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It is not infrequent that after accidental irradia
tion no individual dosemeter result which correctly indicate 
a dose value in a given point of the body, is available. 
Sometiines the a posteriori reconstruction of the accident leads 
to complementary data inference. The particular value of this 
reconstruction is to enable the physician to draw an isodose 
curve map inside a phantom and represent the distribution of 
dose to bone marrow or to other critical organs. (Figure 1). 

However this dosimetry is often hampered by many 
unknown parameter values : 
- what was the exact duration of the exposure 
- what was the exact source-individual distances, a fortiori 
when the person moved often during the exposure time. 

-- what were the positions and attitudes, 
- how were the subjects shadowed by each other or by different 
objects. 

Thus, physical dosimetry can often only provide data 
relative to a set of parameter values that were choosen as a 
better hypothesis. Therefore, in addition to these dose esti
mates, it is still necessary to obtain a real damage assessment. 
This last step can be achieved through the observation of the 
responses of the different biological systems of the irradiated 
patient himself. 
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The assessment of radio-induced biological damage 
is based upon a number of biological disciplines. Among these, 
two show a particular sensitivity and reliability : cytogene
tics and hematology. Using these separately, the data are not 
always sufficient, but the confrontation of their results 
reduces the uncertainties in such estimations. Indeed, the 
mechanisms involved in the responses of both systems are dif
ferent, as are their dynamics. A brief summary of these mecha
nisms will illustrate their differences as well as their com
plementarity. 

Cytogenetic response. 

The cytogenetic response model is based upon the 
postulate that the lymphocytes included in an irradiated body 
volume keep a latent image in their chromosomes, an image which 
is directly related to the integrated dose in this volume. 
After a period of dilution and homogénéisation in the blood 
stream, the lymphocyte population still keeps a " remanent 

* 
lesional burden" that can be revealed by chromosome analysis. 
Therefore, it is necessary that this " remanent lesional bur
den" remains unchanged between the time of irradiation and the 
time of analysis, which means that no mitoses occur during 
this period of time. Under these conditions a quantitative 
relationship between a given integrated mean dose in the body 
and the results of the aberration score can be expected. We 
can propose an analogy from the domain of physical dosimetry : 
a thermoluminescent dosemeter response. The thermoluminescent 
material integrates a given energy burden through the radia
tion and keeps this burden in a latent form until an external 
stimulus . liberates this energy, thus revealing the burden. 
In this case some degree of burden loss can also occur between 
the time of exposure and the time of measurement. 
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Experimental reference curves. 

The use of chromosome analysis for dose assessment 
requires the previous establishment of experimental reference 
curves by in vitro irradiation of normal blood.A number of 
laboratories have established such reference curves whose value 
is universally accepted. These curves show an excellent dose-
effect relationship regardless of the kind of scored effect: 
acentric fragments, dicentrics or dicentric plus rings. 
(Figure 2). 

However the conditions of lymphocyte irradiation that 
allow the establishment of the&e curves are specific : in vitro, 
homogeneous irradiation, with a constant dose rate and most 
often in a single dose. These curves pertain to mjnoenergetic 
radiation such as X rays or Co 60 gamma rays . 
Other curves can be drawn with other typeo of radiation 
( gamma rays from Cesium-137 , from Iridium-192, fission 

(19—24) (25-27) (28) 
neutrons . neutrons from accelerators , californium 252 
protonl?9'x rays3?*electronl31* pions*33?... etc..) which take 
into account the Quality Factor of each type of radiation. 

But practically we must bear in mind that the cyto
genetic assessment is essentially aimed at providing a notion 
of " equivalent damage" : this damage may be expressed in terms 
of " gamma equivalence" as well, regardless of the type of ra
diation implicated in an accident. Under such conditions the 
estimates always remain valid and they constitute the basis for 
intercompar ison of the " equivalent damage" between several 
accidents without referring to the radiation type. 

Accidental irradiation. 

The conditions under which accidental irradiations 
occur always differ more or less from the experimental referen
ce conditions. The inhomogneity lies both in the distribution 
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of the absorbed dose fro» the entry surface towards the tissue 
depth and from one body region to another according to the 
orientation, position and movements of the perron during the 
irradiation time. 

