed radiation induced posterior lenticular lesion are in the Life Span Study
and have T65 dose estimates. It was not possible to calculate T65 doses for some individuals for whom there
were shielding problems which were too complex to permit the calculation of accurate dose estimates. T65D
is not a whole-body dose but represents the first collision absorbed dose to a small mass of tissue in the radiation
field, where the survivor was located at the time of exposure. The total dose is computed from the sum of
gamma and first collision neutron doses in rad (1 rad = 100 ergs/g=10 =2 J/kg). In the near future dosimetry
calculations will permit specific tissue dose estimates (e.g., bone marrow dose).
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TABLE 1 DISTRIBUTION OF INDIVIDUALS WITH BONE
MARROW STUDIES IN HIROSHIMA IN 1550 BY
RADIATION DOSE ESTIMATE

%1 RO 1950 F 5 Rl M I A 0 & B HHE O H#ETE MU Sy A

Number of persons

T65 dose in rad

—

WO e = DOOWD D O R WD

more than 1000
751-1000
501-750
401-500
301-400
201-300
101-200

less than 100
not calculated

TABLE 2 AGE, SEX, AND DIAGNOSIS FOR CONTROLS FOR
1950 HIROSHIMA BONE MARROW STUDY

#2 HEoOIS0EBMITAMEO IS, Fib, b L UZHH

Age Sex Diagnosis
48 F Menorrhagia
2 M Hepatomegaly
62 M Laennec's cirrhosis
62 F Hemosiderosis
75 M Pernicious anemia in remission

bution of all 54 individuals by dose is shown in
Table 1. There were 30 males and 24 females
with ages ranging between 12-69 years. Control
specimens were not drawn at the time of the
ophthalmology study in 1950, but bone marrow
aspiration smears from five nonexposed persons
who were examined at about that time were
studied for purposes of comparison. None of the
persons was anemic at the time of examination,
and none was believed to have had any bone
marrow abnormality (Table 2).

Specimens from persons without a T6S5 dose
were deleted from the study. Also deleted were
nine marrow smears which were felt to be of too
poor quality to be adequately reviewed. The
marrow aspirated from the 5 nonexposed persons
were added to the 36 satisfactory smears from
the ophthalmology study following which each
was reviewed without knowledge of exposure
dosage. A differential count on 4000 erythroid
precursors was performed on each bone marrow
smear, whenever possible. All cytologic abnor-
malities in the progenitor cells of the erythroid
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series were carefully recorded. All myeloid
precursors were not separately recorded, but all
aberrations in the myeloid series were noted in
relation to the 4000 erythroid precursors which
were counted. Particular attention was paid to
abnormalities which have been associated with
radiation injury in previously reported studies.'
These included bi- and tri-nucleated cells,
chromosomal bridging in ana- and tele-phase,
nuclear fragments (karyomeres), abnormal
mitoses, hypersegmentation, and giant nuclei.

The clinical charts for the exposed individuals
were rteviewed upon completion of the bone
marrow studies. The subsequent clinical course
over the following years was also noted. Pertinent
information which was recorded in 1950 was as
follows:

a. Medical history and physical examination

b. Hemoglobin, hematocrit, erythrocyte
count, reficulocyte count, and total and

differential leukocyte count
Urinalysis

. Stool for ova and parasites

. Sputum for acid fast bacilli

Serologic test for syphilis

. Chest radiograph

m Mmoo oo

RESULTS

A summary of findings for each bone marrow
aspirate reviewed is shown in Table 3, The most
frequent abnormality noted was binucleation
of cells in the erythrocytic series. Binucleated
erythroid precursors were divided into “‘early”
and “late” according to the maturation charac-
teristios of their nuclei and cytoplasm. The
“early” binucleated cells included pronarmoblasts
and basophilic normoblasts (Figure 1A). The
transition between basophilic normoblast and
polychromatophilic normoblasts provided a
vague dividing line between “early” and “late”
forms. Any cell that was clearly identified as a
polychromatophilic normoblast or orthochro-
matic normoblast was included in the “late”
binucleated series (Figure 1B).

