CONTENTS

Page
Report of the United Nations Scientific Committee on the Effects of Atomic
Radiation to the General Assembly ...........ciiiiiiiiniinniiranenass 1
Scientific AMNeXes. ... ... i i iiiniir i i iitsi et ettt 47
Annex A. Exposures from natural sources of radiation ................... 49
Annex B. Exposures from nuclear power production .......oiviuneenennn, 135
Annex C. Exposures from medical uses of radiation.................. ..., 24]
Annex D. Exposures from the Chernobyl accident ...........oovvvuinnt. 309
Annex E. Genetic hazards......... e veerieaenes it arar s 375
Annex F. Radiation carcinogenesis in man. ..., e eereeer s feeaeereas 405
Annex G. Early effects in man of high doses of radiation

and Appendix; Acute radiation effects in victims of the Chernobyl
nuclear power plant accident ......... Ceraseeean 545



ANNEX G

Early effects in man of high doses of radiation

CONTENTS

Paragraphs
INTRODUCTION ... i i-9
1. PATHOGENESIS AND DOSE-RE-
SPONSE RELATIONSHIPS ........ 10-8%
A. Cellulareffects .................. 10-13
B. Tissueeffects ................... 14-20
C. The radiation syndromes ........ .. 21-58
1. The prodremal phase ........ 24.28
2. The neurological (neurpvascular)
SYNdrome ... .. ..iiieeiainn 29-33
3. The gastrointestinal syndrome 34-40
4. Haematological and immuno-
logical effects, and the bone
marrow syndrome ........... 4]1-58
D. Effects on other tissues ........... 59-89
IooSKkin ..o 56-74
2. Oralmucosa ........uvvne. 75-77
3 Eye . 78-79
4 Lung ...l 80-83
5. Tests i i 84-87
6. OVvary ... it 88-89
1. DOSE-RESPONSE RELATIONSHIPS

INMAN 90-206
A. Acutedoses ..................... 90-138
1. The LD50/60 ................ 90-113
2. Doses for very low and very
high mortality in man ........ 114
3. Geometry of exposure and
depth-dose distributions ...... 115-119

4. Dose inhomogeneity, shielding

and bone marrow distributions 120-126
5. Radiationquality ............ 127-131
6. Modification of the LD gy 40 by

Paragraphs

4. LDso,r(,g INMAN ... connnensas 157-162

5. Skin ... 163-170

6 Lung ......iiiiiiiiiiiiaa 171-174

7. Gonads ........coiiiiaun.. 175-179

C. Internal emitters ................ 180-193
D. Biological and other variables ... ... 194-206

HI. PROGNOSTIC INDICATORS AND

BIOLOGICAL DOSIMETRY ........ 207-287
A. Prognostic indicators _,........... 207-239
1. Dosimetnicdata ............. 208-215
2. Clinicatdata ................ 2i6-221
3. Biologicaldata ............ .. 222-239

B. Clinical and biological dosimetry ... 240-287
1. Dosimetry based on haemato-

~ logicaldata ................. 241-256
2. Dosimetry based on biochemical
data ...........iiiiiiin, 257-265
3. Dosimetry based on cytogenetic
data .........iiiiiiiiiine 266-279
4. Dosimetry based on neuro-
physiological data ........... 280-284
5. Other dosimetric findings ..... 285-287
IV. CONCLUSIONS ............c. ..., 288-322
Page
Tables .. coveriineiiiiiianeenseanenans 598

APPENDIX

ACUTE RADIATION EFFECTS IN
VICTIMS OF THE CHERNOBYL
NUCLEAR POWER PLANT ACCIDENT

post-irradiation treatments . ... 132-138 P
aragraphs
B. Effects of dose protraction .,... ... 139-179 .
1. Prodromal responses ......... 144-148 Introduction . ............... Ceeenaas 1-15
2. Intestinal responses . ......... 149-150 A. [Initial diagnosis of acute radiation
3. Haematological responses .... 151-156 sickness . ......ov0ccieiaiiraas.n 16-20



Paragraphs
B. The bone marrow syndrome and its

Paragraphs
6. Treatment of radiation burns and
otherinjuries ...........0000. 73-83
D. Conclusions ..................... 84-89
Page
Tables ..o it i i iieaeranenes 628
References ......ovveneiiiiniaiinaananns 632

treatment ........c00vv000nennann 21-49

C. Otbher injuries and their treatment .... 50-83
1. Intestinal syndrome ......... .y 56
2. Oropharyngeal syndrome ....... "/57-58
3 Lungreactions ........eou.s.e. 59
4, Causesofdeath .............. 60-63
5, Eyedamage ................. 64-71

Introduction

1. A review of the early somatic effects of radiation
in man was published in the UNSCEAR 1962 Report
[U1]. This was supplemented in the UNSCEAR 1969
Report by two Annexes, one on radiation-induced
chromosome aberrations, the other on the action of
radiation on the nervous system [U2], and in the
UNSCEAR 1972 Report [U3] by an Annex on the
radiation response of the immunological system. The
effects of high radiation doses in man were recently
re-addressed in part in the UNSCEAR 1982 Report
[U4], Annex J, which dealt with non-stochastic effects
resulting from locahized irradiation of single organs or
tissues.

