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Chromosome Analysis 

NOVEL BIODOSIMETRY METHODS APPLIED TO VICTIMS 
OF THE GOIANIA ACCIDENT 
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*Environmental and 'Biomedical Sciences Divisions, Lawrence Livermore National Laboratory. 

University of  California, P.O. Box 5507. Livermore. CA 94550 

and 

A. T. Ramalho and C. E. Brandso-Mello 
Instituto de Radioprotecao c Dosinletria. Rio de Janeiro, Brazil 

Abstract-Two biodosimetric methods under development at the Lawrence Livermore National Laboratory were 
applied to five persons accidentally exposed to a '"Cs source in Goiinia, Brazil. The methods used were somatic 
"null" mutations at the glycophorin A locus detected as missing proteins on the surface of blood erythrocytes and 
chromosome translocations in blood lymphocytes detected using fluorescence in-situ hybridization. Biodosimetric 
results obtained - 1 y after the accident using these new and largely unvalidated methods are in general agreement 
with results obtained inimediately after the accident using dicentric chromosome aberrations. Additional follow-up 
of Goiinia accident tictims w i l l  1 )  help provide the information needed to validate these new methods for use in 
biodosimetry and 2 )  provide independent estimates of dose. 

INTRODI_IC'llON 

Two NEW biodosimetry methods under development at 
the Lawrence Livermore National Laboratory for the past 
few years have been applied to five individuals involved 
in the Goidnia accident. These methods are I ) measurc- 
ment of somatic "null" mutations involving the glyco- 
phorin A (GPA)gene in  bone marrow stem cells detected 
as a missing GPA allelic protein on the surfiicc of periph- 
eral blood erythrocytes (Langlois et al. 1986, 1990) and 
2 )  measurement of chromosome translocations detected 
using fluorescence in-situ hybridi/ation of chromosome- 
specific DNA probes (Pinkel et ai. 1986: Lucas et al. 
1989a, 398917). To  validate these ncw methods for use i n  
biodosimetry, GPA analyses have been made of blood 
from Hiroshima A-bomb survivors (Limglois et al. 1987 ) 
and chemotherapy patients exposed to chemical mutagens 
(Bigbee et al. 1990), and human blood lymphocytes have 
been used to measure dose-response curves for radiation- 
induced chromosome translocations in vifro. These pre- 
vious studies, together with available data from the pub- 
lished literature (e.g., Awa et al. 1978; Buckton et al. 
1978), show that both GPA mutations and translocations 
are persistent indicators of biological damage. For ex- 
ample, the GPA assay was used to reconstruct a dose- 
response curve for Hiroshima A-bomb survivors exposed 
more than 40 y previously. However, these assays require 
further validation before they can be reliably applied to 
biodosimetry. 
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The Goiinia accident occurred in September 1987 
and involved a "'Cs irradiator containing a 50.9-TBq 
( 1375-Ci ) source that was dismantled and handled by 
persons unaware of the dangers (Ramalho et al. 1988; 
Ramalho and Nascimento, this issue). Initial studies of 
the frequencies ofdicentric chromosomes in lymphocytes 
indicated that over 100 persons were exposed i n  the 
Goidnia accident to doses ranging from near background 
to more than 7 Gy (Ramalho et al. 1988). Thus, this 
accident affords the opportunity to compare the responses 
ofthe two new assays to established cytogenetic methods 
in individuals exposed to a broad range of radiation doses. 
I t  is also significant that because biodosimetric measure- 
ments began immediately after the accident for dicentrics 
and about 1 y later for GPA and translocations, the tem- 
poral stability of these biodosimeters can be evaluated 
through additional follow-up of the same individuals. 

