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SUMMARY 2 #

The occurrence of lenticular opacities among B - B BRI (250 T 1963 — 645 (2 e i
atomic bomb survivors in Hiroshima and Nagasaki ENAARERBOREE 7 <iift (ST 0 F—

detected in 1963-64 has been examined in B ik i S o
reference to their gamma (low linear energy ft5, ¥%b5IE LET) RUWPEF #ht (4 LET)

transfer, i.e., low LET) and neutron (high LET) EOMEEREL 2. CO®RSIZED S ARaFRE
dose. A lenticular opacity in this context implies Lok, BRHIBSEATE ML MIPEAT R T OMERD & 412 itk
viible on  opnihalmosoepte  mmd dit lamp  ETREELL, SIREORARELE Lo
i

e : S : g 70k 5. ERESERS | L AR
biomicroscopic examination which may or may B “?‘ ¥ h,'; b A 20 "m&”f"fwl_ +58
not interfere measurably with visual acuity. BAWRIL 2k, #5208 REETLOEA~D
Several different dose-response models have been WEELEWA:, bAFFLTEMBEATEET S &
fitted to the data after the effects of age at the Fal, BADEFLCRBELANEEES 5.
time of the bomb were examined. Some postulate
the existence of a threshold, others do not. All -
models assume a “background” exists, that is, TALOLAaGT. Tabb, KnFEETREO
that some number of posterior lenticular opacities Pz ERLSOFERC LTRSS
are ascribable to events other than radiation LOLBALELLNG, ZILEMITEETLOD
exposure. Amoqg these alternatives we can 56, MIEABIEL BV ERELTWS —2 M4
exclude a simple linear gamma-neutron relation- i . . } !
ship which assumes no threshold because of a BRI v - PETFHRMGEE T 0GR A

TANTOEFNMIIOWT [N 259 FIETESE

poor fit of the data to this model. £l hLEBIRATE 5.
Other models which envisage quadratic terms in HriidT 5 2RkRBETLTCRBAIGE
gamma and which may or may not assume a FTALLELRLTEELAVWE LAL 28 &1L

threshold are compatible with the data. The best

o I EET S, REOBEELFTEF V(R0 X? #
fit (in the sense of the smallest x2 statistic or WET . HADH L i FJ Ll

in the continued interest of accurately defining the late effects of the atomic bombs, the qualirative and
quantitative characteristics of the A-bomb radiation exposure doses are periodically refined. If warranted hy
future dose assessments, the data reported here will be reanalyzed and subsequently reported.
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largest tail probability) is with a linear gamma-
linear neutron model with two thresholds. From
the latter, the relative biological effectiveness
(RBE) of neutrons, that is, the ratio of the
gamma and neutron doses necessary to elicit
the same stipulated biological effect, was
estimated to range between 1.0 + 59.1/D,, for

Dy,>0 and 7.6 + 247.9/(Dy—57.2) for (D,—57.2)
>0, the 95% confidence limits of an RBE of
2.8 + 147.3/(D,—21.5) for (D;,—21.5)>0 where
Dy, denotes the neutron dose. This gives rise to
an RBE of 8.0 at 50rad of neutrons, 4.7 at 100,
and 3.6 at 200. The impact of the recent
reassessment of exposure in Hiroshima and
Nagasaki on these findings has been examined
and appears small.

INTRODUCTION

Radiation cataract was the first late effect
recognized unequivocally in individuals exposed
to A-bomb radiation in Hiroshima and Nagasaki.
Since the original description of such cataracts
by Cogan et al' in 1949, many ophthalmic
reports’ ™' of a clinical, histopathological, or
statistical nature on the A-bomb survivors have
appeared. It is apparent from these studies as
well as others that a radiation-induced cataract is,
in its early stages, at least, a highly characteristic
lesion. It is generally defined as a central,
posterior subcapsular opacity, easily visible with
a slit lamp biomicroscope or an ophthalmoscope.
Unfortunately, the word ““cataract’” connotes to
many a defect which impairs vision although it
is also commonly used to describe any detectable
change in translucency in the lens. To avoid
confusion we shall adopt the International
Commission on Radiological Protection (ICRP)
convention'? and use synonymously the phrases
“lenticular opacities”, “‘opacity of the lens” or
“lens opacification” since our data are not
restricted to those radiation-induced changes
which impair vision measurably.