Some uncertainty arose when attempting to
differentiate a true binucleated cell from a mitotic
cell, late in anaphase, prior to initiation of
cytokinesis. In this study, a cell was considered
to be a late mitotic cell if the cytoplasm was
overtly elliptoid with extreme eccentricity of
the nucleus (Figure 1C), or if the nuclear
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TABLE 3 SUMMARY FINDINGS OF BONE MARROW ASPIRATION SMEARS FOR PERSONS IN 1950
HIROSHIMA BONE MARROW STUDY

Special Bone Marrow Differential Studies, 5 Years Following Exposure, Hiroshima

203 4000

#3  IEEO19504E G b g R AR T &P B O &
TR o A, AR D R, LG
Binucleated Late npe
Cells Mitosis Karyomeres Mitosis
’§ [
MF g g o §J
No. E 5 *i:":_ | Nucleated | . Bl .
?3 E 8 o | | | -l % w E
B 2 |1s|E|zg| 21| 8 | 2| =« |B|IB| 8| g| &
I = L = | & > 8 2| 2 |58 = 2 £
= & + | 2 15 o | & %)
=] = 23] = =y ot oy o ol = = ry o
ol = - =] =) =] : = o | gl|a =l =} i
2 = = o | & = = Tri Quad = = 5 B e ) - g
o o |lR|l s |l&| &3 | 2=l E (=) o =
a s O = T R -~ =< T - Al 2 (8IS al| 2| 2|+
440 4000 9 13 2 14 1 myelo 3 4 4 4 B 19 34
212 650 - 2 1 3 2 5
755 4000 1 5 1 - 1 7 8 34 49
443 4000 2 12 2 14 3 2 4 2 3 45 50
707 4000 5 11 3 14 4 1 2 2 14 42 58
348 4000 10 14 1 10 2 1 tri 1 quad 1 8 46
313 4000 4 4 2 20 19 2 5 3 2 2 21 25
540 4000 3 4 10 2 2 1 1 35 37
567 3000 - 3 1 1 3 2 1 3 A4
380 4000 4 13 1 7 2 3 -+ 9 37
997 4000 2 5 1 1 2 3 13 7 32 52
432 3000 1 15 1 3 2 1 1 2 2 24 28
1041 4000 2 3 5 2 1 27
269 4000 - 6 1 6 3 1 1 23 21
511 4000 1 T - ) 3 2 4 4 18 26
382 1750 1 6 3 3 3 1 0 2 14 16
NIC 4000 2 10 1 5 3 1 1 4 39 44
228 4000 4 14 2 2 1 quad 8 2 - 1 5 49 55
322 4000 2 71 3 2 1 1 5 19 21
382 4000 2 13 1 3 7 2 ] 1 39
NIC 3000 2 4 9 1 3 1 1 3 12 16
711 4000 1 13 1 10 1trilquad 3 5 1 35 44
478 4000 2 10 1 1 1 8 29 37
293 4000 - 5 - 4 1 tri 1 20
96 4000 2 15 1 3 4 1 -+ 5 14 23
552 4000 - T 2 5 1 2 1 3 17 21
652 4000 2 11 - B 2 1 tri myelo - 2 - 3 16 23
206 2000 - 5 1 4 - 1
280 3500 - 15 3 1 3 2 28 30
401 4000 - 10 2 8 3 4 g 6 18
NIC 4000 - 10 - 7 13 18
1568 3000 - 10 1 - 2 18
625 1000 1 4 - 5 10 2 11 13
434 4000 - 2 3 1 1 quad (?)
140 4000 4 13 - 2 5 2 1 4 37 41
NIC 1700 1 2 - 4 13
336 4000 1 10 3 i 7 11 20 38
NIC 4000 - 4 - 9 1 8
474 4000 2 6 - 3 1 34
317 4000 2 10 2 6 2 1 31
- 11 2 5 7 18
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TABLE 4 MITOTICALLY CONNECTED ABNORMALITIES: BINUCLEATED AND LATE
MITOTIC CELLS
4 OFEUIMES SR ZEH LR BMMANG

Number of cells per 1000 erythroblasts

T65 Dose Binucleated Total
in rad Total Late binucleated +
n “Early” “Late™ binucleated mitotic late mitotic
0+NIC 5 0.35 1.70 2.05 1.59 3.64
(0.15) (0.33) (0.34) (0.37) (0.38)
1-199 2 0.75 3.50 4.25 0.62 4.88
(0.13) (0.25) (- (0.13) (0.13)
200-399 15 0.53 2.62 3.16 1.46 4.61
(0.18) (0.24) (0.31) (0.32) (0.43)
400-599 11 0.44 2.10 2.54 1.54 4.08
(0.17) (0.37) (0.44) (0.36) (0.68)
600+ 8 0.49 2.42 2.90 1.61 4.51
(0.12) (0.42) (0.46) (0.56) (0.94)
Difference NS NS NS NS NS
in means P>.05

n — number of marrow smears examined
Figures in parentheses are the standard error

chromatin was not uniformly condensed

(Figure 1D).