2. In this Annex the Committee reviews data on the
early effects of high doses of radiation delivered to the
whole human body. There is continuing interest in the
effects of whole-body irradiation because of the per-
sistent possibilities of exposure in accidents or from
acts of warfare. Whole-body irradiation is also being
used in the treatment of disseminated malignancies.
However, reliable quantitative data in this field are
very limited. They are drawn essentially from isolated
accidental exposures, from information gathered on
the Japanese population exposed to radiation from
the atomic bombs exploded in the Second World War,
and from experience with groups of patients receiving
whole-body irradiation for cancer or prior to the
transplantation of organs.

3. This Annex reviews data on the effects occurring
in man within 2-3 months of whole-body doses of
more than approximately | Gy of low linear energy
transfer (LET) radiation or biologically equivalent
doses of other radiation types. However, it also
includes mention, in some cases, of doses down to
0.5 Gy, of protracted exposures resulting in the same
levels of effect as acute doses, and of exposure to
internal emitters where the doses were sufficient to
have sericus effects within 2-3 months. Gaps in the
knowledge for man are filled partially by information
derived from experimental work with mammals, par-
ticularly those with a body size approaching that of
man; in general, however, large-animal data are
intended to be used for interpretation of responses
rather than for extrapolation. Exposures of the whoie
body resulting in doses to different regions that vary
by less than 10%, apply mainly to treatments in
radiotherapy. In accidents or in acts of warfare,
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whole-body doses usually are highly non-uniform (for
example unilateral), with the variation in dose from
low-LET radiation by a factor of 2 to 3, and from
neutrons up to a factor of 10 or more (see, for
example, Figure XIX). In these cases, the dose at the
midline of the body may bear little relationship to the
signs of injury.

4, Many accidents and some oncological treatments
involve irradiation of large regons of the body, for
example the trunk or the chest. In these cases the
doses to specific target organs will determine the
response of the individual, The response may differ
from that of the same organ exposed to the same dose
from irradiation of the whole body, if there are
contributions to the expression of injury in the organ
from other irradiated tissues, for example granulo-
cytopenia exacerbating intestinal injury.

5. Much information was gathered from the Japanese
exposed to the atomic bombs in the Second World
War. However, at distances from the hypocentre
where doses received were a few Gy, there were also
heat and mechanical injuries. Furthermore, the radia-
tion doses received by these individuals remain some-
what uncertain, and recent calculations suggest that
the contribution to the dose from neutrons was much
less than considered in previous (T65D) estimates of
dose. Other groups of individuals exposea t¢ high
doses of nuclear fallout radiation were the Marshall
Islanders and 23 Japanese fishermen exposed to the
nuclear explosions on Bikim Atoll in 1954. These
groups received comparatively uniform external gamma-
irradiation, beta-irradiation of the skin and internal
irradiation. Groups of individuals 1rradiated with high
doses to the whole body in accidents included those at
Oak Ridge, United States (the group 1s widely
referred to as “Y-12"), at Vinca, Yugoslavia, in 1958,
in China in 1963, in Algeria 1n 1978, in Morocco in
1985, at Chernobyl, USSR, in 1986, and in Brazil in
1987.

6. When this Annex was approaching completion,
important information on the subject became avail-
able in connection with the nuclear accident that
occurred at the power plant in Chernobyl, USSR,
where about 100 people were exposed to external and
internal irradiation amounting to 1 Gy or more. The
delegation from the USSR has made available especially
to UNSCEAR a report on the data gathered in the
wake of the accident. The Commuttee wishes to



acknowledge with gratitude this important contribu-
tion. Since time was too short for a definitive study of
the data collected and for their incorporation into the
text of this Annex, the Committee decided to present
them as an Appendix.

7. Clinical data relate to the use of radiation
delivered to the whole body to suppress the immune
system prior to organ transplantation, to control
multiple or systemic metastases from solid tumours,
and to treat leukaemia. Although the radiation doses
are known accurately for these patients, their responses
to these treatments may be confounded to an uncertain
extent by debility and disease, by the prior or
concomitant use, in many cases, of cytotoxic or
immunosuppressive drugs and by different degrees of
medical treatment after irradiation.