The"single dose" condition can be observed in some cri-
ticality or industrial accidents. But in some cases acciden
tal irradiation from external sources can be protracted o**3r 
several days or weeks. 

In such cases a kinetic aspect of the lymphocytic 
system itself should be taken into account, i.e. the occuren
ce of spontaneous nitoses of some of the lymphocytes which bore 
a noticeable amount of lesional burden. The consequence of 
these intercurrent mitoses is a shift in the initial " lesional 
remanent image " in lymphocytes. The finding of " second mito
sis images " in the cultures should alert the observer to this 
kind of phenomenon and lead him to establish a comparison 
between cytogenetics results and other biological estimates. 

The hematological responses are the most determining 
factors in such comparisons. 

Bone marrow hematopoiesis. 

Bone marrow hematopoiesis works as a cell renewal 
system with several pools that assumes a " cyto-multiplier" 
function : the factory stem cell pool, the multiplication-
maturation and the storage pool in the bone marrow and finally 
the utilization pool in the blood and tissues. This cyto-
multiplier system is comparable to the well known photomulti-
plier device, with its set of dynodes. 

The pathological kinetics of such a system after 
irradiation arises from the destruction of a rather large per
centage of cells in the different medullary compartments. But 
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the cellular loss from the stem cell compartment is chiefly 
responsible for the aspect and evolution of the hematological 
irradiation syndrome. 

From the estimates of Mac Cullogh and Till (Figure 3) 
based upon the colony formation ability of mouse bone marrow 
stem cells, only about : 
50 % of the stem cells survive after 100 rad 
6 % after 300 rad 
0.3 % after 600 rad 

This halt in the input flux coming from the stem 
cell compartment to the other medullary pools produces the 
aspect of a desertic bone marrow in two or three days.The stem 
cell death sets a variable time gap between the source of cells 
and the peripheral blood pool. The blood response is a combined 
outcome of both the halt of its input cellular flux and its 
blood cell reserve mass. This cell mass decreases according to 
the turn over time of each of its components : 
There is a low amplitude and long term response for the red 
cell line which has a long life span (120 days) and an enormous 
mass ( 25 x 10 power 12 cells) ( Figure 4). 

There is a faster responce for platelets whose life spans over 
some days and a specially fast response for granulocytes, whose 
turn over time in blood is a matter of some hours. 
This is the general scheme of response for the hematopoietic 
system. 
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Quantitative aspects of blood response. 

We can attempt to quantify the hematological response 
on several basis. 

1. Comparison with physical dosimetry. 

When a precise physical dosimetry study of the irra
diation has been feasible, as it is the case in the reconstruc
tion of some accidents, a tentative correlation can be set up 
between the physical dose level, on the one hand, and some 
characteristic features of the hematological curves on the 
other. 

Thus a good correlation with dose exists for the 
initial slope of disappearance of the granulocytes and of the 
platelets and some other features of these hematological curves 
(Figure 5). 

2. Intercomparison of hematological data. 
A comparison can be made between the hematological 

curves established during two particular irradiation accidents. 
The purpose of this comparison is to superpose a given set of 
previous observations on a known and well documented irradia
tion case for which the evolution and final prognosis are 
known with another set of observations established day by day 
on a recent irradiation case, during the course of the irra
diation syndrome, in order to predict the probable short term 
evolution. 

These comparisons are very useful. They require the 
establishment of a veritable collection of hematological cur
ves from irradiated subjects obtained from the literature. 
For such comparisons to be feasible, it is necessary to redraw 
all these curves to an identical scale and to draw them on 
transparent sheets. 
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Having 5n hand the two meth'jds of assessment of 
biological damage in accidental irradiation, hematology and 
cytogenetics, let us see how these results can be combined 
for a better estimate of the danage and for the prognosis. 

Comparison between hematologic and cytogenetic data. 

The circumstances in which one may have to estimate the 
damage from ionizing radiation may be very different from one 
case to another. However we can set up categories. 