MATERIALS AND METHODS 

Blood samples 
Peripheral blood was obtained from accident victims 

during medical follow-up in Brazil. Each sample consisted 
of 10 mL of blood drawn into a heparinized vacutainer. 
The sample was coded with an identification number, 
placed in an insulated box, and shipped on ice for GPA 
and translocation analyses to the Lawrence Livermore 
National Laboratory (LLNL). The blood was received at 
LLNL within about 3 d of collection. 
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At LLNL, the blood was first serotyped using com- 
mercial anti-M and anti-N sera.$ Since the GPA assay 
requires blood of heterozygous MN type, the samples that 
were homozygous (MM or NN)  were discarded. The M N  
samples were then divided into two aliquots. one for GPA 
assay and the other for translocation analysis. The blood 
used for GPA assay was fixed, labeled with monoclonal 
antibodies, and analyzed within 3 d of labeling on a flow 
cytometer (Langlois et al. 1990). The blood for translo- 
cation analysis was processed to separate lymphocytes 
from whole blood by centrifugation. 

Following the analyses, the samples were decoded; 
subject ID numbers used in this paper match those used 
in the cytogenetics paper by Ramallio and Nascimento 
(this issue), and therefore permit intercomparisons of re- 
sults for specific individuals. To date, we have received 
blood samples from subjects 1 and 8 on two separate oc- 
casions, first in September 1988 and another in April 1989. 
Subjects 13 and 14 were sampled only i n  Scptember 1988 
and subject 51 in April 1989. 

GPA assay 
The GPA assay uses imniunofluorescence labeling 

and flow cytometry to enumerate the frequency of red 
blood cells that lack expression of one allelic form of this 
protein due to mutations in crythroid precursor cells 
(Langlois et al. 1986). The GPA gene is located on human 
chromosome 4 and is present in the population as two 
common alleles at approximately equal frequencies so 
that -50% of the population is heterozygous. The GPA 
proteins coded for by these two alleles are referred to as 
M and N and differ by only two amino acids out of a total 
of 13 1. GPA is located on the red blood cell surface, which 
facilitates its detect ion using monoclonal an t i  bodies. 

While the GPA assay was originally developed using 
a dual-laser flow sorter (Langlois ct al. 1986), the data in  
this paper were obtained with a modified method (dcs- 
ignated the BR6 assay) performed on a simpler flow cy- 
tometer (Langlois et ai. 1990). The assay enumerates the 
frequency of "null" mutation variant cells (N0) i n  the 
blood of MN heterozygotes, i.c., cells that have lost 
expression of the M allele but express the N allele nor- 
mally. In 17 normal unexposed persons studied at LLNL 
using the BR6 assay, the N@ frequency ranges from 3.0 
to 12.7 variants per million cells (median, 5. I ;  meaii 2 1 
SD, 6. I i 2.6) (Langlois et ai. 1990). 

Translocation analysis 
The method used to detect chromosome transloca- 

tions was a fluorescence in-situ hybridization-based ap- 
proach recently developed at LLNI,. This method has 
been described previously (Pinkel et al. 1986; Lucas et al. 
I989a, 1989b). Briefly, separated lymphocytes were stim- 
ulated to proliferate with 0.15 mg mL- '  phytohernagglu- 
tinin (PHA).  After 48 h, colccmid was added to each 
culture, and 4 h later metaphase spread5 were prepared 

Ortho Diagnostics, Rantan, NJ 
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on glass slides by the method of Evans et al. ( I97 1 ). DNA 
in the metaphase chromosomes was denatured at 7OoC, 
dehydrated, and air-dried. The biotin-labeled DNA probes 
were also thermally denatured at 7OoC, added to the slides, 
and incubated overnight. (For additional information on 
chromosome-specific DNA probes, see Lucas et al. 
1989b.) 

Bound probes were detected by treating sequentially 
with avidin conjugated to fluorescein, a monoclonal an- 
tibody against avidin labeled with biotin, and finally a 
second layer of avidin conjugated to fluorescein. This re- 
sults in essentially uniform painting along the entire 
lengths of the targeted chromosomes with a bright flu- 
orescent green-yellow color. With subsequent propidium 
iodide staining, a l l  other chromosomes not specifically 
labelled are made to fluoresce red. The final result is 
metaphase spreads having selected chromosomes flu- 
orescing bright green-yellow and the other chromosomes 
fluorescing red. Translocation of material between red and 
green-yellow chromosomes is very easy to detect using 
fluorescence microscopy. 