8. Most of the doses quoted in the literature reviewed
in this Annex were given in rad, or in terms of
exposure, roentgen (R). As in the UNSCEAR 1982
Report [U4], 100 R of exposure will be taken to be
equivalent to 1 Gy absorbed dose in the case of small
animals. For larger animals, the doses at depth for
equivalent surface doses become progressively less,
and this depends on the radiation quality, Doses in
the literature are quoted either as surface doses or,
more commonly, as midline tissue doses. Conversions
will be made where necessary to allow these doses to
be expressed in terms of dose in the target tissue under
consideration.

9. This Annex is intended to be a scientific compen-
dium on the early effects of radiation in man. It is not
meant to be a manual on the care and treatment of
irradiated persons, although the information it contains
is relevant to evaluating the radiological health con-
sequences of accidents or acts of warfare and the
effects of radiotherapy.

I. PATHOGENESIS AND DOSE-RESPONSE
RELATIONSHIPS

A. CELLULAR EFFECTS

10. The cellular effects that are important in the
response of tissues to irradiation have been described
and discussed previously by the Committee [U4]. The
severest injuries from radiation in most early-responding
tissues are caused by a loss of cells. This results either
from death of cells in interphase, as in the case of
lymphocytes or, more commonly, from killing of
progenitor cells at mitosis, which leads to a lack of
replacement of mature cells lost through natural
senescence and death. Most mature cells are radio-
resistant because they divide only occasionally or not
at all. In “flexible™ type cell populations in tissues
such as the liver, the low rate of division of the mature
functional cells can be increased, e.g., by partial
hepatectomy, and in this case the cells may appear
radiosensitive. In the renewing ‘‘hierarchical” type
tissues [P25] which are specifically discussed in this
Annex, such as the bone marrow, gastrointestinal
mucosa, epidermis and testis, the maturing and mature

cells are resistant because they have, respectively, little
or no mitotic potential. In contrast, their progenitor
cells have the potential for many divisions and may
die from mitotic death. The probability of mitotic
death of a cell is a function of the dose and of the
number of divisions a cell has undergone since
irradiation. After doses up to 6 Gy, irradiated cells
have a high probability of completing one division
successfully, but a much lower probability of com-
pleting six divisions [H41]. Cells that successfully
complete six divisions or more can form colonies of
more than 50 cells and generally are capable of many
more divisions if the cells remain undifferentiated.
These colony-forming cells are vitally important for
the repopulation of many early-responding tissues (see
below).

11. The dose-response curve for the survival of these
cells in some tissues (skin, intestine) shows a relatively
low sensitivity to doses up to 1 or 2 Gy, followed by
an increasing sensitivity at higher doses. The sensitivity
to high doses can be approximated to an exponential
curve, which is expected due to the stochastic nature
of radiation action [18, T24, U4]. This is characterized
by the parameter D,, which is the dose required to
reduce survival by a factor 1/e on the exponential
portion of the survival curve. Other associated para-
meters are the size of the “shoulder™ region, which is
characterized by the intercept of the exponental
survival curve on the linear dose axis, Dq, or on the
logarithmic survival axis, n, of a semi-logarithmic
plot. These are related by Dq=D; In n. Survival
parameters measured for various human clonogenic
cells assaved in primary culture are given in Table 1.
Cells that die by interphase death are often very
radiosensitive, e.g., lymphocytes [W26], and this
increases the overall range of sensitivities. Alternatively,
the shape can be described by a continuously bending
curve when log survival, 5, is plotted against dose, D,

where S = exp — (aD + D)

In this case a is the parameter describing the initial
sensitivity, and the sensitivity increases at higher doses
depending on the value of § and the dose. This
formulation is generally considered to represent better
the response of cells to fractionated exposures than
formulations based on D, [T24].