Miller et al” reviewed the major ophthalmologic
surveys conducted at ABCC in 1949-62 and
undertook a large investigation in 1963-64% to
evaluate the late effects of ionizing radiation on
the lens of the eye. The appendix of their report
lists persons with posterior opacification of one
or both lenses detected with an ophthalmoscope
and also examined with a slit lamp biomicro-
scope. The principal objectives of the present
study are to determine the relationship of gamma
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rays and neutrons to the occurrence of posterior
lenticular opacities among A-bomb survivors
revealed by their data and to esiimate the RBE
of neutrons.

MATERIALS AND METHODS

Reproduced in Appendix | is the list of patients
of Miller et al® to which has been added their
gamma and neutron kerma dose, epilation
status, the degree of opacification of the lens as
revealed by the ophthalmoscope and slit lamp,
and their visual acuity. The tentative dose
estimates developed in 1957 and used by Miller
et al were revised in 1965 the latter estimates
are generally lower than the former. The tentative
1965 dose estimates revised (T65DR) on the
basis of the recently relocated epicenter in
Nagasaki'® are used here. It must be borne in
mind, however, that some uncertainty continues
to surround both the guantity and quality of
radiation released by these two nuclear devices,
particularly, the Hiroshima bomb. Only one
weapon of the latter type hasever been detonated
and thus its yield has had to be reconstructed.
Different reconstructions have led to different
estimates of the prompt gamma and neutron
exposure. A recent such reassessment suggests
that the gamma estimates used in the T65
calculations may be too low and the neutron too
high, and that total kerma may have been greater
than previously supposed but not as great as that
which formed the basis of the T57. Note that
this would have the effect of diminishing the
slope of the dose-response curve based on total
kerma and would make the results seen in the
two cities more similar if the reassessment is
correct.

Miller’s list gives 84 persons (56 in Hiroshima
and 28 in Nagasaki) with ostensible posterior
opacification of the lens observed with an
ophthalmoscope and then examined with a slit
lamp. All of their medical records have been
reviewed anew. As a result
Hiroshima (MF
and two in
ave been excluded. Either there was no
confirmation which a record still exists
) or the slit lamp revealed a
cortic including anterior subcapsular) or
nuclear opaci but no posterior subcapsular

g
ﬁ). e view a) the sht lamp as more

reliable and accurate than the ophthalmoscope
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TABLE 1 OPHTHALMOLOGY SAMPLE IN 1963-64 STUDY
1 1963—64EDRFIENMEREA
Adult Health Study In utero study
City
Contacted Examined % Contacted Examined %
Hiroshima 2328 1394 59.9 293* 214 73.0
Nagasaki 1426 731 513 171 95 55.6
Total 3754 2125 56.6 464 309 66.6

(Tab#2833.2)

Contacted indicates individuals contacted and invited to participate in the ophthalmology study.
Contacted (Fil&5 % » VIR EMOWE~OBMEEW L 2H 45T,

Examined in the AHS column indicates only those individuals with lens opacification observed
and confirmed by slit lamp (32 less than reported by Miller et al®),

BAGEREF MO Examined ARG HERBEERT Lo THUELEDEL AN HOEEFTT (Miller 5 *

ARE L LD ENRE D),
# The birth date of one person (MF

) was corrected from 20 February 1946 to 20

February 1945 in December 1969 and this case was excluded from the in utero sample.