In comparing the frequency of binucleated cells
(either ‘‘early” or “late” erythroblasts) per
1000 erythroblasts, no statistically significant
difference between the results obtained in the
different dose groups in comparison to those of
the nonexposed persons was demonstrated
(Table 4). Late mitoses, as defined above, also
were enumerated. Statistical analysis failed to
reveal a gradient with dose.

The frequency of karyomeres (Table 5) was
found to be independent of dose although the
600+ rad group had a striking incidence of 8 per
1000 erythroblasts. An example of a karyomere
is shown in Figure 2A.

Mitotic  bridging (Intranuclear connections
between segregating chromosomal fragments,
Figure 2B) was noted in the smears of only
exposed persons. A gradient with dose and
statistical significance were not demonstrated
(Table 5).

Internuclear bridges between interphase erythroid
cells (Figures 2C &.3A,B,C,D) were noted in seven
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TABLE § MITOTICALLY CONNECTED ABNORMALITIES: KARYOMERES AND

MITOTIC BRIDGES
#5 SEUIMESIERE; B USRS
T65 Dose in rad
Difference
0+NIC 1-199 200-399 400-599 600+ in means
Number examined 5 2 15 11 8
Karyomeres 1.05 1.13 1.13 0.46 8.00% NS
(0.58) (0.13) (0.32) (0.10) (1.20)
Mitotic bridges 0 0.25 0.38 0.33 0.36 NS
(-) (-) (0.11) (0.11) (0.16)

* One case had 10 karyomeres
Figures in parentheses are the standard error

TABLE 6 ROUGH MITOTIC INDEX: ERYTHROID AND MYELOID CELLS COMBINED

#6 SEIFEOBRE; RMIke L UEHERS
) T65 Dose in rad Difference
0+NIC 1-199 200-399 400-599 600+ TR
Number examined 5 2 15 11 8
Total mitoses per 1000 6.10 8.00 7.92 7.38 10.00  suggestive
erythroblasts (152) (2.2 (0.62) (0.92) (1.15)  .05<P<.10

Figures in parentheses are the standard error

marrows. Radiation dose estimates of greater
than 300 rad had been made for six of the seven
persons. Strict criteria were used for identifying
internuclear bridges. Many examples of inter-
cytoplasmic bridging were noted but only those
cells which were clearly linked from nucleus to
nucleus with a fine strand of chromatin-like
material were counted. Though internuclear
bridging was not observed in the smears from the
nonexposed persons, their paucity precluded
establishment of any statistical significance.

Mitotic figures were enumerated in the course of
counting the 4000 erythroid precursors. When
possible, they were differentiated as myelocytic
or erythrocytic. A very rough mitotic index
(total number of mitoses, erythroid, myeloid,
and undetermined combined, per 1000 erythro-
blasts) is shown in Table 6. There does appear to
be a gradient with dose. This finding is suggestive
but not significant (.05<P<.10).

Other rare findings in selected marrows included
tri- and guadra-nucleated erythroid and myeloid
cells, one case of neutrophil hypersegmentation,
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(.05<P< .10).
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and several instances of apparent multipolar
mitoses (Figure 4). Though none of these
abnormalities was noted in the controls, statistical
significance cannot be attached.

There was excellent agreement between observers
concerning the bone marrow findings in the
marrow smears. There also was essential agree-
ment between the examiners regarding the inter-
pretation of several hundred photomicrographs
of various cytologic aberrations which were
observed.

Medical records for 32 of the 36 exposed patients
were available for review. Analysis of hematologic
parameters at the time of bone marrow aspiration
did not reveal anemia (all hemoglobin values
greater than 10 g/100 ml) or reticulocytosis (all
reticulocyte counts less than 1.3 %) in any of the
cases. In 17 persons the stool was positive for
parasites., Not infrequently intestinal parasitism
was accompanied by moderate eosinophilia.
Common parasites included Ascaris lumbricoides,
Necator americanus, and Trichuris trichiura.
Active pulmonary tuberculosis was detected in
two individuals in the study.