12.  The response of cells in vitro to single doses of
radiation, in terms of their colony-forming ability, can
be modified by a delay after radiation and before the
cells are induced to proliferate. This time interval
aliows repair of potentially lethal injury to oceur, such
that more cells retain their colony-forming ability.
This type of repair is likely to be important in the
recovery of tissues after irradiation. The amount of
repair in the tissues under consideration in this Annex
will be smaller than in late-responding tissues, where
the rates of cell division are lower and remain low for
long periods of time after irradiation so that more
repair can occur. In the normal tissues of rodents,
where repair of potentially lethal damage has been
investigated in vivo, the effect generally does not
change the D, value but it increases all levels of
survival on the exponential portion of the curve by
factors of about 5 for mammary epithelium [G6], and
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about 3 for thyroid epithelium [M24] and hepatocyies
[J5]. Other data for hepatocytes show an increase in
D, [Fll]. In bone marrow the opposite effect is
observed; namely, a decrease in survival by a factor of 2,
which could be due to radiation-induced differentiation
[H11], specific for this cell type. The increase in
survival observed for most tissues and attributable to
repair of potentially lethal damage shows a peak in
survival level by about 4 hours which remains
unchanged at 24 hours. Studies using assays in vitro
have revealed a time-related increase in D, for mouse
lung cells and kidney cells [U4]. With the latter, the
effect observed at 8 hours disappeared by 24 hours.
The effects of protracted doses are discussed in
chapter III.

13. The earhiest effects on irradiated cells are not
mediated through mitotic death but are connected
usually with membrane integrity. Examples of such
early phenomena are the effect on cells comprising the
autonomi¢ nervous system that leads to the symptoms
and signs of the prodromal syndrome, the interphase
cell death characteristic of certain lymphocytes [YS5]
and salivary gland cells [S32] and blood vessel injury
associated with acute erythema [P28]. When cells are
not killed after low doses, membrane injury is
generally recoverable. After high doses, these acute
effects are often prognostic for later more serious
injuries which develop as a consequence of subsequent
cell death in other cell populations.

B. TISSUE EFFECTS

t4. The majority of the tissues that respond early
after irradiation are hierarchical in structure [P25]. In
these, mature cells are replenished from proliferative
cells by division, differentation and maturation. The
proliferative cells commutted to differenuation are
produced by very few ancestral stem cells, which are
capable of self-renewal and of differentiation (Figure I).
Under normal steady-state conditions, therate of loss of
mature cells is equal to the rate of their production.

Committed proliferative cells

—

Stem cells

15 Clinical signs of injury will occur when the loss
of mature cells has reached a cntical level in any
particular tissue. The loss may be induced directly in
the mature cell population, as 1 the case of lympho-
penia. Alternatively, it may occur gradually at a rate
governed by the natural lifetime of the mature cells
when their numbers are not replenished because their
precursors are sterilized, as in intestinal mucosa [M16,
P25). In the intestine, the rate of loss may be
exacerbated by other factors, such as bacterial infec-
tion, which can modify the normal rate of turnover of
the cells [MS5]. Also, there may be a variable lag
period between the nme the critical level 1s reached
and the time of failure of the tissue or death: an
example is death due to bacteraemia and electrolyte
losses which follow cetlular depletion in the intesunal
mucosa.

16. Effects that are characterized by a threshold dose
and by a severity that increases with increasing dose
are called non-stochastic effects [I9, Ud]., Threshold
doses for relatively minor effects are generally smaller
than those for severe tissue injury. The ume for the
maximum effect 15 also usually dependent on the dose,
occurning eariier after higher doses. When doses are
relatively low and not all stem celis are killed, tissue
injury is followed by recovery mediated through
repopulation and differentiation of the precursor cells,
The stem cells reproduce themseives and they also
differentiate into precursor cells which divide and
amphify the number of repopulating cells. Afier
several or many divisions, these *‘transit’ cells mature
into the functional cells in the tissue. The time course

"of repopulation of the mature cells depends therefore

on the rate of differentiation of the stem cells, the
number of amplifying cell divisions and the cell cycle
times [B16, M16, P25].

17. After doses higher than about 10 Gy, where
virtually all cells 1n hierarchical tissues are sterilized,
the time required for ablation of the mature and
functional cell population is independent of dose, and
in many cases it approximates the normal transit ume

Q
[aa B~ T ==l B

W -om o

Figure |. Diagrammatic representation of cell population hierarchy where

mature cells are produced from prollferative cells. The ancestors of the

lineage are the stem celis which renew themseives (left arrow) and which
also ditferentiatie into various maturing celi lineages {right arrow).
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from one ot the lesser ditterentiated precursor cells to
maturity [M16, PR]. For the few non-hierarchical
tissues that respond relatively early after irradiation,
such as the lung, the latency interval from irradiation
to failure may indeed be dependent on dose after
fairty high doses before a plateau 1n latency is reached
[M16].