19694 12 4 12,
g 3 VGO0 3 5 D

in the localization of a lenticular lesion and
b) evidence of a posterior subcapsular defect as
the sine qua non of a radiation-induced lesion.
Interestingly, three of the five cases to which we
have just alluded exhibited only nuclear opacities
which were interpreted in two instances as
congenital by the ophthalmologist, and a fourth
case, exhibiting only an anterior subcapsular
defect, was not in the city at the time of the
bomb (ATB). Finally, one case not
included in Appendix 1) exposed in utero in
Nagasaki has also been excluded. Thus our
analysis rests on 76 of the 84 cases reported by
Miller et al.®

Of 464 children exposed in utero invited to
participate in the ophthalmology study, 309
(67%) were examined (Table 1), but they have
been excluded from this study for the following
three reasons. First, the mechanism of radiation-
induced damage or sensitivity of epithelial cells
in the lens may differ in the case of individuals
exposed in utero from that seen in A-bomb
survivors who were directly exposed to ionizing
radiation. Second, the estimated absorbed dose
of a fetus exposed in utero varies not only with
distance from the hypocenter, but also the
orientation of the mother to the bomb, and the
stage of pregnancy at the time of exposure.
Generally, these latter two factors are poorly
known. Third, only one of 309 cases examined
was observed with any degree of lens opacification.

HEREO MF-J OEERHFI46FE 2 A 20046 104582 A20H U T =h, KK
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TABLE 2 NUMBER OF SUBJECTS CONTACTED FOR OPHTHALMOLOGIC
EXAMINATION AND NUMBER EXAMINED BY DOSE

#2 MBRENBEEOZZAEHELANLELCTHES, BB
T65 Dose Hiroshima Nagasaki
in rad X ’

Contacted Examined o Contacted Examined %
Not-in-city 274 152 555 254 111 43.7
0 266 148 55.6 245 116 47.3
1-99 729 418 57.3 380 209 55.0
100-199 489 319 65.2 182 98 538
200-399 378 232 61.4 251 136 542
400-599 125 83 66.4 2 | 37 52.1
600+ 65 41 63.1 43 24 55.8
Unknown 2 1 50.0 - - =
Total 2328 1394 59.9 1426 731 51.3

As shown in Table 1, the total numberof subjects
invited to participate in the routine Adult Health
Study (AHS) clinical examinations in 1963 and
1964 was 3,754 (2,328 in Hiroshima and 1,426
in Nagasaki) of whom 2,125 were examined for
lenticular opacities. The 2,125 cases used here
are 32 fewer than the 2,157 of the original
report® because the cases are limited to only
those individuals whose medical records clearly
state that their lenses were examined for opacities
with a slit lamp. The ophthalmologic exami-
nations by Miller et al® were made without
knowledge of exposure status to avoid significant
observer bias. They have, however, reported that
“interactions in an active clinic precluded
complete independence of examination findings
and radiation histories.” Of those individuals
(about 40% or more) who refused to participate
in the ophthalmologic study, analysis of
self-administered questionnaires which non-
participants completed suggests they were less
concerned about their vision than those persons
who agreed to participate. The participation rate
in the control group, which consists of the not-
in-city (NIC) and Orad groups (no significant
difference was observed between them in the
occurrence of lenticular opacities), is significantly
less in both cities than in the exposed groups.
However, in Nagasaki there is no difference in
the participation rates among the exposed groups,
and in Hiroshima agreement was noted among all
high dose groups other than the one which
received 1-99rad (Table 2). We believe it unlikely
that this small difference in the participation rate
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EOEMBEEZZ2N:FES st R E 0B
3,754 (TR, 2, 32801, 201, 4260 ) © 5 & 2, 1256
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of the control group will seriously affect
inferences on the radiation effects because the
bias does not change systematically with
increasing dose,