Of the 45 exposed persons, | 1 died during the 26
vears following the 1950 visit to ABCC. The
average age at death was 75. There were three
deaths due to gastric carcinoma. All other deaths
were from causes which are not believed to be
radiation related. None of the controls or
exposed persons has developed leukemia or other
primary blood dyscrasia.

DISCUSSION

Several striking cytologic abnormalities were
observed in the bone marrow aspiration smears
of a number of the adults in this study who had
heen heavily exposed 5 years previously to the
Hiroshima A-bomb. The majority of these
abnormalities involved the erythroid series.
Many of the morphologic lesions noted were
nonspecific in type and were similar to those
which previously had been reported by Fliedner
et al'™' in a group of eight men who had been
exposed to mixed gamma-neutron radiation as a
result of a critical excursion during the processing
of waste 2**uranium, 3% years previously. The
most likely explanation for the occurrence of
these lesions is that of persistent radiation
induced stem cell damage which persists for
periods of at least 3 to 5 years. In view of the
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erythroid nature of most of these lesions and
their occurrence in certain incipient and sub-
clinical hemolytic states it seems very likely
that they are associated with some degree of
ineffectual erythropoiesis.

Although there is good reason to believe that
there is an association between the occurrence
of certain cytologic aberrations and excessive
radiation exposure,'™ 'S this is not established
in our study either by means of radiation dose
relationships or in comparison to the changes
in the bone marrows of the nonexposed indi-
viduals. In order to establish the radiation
relationship with certainty it would have been
helpful if more marrow smears had been available
for study from persons without exposure or in
the “low dose” exposure range. Nonetheless,
the availability of some bone marrow smears
from individuals exposed to a wide range of
relatively high doses has made il possible to
look for dose related effects. For this sample,
however, there were so few marrow smears from
nonexposed persons for comparison purposes
that statistical significance for any modality
evaluated probably is not important. Further-
more, consideration also must be given to the
possibility that subclinical illness in the non-
exposed persons may have influenced bone
marrow function so that the bone marrow smears
in these individuals do not constitute good
conirols. Rather than dwell on the importance
of any single change or proof of its relationship
to radiation it seems much more important to
interpret the overall meaning of the bone marrow
changes of the exposed persons in terms of
possible alterations in marrow function and the
nature of the underlying biological change.

Bone marrow characteristics were expressed in
relative numbers so that variations in cellularity
had little influence on the final results. It also
should be emphasized that most of the observed
abnormalities represented distinct changes in
cell morphologic configuration. Changes were
not dependent on such factors as the quality of
the stains so that the information presented is
believed to be quite reliable. Observer bias was
not a factor since all cytologic studies were
done without knowledge of exposure.

The previous results reported by Fliedner
et al'™"® constitute the most definitive studies
of late radiation induced bone marrow changes
that have been published. Of the eight men who
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had been exposed five received “high” dose
exposure with estimated whole-body radiation
between 236-365 rad. Three in the “low” dose
group had estimated exposures of 68.5, 68.5, and
22.5 rad, respectively.  Serial bone marrow
aspirations were performed on persons in this
group during the immediate postexposure
period.!> Two types of cytologic abnormalities
were described in these early marrows: 1) Cells
injured directly, and 2) “mitotically connected
abnormalities” (noted in both mitotically active
cells and interphase cells). For mitotic cells in
ana- or tele-phase, they described “bridges” of
chromosomal material between separating
fragments. Also described were cells late in
anaphase in which a chromosome or chromo-
somal fragment had strayed from the mitotic
spindle, thus removed from further karyokinesis.
Mitotically connected abnormalities in interphase
cells included nuclear fragments (karyomeres),

binucleated cells and ‘‘giant” cells of the
myelocytic series,
Followup bone marrow aspirations on the

individuals involved in the Oak Ridge accidental
radiation excursion and four healthy controls
were evaluated 3% years later.' The most
significant finding in the bone marrow aspiration
smears was an increased number of binucleated
and, occasionally, trinucleated erythroblasts. An
increased number of erythroblasts with
karyomeres was reported, although its significance
was not established. They also observed the
frequent occurrence of chromosomes or chromo-
somal fragments discarded from karyokinesis in
cells in mitosis. Two examples of tripolar
mitoses were noted in the course of counting
15,000 erythroblasts from the high dose group.