Fluorescence iii-silii hybridization was performed 
using two cocktails of composite DNA probes, cocktail 
A is specific to chromosomes 1, 2, and 4, and cocktail B 
is specific to chromosomes I. 3. and 4. Cocktail B was 
uscd foi- subjects 1 and 51, and cocktail A for subject 8. 
The use of two different cocktails had no special signifi- 
caiice othcr than the availability of probes. 

In order to compare o u r  translocation results using 
this approach with those from conventional cytogenetic 
methods, we scale our smaller targct up to equal the full 
genome. The formula used to scale to the full genome has 
been described previously (Lucas ct al. 1989~) :  

where the translocation frequency detected by fluores- 
cence hybridization is F,!, the full genomic translocation 
frequency is F7,, and./; is the fraction of the genome hy- 
bridizcd. The fraction of the total genomic DNA con- 
tained i n  chromosomes I ,  2, 3, and 4 is 0.0864, 0.0844, 
0.0698. and 0.0668, 1-espcctively (Mendelsohn et al. 
1973) .  Hence, the./; for cocktail A is 0.238, and thej; for 
cocktiiil B is 0.223. 

RESULlS 

Table I lists GPA results for five persons known or 
suspected of having been exposed in the Goilnia accident. 
The values listed are the mean N@ variant cell frequencies 
obtained from duplicate measurements of repeat samples 
obtained in September 1988 and April 1989, and standard 
errors of the means based on the variability between mea- 
surements. The observed variant frequencies for these 
G o i b i a  accident victims exceed the highest frequency 
observcd i n  samples from 17 normal unexposed donors, 
except for subject 5 I who is in the normal range. 

The ranking order from highest to lowest GPA vari- 
ant cell frequency is subject 1 ,  8, 13, 14, and 51. This 
ranking order is the same as that obtained for dicentrics 
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Table 1 .  GPA assay results for G o i h i a  
accident victims. 

Subject ND variants 
ID per lo6 cellsa SEb 

I 91.3 21.5 
8 47.0 7.6 

13 15.5 2.5 
14 13.0 1 .0 
51 5.5 3.5 

Mean of duplicate measurements ob- 

bStandard error of the mean obtained 
tained at I and 1.4 y postexposure. 

from variations between measurements. 

(Table 2 ) .  Interestingly, the quantitative comparison be- 
tween GPA and dicentric frequencies (Fig. l ) shows an 
excellent linear correlation between these two endpoints 
(see Discussion ). 

Table 2 lists cytogenetic results. Translocations are 
those obtained here using the fluorescence hybridization 
method discussed above and have been scaled to the full 
genome. The translocation frequency (translocations per 
cell) for subject 1 is the mean from repeat samples ob- 
tained in September 1988 and April 1989, and those for 
subjects 8 and 51 are from single samples obtained in  
April 1989 and September 1988, respectively. Also listed 
are fractions of cells with translocations. The results for 
dicentrics plus rings are those of Ramalho et al. (1988) 
obtained in October 1987, immediately after the accident. 
Dicentrics plus rings were also scored in  blood samples 
obtained - 1 y later from subjects I and 8 for GPA and 
translocation analyses. Results for Subject 5 1 are reported 
here only. 

For translocations, we have results only from subjects 
I ,  8, and 5 1. Again, the highest frequency is seen in sub- 

jects I and 8, and the lowest in subject 51. No translo- 

,. . 

cations were observed in 1043 cells from subject 5 1, con- 
sistent with results obtained for unexposed controls in 
our laboratory. 

Biodosimetric results are given in the Discussion and 
Table 3. 

DISCUSSION 

Dose estimation for the subjects involved in the 
Goiinia accident using results for dicentrics obtained im- 
mediately after the accident has been performed elsewhere 
(Ramalho et al. 1988; Ramalho and Nascimento, this 
issue: Littlefield and Lushbaugh 1990). The purpose here 
is not to estimate the acliial doses, but rather, to inter- 
compare results for the same individuals using different 
biodosimetric methods. Thus, for our purposes, consid- 
eration need not be made of dose rate. The comparisons 
in this paper are therefore simplified by the use ofstandard 
curves for acute exposures for all three endpoints, i.e., 
GPA, translocations, and dicentrics. 