STATISTICAL MODELS

Given that the cellular events involved in
radiation-related cataractogenesis in man are
imperfectly known, all dose-response models are
conjectural to some extent. Their applicability
can be evaluated only by an appeal to experi-
mental findings on infrahuman species, to
models fitted to other radiation-related biological
events, to statistical judgments of “goodness of
fit”, or to apparent “reasonableness”. A Task
Group of the International Commission on
Radiological Protection has, of course, stated
that “‘the dose response for cataract induction by
ionizing radiation, whether of high or low LET,
seems to be highly sigmoid.”'? Recently, albeit
somewhat more timorously, a second Task
Group of Committee 1 of ICRP has reiterated
this position. Both the Commission and the Task
Group assume the production of cataracts to be
a nonstochastic phenomenon, one which can be
totally avoided with appropriate dose limits; that
is to say, both assume a threshold below which
radiation cataracts do not occur. The latter, for
single exposures, is commonly taken to be
around 200 rem.

All models fitted to the data from Hiroshima and
Nagasaki should take cognizance of certain
experimental findings of which two seem
especially pertinent. First, as Pirie and Flanders'®
have noted, “radiation damages only the
peripheral epithelial cells and perhaps the most
newly formed fibers; no damage appears in the
axial area of epithelial cells or the main mass of
lens fibers.” Second, and again we quote, *‘loss
of transparency of the fibers of the lens ...
supervenes only if sufficient periphery has been
damaged.”'®  These observations prompt the
following argument. Suppose there exists a
probability (p) of producing in one germinative
epithelial cell that event (or events) which
ultimately leads to an inability of that cell to
undergo those changes which culminate in a
normal lens fiber. We assume that this probability
is functionally related to some “spontaneous”
occurrence of the requisite event and to the
quantity and quality of the radiation to which
the cell is exposed. One such simple functional
relationship would be
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p=a+p, D, +B,D, (1)

where « is the spontaneous occurrence of the
event, D, and D, are the gamma and neutron
exposures of the cell, respectively, and B, and B,
are regression coefficients. We assume that a,
Dy, and D, are common to all cells in the
germinative epithelium of a given eye; this
assumption appears to us neither restrictive nor
unrealistic. If there are n such epithelial cells at
risk in an individual, at least t of which must be
affected for an opacity to occur, and if the risk
of each cell is independent of every other, the
probability of a lenticular opacity becomes

REL, aBZORROAMIELEEEL, Dy L D, 12
€ OB O H v FR AR O P - b R b A
ML, LOELBAREHETRT. «, D, RU
D, t&— &anmvnufﬂkmmamﬂf\tLi&%“wsat
BEY S, CORERBENTLRRENTL 2
Bbha. Rz, @BA0 LEMasn @s0, >0
REZRITOIDE L L BARE L2, B,
FllgO BB EVCRILTVS TR, &
fn (R O 1,

n
p= I GIPXU=p)F= T () (@+f, Dy+ D, (1—a—p, Dy~ D, )0
L% 5,
Now let Pj; denote the probability that an
individual who has received doses D{Vand D, m . i
& ! il 1 F{ 1 J‘ =z
of gamma and neutron radiations will develop an T A72inlk Dy Rk REETHREL D i h:i
opacity.  Suppose there are Nj; independent fi A iz e g A 5 T SHEHE & P (D",

individuals in class (D(‘) D, () then the likelihood
that a;; of them will be affected is

/5
D, ez N, mﬁ-uu{wﬂm Y ELE S
_n B3 ha; AEBEN LR,

Ly = (’;Iiiji) (P i (1 — Py)Nij — aij

and the likelihood of observing the entire data
set is

N i
TR Ijl(ailjj)(Pij)ah(l

Note that if the ratio, t/n, tends to zero, that is,
if the number of cells which must be affected
is small relative to the total number of cells at
risk, as seems plausible biologically, the likelihood
above becomes a function of just &, B, , and 3, .

