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i 1 Introduction 
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I The long-term follow-up of survivors of radiation accidents is warranted both on 

humanitarian and scientific grounds. By periodic, routine physical examination, 
individual survivors may benefit from early detection and treatment of adverse 
hcalth effects that may be related to the accidental exposure. The health and 
mortality experience of survivors also contributes to the body of scientific 
knowledge of the acute and delayed effects of radiation on previously healthy 
humans, and the management and treatment of radiation- induced injuries. The 
Radiation Accident Registry, maintahed by REAC/TS for the U.S. Department 
of Energy since 1974, documents the medical aspects of serious radiation 
accidents that occurred in the United States from 1944 to the present.(l) The 
current status of this registry, which provides a basis for the long-term follow-up 
of survivors of these accidents, is presented elsewhere in this volume.(*) 
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The purpose of this paper is to summarize the mortality and notable 
morbidity experience of thc survivors of a subset of the major radiation accidents 
that occurrcd in the United States through 1980. Specifically, i t  updates the 
causes of dcath among survivors of accidental acute whole-body irradiation alone, 
or in combination with significant radiation exposures locally or from internally 
deposited radionuclides, with particular rcference 10 the survivors of the 1958 and 
1971 accidents in Oak Ridge, TeMCSSee. 

Background and Interim Medical Histories 

The principal features of the radiation accidents characterized above are shown in 
Table 1. The technical details and the acute clinical effects of several of these 
accidents were reviewed at the REACRS International Conference in 1979, and 
information was presented on the follow-up of the survivors up to 1979.(3) In 
contrast to the more rcccnt major accidents discussed at the present conference, 
the majority of the earlier accidents in the United States that had serious medical 
consequences were contained within federal or other limited accer: facilities. 

' They generally involved small numbers of people and had no immuiate impact 
upon the public health. Four accidents each resulted in  thc death of one 
individual duc to acute whole-body irradiation alone or in combination with 
severe local irradiation. Nonfatal radiation injuries primarily were the result of 
external or internal exposure to a radiation source separately rather than in 
combination, and they typically occurred in the absence of nonradiation trauma 
or life-threatening medical conditions. 

Only in one instance, namely the 1954 Marshellese Islands accident, which 
is included here as m "U.S ." accident, did survivors experience acute whole-body 
and local injuries due to irradiation from external sources and also from 
radionuclides deposited internally and on p e  skin. Increased morbidity due to 
benign and malignant thyroid disease has been a significant consequence of this 
accident. The regular "hands-on" medical follow-up of this population is the 
responsibility of Brookhaven National Laboratory's medical team which, under 
the leadership of Dr. William Adams, recently completed the 1985-87 survey of 
survivor health.(4*5) 

Thc Idaho Falls SL-1 reactor and the Hanford (ARCO) glove box accidents 
in 1961 and 1976, respectively, have provided limited experience in the U.S. 
with the medical response to acutc radiation-induced injuries in combination with 
nonradiation trauma. Blast injuries were immediately fatal to the three 
individuals directly involved in the SL-I accident. This accident bus contributed 
significantly more information about the postmortem management and 
disposition of heavily contaminated victims than about [he treatment of 
combined injuries.(6) In  the Hanford accident, one individual incurred serious 
inkrnal contaminalion by inhalation in combination with multiple contaminated 
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Table 1. Miijor Radiation AccidcnLs, 1934-1950: U.S. Long Term Follow-Up 
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of Survivors : TRIkLocnl 1rratii:ition 
Radiation No. of Persons 

S lg n i ti ca n I Expos 11 r e s  Year Site Source lnvolvad 

1945 

1946 

1952 

1954 

1958 

1958 

1960 

1961 

1964 

1967 

1971 

Los Alarnos (I) 

Los Alarnos (11) 

Argonne 

Marshall Is. 

Oak Rldge ( I )  

Los Alamos (111) 

Lockport 

Idaho SL-1 

Wood River Jct. 

Pittsburgh (Gulf) 

Oak Ridge (11) 

Criticality 

Crltlcallty 

Crit icallty 

Fallout 

Critlcality 

Criticality 

Accel. 

Criticality 

Crit icality 

Accel. 