Listed in Table 3 are dosimetry results for five 
Goisnia accident victims, obtained for acute-equivalent 
exposures, Dose estimates determined from our GPA and 
translocation results obtained 1 to I .4 y after the accident 
are compared with those determined using results for di- 
centrics plus rings from Ramalho et al. (1988) and for 
dicentrics from Littlefield and Lushbaugh ( 1990) obtained 
immediately after the accident. 

The acute-equivalent dose estimates listed in Table 
3 for dicentrics and for dicentrics plus rings were obtained 
using linear ( c y )  and quadratic (0) coefficients from in- 
virro studies and solving for dose, D ( C y ) ,  i n  the linear- 
quadratic equation. For example: 

( 2 )  

where Yoic is the number of dicentrics per cell measured 
i n  lymphocytes of Goiiinia accident victims within 1 mo 

YdrC = y + a D  + PO2, 

Table 2. Cytogenetic result\ Cor Goiinia accident victims. _--__ 

Conventional cytogeneticsb 

Dicentrics plus rings per cell 
[ < I  mo 1 = l y  

Fluorescence hybridization * 
Subject 

ID Translocations per cell _____ 

I 0.26 t 0.07' 1.25 2 0.09 0.24 k 0.05 
8 0.35 t 0.09 0.53 I0 .08  0.1 1 i 0.06 - d 0. I6 2 0.07 0.015 t 0.017 13 

d 14 - 0.10 -t 0.03 - 
51 0 0 - 

a irom this paper; blood obtained I to I .4 y after the accident. Results have been 
scaled lo the total genome using eqn ( I ) .  Subjects I ,  8. and 5 1  had 15 translocations 
per 165 cells, 17 translocations per 134 cells, and 0 translocations per 1043 cells, re- 
spectively. Subject I had two cells with two translocations each. 

Blood obtained immediately after the accident and also at - I  y after the accident 
(Ramalho et al. 1988; Ramalho and Nascimento, this issue). Results for subject 5 I arc 
reported here only. 

Mean i SE. Values of SE for translocations and dicentrics were obtaincd from 
the data assuming Poisson statistics. 

Not scored due to poor growth of lymphocytes in culture, probably due to the 
long transportaiion time. 

Data from Ramalho and Nascimento (this issue) not available. 
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I I 

0.5 1.0 1.5 
Dlcenlrlcs per cell 

Fig. I .  GPA variant cell frequencies for GoiCnia accident victims 
plotted against their chromosome dicentric frequencies [dicentric 
plus ring frequencies obtained immediately after the accident 
by Ramalho et al. (1988); see Table 21. Subject ID numbers 
are indicated. The line corresponds to a linear regression on 
these data; the y-intercept is 6.2 N@ variants per million cells. 
and the slope is 69.1 N@ variants per million cells/dicentric 

plus ring per cell. 

after the exposure. y is the background frequency that is 
typically less than -0.001 dicentric per cell (Lloyd et al. 
1980), and CY is 1.57 X dicentric per cell per Gy and 
p is 5.70 X dicentric per cell per Gy2 for acute 6oCo 
y-ray exposure of human blood lymphocytes in vitro. (For 
dicentrics plus rings. CY and /3 coefficients are 1.99 X 10 -’ 
and 6.4 X IO-’, respectively, Littlefield and Lushbaugh 
1990.) Use of such coefficients from in-vifro calibration 
curves to estimate the dose to exposed individuals is jus- 
tified by the observation that identical aberration fre- 
quencies are induced in lymphocytes in p i f r o  and in vivo 
(e& Bajerska and Liniecki 1975; Brewen and Gengozian 
197 1 ). As mentioned above, because our aim here is not 
to reconstruct the actual doses but rather to compare the 
various biodosimetry methods, standard curves for acute 
exposure have been used throughout this paper for uni- 
formity. The doses listed in Table 3 for dicentrics or di- 
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centrics plus rings were obtained from eqn ( 2 )  using ap- 
propriate dose-response coefficients and data obtained 
immediately after the accident by Ramalho et al. (1988) 
and by Littlefield and Lushbaugh ( 1990). 