18. After intermediate doses, where most cells in
hierarchical tissues are sterilized, the small number of
surviving cells in a given tissue type will vary
markedly from one animal to another, for the same
dose, this results from the stochastic nature of
rachation m killing cells, which follows a Poisson
distribution It may be expected that in some cases the
number of surviving cells necessary for regeneration of
the tissue will have fallen below a critical number, and
it may aiso be expected that the incidence of such
cases 15 dose-dependent [H12, T24]. This allows the
construction of dose-incidence curves for particular
levels of effect in tissues, e.g., tissue or organ failure,
or death of animals, as shown 1n Figure II.

19. The incidence of a given level of injury is usually
related in a sigmoid fashion to the dose. Many
empirical distributions have been tested for their
goodness-of-fit to a large number of dose-incidence
curves for marrow failure 1n various species, and
overall the logistic and probit models were the best

100 4 (a) Linear

80 A

60 1

40

0 T T T T T T T T

PERCENTAGE OF SURVIVING ANIMALS

99 {b) Probability
90
70 4
50
30 4
10 1
1
T T T T T 1 ¥ T
D0SE (1inear)
Figure |l. Diagrammatic representation of a typical dose-

survival curve for irradiated animals, using a linear ordinate or a

probabllity ordinate. The LD, is the dose for 50% Incidence,

and the slope Is characterized by the standard deviation () of
the distribution.

representations of the data [M48]. The probit model is
based on the normal (Gaussian) distribution {U4, 18].
The 50% incidence leve! may be estimated most
accurately. The slope of the curve, characterized by
the standard deviation of the distribution {(commonly
called the probit width), is a measure of the variation
in response among individuals in the population at
risk. The dose for 50% incidence of lethality (LDy,) or
other effects (ED,,) and the probit width (¢) are the
two parameters commonly used to describe the shape
of the curve (Figure II; see also other examples 1n
Figures XXI and XXII).

20. Three main sources of variation may contribute to
the probit width [H12]. First, there is the Poisson distri-
bution of lethal events among the critical cells at risk
‘The probit width generally is not tess than the D, value
for the target cells (which may be in sensitive or resistant
phases at the time of irradiation), and in those systems
that the Poisson distribution adequately describes event
frequencies, the probit width 1s empirically about 1.2 D,
[L3]. Second, there is the vanation in sensitivity,
1/Dy, between cells in different individuals. Third,
there is the vanation in dose delivered to different
individuals. This tast source of variation may relate to
the distance from the source or, 1n some situations,
variations in the shielding of parts of the body In
cases where the first source of variation predominates,
a Poisson model can be used to construct a dose-
mortality relationship, and this 1s not markedls
different in shape from a Gaussian curve over the
range of mortalities measured from about 5% to 95%
[L3]. Conversely, a lower limit to the sensitivity of the
target cells can be deduced from a mathematical
transformation of the mortality probabulities versus
dose [G3]

C. THE RADIATION SYNDROMES

21. The lethal effects of radiation in animals reflect
failure of particular organs. These fail after different
periods of time, related to the underlying cell kinetics
(see section I.B). There is a latency period before the
development of injury, and foliowing the expression of
injury there may be a recovery phase, depending on the
dose. The temporal sequence of events is characterized
by a combination of symptoms and signs (a syndrome).
Rad:ation syndromes in man have been discussed in a
number of publications [e.g., Al6, B31, C36, C4l,
G26, L22, T23, Ul, U4, U9, W13, Y7].

22. Different organs fail over different ranges of
dose. The response of an organ 1s due primarily to the
dose it receives, but this can be modified by effects in
other irradiated organs: for example, granulocytopenia
allows the development of bacterial invasion following
epithel:al loss in the irradiated gut. These additional
features will change the incidence of mortality as a
function of increasing dose by an amount that
depends on the target tissue at risk and the particular
confounding effects applicable.

23, In studies using groups of animals belonging to
different mammalian species, the pattern of mortality
versus acute dose can be delineated into a series of
typical syndromes; namely, the bone marrow syndrome,
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Figure lil. Survival time of several mammallan species after various
whole-body doses (doses are quoted as approximate maximum tissue
doses).

[(B16, T24)

the gastrointesunal syndrome and the neurological (or
neurovascular) svndrome Representative data for
animais are shown in Figure III. Doses (Gy) are
quoted as approximate maximum tissue doses. With
mice and monkeys, doses in the target tissues, i.e.,
marrow, intestine and CNS, probably are within 105
of these doses. Wuh swine and goats, doses in the
marrow and intestine may be less than the quoted
doses by shightly more than 10%, for swine, this figure
may be about 20% for bone marrow and could be up
to 30-40% for the intestine 1f the dose 1n the nuddle of
the abdomen 1s the most relevant dose. The percentage
for goats is uncertain, as the irradiation was unilateral
using mixed gamma rays and neutrons. Man is
expected to conform to a similar pattern of response
versus dose (dotted curve, Figure III). Figure III
shows that in the interval of dose from roughly 2 to
10 Gy, where the bone marrow syndrome occurs,
survival time decreases with increasing dose; survival
time remains relatively constant between roughly 10 to
50 Gy, where the intestinal syndrome prevails; at still
higher doses, the neurological syndrome becomes
predominant and over this interval survival time again
becomes very dependent on dose. It should, however,
be emphasized that the syndromes are idealized
clinical pictures, which are difficult to distinguish in
practice, particularly when the inhomogeneities in
dose are very pronounced and when imjury from other
causes is present [B57, W28, W29].