A crucial assumption in the above argument is
the independence of the risks of damage to
exposed cells. Experimental evidence suggests
this may not be true, for if a sufficiently large
portion of the germinative epithelium of the
rabbit is shielded (at least 75%) no posterior
lenticular opacity will occur whatever the
dose."®!” This observation has been interpreted
as evidence that **damaged peripheral epithelium
must be able to get nourishment from contiguous
healthy fibers and epithelium.”'® It is possible,
however, that the number of cells at risk is so
reduced, that even if all were damaged and
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behaved independently, their ultimate breakdown
would not impinge recognizably on the trans-
lucency of the lens. This latter alternative does
not, however, seem especially likely. Be this as
it may, as thus far formulated, our argument
envisages no threshold to the occurrence of
radiation damage, but does postulate a threshold
of recognition. A threshold to damage could, of
course, be included through appropriate modifi-
cations in (1) above.

As simple approximations to the argument
which culminates in (2) we have fitted the
following two models:

Piji= 0 + B, Do) + B, DY)

and

My CMELR2HITHL AL LT, KAk EM
FEICRu LG5 R0 ROEAN 4 HIRE TRE
LEvewraEEsras. LALarekEzozo
BRIBFIREZITRES 2 L3101 82 20,
VFhIZLTYE, ChETBRNTEALIL, B20
HEFRC I R AT B ) SR 1T 1 MR L 2 v A, A
MBS 242, MECHTIHMELLXE
EYHICHEThERO o EHFTES.

X IELETORHEREN D OHE LT -
LT, KOZ2OEFLEBEEEH 7

(A)

(i)2

Pjx=ox + B, D.H() + 8, Dﬁf + Ban,‘,k (B)

and variations which arise from the assumption
of a threshold (or thresholds) of damage in the
occurrence of lenticular opacities, namely,

HiZ, KRFEREEROKEO—o oM (X2l
HOME) 2RET 52 oRCAMENLELT
KOLOERMET R, Thbb,

Py = 0k +8, (DSIE —~T,)+B, (Df,j,z —~T5) ©)
and B U
Py =0y + ﬁ,(nét.f —T,)+ B, (DY) - T,)+ﬁa(pf;; =7 D)

where thresholds, Ty and T, may or may not be
alike, and k=1 or 2 (Hiroshima or Nagasaki
respectively). The parameters of these models
were estimated by the method of maximum
likelihood, assuming the observed number in each
cell to be a binomial variate having an expected
value based on the model equation,'®"?

The data used to assess the dose-response
relationships are given by city and six total dose
categories in Table 3. Those individuals whose
estimated dose exceeded 1,000rad were assigned
the same mean gamma and mean neutron dose as
individuals in the 600-999rad group; their dose
estimates are so high as to raise serious questions
of error. It is tempting to exclude these
individuals but the more conservative course is
to limit the upper dose values (i.e., to censor, in
the statistical sense, the distribution). One
individual in Hiroshima without opacities has

ZEL, Mlo T RUT, 38T a6 Lhgw
L, BilLzvwAbLlhzwy, £4, k=121
ThFNLEBEEMAETRYT. ZhoEFLONTF
A—&—1F, HBEICHEITLIBEHEEF LRI
TMFH AR HERTHLLFEELT, KLk
CkoTHELA. WY

RIEICHFZRAFHET 220 AW 3E S 42 HH
BUADOBBBENIZEIIIFL . #HEmis
1,000rad LI @& i1Zo0 72, 600— 999 rad 7
FHEFUTFHY » v HREAUTPEPE RN«
Mwri., FThbbifs oMt e i iz
ERALBEMAZVWEAGZEEY&NILEmV. Cheo®
BHAtTacetELGNEAN, ENMELFHRLLT
g LR A RIAZETHS (0D, Hitm
BWRTOSHOI DN ), BEROZVEGD 1#114,
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TABLE 3 OCCURRENCE OF LENS OPACIFICATION BY CITY AND DOSE
3R ORI AR & RRIB O SR