Co (Fixed) 

1974 Parsippany (I) Co (Fixed) 1 u  

1976 Hanford *"Am 1 

1977 Parsippany (11) Co (Fixed) 1 c r  

= - > 250 rnSv TBI; 2 1 6000 mSv locally 

=TBI =TBI + Local = Internal s = Surgery 
F = Female 
R = Responder 

=Fatality 

=Trauma Death m= Deceased, "Natural Causes" 

skin.lesions as the result of 247Am being expeIled, together with flying shards 
and splinters of glass and corrosive chemicals, by the explosion of a cation resin 
exchange column in a glove box. Follow-up to death from cardiovascular 
disease, of this individual by Dr. Bryce Breitenstein and his colleagues has 
contributed significantly to the literature on the management and care of patients 
who are heavily contaminated externally and internally, and specifically on the 
long-term use of the calcium and zinc salts of diethylenctriaminepentaacetic acid 
(DTPA) in the cheletion of internally deposited actinides.(7) 

Clinical cvidcnce of injuries due to acute radiation exposure alone among 
other persons represented in Table 1 ranged from minor deviations from normal 
hematological profiles among asymp~omatic individuals to potentially life- 
threatening acute radiation sickness and serious local radiation injuries requiring 
major medical and surgical intervention. However, the survivors of the acute 
effccts of these accidents generally recovered without systemic detriment and 
eventually returned to work, many of thcm to full-time employment at the 
facility at which the accident occurred. Periodic cytogenetic anaIyses of 
mctaphasc chromosomes in samples of cultured lymphocytes obtaincd from 



inconvenience due to photophobia and chronic dryness and irritation of the 
conjunctiva of thc right eye necessitated surgical removal of the eye in 1970.(12) 
An individual who was aged 25 years when he received an estimated 30 mSv to 
the whole body in the Wood River Junction accident in 1964, reportedly had a 
diagnosis of follicular carcinoma of the thyroid in 1978. The tumor was treated 

Causes of Deaths Among Accident Survivors 

The survivors of acute exposure to significant leveIs of radiation in  U.S. 
accidents who have since died are idcntified in Table 1 by a black dot. Some of 
these deaths were reported at the 1979 conference,(3) but are included here for 
complctcness. Among the deaths that have occurred since 1979 or were not 
previously reported, was that of the individual identified as Case 10 in earlier 
reports of the 1945 and 1946 Los Alamos accidents.(l3) This individual received 
7 cGy neutron and 2 cGy gamma-ray radiation in h e  1946 Los Alamos accident. 
Hc was rcported to be in good general health in 1979 but later developed 
amyotrophic lateral sclerosis from which he died in 1988 at age 65 years. This 
brings the total numbcr of deaths among the survivors of the acute effects of 
these two accidcnts to six. Four additional deaths, all due to nonmalignant 
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diseases, have occurred since 1979 among the group of 44 Marshallese Islanders 
who received estimated average whole-body doses of 1.75 Gy from fallout 
following the BRAVO nuclear test in 1954. A total of 26 deaths has now 
occurrcd among his  group, including 5 prior to 1980 that were due to malignant 
disase,(5) Other deaths rcportcd since 1979 include those of one survivor of each 
of the Los Alamos I11 (1958),(11) Lockport (1960), Pittsburgh (1967),(14) and 
Rockrtway (1 977)(15) accidents. The survivor of h e  Los Alamos III accident died 
in 1980 of obstructive lung disease at age 59 years, 22 years after receiving a 
whole-body dose equivalent of 1.34 Sv of mixed gamma-ray and neutron 
radiation.(I6) A cerebrovascular accident with underlying congestive heart failure 
caused the death, 8 years after the Lockport accident, of a survivor whose 
accidental whole-body exposure to X-radiation over a 2 hour period in 1961 
reportedly totaled "200 to 350 R" (64.5 to 104.2 mC/kg). The survivor of an 
estimated 6.0 SY wholc-body irradiation and 27.0 to 39.0 S v  locally to the feet 
and hands, respectiveIy, in the Pittsburgh accident, died of a myocardial 
infarction 17 years later at age 57 years. Multiple trauma received in a 
motorcycle accident resulted in the death in 1984 of the Rockaway accident 
survivor who, 7 years earlier at a e 32, had received a whole-body dose 
equivalent of an estimated 2.5 Sv.(' Also, the test supervisor who received 
250 mSv in responding to the Idaho SL-1 accident in 1961 died in 1984. The 
immediate cause of death in this case was pneumonia; hypereosino hilia 
diagnosed about 4 years earlier was cited as a contributing cause of death.(' ) 