1. The prodromal phase

24. The prodromal phase comprises the symptoms
and signs appearing in the first 48 hours post-irradiation
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[C36, G2]. After supralethal doses of several tens of Gy,
allindividuals begin to show all symptoms characteristic
of this phase within five to 15 minutes. The reaction is
mediated through the response of the autonomic
nervous system and is expressed as gastrointestinal
and neuromuscular symptoms. The former symptoms
are anorexia, nausea, vomiting, diarrhoea, intestinal
cramps, salivation and dehydration. The neuromuscular
symptoms are fatigue, apathy, listlessness, sweating,
fever, headache and hypotension, followed by hypo-
tensive shock. The reaction after high doses 1s
maximal within 30 munutes, then diminishing until 1t
merges closely with the neurological syndrome or, later,
with the gastrointestinal syndrome. Leukaemic patients
given 10 Gy 1o the whole body at 0.05 Gy per minute
in many cases had a fever, occasionally associated
with chills at the end of irradiation, but they were
usually afebrile by 24 hours [D17]. After lower doses,
the symptoms are detayed, fewer and less severe,
comprising mainly anorexia, nausea, vomiting and
fatigue. Yomiting 1s infrequent after doses below 1 Gy
fB32, D9, L8]. The responses can be produced by
separate irradiation of the head, thorax or abdomen,
the last being the most sensitive region [G2]. Also, the
region below the umbilicus is less responsive than the
region above it, as shown by prodromal responses in
cancer patients receiving half-body irradiation at
3-10 Gy [F18]. In monkeys, vomiting 1s suppressed
during incapacitation after high doses [M29].

25. Mechamisms of radiation-induced nausea and
vomiting have been discussed [H34, Y3]. The neural
control mechanism for emesis is located in two
distinct regions of the meduila oblongata: the area
postrema containing the chemoreceptor trigger zone



(CTZ) and the vomiting centre [B34]. The latter is the
final pathway for emesis, whether the signal originates
from the gastrointestinal tract or the CTZ. Ablation
of the CTZ eliminates prodromal vomiting in the dog,
monkey and man Small peptides are implicated as
mediators of emesis [C23]. Inflammatory processes
could be involved in post-irradiation vomiting, as
suggested by the success of anti-inflammatory agents
in controlling emesis in animals [H30] and in patients
receiving large-field or whole-body irradiation for
radiotherapy [B32, §17].

26. Attempts have been made to define dose-response
relationships for the various signs and symptoms of
the prodromal phase. This has been done for casualties
of the atomic bombs {05]. nuclear accident victims
and cancer patients receiving therapeutic whole-body
irradiation [M18, L10]. The most comprehensive
studies with cancer patients involved 504 individuals
irradiated at vanous hospitals in the United States and
Canada [L8] The observations were corrected for the
natural incrdence of between B¢ and 19% of non-
radiologically induced symptoms. ED,, values (effec-
tive dose for a given response 1n 50% of the irradiated
individuals) for vanous prodromal symptoms occurnng
within 48 hours are given in Table 2. Higher doses
were required to elicit responses within 12 hours
rather than within 48 hours, and after lethal doses the
onset of vomiung in 100 patients was calculated to be
greatest about two hours after irrachation [L4]. After
very low doses, the peak mncdence of nausea and/or
vormiung. if these symptoms occurred, was calculated

to be approximately 6 hours after exposure [G2]. An
approximate relationship between the time of onset of
prodromal symptoms and dose is shown in Figure IV.
A companson of ED,, values for patients not showing
signs of illness before irradiation and ED,, values for
all patients showed that the values for the former were
only slightly greater than for the latter, suggesting that
illness did not markedly predispose to greater respon-
siveness to prodromal symptoms. This was also
indicated by the similarity in the dose-incidence
relationstup for vomiting, when the chinical data were
compared with those for 45 healthy individuals who
were separated into four average dose groups (label 2
in Figure V) [L4, U5]. The start of the prodromal
reaction in people suffering from the bone marrow
syndrome coincides satisfactorily with the data in
Figure IV.