A. Acute irradiation at high doses. 

The cases of acute irradiation at high doses are 
represented by nuclear power plant accidents such as : 

Los Alamos - 1945 ( 1 lethal case at 2036 rad-gamma 
+ 156 rad-neutron). 

Los Alamos - 1946 ( 1 lethal case at 840 + 487 . 
2 surviving cases at 407 + 45 and 210+19 . 5 cases at 100+10) 

Oak Ridge - 1958 ( 5 surviving cases at doses bet
ween 236 and 365 . 3 cases at 68 rad) 

Vinca (Yougoslavia)- 1958 ( 1 lethal case at 320+320 
4 surviving cases between 175 + 175 and 300 + 300) 

Los Ala.nos - 1958 ( 1 lethal case at 3000 + 926. 
10 mild cases). 

(36) 
Rhode Island ; USA - 1964 ( 1 lethal case 8800 rad) 

'Mol (Belgium) 1965 ( 1 surviving case at 500 rad 
+ 5000 local!foot)*37* 
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Industrial accidents. 

Lockport (New York) - 1960 (9 surviving cases : 
X rays). 

Popular Republic of China - 1963 (6 cases : 2 lethal 
4 severe - 2 treated with bone marrow graft). 

University of Tennessee (Animal Research Laboratory) 
1971 (1 surviving case : 118 rad) Cobalt 60.* 3 9* 

Brescia (Italy) - 1975 (1 lethal case at 800 rad 
gaiuna + 3000 rad to the head) Cobalt 60. 

New Jersey - 1974 and 1977 (2 surviving cases at 
s _ _ 

410 and 200 rad) Cobalt 60.v ' 
For many of these accidents the physical dosimetry 

is well known and a classification according to severity 
can be set up which is in accordance with the physical data. 

The dosimetry estimates based on chromosome analysis, 
when available, are in accordance with this severity scale. 
For instance the intercomparison between the Mol accident 
(500 rad)and the Brescia accident 1200 rad + 3000) shows a much 
higher severity for the Brescia patient both with respect to 
the hematological curves and the cytogenetic results. For the 
hematological curves this unequal severity is evident both 
for the initial slope of lymphocytes and for the slope of disap
pearance of granulocytes (Figure 6). 

The cytogenetic findings have led to the following 
"equivalent dose" estimates;for the Mol accident 480 and 550 
rad for the dicentrics and for the fragments and 1200 rad for 
the Brescia accident. Moreovex the chromosome analysis permitted 
a study of the frequency distribution of the number of abnorma
lities per cell. 
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In the Brescia case cells with 12, 13 and even Ï5 
dicentrics were seen. The overdispersion of 16 classes and 
the roughly bimodal shape of the dicentric histogram was in 
accordance with the heterogeneous irradiation distribution from 
the head towards the lower part of the trunk, with an overexpo
sure to the cephalic region that can produce IS dicentrics in 
one single cell. 

B. Global irradiation at the 100 rad level. 

A second accident category is global irradiation at 
the 100 rad level or lower. It should be born in mind that in 
such cases the hematological response is only visible, at least 
in peripheral blood, above a treshold that can be set at about 
a hundreth rad. Only the thrombocyte curve gives a slight res
ponse for doses of 50 rad (Figure 7). Therefore -for this dose 
level the cytogenetic results are more sensitive than the hema
tological data. 

Nevertheless, this estimate precision can only be 
reached on the basis of the examination of a great number of 
cells. The sensitivity treshold for the cytogenetic response 
can be lowered to 75 rad by the examination of 300 cells 
i.e. a reasonable work load. However the discovery of one 
single dicentric lends support to the hypothesis of an authentic 
irradiation without postulating that this irradiation is recent. 

The absence of a hematological response leads to the 
conclusion that the dose is certainly lower than 50 rad or that 
the irradiation was limited to only a portion of the body. 

C, Protracted irradiation. 

A third category of irradiation cases has been reported 
it. the literature. These are the "protracted irradiation acci
dents" in which the exposure lasted for a period of several days 
or weeks. 
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They resulted from the fortuitous finding of radio
active gammagraphy source which was later introduced in a living 
area. Most of the persons in such incidents have been exposed 
to a global and more or less heterogeneous irradiation. 