Mean dose in rad

T65 Dose . Mean s )
in rad Examined age ATB Positive o
Total Gamma  Neutron
Hiroshima
Control 0 .0 0 300 29.5 3 1.0
1-99 494 39.2 10.2 418 30.5 3 7
100-199 142.7 112.2 305 319 30.3 5 1.6
200-399 283.0 214.1 68.9 232 26.0 17 7.3
400-599 473.9 354.8 119.1 83 26.6 9 10.8
600-999 778.3 544.0 234.3 41 26.3 14 34.1
Total - - - 1393 29.1 51 3.7
Nagasaki
Control 0 0 0 227 21.0 2 9
1-99 43.1 42.9 2 209 25.8 5 24
100-199 149.0 147.3 1.7 98 240 1 1.0
200-399 2843 280.6 37 136 258 8 59
400-599 468.3 460.4 79 37 23.1 4 10.8
600-999 817.3 794.7 22.6 24 24.0 5 20.8
Total - - - 731 23.9 25 3.4

The same mean gamma and neutron doses observed in the 600-999 rad group were assigned by
city to those survivors estimated to have received more than 1000rad, for the latter exposures
are 50 high as to raise serious questions of error if the dose is assumed to be whole-body. These
mean doses were obtained from the kerma estimates based on the new epicenter in Nagasaki

(T65DR).

WHrad U bo@metgribftEsn-ERE gL, MARMIZ60~-9rad HTED SN0
FRFARLEYT v BRBC P ETHEREB L, 2 OFHEIE1000 rad b1 o5 8RR 3 ES 26
togfitreaRRTH L EE TR, BREF-TR4GBEMABZIALOHTH . EMTOFERE
fLuwlhriizs— MR RN (TEEDR).

been excluded because the exposure dose cannot
be calculated. Unfortunately the data available
to us cannot be evaluated for the time of onset
of opacities of the lens.

RESULTS

As previously noted, the mean age ATB of each
dose group in the data used to determine the
dose-response is shown in Table 3. Mean age
ATB in Hiroshima is 29.1 years and in Nagasaki
23.9 years. Anincrease with dose is not, however,
observed in either city. In Hiroshima the mean
ages ATB in the three high dose groups (200-
399rad, 400-599rad, and 600-999rad) are all
approximately 26 years and are lower than the
mean ages of the control, 1-99rad, and 100-
199rad groups. In Nagasaki, the mean age ATB
of the control group is slightly lower than for
the exposed groups, but no significant difference
is noted in the relationship between the five
dose groups. From an inspection of these

BRAHHTCEZL LR LA, REas G,
WAEES T 5 P8 T3 08 RO R
AT & .

s 2

1| U Rl o U R <51 e i 3 T B el ] | R
FEMIEITEIC BT AR SRR e R 3 CaT.
[FARBE E O E s LB 29 1 TH 0, KlirhH 23, Oak
ThHo. LAL, BabiofE ) ks & 12588
bR hok. IBRTIE, SO0 KE(200—
399rad, 400—599rad, J0F 600— 999 rad ) (2 450t
BE ML B ER S T b k7268 T, oflERE,
1 —99rad B, RU100—199rad O LR L ¥
LA, BT, & UETE O R MR E BRGSO
BLOLHEHEVY, ToOMBREMOMFHIE
FREREHSO4V., ZhooaROMHRRLS,
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TABLE 4 RESULTS OF REGRESSION ANALYSES DERIVED FROM INDIVIDUAL DATA