27. In relatively healthy Ewing’s sarcoma patients
treated with whole-body irradiation [M34, R6], pro-
dromal symptoms were observed in all those receiving
3 Gy, but not in those receiving 0 5-2.2 Gy. With
whole-body 1rradiation of leukaemic patients using
10 Gy to the midline delivered at 0.05 Gy per minute,
nausea and vomitng began after 3-4 Gy had been
given [T19, T20]. These patients were treated with
high-dose cyclophosphamide during the week preced-
ing 1rradiation, and they received sedation with
barbiturates and chloropromazine before irradiation.
Vomiting after 3 Gy had been accumulated was also
seen in another series of leukaemic patients given
whole-body irradiation [B32]. Vomuting did not occur
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Figure IV. Relationship between time of onset of prodromal symptoms and dose in man. Dose rates ranged from very high
{(accident cases) down to 0.3 Gy per minute (radiotherapy patients). Approximate midline doses are quoted.
(Modified from [B33).)
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RISK OF PRODROMAL VOMITING
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Figure V. Dose-effect reiationship for prodromal vomiing
within two days in man.
[us)
2 — accident cases [L4]; 6 — accldent cases [T5]; 7 — therapy
patients [T17); 8 — Rongelap natives exposed to fallout
radiation [L4); 9 — midway between the normal arithmetical
and log-normal values in the analysis given by Langham [L4];
10 — Toronto-therapy cases (11/14) with Gravol pretreatment;
11 — doses calculated for a risk of 0.5 of, respectively.
anorexia, nausea, iatigue and vomiting (same as symbol 7) and
diarrhoea (from lett to right In figure) In 163 therapy cases [L9).
Doses are original estimates in the cases of accidents.

earlier than 30 minutes after doses from 2.7 to 7 0 Gy.
The effects were independent of dose rtate above
0.06 Gy per minute

28, Quite marked variations in responses are apparent
between various small senes of leukaemic patients
irradiated similarly, this could be due to differences 1n
the severity of their illnesses and in medications
supplied. For example, only two out of eight patients
with haematological malignancies vomited during
irradiation with 10 Gy given at 0.05 Gy per minute
One of the two vomited after 5 Gy had been delivered
and the other after 7 Gy had been delivered [C35].
Four out of seven ill cancer patients given about 1 Gy
at 006 Gy per minute vomted, between 1 and
4.5 hours after irradiation, as did three out of four at
1.5-2.5 hours after about 1.3 Gy {L34]. Twenty-two
out of 30 patients with various advanced cancers given
1.3 Gy at 0.02-0.05 Gy per minute experienced nausea
but did not vomit [M18].

2. The neurological (neurovascular) syndrome

29. Doses higher than about 100 Gy to most
mammalian species result in death from cerebro-
vascular injury within two days. Survival times are
shorter for higher doses, and after 1,000 Gy most
species survive only a few hours or less [B16]. The
effects of radiation on the central nervous system
(CNS) were reviewed in the UNSCEAR 1969 Report
[U2]). The CNS syndrome is characterized by severe
symptoms and signs of the prodromal syndrome,
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followed by transient periods ot depressed or enhanced
motor activity leading to total incapacitation and
death.

30. Histological studies on the brains of rhesus
monkeys receiving 100 Gy showed perivascular infil-
tration, haemorrhages and oedema, reaching a peak at
B hours after irradiation [V6]; pycnosis of neurons was
maximal at 24 hours, suggesting that vascular changes
might be the initiating lesion in the brain.

31. A study of the brains of 49 casualties who died at
various times greater than 6 days after the Hiroshima
and Nagasaki bombings revealed pathological changes
characteristic of perturbations 1n vascular permeability
[S7]. In 10 patients surviving accidental gamma- and
neutron-irradiation (average whole-body dose, 5-6 Gy;
average head dose, 8-10 Gy), cerebral lesions (disturb-
ances in the bramn circulation of the blood and
cerebrospinal fluid} were found soon after irradiation
[K8]. In monkeys, irradiation of the head alone
produces the CNS syndrome [C5). One man receiving
inhomogeneous whole-body irradiation, with a dose
to the front of the head of about 100 Gy of mixed
gamma and neutron radiation, died after 35 hours,
The main neurcpathological finding in the bramn
(mean dose of about 25 Gy) was severe oedema. The
heart (dose of about 120 Gy) showed interstitial
myocarditis, which was considered the primary cause
of death in this particular case [S6]. The findings
among the victims at Chernobyl, in connection with
the neurological syndrome, are described in the
Appendix,

32 High doses can result in severe cardiovascular
dysfuncuon [H46]. For example, 1n two persons
invelved in criticality accidents, the inability to maintain
systemic arterial blood pressure was considered the
primary cause of death [S6, F17] Also, in a study of
cancer patients given half-body 1rradiation, two deaths
were attnibuted to myocardial infarction after an acute
hypertension episode during the first few hours post-
irradiation [S17].