Fliedner et al'® in their study focused on the
occurrence of binucleated erythroblasts. They
determined the frequency of binucleated red
cell precursors per 1000 erythroblasts and
reported a mean of 5.8 for the five men in the
high dose group and 2.25 for the two men in
the low dose group and 1.2 for the control
cohort, While the difference between the high
dose group and the controls was statistically
significant, that between the low dose and the
controls was not. Our study did not demonstrate
a statistical difference for erythroid binucleation
between exposed and controls. The mean value
for the frequency of binucleated erythroblasts
per 1000 erythroblasts in our exposed people
was considerably lower than the mean value for

10

23674\ L 365rad &G B VI [Eit] £ %
e, TESE| 220723 %132 h#h#iE68.5,
68.5, 22.5rad MM ICHBL £ HBREE - ®
AvliowTHEEL THEREELSTHOALS
SOOIz ke 2 oM RE RS
T b6, 1) HE 0 R,
2) [Hfasr Bz S 1% (pREMBhoflas LU
M OMEOmRGIZES i), SRS S
A oMEIz 2w Tk, FEEL TV AETH HIC R
Gk £3807a 4, REEFES SV ITRE KN
BAHEES SBERT, 2OROBGEDY S K
ahgREMoKb YOt s Az b
Rl 0 ol I 0T ) B A S IS OE S B R
HFoBm A (), Z&iilla, bLUEMY
Hot.

Z i

5, b5 UE

Oak Ridge Ot Eiz& > 2 pEE L 4 A D
fits 7 AP E Do W TERMIAE A OB IR A3
lrEme Y ZoMETHEEZE LRI
—H, LEUZHORFHOHESAEML TV EZ
CHot. BiEiEbLORFHOMSHML T 5
LHABEEREY, FORBERMEL S s
o, FERPOMpORZLELETRLS
B EnREEES SV IZRAKIFA S S Lk
B s, FRERALUF O R FERLS, 0000 & $ 2 S8R T
2O Z a5 R

Fliedner 5" 3 - EHEHOFEEICERD L, #HFER
1,000 % 7= 0 o —Hior 2 S0 B & B, o b i

HOSEloonTIHPE5.8, EMERO2 2122
VT E2.25, WEEBHIOWTIR L2 Th D EEEL A,
B L MR O M OB EHIBIEETHS
R, BHRBHEOGEBLIOMOZELEETEL
Aol FARETIIHERSE LHRE L OM I TR
T S MAFNAEREL ok R
OB FE IS SHFER 1,000 @472 008



RERF TR 16-77

Figure 1
1

A: “Early” binucleated erythroblast. B: “Late” binucleated normoblast. C: Late mitosis (erythroblast);
note elliptoid cytoplasm with eccentricity of the nuclei. D: Late mitosis (erythroblast); nuclear
chromatin not uniformly condensed.
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Figure 2
[ 2

A: Karyomere. B: Mitotie “bridging.” C: Internuclear bridge; two erythroblasts with a bridge of
chromatin sheathed in eytoplasm. D: Internuclear bridge.

A K. B: 528 C: HEREG, AlaBE CRE s A REREEAT 5 WM kRFR. D SRS
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Figure 3
3
AB,C.D: Internuclear bridge.
A, B, C, D: ¥t
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Figure 4
[EE

A: Multinucleated erythroblast. B. Trinucleated erythroblast. C: Trinucleated myelocyte. D: Multi-
polar mitosis. ‘
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the Fliedner et al'* high dose group. The
possibility that the difference between our data
and theirs might be due to different criteria
for distinguishing late mitoses from binucleated
cells has been considered. Cronkite'® has stated
that he considers a cell to be binucleated and
not in mitosis if the two nuclei are not connected
and if there is no significant constriction of the
cytoplasm. Fliedner et al' relied on nuclear
chromatin structure, stating that a cell late in
anaphase has not completed its nuclear membrane
and that the chromatin pattern is not yet
distinet.”® In order to test the possibility that
differences in morphologic criteria might be
responsible for our failure to demonstrate an
increase in bhinucleated erythroid precursors, the
data were analyzed using the sum of total
binucleated cells plus “late” mitotic cells. The
addition of “late’” mitotic cells to the unequivo-
cally binucleated cells still did not clarify the
issue.