' 

5 

I P 

i Oak Ridge Accident Survivors 1 

Since 1979 REAC/TS staff have continued the medical follow-up at 
approximately annual intervals of the six remaining survivors of the June 16, 
1958, criticality accident at the Oak Ridge Y-12 plant('9) Interim medical and 
other pertinent histories have been obtained together with hematological, 
biochemical, and cytogenetic profiles. Ophthalmological and dermatological 

been referred to heir personal physicians or consultant specialists for continued 
care of cxisting conditions or for further evaluation of abnormal findings of the 
periodic physical and laboratory examinations. An updated summary is presented 
in Table 2 of the technical, immediate, and long-rerm medical aspects of the Y- 
12 criticality accident. 

I evaluations have been conducted by consultant specialists. The survivors have 
~ 
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idcnrificd opacities in the cortical lens bilaterally and a choroidal nevus in the 
right eye were unchanged in 1988 from previous cxaminations. 

Pdticnt B, who rcccived 2.70 Gy at age 32 continues full-time employment 



Patient E was 35 years old when hc rcccivcd a whole-body irradiation dose of 
2.36 G y  in 1958. His gcncral hcalth has remained good since the accidcnt. He 
has continucd to cxpcricncc multiple skin tumors. Rccurrcnt squamous ccll 
carcinoma of the skin was cxciscd from the pcnis in 1980, 1981, and 1982. 
Recurrent hypcrkcratotic actinic lesions havc bcen cxciscd periodically from 
cxposcd skin: topical application of a sun screen was recommended for outdoor 
activities. He has remained physically active, playing golf several times a week 
following retirement from full-time einploymcnt at thc Y-12 plant in 1985. 
Maturing bilaicral lenticular camdcts observed in 1985 are possibly attributable 
to radiation exposure, and may be responsible for glare symptoms experienced in 
night driving. He was mated medically for thrombophlebitis in the left lower leg 
in 1986. When examined in 1987 the hematological and urinary profiles were 
normal. The hemoccult test showed a slight tracc of blood. A follow-up 
examination by thc patient's personal physician ruled out a tumor of h e  lower 
bowel. Scrum chcmistries were normal except for slight elcvalions of the 
cholesterol (223 mg/dl; range 100-200) and triglyccridcs (209 mg/dl; range 30- 

Patient H, at age 25 years, was the youngest of the eight persons involved 
in the Y-12 accident, in which he rcccived a whole-body dose of 22.8 cGy. He 
has remained in good gcneral health since 1979 and continues in full-time 
employmcnt. Thcre has bcen no evidcncc of a recurrcnce of adenocarcinoma of 
the colon that was diagnoscd and Lrcatcd surgically in 1975; subsequent periodic 
carcinoembryonic antigen (CEA) t e s ~  consistently have bcen negative. Benign 
rectal polyps were excised in 1980 and 1988. At examination in 1988 all 
hematological, urinary, and biochemical results were within the normal ranges 
with the exception of total serum protein (6.2 g/dl; range 6.5-8.0). 

Paticnt D, who receivcd 3.27 Gy wholc-body dose at age 50 years, and 
Patient F, who received 68.0 cGy at age 41 years, were followed annually from 
1979 until their deaths in 1987. Paticnt D had a history of asymptomatic IgA 
gammopathy with no evidence of Bence-Joncs protein beginning in 1974. He 
was ucatcd medically for a blccding gasuic ulccr diagnosed in 1980. In 1983, 
asymptomatic posterior subscapular opacities notcd originally in 196 1, wcre 
attributed to acute cxposure to radiation in 1958. Beginning in 1985 he was 
Lrcated mcdically for artcriosclcrotic hcart discasc, hypcrtcnsion, cardiac 
insufficicncy, and prostatitis associatcd w i t h  cxisting benign prostatic 
hypcruophy. His gcncral hcal th  dcclined significantly thereafter, with 
exacerbation of symptoms of dcgcnerativc arthritis, ccrcbrovascular insufficicncy, 
and impaired hearing. In 1985 painful mammary gland hyperplasia devclopcd in 
the subareolar tissuc of the right brcast; this condition was determined to be a 
benign sidc effccr of medication prescribed for prostatitis. The paramcters of the 
hcmatological profile obhincd in 1986 wcre gencrally within Lhc normal ranges; 
thc diffcrcntial white cell count showcd an clcvatcd cosinophil count (1270, 
normal (I-.)%); a low normal platclct count was obtained (166,000 mm3; range 