33. Changes in sensory perceptions are also pro-
duced by high radiation doses. Reduction of tactile
sensitivity and skin sensitivity has been reported in
cases of accidental irradiation in the lethal range of
doses [K8, S24].

3. The gastrointestinal syndrome

34. Animals receiving doses of between about 10 and
50 Gy die with signs of the gastrointestinal syndrome.
The mean time to death after doses of about 50 Gy in
various large species of animal varies between 3.5 and
9 days [B16]. The symptoms in man foilow those of
the prodromal phase, and include anorexia, increased
lethargy, diarrhoea, infection, and loss of fluids and
electrolytes. Other signs include weight loss, diminishing
food and water intake, gastric retention and decreased
intestinal absorption [B16, B56, G31}. The leucocyte
count falls dramaticaily, and there may be haemorrhages
and bacteraemia, which aggravate the imury and
contribute to death after high doses and also after



lower doses where the gastrointestinal and bone
marrow syndromes overlap.

35. The intestinal signs that follow the prodromal
phase appear as a consequence of cell depletion of the
intestinal lining, as described in detail in the UNSCEAR
1982 Report [U4]). The depletion is due to loss of
reproductive capacity of the clonogenic cells in the
crypts, so that the normal continuous flow of new
cells on to the viili ceases. The hierarchy of cell
populations in the intestinal mucosa is shown dia-
grammatically in Figure VI. The amount of cell
sterilization is dependent on dose.

36. Histological specimens from individuals who
died with signs of severe intestinal damage after
irradiation from the atomic bombs in Japan revealed
atypical epithelial cells, an oedematous and atrophic
mucosa and petechiae, as well as ulcerative lesions
after the seventh day [O5]. Similar histological findings
were observed in monkeys dying 6-8 days after whole-
body gamma-irradiation [W7]. In these monkeys the
most prominent findings at necropsy were gastric and
colonic uvlcers, together with severe mucosal atrophy.
The incidence of colonic ulceration was independent
of dose over the range tested, 15-75 Gy, but the
incidence of gastric ulceration increased with increas-
ing dose. Gastric ulceration developed after the fourth
day, predominantly in regions of the stomach richest
in parietal cells.

37. The time course of events is almost independent
of dose between 10 and 50 Gy but is very dependent
on the species. The time course is correlated with the
rate of loss of the intestinal cells covering the villi. For
example, the development of the gastrointestinal
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syndrome is longer in germ-free than in conventionally
housed mice, in which the villus transit time is shorter
[M3, T26]. In man, the cell transit time on the villus is
3-4 days, as shown in Table 3, which summarizes
kinetic data for the intestine. The time of death is also
influenced by other concomitant factors, such as
infection, haemorrhage and fluid loss. The dose range
resulting in the gastrointestinal syndrome in man is
unknown, but it is probably similar to that observed
for large animals (see Figure III). Gastrointestinal
signs were noted after whole-body irradiation of
leukaemic patients prior to marrow transplantation,
when the dose delivered at about 0.05 Gy per minute
was increased to 12 Gy [D17].

38. The time to death can be deduced from the time
course of the frequency of deaths following the atormic
bombs in Japan. For a total of 757 documented
deaths in Hiroshima and Nagasaki [0O4], the time
course of deaths showed two clear peaks in frequency,
one between days 6 and 9 and the other between days
20 and 30 (Table 4). The first peak is attributed to the
intestinal syndrome and the second to the bone
marrow syndrome. One group of people dying at
times around the first peak comprised 21 documented
individuals who were in the Bankers Club in Hiroshima
at the time of the explosion [05]. Eight of them
suffered radiation injury only and died at various
times between 6 and 17 days after irradiation. On the
fifth day after exposure, the leucocyte counts were
below 500 per ul in five of the seven cases in the
Bankers Club who died in the first week. The degree
of anaemia was very variable. The sample in Tabie 4 is
a very small proportion of the people that died after
the bombing, and therefore selection procedures may
have influenced the apparent distribution of deaths.

Figure VI. Dlagrammatic representation of cell production in
intestinal crypts, with new celis migrating on 1o the tunctional
units, the villl.

{Adapted from [P29].)
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