In this category the following accidents can be cited: 
(44.45) The Chiba (Japan) - 1971 accident, Iridium 192 

(1 serious case 124 rad 5 mild cases + 1 contact radiolesion) 
The Setif (Algeria) 1978 accideni6"f?îdium 192. 

(20 involved persons, 1 lethal case : massive overexposure, 
4 cases of high severity alive,2 cases (children) of contact 
radiolesions of hands.) 

In the Algerian case there was an apparent discor
dance between the severity of the hematological data and the 
observed score of chromosome aberrations, plotted on a "single 
dose" reference curve. 

The same discordance was observed in the patient 
S.H. of Chiba for whom the cytogenetic estimate yielded the 
value of 124 equivalent rad, in contrast with the aspect of the 
hematological curves which situated this person at a dose level 
between 200 and 400 rad (by comparison with the curves publi
shed by Niel Wald). ( 4 9 ) (Figure 8) ' 

1. We bote that these irradiations are both "protrac
ted" and at a low dose rate. For gamma rays (reported cases) 
this dose rate is not conductive to the formation of the kind 
of aberrations (dicentrics, rings) which are taken into account 
in the scores. Some attempts to make some allowance for dose 
rate have been made anteriously by M. Bauchinger his 
colleagues, using a correcting factor of the quadratic term in 
the model y - a D + b D 2. 
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The used corrective factor was the G function of 
Lea und Catchesidè which is derived from the value of inter
action time T » 110 minutes, which defines the obligatory 
temporal coexistence of two primary breaks for a dicentric 
to be produced. 

This method gives a good correction down to a dose 
rate of 1.7 rad/minute and for short periods (4 hours) of 
irradiation. 

But the above correction is still not sufficient to 
explain such differences in cases like Chiba, or Setif. 

In such a type of protracted irradiation the cytoge
netic response is biased in various ways : 

2. Disappearance of cells with a high lesional burden 
by immediate cellular death mechanisms. 

3. Triggering of a sort of mitotic activity particu
lar to this kind of irradiation which modifies the usual static 
aspect of the lymphocytic system towards a kinetic system. 
This situation can be inferred by the frequently observed disap
pearance of the usual satellite fragment of the dicentrics in 
the cells. This kinetic evolution favours the relative expan
sion of the category of undamaged lymphocytes with respect to 
the damaged cells, the greater the damage, the greater the 
difference. 

From the above considerations we can conclude that 
the remanent lesions which are born by the lymphocytic popula
tion drift in time and the discovery of "second mitosis images" 
from the smears is evidence of this drift. In such cases the 
cytogenetic estimates can not be taken into account to assess 
the level of equivalent damage. 

Inversely in these cases hematological curves remain 
a reliable estimation tool ; their severe aspect exactly 
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reflects the extension of the cellular destruction in bone 
marrow. The slopes of these curves and their evolution can be 
considered as a good basis for therapeutic decisions. 

Moreover in such cases the protraction of the criti
cal period and the laborious restauration of the cellular popu
lations are in opposition with the fast restauration which is 
observed in non lethal cases of single dose irradiation. A re
sidual defect in the stabilization level of the blood popula
tions reflects medullary sequelae that are important to evaluate. 

In this domain of protracted irradiation, hematology, 
not cytogenetics is, at this state of the art, the main tool 
for damage estimation. 

D. Loco-regional irradiation with contact radiolesions. 

The last aspect of accidental radiolesions must be 
cited. As in the previous examples it results from the disco
very of a gamma source which is handled for a time leading to 
severe lesions of the hands, or which is carried for several 
hours by the same person in his trousers pocket. Such are : 

The accident in Mexico City - 1962 (Cobalt 6 0 ) ! 5 2 , 5 3 ) 

The accident in La Plata (Argentine Republic)-1968 
(Cesium 137);° ' 

One of the Chiba-1971 case (Iridium 192)*?5* 
The accidents in Louisiana(U.S.A)- 1978,1979 

(Iridium 192) (? 6 ) 

The two children in the Setif (Algeria) accident 
(Iridium 1 9 2 ) ( 5 7 ) 

All these cases were obviously accompanied by a 
degree of global highly heterogeneous irradiation, with estima
tes of mean equivalent dose in the range of 100 rad or lower. 
But with contact doses at the level of thousands of rad ; up 
to 1 700 000 rad (La Plata)*52* 
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Local and extensive radionecrosis developped, neces
sitating surgical treatment. 