For GPA, we used two different approaches to esti- 
mate dose (see Table 3 ) .  The first approach (Approach 
I )  was to use the linear dose-response relation derived 
from previous studies of the Hiroshima A-bomb survivors 
to convert N(21 mutation frequencies (Y,,,) measured in 
Goiinia accident victims into acute-equivalent doses. That 
is. solving for D in the linear equation: 

where y‘ is the mean background N@ variant frequency 
(6.1 X IO-‘ per cell from Langlois et al. 1990), and a’ is 
the linear coefficient ( 2 2  X per cell per Gy) obtained 
from Hiroshima GPA data of Langlois et al. ( 1987). 

The second approach (Approach 2 )  was to use a 
linear-quadratic dose-response model for GPA frequen- 
cies. The excellent linear fit in Fig. 1 suggests that the 
shapes of the dose-response curves for GPA and dicentrics 
are similar. Since the curve for dicentrics is linear-qua- 
dratic (e,g., Littlefield and Lushbaugh 1990), this would 
imply that GPA also has this shape. To estimate the linear- 
quadratic dose-response function for GPA mutations, we 
simply multiply the slope (69.1 X IO-‘ NB variants per 
cell/dicentnc per cell) of the curve in Fig. 1 with the 
linear (0.0 I57 dicentric per cell per C y )  and the quadratic 
(0.057 dicentric per cell per Gy2) coefficients for dicentrics 
from Littlefield and Lushbaugh ( 1990). This results in 
linear and quadratic coefficients for GPA mutations as 
shown in eqn (4 ) :  

N @  variants per cell 

= 6.2 X + 1.09 X 10-6D + 3.94 X 1W6O2. (4)  

Here. 6.2 X is the estimated background frequency 
that is the y-intercept of the curve in Fig. I .  (This is for- 
tuitously nearly identical to the mean background fre- 
quency used in eqn 3.) 

The results for both Approach 1 and 2 are given in 
Tablc 3. I t  is noted that dose estimates for Approach 1 

Table 3. Biodosimetric intercomparisons of GPA and cytogenetic endpoints for GoiHnia accident victimsa 

GPA (this paper)h Dicentrics 
Translocations Dicentrics plus rings 

ID Approach 1 Approach 2 (this (Littlefield)‘ ( Ramalho)d 
Subject 

3.9 4.5 2.0 3.8 4.3 
2.3 - 2.7 
- 0.7 1.4 

- 1.1 

I 
8 

13 0.4 
14 
51 -0 

1.9 3. I 
1.4 

0.3 1.2 - 
-@ -0 - -@ 

a Acute-equivalent doses in Gy; these are not the actual doses that resulted from chronic or subacute exposures, 
but are used here for method intercomparison purposes. 

Based on GPA and translocation frequencies at I to I .4 y after the accident. 
Based on dicentric frequencies immediately after the accident; from Littlefield and Lushbaugh (1990). 
Derived from dicentric plus ring frequencies obtained immediately after the accident by Ramalho et ai. (1988, 

Table 2) using appropriate coefficients for acute 6oCo y rays from IAtlefield and Lushbaugh (1990) in eqn (2). 

a 
1 
a 
a 
U 
I: 
tc 
1 
r 
r 
I 
( 

t 
C 
\ 

e 
t 
I 
a 

1 
r 
c 
r 
e 
i 

c 

1 

\ 

S 

f 
S 
S 
I 

I 

c 
t 
r 

r 

i 
1 

t 

I 

I 

1 

1 



ap- 
;led 
88) 

~sti- 
x h  
ved 

1 in 
hat 

0t-S 

( 3 )  

’CY 
(’ is 
led 

? a  
m-  
the 
-ics 
ia- 
Ad 
ar- 
we 
ier 
he 
tic 
ies 
in 
as 

4 )  

CY 
ir-  
re- 

in 
1 

Novel biodosimetry methods applied to victims 0 T. STRAUME et al. 75 

are substantially lower at the lowest doses than those for 
Approach 2, and Approach 2 provides a much better 
agreement with the results for dicentrics. These differences 
are primarily due to the shapes of the dose-response curves 
used as standard. A linear standard curve (used in Ap- 
proach 1 )will always produce lower dose estimates at low 
to moderate doses than a linear-quadratic curve (used in 
Approach 2).  The striking similarity between dose esti- 
mates in Table 3 for GPA (Approach 2 )  and dicentrics 
results from the excellent correlation of the data in Fig. 
1 and the use of linear-quadratic standard curves for both 
GPA and dicentrics. 