200). 
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140,000440,000). Biochcmical tests showed elevated levels of serum creatinine 
(2.0 mg/dl; range 0.5-1.4) and triglycerides (172 mg/dl: normal 10-150), and 
decreased levels of HDL cholesterol (25 mg/dl; range 30-70) and total proteins 
(5.9 g/dI; range 6.0-8.3). The latter result was consistent with the results of 
Serum electrophoresis in 1986 which showed a decline in total Serum protein 1~ 
5.8 gm% from 6.2 gm% in 1985, and an increase in 24-hour urinary protein 
from 7.40 gm in 1985 to 10.09 gm. Previously observed fluctuations in serum 
immunogrobulins(17) continued in the absence of Bence-Jones prokinuria. He 
was hospitalized three times between November 1986 and his death at home in 
July 1987 for treatment of sympioms of coronary insufficiency, arteriosclerotic 
heart disease and associated proteinurea and anemia. In May 1987 generalized 
ascites and subcutancous edema were identifid by CT scan. A bone .scan showed 
no oswoblastic activity; no degenerative lesions were detected by a bone survey. 
A diagnosis of multiple myeloma with amyloidosis was made based on the 
finding of moderate plasmacytosis (10-15%) in a bone marrow aspirate and 
positive tests for amyloid. Autopsy permission was refused. 

Patient F was seen at REAC/TS on five occasions after 1979. Radiography 
of the chest in 1980 showed evidence of chronic pulmonary disease that was 
unchanged from findings reported in February 1979. Moderate eosinophilia, 
corisidered to be an allergic response was found at examinations in February, 
June, and July 1980. Evaluation of the bone marrow was refused. Increasing 
respiratory symptoms resulting in decreased physical capabilities were reported 
by the patient in 1983. Eosinophilia persisted: electrophoretic evaluation of 
serum immunoglobulins showed no abnormalities. Chest radiography in May 
1984 showed few changes from previous films. In 1984 the hematological 
profile, including the eosinophil count, was within normal limits. The results 
of biochemical tests also were normal except for an elevated alkaline phosphatase 
level (103 mU/ml; range 20-95). The patient was hospitalized on three occasions 
between August and October 1984 for treatment of acutr: respiratory symptoms. 
Bronchogenic carcinoma of the lung was diagnosed by biopsy in February 1985 
for which the patient underwent a series of radiation treatments. He was 
rehospitalized in July 1985 for treatment of acute respiratory failure associated 
with carcinoma of the lung and "pulmonary asbestosis" (biopsy of lung tissue in 
1985 found no evidence of asbestosis). His physical condition deteriorated until 
his death in March 1987 which was attributed to acute myocardial infarction 
associated with chronic obstructive pulmonary disease and bronchogenic 
carcinoma. There was no autopsy in h i s  case either. 

The individual who was accidentally exposed in 1971 at age 32 years to 
radiation from a 7700 Ci (24.49 teraBq) cobalt-60 source being used for seed 
irradiation experiments at the University of Tennessee Comparative Animal 
Laboratory, showed no long- term adverse effects 8.5 years post-exposure.(20) 
Follow-up examinations at REACES through May 1984 showed no major 
changes in health s~iltus. He continued to complain of periods of fatigue and 
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dizziness that occurrcd at irregular intcmals, and of non-spccific pain in the right 
hand whcn uscd forcefully. No physical, hematological, or biochcmical 
abnonnalilics wcrc idcntificd during lhis timc, and thc individual continucd full-  
timc cmploymcnt. I n  Fall 1985, tic was sccn by his pcrsonal physician and 
complained of fccling "washcd out." A diagnosis was niadc of acutc 
lymphoblastic leukemia. Chcmotheraphy was begun and rcsultcd in a pcriod of 
remission. His death in April 1987 was attributcd to acute lymphoblastic 
Icukcmia. 