In such cases the value of a mean integrated dose is 
of poor significance as an estimate of global damage. No weight 
can be given to cytogenetic estimates to judge an essentially 
local severity. 

The same is true for hematology because only a 
slight percentage of bone marrow is involved in irradiation 
field. 

All the attention and all the investigation means are 
therefore focussed on the local injury for which other techni
ques of early estimation can be used : thermography for instance. 

Conclusion. 

In a difficult field such as the correct estimation 
of the lesions produced by accidental irradiation of some gravi
ty, it is a precious advantage to have biological systems whose 
responses are both early and reliable enough to predict the 
future evolution of the clinical phenomena. 

Cytogenetics fit those criteria, the closer the condi
tions of the accident are to the theoretical reference conditions, 
the better the concordance. 

The hematological results are less sensitive to an 
irradiation of some tenths of rad. But they have the advantage 
of being representative of the real bone marrow damage. When the 
bone marrow is the critical organ, hematology is the best deci
sion tool to manage the clinical evolution. The value of hemato
logy is reinforced in cases of protracted irradiation, where 
cytogenetics can not be used to good advantage, in our present 
state of experience. 
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Both techniques are without direct link with the real 
clinical preoccupation in cases of loco-regional irradiation 
with contact radio necrosis, in which case these two techniques 
should defer to other methods of investigation. 
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FIGURE CAPTIONS. 

Figure 1. Transparent mannequin used to represent dose 
distribution in depth from the dose measurements 
made into a human phantom. (MOL accident 1965). 

60 Figure 2. Calibration» curve for Co gamma rays. 
Left : dicentrics' and rings 
Right: acentric fragments. 
(Cytogenetics Laboratory : Mrs M.T.Doloy 
Fontenay-aux-Roses). 

Figure 3. Reproduction of the stem cell survival curve in 
mouse, after Mc Cullogh and Till (1962) 

Figure 4. A set of hematological responses in an acute single 
dose exposure at high level (550 rad) :(M0L acci
dent 1965). 

Figure 5. Comparison between the physical dose estimates 
and one feature of the hematological response : 
slope of granulocyte disappearance, in well docu
mented cases of accidents with precise physical 
dosimetry. 

Figure 6. Severity comparison between two high level single 
dose exposure : the MOL accident 1965 (550 rad) 
and BRESCIA 1975 accident ( 800 rad + 3000 to the 
head). Each of the characteristic features of the 
curves show the higher severity for the BRESCIA 
patient. 

Figure 7. Thrombocyte response in cases of accidental irradia
tion at the 100 rad level. Comparison with the 
cytogenetic data. The figure printed at the end 
each curve is the dose estimate from the dicentric 
+ ring score. A slight thrombocyte response is 
still observable at the doses of 45 and 25 rad. 
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Hematologic response in a case of protracted expo
sure (S.H. case : CHIBA 1978). The general aspect 
of the curves favours the hypothesis of an equiva
lent damage in the range of 200-400 rad in opposi
tion with the cytogenetic estimate of 124 rad. 
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Dosimetric cytogénétique et sa valorisation 
par les données hématologiques. 

Résumé 

L'estimation du niveau de gravité d'une irradiation 
trouve ses bases dans plusieurs disciplines biologiques, 
parmi lesquelles la cytogénétique et l'hématologie four
nissent les données les plus immédiatement interprétables. 

Cependant si leur parallélisme est bien établi dans 
certaines conditions d'irradiation, il n'en va plus de même 
dans d'autres cas. Il est donc important de tenter de défi
nir les domaines où chacune de ces deux techniques présente 
la meilleure fiabilité et de déterminer les informations 
contenues dans la constatation de leur divergence. 