Fliedner et al" derived their information from
bone marrow aspirations obtained 3% years
after exposure, while the data in our study was
obtained from marrow smears which had been
prepared 5 years post exposure. It is conceivable
that 5 years was enough time for additional
marrow recovery to have occurred. Fliedner
et al' had reported mitotically connected
abnormalities in 50% of cells from each of the
acute, post exposure marrows in their study.
Mitotic abnormalities had dropped to approxi-
mately 4% of cells in each marrow at the time of
reexamination, 3% vyears later. Though there is
little basis for extrapolating these data, one
might conjecture that, had bone marrow
examinations been performed on the members
of the Oak Ridge group 1 or 2 years later,
differences between controls and exposed might
have become insignificant.

Increased binucleation of erythroid precursors
is not a unique marker for radiation exposure.
It invariably is present in excessive amounts
in a rare form of refractory anemia which is
known as congenital dyserythropoietic anemia
(CDA)'®Y Erythroid multinuclearity is observed
in 10%-50% of all erythroblasts in the bone
marrow aspiration smears from patients with all
three types of CDA.'" 2 Essentially, the charac-
teristics of CDA are those of ineffective erythro-
poiesis; inappropriately low reticulocyte counts
coupled with marked erythroid hyperplasia in
the marrow, accelerated plasma iron turnover,
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and poor plasma iron utilization.?’ The etiology
of these congenital dyserythropoiesis remains
unknown.

Binuclearity of bone marrow erythroid precursors
(at a lower rate than in CDA) is also a common
finding in several other disease processes, Megalo-
blastic anemias are frequently associated with a
striking  erythroblastic multim.u:haarity.2'“23
Schwarz** states that the frequency of binucle-
ated cells in a given marrow roughly parallels the
regenerative activity of the erythroid precursors
and is a frequent finding in hemolytic anemias.
This has been noted by others as well.?%2526
Binuclearity is often reported in erythro-
leukemia.?®?® There have been spurious reports
of binucleated erythroblasts in iron deficiency, as
well as with vitamin E deficiency.?®?

Binucleated erythroblasts are present in variable
numbers in normal bone marrows. Berman®>
examined the marrows of eight healthy indi-
viduals and noted the incidence of plurinuclear
erythroblasts to vary from 1.0-5.1 per 1000
uninuclear erythroblasts. In the four controls of
Fliedner et al'* a mean incidence of binucleated
erythroblasts was 1.2, while the mean for the
high dose group was 5.8 per 1000. Both values
are within the range of Berman's normals.
Fliedner et al'® noted this and states that a
statistical comparison was made only with their
own controls since they were studied in the
same manner as their irradiated subjects.

Schwarz®® has observed that in the normal bone
marrow most binucleated erythroblasts are
generally mature and are close to denucleation,
with the cytoplasm being orthochromatic or
slightly polychromatic. He has found it excep-
tional for a binucleated nucleus to have pro-
erythroblastic features. In the “late” bone
marrows from Oak Ridge, Fliedner et al'
emphasized the abnormal occurrence of “early”
binucleated erythroblasts (corresponding to
proerythroblasts and basophilic normoblasts).
The incidence of ‘“‘early” binucleated erythro-
blasts in their high dose group was 1.4 per 1000
as compared to essentially zero in the low dose
and control groups. In our study, a modest
increase was noted for the exposed subjects
in all dose groups as well as in the controls
(Table 4). A slight increase in the occurrence of
karyomeres also was a frequent finding in most
of the bone marrow smears in our study.
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Fliedner et al'* reported an increased number of

erythroblasts with karyomeres, but absolute
numbers were not reported. The term karyomere
usually is used to describe an aberrant nuclear
fragment.,® There probably is little difference
between a karyomere and a Howell-Jolly body
except that Howell-Jolly bodies are identified
only in erythroid cells and only after the nucleus
is extruded. Discombe®® demonstrated that
Howell-Jolly bodies evolve from chromosomes
that fall away from the mitotic spindle during
abnormal mitosis. Presumably, at the comple-
tion of mitosis these fragments coalesce into
smaller nuclear bodies. Bessis® believes that
Howell-Jolly bodies are surrounded by normal
nuclear membrane on the basis of his electron
microscopic studies.