Cytogenetic Studies 

The frequencies of radiation-induccd chromosome aberrations in cultured 
lymphocytes of the Y-12 accidcnl survivors werc first quantified by Bender and 
Gwch, two and onc-half and lhrce and onc-half ycars aftcr lhc accident(21*22) and 
subsequcntly by Goh at sevcn, eight, and tcn ycars p o s t - e ~ p o s u r e . ( ~ ~ ~ ~ ~ )  On 
several occasions since 1974, Lhe cytogcnctics staff at REAC/TS has evaluated 
the incidence of pcrsistcnt chromosome aberrations in lymphocytcs of six of the 
survivors. A summary of the cytogenetic findings for the six survivors 25 ycars 
post-cxposure is prescntcd in Tablc 3. 

Blood samples for lymphocyte cul tures were obhined during thcir rcgularly 
scheduled physical evaluations. For all cytogenetic evaluations, lymphocyies 
were cultured in either TC-199 or RPMI 1640 culture medium, and harvested at 
48 hours. Since 1979, we have employed bromodeoxyuridine culture 
methodology, and chromosome aberrations have k e n  quantified in preparations 
having greater Lhan 90% first division mctaphases. Detailed microscopic 
evaluations of metaphases having 45 or 46 centrorncres were undertaken to 
ascertain the incidcncc of all types of asymmetrical ("unstable") and symmetrical 
("stable") chromosome type aberrations (for details sce 23,24). Those metaphases 
having asymmetrical aberrations (Le., di- or multiccntric chromosomes, centric 

abnormal monocentric chromosomes, including translocations, inversions, or 
chromosomes with deleted segments) were photographed and karyotyped for 
confirmation of the suspected abcrration. Dcpending on workload of staff, and 
availabiIity of scorers, 100-500 meuphases were cvaluatcd from the various 
cultures. 

D c d d  results of the cytogcnctic findmgs in cultures initiated 16-17 ycars 
aftcr thc accident were presented prcviously.(z) A summary of cytogcnctics data 
from lymphocytc cultures initiated 25 years after thcir radiation exposure is 
shown in Table 3. In lymphocyte cultures from all six men, Ihe most frequent 
types of chromosome aberrations wcrc those of thc stable type, of which 
balanced translocations prcdominatcd. I n  t1:k particular scries of cul turcs, the 

I 

i 
I 

I rings, or acentric fragmcnts) and thosc having symmetrical aberrations (i.e., 
i 
1 



pcrcenhgc of lympliocytc mcmphases with one or morc symmctrical abcrrations 
vruicd from 1.5 to 16.3%, with thc higlicst frcqucncics of abcrrant Incuphascs 
obscrvcti in  culturcs from rlic thrcc mcn with thc highcst doses. IJI  culturcs 
initiated since 1975 (i.c., >17 ycar post-cxposurc), unsublc chrornosonlc-typc 
abcrrations have bccn obscrvcd only occasionally and thcir frequencies do not 
correlatc with radiation dose. 

As previously noted, Patients D and F died in 1987. At thc timc of his dwth 
at agc 79, Paticnt D suffcrcd from rnultiplc myclorna. In 1974, his scrum 
immunoglobulins (which had not bccn mcasurcd carlicr) wcrc found to be 
abnormal, and 6% plasma cclls with some young forms wcrc found in his 
marrow.(18) Bccausc of thcsc abcrrant clinical findings, follow-up cytogcnetic 
cvaluations of his culturcd lyrnphocytcs wcre conducted at regular intcrvals. Data 
from his prcparations arc comparcd with findings obscrvcd in thc other survivors 
in Tablc 4. From 17 to 28 ycars aftcr his cxposure the avcragc frcqucncy of 
mctaphascs with sublc chromosome typc abnormalities in  this lympliocytc 
cultures was 11.2% ranging from 8.5 2 in cultures initiated elcven months 
before his death, to 16.3 2 i n  cultures initiated in 1983. The observed 
variability in aberration frequencies among his various cultures can readily be 
attributed to minor differences in ascertainment of stable abcrrations by different 
scorers and to random sampling error. Throughout thc c::tirc time period, the 
frequency of pcrsistcnt abcrrations in his lymphocytes was among the highest 
observed in these six men, a finding which is consistent with the fact that he 

In September 1975 Patient H had a right colectomy for carcinoma of the 
colon. He currently shows no symptoms of the disease. At five years after 
surgery no cytogenetic abnormalities were observed in the 100 metaphases scored 
for aberrations, and in 1983, 1.5% of his cells were observed to have stable 
aberrations. As in Patient D, cytogenetic findings in this individual have been 
completely unremarkable, with his aberration frequency being in line with that 
expected based on the rclatively low radiation dose that he received. 