4 HADEHL»CEBAEBTIFOESR
Item Estimated coefficient Standard error t-test
Model A: y=a+b;X+byDy +b,D,
Age (X) .26662x 1072 265611073 1.00 NS
Gamma 17145% 1073 30554%107° 5.61 ***
Neutron 80659% 1073 10050%x 1072 8.03 **x
Constant —.11480%x 107!
F-value (3, =) (Hypothesis Hy : R=0) =71.07 ***
Square of the multiple correlation coefficient (R2) ¥ 100 = 9.1%
Model B:y =a+b; X +byD,% +b,D,
Age (X) 25441% 1073 26529% 1072 96 NS
Square of gamma 25001% 1076 42659% 1077 5.86
Neutron .90808% 102 90908x% 104 9,09 ##*
Constant ~.25043% 102
F-value (3, =) (HypothesisHy : R=0) = 72;\10 s
Square of the multiple correlation coefficient {R2) % 100=9.3%
Model C: y =a+b; X +byDy+b,D,, +bsD,>
Age (X) 26333x 1072 26544% 1073 99 NS
Gamma 63090% 10~* 53371x 1074 99 NS
Neutron 85811%1073 .10384x 1072 8.26 ***
Square of gamma 17277x 1078 88537% 107" 1.95 Sugg
Constant —.61728 % 102
F-value (4, «) (Hypothesis Hy : R=0) = 5432 ***

Square of the multiple correlation coefficient (ﬁz) X 100 =9.3%

NS (P>.10), Sugg (P<.10), *** (P<.001)

The dependent variable y was assigned a value of 1 if an opacity was present and 0 otherwise.
Dose estimate for those individuals who had more than 1000rad in total dose is arbitrarily set
as 700 gamma dose and 300 neutron dose in Hiroshima and 972 gamma dose and 28 neutron

dose in Nagasaki.

EREMYEREAHHMEIZ L, FOTHEOMEIZ0E LA, BHBE 1000 rad L1EOE o 8500 HE il
i, BT - oBR700, PETHRRI00, BRETHT - v MERITZ, BHEETRMBLTEIIEDL L.

distributions, age ATB would not appear to
contribute spuriously to an effect of radiation,
but to examine this matter further three simple
regression analyses were made which include
age as well as gamma and neutron dose, among
the independent variates (Table 4). A highly
significant difference was observed for the
regression coefficients associated with gamma
and neutron dose in the linear-linear model
(Model A) and the quadratic-linear model (Model
B), but not, in either instance, for age, which
suggests that age does not have a significant
effect on the occurrence of opacities of the lens.
The age effect in the linear and quadratic-linear
model (Model C) is also not significant.

10

RS R A B O M A L T icH L
TALIERbhAVA, COMBETLHRITTI4H
1o, M ZERTHAH v HER Uit
B IZER L EO A2 =2 OBE 4 B 515 17 - 7~
(#4). &y~ RE U RN T-HE ST 5 [
FEIz2wTIE, BE—\BETL (BTN A) Y
2HR—BHEFN(ETNVB)OMIEBbTHEVERL
ZRALFHEZY, ChowTFhoEFLizEwTE
FEREIABFEREROBRCEELIERLRITILT
Wiy, R 2K-HUEEFL(EFLC)TE
FHOVEIEECRE V.



Several different approaches, reviewed under
“Statistical Models”, have been used to evaluate
the dose-response relationship of lenticular
opacities; ages ATB have been combined because
the number of cases with opacities within any
specific age group is small, and as we have seen,
the effect of age is not strong. The estimated
parameters and goodness of fit for the models
with or without a threshold are shown in Table
5. As is evident from the results given in this
table, a simple linearlinear (L-L) regression
model without a threshold does not fit the data
(x* = 16.32; df=8), but a linear-quadratic-linear
(L-Q-L) model without a threshold does. In the
latter instance, however, regression coefficients
are significant only for the square of gamma rays
and the linear term in neutrons, but not for
the linear term in gamma rays. The RBE is
35.4/o/D, with the 95% confidence limits
ranging from 20.6/~/D, to 60.8//D,. The
inclusion of a single threshold significantly
improves the fit of both of these models,
particularly the L-Q-L model. A single threshold,
however, seems inherently less plausible than
different thresholds for gamma and neutron
exposure, given the evidence that the RBE of
neutrons is probably not one.