Fliedner et al* found that karyomeres in rats
labeled with tritiated thymidine under certain
circumstances, indicating that they still retained
the capacity to synthesize DNA. They made the
point that, in a functional sense, karyomeres
must be considered to be ectopic nuclear material
and not mere remnants of karyorrhexis.

The present study does not indicate that bridging
of chromosomal material in mitotic cells can be
used as a reliable marker of persistent radiation
injury. It remains a relatively rare finding.
Fliedner et al'* have reported inter-chromosomal
bridging only in the myelocytic cells of their
patients who had been irradiated 3% years
previously.

Pluripolar mitoses were uncommon in our study
and had no significance as a radiation marker.
Fliedner et al'? attached some importance to
their finding of three independent tripolar
mitoses in the high dose group, noting that
Berman®® failed to observe a single pluripolar
mitosis in 53,167 erythroblasts of eight healthy
controls. The fact that it is seen so infrequently
and so inconsistently does not lend itself to a
study of statistical significance, and leaves the
observation of dubious importance.

The most interesting finding in our review of
“late”” marrows was the occurrence of inter-
nuclear erythroid bridges in the bone marrow
smears of seven survivors. Though found mainly
in the heavily irradiated subjects, its incidence
was once again too infrequent to be used as a
reliable radiation marker and even less so as a
dosimeter.
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Internuclear bridging is a rare finding, but it
has been reported as a distinguishing feature of
type 1 CDA.?®% Lewiset al?® have done electron
microscopic studies on type I CDA and have
demonstrated a narrow sheath of cytoplasm
surrounding the chromatin-like strand of material
that bridges the nuclei of the two, otherwise
distinct, erythroblasts. This phenomenon is
dramatically demonstrated in Figure 2C in our
study.

It is possible that these internuclear bridges
found in interphase cells are the end result of a
process which began as chromosomal bridging
in a mitotic cell. In autoradiographs of marrow
obtained from subjects exposed to large doses
of ionizing radiation and then incubated in vitro
with tritiated thymidine, Fliedner et al*® reported
one instance in which an internuclear bridge
was labeled along with the two nuclei which were
connected. The inference drawn was that the
internuclear bridge was still functional chromatin-
like material, able to synthesize DNA in conjunc-
tion with both nuclei.

As was mentioned, criteria for the identification
of internuclear bridges were very strict. Pure
cytoplasmic bridges were not included. Fliedner
et al' do not appear to differentiate between
internuclear bridging and cytoplasmic bridging
between two interphase erythroblasts. In their
study of late marrows they state that they did
not quantitate the apparent increase in red cell
precursors with cytoplasmic bridges between
cells in the high dose group. Lewis et al*® have
investigated cytoplasmic bridging with the aid
of an electron microscope and have demonstrated
what appears to be a spindle bridge consisting of
microtubules, sheathed by cytoplasm, running
between two erythroblasts. Schwarz®® also
noted intercellular cytoplasmic bridging and
attributed it to ‘“residual interzonal fibers”.

In our study, intercellular bridging, purely by
cytoplasmic extension, was mnot enumerated
because it was felt that this could be an artifact
of preparation. Without the aid of an electron
microscope to clearly demonstrate micro-tubular
structures streaming down a tube of cytoplasm
from one tube to the next, one could not be sure
that he was not simply viewing “sticky”
membranes from two cells that had been
juxtaposed during preparation. On the other
hand, the observation of chromatin material
connecting two separate interphase erythroblasts
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is unlikely to be artifactual. Though internuclear
bridging was not observed frequently enough in
the exposed cases to be a statistically valid
dosimeter of radiation injury, it remains a
curious finding in these “late’ marrows.