In fact, for each of the six men we have observed, similar frequencies of 
metaphases with stable aberrations in their two-day lymphocyte cultures initiated 
over a time interval of 17-28 years since h e  accident. Our observation h a t  the 
proportion of mctaphases with symmctrical aberrations remains relatively 
constant over time post-cxposure is in agreement with the findings of Buckton 
in the 30-year follow-up study of the ankylosing spondylitis patients who 
received localized and fractionated radiotherapy to the spinal column and 
sacrum.(*7) 

Since 197.; we have also quantified the incidence of asymmetrical and 
symmetrical types of abcrrations in cultured lymphocytes of the UT-AEC 
Accident survivor. Cytogcnetic evaluations were conducted initially by Brewen et 
a1.(28) on blood samples obtained approximately 4 and 23 hours aftcr his 
exposure. At that time, the incidence of diccnuics plus centric rings in his 

! 

‘ 
1 rcceivcd the second highcst radiation dose. 

li 
I 
I 
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Table 3. Summary of Cyrogcnctic Findings in Culturcd Lyrnphocytcs of Six  
Y-12 Accidcnt Survivors 25 Ycars Post-Exposurc 

Total # Aberratlons 
% hlctsphnses 

# Cells ‘5 tab I e” “Unstiible” with aberrations 
I’atient Dose Scored Trun Inv Del Dic K AC ‘~table”“unstable” 

~~ 

A 365 298 36 5 10 0 0 0 13.8 0.0 

D 327 295 51 10 3 1 0 2 16.3 1 .o 

R 270 200 11 2 3 1 1  1 7.0 1.5 

E 23 6 294 12 2 4 5 =  2 1 5.1 1.7 

F 68.5 300 6 4 1 2 b  1 1 3.0 1 .o 

H 22.5 200 2 1 0 0 0 0 1.5 0 

a 
b 

One tricentric and two dicentric chromosomes observed in one metaphase 
Two dicentric chromosomes observed in one metaphme 

Table 4. Pcrcentagc of Metaphases With One or More Stable Abcrrations in 
Lymphocyte Cultures From Y-12 

Patlent 
(Dose) 17yr 1 R y r  2 2 y r  21yr  25yr  ?7!r 28yr  Totnl‘ Menn+S.E.  

648/75 1 1 . 5 f  13 A (365) 10.0 f 2.5 - - - _ _ _  9.0 f 2.9 13.8 f 2.0 9.0 f 2.0 - - - 

D(327)  11.Ok2.5 9.Okl.S 9.0k2.9 10.0f3.2 16 .3 f2 .0  12 .0 f3 .2  8 .S f2 .1  1.253/140 11.2f0.89 

I3 (270) 6 . 0 2  2.4 - - - ... S.Ok2.2 7 . 0 k  1.8 
~ - - - - -  400R5 6 .2551.2  

E(236) 4 . 0 k 2 . 0 b  - - -  4 . 7 i 1 . 9  1.OfO.99 S . l k 1 . 3  - - .  - _ -  620/2S 3.9 f 0.77 

F(68.5) 3 . 0 f 1 . 7 b  - - -  l.Of.0.99 - - -  3 . 0 5  0.98 . - - - _ -  500/13 2.6 + 0.7 1 

0 _ _ -  1.SkO.85 - - -  - - _  400/6 1.5 f 0.6 1 H (22.5) 3 . 0 f  1.7 . - - 

Slundnrd e r r o r  nssumcs blnomlul dlstrlbution 
Culture Inltlntcd In 1974 

rotul rnelnphuscc scored In ut1 culturednurnber of metuptrues wllh sluble nberrntlons C .  
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Tnhle 5. Summary of Cytogenctic Findings in Cultured Lymphocytes of UT-AEC 
Accidcnt Survivors (4.7 - 13.3 Y a r s  Post-Exposurc) 

Total # Aberrations 
lo Metaphases 

w l t h :i h er r at ions # Cclls “Stub le” “Unst :i ble” 