Dose estimates are also affected by the assumed 
background frequency. Since pre-exposure N@ frequen- 
cies were of course not obtained for the Goisnia accident 
victims (nor for Hiroshima survivors), individual back- 
ground frequencies must be inferred from other data and 
therefore represent an additional source of uncertainty. 
Like curve shape, uncertainties in the background will 
also primarily affect the estimates at low to moderate 
doses. As discussed above, the mean N 0  frequency for 
17 normal unexposed individuals was 6. I X variants 
per cell. This is very similar to the measured frequency 
of 5.5 X in Subject 5 1 who does not appear to have 
received detectable exposure (as judged by the cytogenetic 
endpoints) and is also nearly identical to the y-intercept 
in Fig. 1. These results would suggest that uncertainties 
in the background frequencies for individual accident 
victims may be less important than uncertainties in the 
shape and slope of the dose-response curve. 

For translocations, the target DNA was scaled to the 
full genome [using eqn ( 1 ) and data given above]. It 
should be noted that the frequency of translocations ob- 
served in peripheral lymphocytes morc than a couple of 
months after exposure will depend upon the rate of elim- 
ination of the mature irradiated lymphocytes from the 
circulation as a result of normal attrition. as well as upon 
the rate of repopulation of the peripheral blood com- 
partment by progeny of irradiated stem cells that may 
also contain “stable” types of chromosomal rearrange- 
ments. Presently, adequate models arc not available to 
predict the complex cellular dynamics that affect observed 
translocation frequencies in mature lymphocytes sampled 

at various times after exposure (i.e., the effects of time 
interval, total dose, fraction of mature lymphocytes, and 
irradiated lymphocyte progenitors that sustained chro- 
mosome aberrations of the stable as well as unstable type, 
etc.). Thus, our present data for translocations can be 
used to obtain only crude estimates of dose at this time. 

The dose estimates listed in Table 3 for translocations 
were obtained by simply substituting the translocation 
frequencies measured at approximately 1 -y postexposure 
(from Table 2 ) ,  with Y,, in eqn (2), and solving for D .  
These calculations assume that dicentrics and transloca- 
tions are induced with the same frequency at the time of 
exposure (e.g., Brewen and Preston 1975), and further 
assume that translocation frequencies remain “stable” and 
do not change with time postexposure, as has been sug- 
gested in long-term follow-up studies of patients having 
fractionated partial-body radiotherapy (Buckton et al. 
1978). Our present observations (Table 2 )  indicate that 
the translocation frequencies obtained at I y in these ra- 
diation accident victims are indeed lower than the dicen- 
tric frequencies obtained immediately after the accident. 
Thus. it appears that the dose estimates based on trans- 
location frequencies at 1 y represent underestimates of 
the doses actually received at the time of exposure. 

Given the present uncertainties and small sample 
size, the results indicate a general agreement between the 
different methods used as well as the different laboratories. 
Subjects 1 and 8 are highest and subject 51 is the lowest 
for all assays. For the reasons discussed above, the results 
for translocations for subjects I and 8 are uncertain. The 
agreement between Approach 2 for GPA and dicentrics 
is impressive and suggests that the dose-response curve 
for GPA is linear-quadratic, similar to that for dicentrics. 

FuI-ther follow-up of persons exposed in the Goilnia 
accident should provide additional insights into the dose 
and time responses of these novel biodosimetric methods 
and will help validate them for use in biodosimetry. 

Arkrioi~.k.d~r~:r,lrrlis-This work was performed under the auspices of the 
U.S. Department of Energy by the Lawrence Livermore National Lab- 
oratory under contract number W-7405-Eng-48 with support from the 
Defenx Nuclear Agency (Work Unit Manager, Robert W. Young), under 
Inter-agency Cost Reimbursable Orders 89-870 and 90-819. 
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