The *mitotic index™ is an indication of the
proliferative capacity of the marrow.?' In an
earlier paper, Fliedner et al'* point out that
determining the mitotic indexes from ordinarily
prepared bone marrow smears is inaccurate.
Mitosis should be properly enumerated in Feulgen-
squash preparations. With their caution in mind,
in our study mitoses were recorded in the course
of counting 4000 erythroblasts, Without regard
to specific cell type, our rough mitotic index has
a statistically suggestive gradient with increasing
dose (Table 6). The rough mitotic index was
6/1000 for the control cohort and 10/1000 for
the 600+ rad group. Both animal and plant
experiments have demonstrated that exposure to
ionizing radiation can cause a lengthening of the
mitotic interval. If a cell, damaged by radiation,
were to spend a longer time in mitosis, the
probability in time would be increased. Thus, as
Fliedner points out, radiation injury might
give a misleading high mitotic index.

Because the mitotic index in our study was
determined without Feulgen-squash preparations
and the different cell lines in mitosis were not
differentiated, little significance in terms of
radiation injury can be appropriately attributed
to the suggestive gradient with dose. In their
study of the Oak Ridge survivors, Fliedner et al'*
did prepare Feulgen-squash preparations on the
late marrows and the mitotic indexes were not
found to be statistically different from the
controls.

The only other significant report on persisting
bone marrow cytologic abnormalities stems from
an accidental exposure to fallout radiation in the
Marshall Islands in 1954, The incident occurred
during a nuclear test in the Marshall Islands
(Bikini lagoon). Full details of the incident and
the subsequent medical findings from the people
exposed are contained in a 20-year review.*?
The most heavily exposed population was a
group of 64 people inhabiting Rongelap [sland.
Their entire exposure was in the form of fallout
radiation with a maximum estimated whole-body
dose of 175 rad. Bone marrow aspirations from
four exposed and two control persons were
obtained 9 years after the accident. Conard™
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notes that, in addition to erythroid hyperplasia,
there were “‘abnormalities of the chromatin
material with binucleation and an increased
frequency of mitotic figures in the normoblastic
series.” Neither absolute numbers nor statistical
significance were reported.

During the course of this accidental fallout in
the Marshall Islands, 23 Japanese fishermen
aboard the fishing wvessel ‘“Fukuryu-maru”
(the “Lucky Dragon) were also subjected to
fallout from the atomic detonation approximately
90 miles away. Kumatori et al®® have reported
on the bone marrow findings in this group of
men, exposed to whole-body radiation in the
range of 170-700 rad. Of note, “late” marrows
were aspirated on 14 exposed and 4 controls
in 1964, 10 years after the initial exposure.
Kumatori et al reviewed the marrows in a manner
similar to that of our study. They also failed to
demonstrate a significant difference between
exposed and control marrows for binucleated
erythroblasts (mean of 2.0 for exposed versus
1.6 for controls). Three individuals in the
exposed group had a relative increase in
karyomeres in comparison to both controls and
others in the exposed group. No other cytologic
abnormalities were reported.

Ineffectual hemopoiesis is likely to occur
following bone marrow injury or during the early
stages of recovery.>»®  Impairment of bone
marrow function following radiation exposure
even though the bone marrow has returned to a
morphologically normal appearance and the
blood to physiological values has been demon-
strated.?® Tt seems most likely that these effects
are related to impairment of stem cell function
or reduction in the number of stem cells capable
of multiplication. In a similar fashion, incomplete
recovery of damaged stem cells due to ionizing
radiation from the A-bomb is most likely for the
occurrence of the bone marrow morphologic
findings which were observed.

The question frequently is raised as to why a
radiation gradient effect involving all individuals
in the study cannot be shown. Bond et al*? have
proposed an “injured cell hypothesis™ to describe
“sbortive regeneration” following radiation
exposure. According to this hypothesis residual
damage in the stem cells having a limited
replicative capacity would be the largest in the
low to medium dose range rather tham in the high
dose range. Thus, this hypothesis would be a
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reasonable explanation for failure to observe
the maximum number of abnormalities in the
bone marrows of the individuals with the highest
radiation exposure. It is quite possible that these
surviving stem cells in individuals in the low dose
range had incomplete recovery and were respon-
sible for the morphologic picture of ineffectual
erythropoiesis. Acceptance of this explanation,
however, does not explain why a number of
individuals in the lower dose range failed to
clearly demonstrate an increase in the number of
the abnormalities which have been defined. This
is not easy to explain except that the biological
response is not always predictable and may be
modulated by the number of endogenous and
exogenous influences. 3~ Some of these
factors may impart some degree of bone marrow
protection from excessive ionizing radiation
exposure.
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