Year” Cultureb Scored Tran Inv Del Dic R AC “stable”“unstab1e” 

4.7 yr 48 hr 150 1 2 0 19 1 2 2.0k 1.0 11.3 k2.5 

8.5 yr 48hrc 200 3 0  1 4 1 6 2 . 0 f  1.0 4 .5k 1.4 

12.3 yr 48 hrc 250 5 2  0 1 1 0 3 . 2 f  1 .1  0.83~0.6 

I2.8yr 48 h r C  500 18 3 0 7 3 2 4 . 0 f 0 . 9  2.0f 1.0 

13.3yr 48 hr” 200 8 0  1 4  1 1 4 . 0 f  1.4 2 . 5 f  1.1 

a Nuniber of years after accidcnt 
PHA-stimulated lymphocytes cultured at 37°C in TC 199 or RPMI 1640 culture 
medium 
Data from cultures suppIementcd with BrdU; in preparations having >IO% 
second-division metaphases, scoring of aberrations was restricted to first-division 
metaphases from differentiated slides 

C 

circulating T-lymphocytes was observed to be about 25% and remained at that 
level during the first five weeks post-exposure. When compared with data derived 
from an in vitro calibration curve for 6oCo gamma radiation, the chromosome 
aberration yield observed in his cultured lymphocytes produced an equivalent. 
whole-body dose estimate of 144 rad. 

Subsequently, the frequency of asymmetrical aberrations in his lymphocytes 
was quantified by Preston et al.(29) in cultures initiated during a period ranging 
from 5.5 to 156 weeks after h e  accidcnt. During that interval the proportion of 
centric rings plus dicentrics was observed to decrease to slightly less than half 
that observed during the first 4.5 weeks after exposure. 

In 1974 we initiated 48-hour lymphocyte cultures for the purpose of 
ascertaining the frequencies of symmetrical and asymmetrical aberrations at 4.7 
years after the exposure (Table 5). In our group analysis of 150 metaphases, we 
observed three abnormal monocentric chromosomes and 20 dicentrics plus centric 
rings. Thus, the incidence of metaphases with asymmetrical aberrations was 
approximately the same as that observed in cultures initiated one and one-half 
years earlier. By 8.5 years post-exposure, the frequency of metaphases bearing 
unstable types of aberrations had decreased to about 4.5%. whereas the 



proportion of mctaphascs with stablc typcs of abcrrations rcrnaincd 'at 
approximately 2%. I n  lymphocyte cultures in i  tiatcd during his routincly 
schdulcd physical cxams at 12.3, 12.8, and 13.3 ycars aftcr thc accidcnt, thc 
proportion of mctaphascs bcaring asymmctrical typcs of akrdtions had dccrcascd 
to approximately 2%, and appcarcd to havc rcachcd a platcau. Ovcr Ihc cntire 
sampling period, thc proportion of mctaphascs with stablc abcrrations rcmaincd 
relativcly constant bctwecn 2 and 4%. 

It  is wcll known that spccific structural chromosomal abcrrations including 
balanccd and non-balanccd translocations, invcrsions, and chromosomcs with 
deletions of segments arc associakd with many typcs of malignancics, including 
diseases affccting hematopoietic tissues. As reccntly rcviewcd by Heim and 
Mi telm an ,(30) I5 different , consis tcntl y occurring chromosomal rcarrangemen ts 
have now becn identified in malignant ccll populations of various palicnts with 
acute lymphocytic leukemia. Cloncs of cytogcnetically abcrrant malignant cclls 
have also becn idcntificd in ncarly 100 patients with multiple myeloma. Thc 
most consistent abnormality associated with lhis lymphoid neoplasia is a 14 q+ 
marker which has bccn observed in about one-third of thc cytogenetically 
abnormal patients. In both of these diseases, the mosl frcqucnt structural 
abnormalitics observed are reciprocal translocations. Reciprocal translocations are 
of spccial interest in studics of cancer genesis, since data accumulatcd during 
recent years have dcmonstratcd that proto-oncogencs arc locatcd at thc 
chromosomal break points of several symrnctrical rearrangements ha t  are known 
to be spccific for a number of malignancies. As discusscd by R o w l ~ y , ( ~ ~ )  one 
'consequence of the transposition of DNA segments from one chromosomal 
region to anothcr is that proto-oncogenes may be removed from their normal 
locations to new regions where thcir gcne functions are under different 
mechanisms of genetic conuol. In such cascs, altered exprcssion of gene products 
may be observed. 

Because ionizing radiation is a cardinogen and is efficient in inducing 
chromosomal aberrations, it  has been speculatcd by many authors that radiation- 
induced chromosome aberrations in exposed cclls may be relatcd to subsequcnt 
cancer risk. At the time of radiation cxposurc, s mmctrical and asymmetrical 
akrrations arc induced wi th  equal frequcncicd 2132) and at random(32) among 
various chromosomcs of the complcment. Thus, i t  might bc anticipatcd that rhc 
great majority of the induced symrnctrical cxchangcs would be genctically 
neutral. However, i t  is possible that, as a rare cvent, transposition of specific 
DNA scqucnccs from one location to another during the formation of an induced 
lranslocation might result in a meaningful gcnornic altcration (or mulation) that 
potcntiatcs that prolifcrativc capability of thc ccll bcaring the spccific 
rearrangcment. In  such instances clones of lymphocytes dcrivcd from such swm 
cells having a sciective proliferative advantage might be obscrvcd in lymphocyte 
populations many ycars aflcr c~posurc.(*~) Indecd, clones havc b a n  obscrvcd in 

I 

I 

i 
I 
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Table 6 .  Possible 'Clones' Idcntificti in 48-Hour Lymphocyte 
Cultures of Y-12 ,and UT-AEC Accidcnt Survivors a 

. .... 
# of 

Kuryotyplc A ITec te d 
Patient Dose Rearrangement Me tap hases 

A 365 46, XY, t (l-;Dq+) 
46, XY, t (2p-;Cp+) 

2 
2 

D 327 46, XY, t (?-;Dp+) 
46, XY, inv (F) 
46. XY, inv (B)  
46. XY, inv (2) 
46, XY. t (Bp-; Cp+) 

E 236 46, XY. t (Bq-; Dq+) 
46. XY, t (1-; Gq+) 
46. XY, del (F) 

UT-AEC 144 46. XY, t (Bq-; Bq+) 
46, XY, t (l+; Bq-) 

5 
2 
2 

2 
2 

a Two or  more metaphases having morphologically Identical 
structural aberrations in G1em.Q-stained preparations 

cultured lymphocytes of ankylosing s ondylitis patients,(27) Bikini Island 

survivors. To date these clones have not been associated with clinical 
manifestations of specific diseases in these persons. 

To determine whether any clones of lymphocytes bearing apparently 
identical chromosomal rearrangements could be identified in preparations from 
the Y-12 or UT-AEC accident survivors, karyotypes of all cells having 
symmetrical aberrations in the 25-year (Y-12) preparations and all available 
karyotypcs from the 4.7-13.7-year cultures of the UT-AEC survivor were 
reviewed by a single observer (Table 6). In preparations from three Y-12 
survivors (Le., A, D, and H> and the UT-AEC survivor, two or more metaphases 
having apparently identical structural aberrations were observed. Since these 
preparations were not banded, precise identification of the specific chromosome 
and the site of the breakpoint could not be made, and it is possible that some 
portion of these suspcctcd clones do not have identical chromosomal 

fisherman,(34) and in both marrow(3 P and lymphocytes(38) of A-bomb 
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abnormalities. In any  case clones did not comprise more than 1.7% of tl 
responsive lymphocytes in any of the men, and 
in no instance did we detect specific uanslocations known to be con 
associated with lymphoid malignancics. 

Conclusion 

Our findings in the medical follow-up of these persons, heavily irrad. 
radiation accidents, have largely bcen those that are to be expected ir 
unirradiated persons. The expected high incidence of shortened lifespan 
malignancies after short latent periods, and rapidly progressing lei 
opacities has not been found. The several malignancies, catarac 
degenerative diseases h a t  have been observed could not be attributed wit1 
degree of certainty to their accidental irradiation were i t  not for the cytc 
findings of pcrsistcnt chromosome abnormalities that correlatc well wi 
radiation-exposure estimates. But in this regard also, the history of the aa 
irradiation is a stronger indicator of untoward effects to come than the I 
and cytogenetic events themselves. The rationale for this experience 
found in the small population of survivors under study and the compa 
short period of time that has passed up until now. 
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