Accordingly Table 5 also gives the results of
fitting two models which assume the thresholds
associated with gamma and neutron exposure are
not the same. Note that under these circum-
stances the linear-linear model fits as well as the
linear-quadratic-linear model. Note too that in
the former instance both regression coefficients
are significantly different from zero whereas in
the latter instance only one of the three regression
coefficients is. Finally, though the x? associated
with the fit of the linear-linear model with two
thresholds is the smallest of any model, the
improvement in fit attributable to the additional
parameter which is estimated is not itself
significant. It is 2.46 (df=1). Be this as it may,
at face-value this appears to be the most suitable
model, and the estimate of the threshold
exposure associated with gamma radiation
accords well with the commonly conjectured
value of 200rem which stems largely from
experience with therapeutic X-rays. The
relationship between the observed and expected
occurrence rates for this model is shown in
Figure 1, which also gives the 95% confidence
intervals. The expected occurrence of lenticular
opacities gives quite the same risk as that of
control level up to about 50rad in Hiroshima,
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TABLE 5 REGRESSION COEFFICIENTS FOR SIMPLE MODELS WITH AND WITHOUT A THRESHOLD
F#o OHMEFTLORGFLE, REOFELN

Regression coefficient

Item = = = = = x* value
ay ay f; (Gamma) B, (Neutron) B3 (Gamma?)
Linear-linear model without a threshold
Estimate 44132x 1072 1.09573%x 1072 1.48725%x10~* 5.07163x 10~ 16.32%
Standard Error  .24437X 10~ 57621x10™2  4.88553x 105 2.01898x 10~* (af=8)
Covariance Cov (o, apn) = 1.80650X 1077 Cov(ﬁ, ,By)=—T7.11686X 107°
Linear-linear model with two thresholds
Estimate 83628x 1072 1.52483%x 1072 2.98527% 1074 4%* §22647x 1071+ 3.64N.S.
Standard Error 31273x 1072 5.26850x 10> 8.34425% 10~° 2.51839% 1074 (B6=4)
Covariance Cov (@, a@n) = —3.15929x 107 Cov(f;,B,) = -1.17375x 10®
Threshold Ty (v) = 147.3; 95% lower bound = 59.1; 95% upper bound = 247.9
Tll{eshcid Ta(®)= 21.5; 95% lowerbound =  0; 95% upper bound = 57.2
RBE; = 2.8+ 147.3/(D,~21.5) for (D,—21.5)>0;
95% lower bound = 1.0 + 59.1;‘1‘.‘.&”1 for D,>0 ;
95% upper hound = 7.6 + 247.9/(D,,-57.2) for (D,-57.2)>0
Linear-quadratic and linear model without a threshold
Estimate .58793x 102 1.70774% 1072 _6.18659% 107°N.S. 6.44141% 10™**  5.12060X 10~ 7 ** 8.70N.S.
Standard Error  .31104X 1072 70645 102 8.79173% 10~5 2.22225% 10~ 1.89431x 10~ (ar=7

Covariance

Cov(@y, &) = 2.38258X 107% Cov(By, By) = -1.17109x 10~% Cov(f}, £3) = 7.99174x 10~'2
RBE, = 35.4{\/D_H;' 95% lower bound = 20.6/y/ D,;; 95% upper bound = 60.8/4/D,,

I8-LT UL 49HA
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TABLE 5 (Continued) #:%

Regression coefficient
Item = = x* value

oy N 31 (Gamma) fi\z (Neutron) 33 (Gamma?)

Linear-quadratic and linear model with two thresholds

Estimate 83613x 1072 1.53063x 1072 2.88296X 10™*Sugg, 8.28961x10™%**  2.58470x107°N.S.  3.63N.S.
Standard Error 31284 107 534292107 158497x107%  2.64944x 107" 342633x10 (af=3)
Covariance Cov(ay, ay) = -3.34231X 107" Cov(f;,B2) = —2.28531X10™% Cov(B,.85) = 2.82280x 107!

Threshold '?l () = 147.3: 95% lower bound = 0; 95% upper bound = 256.8
Threshold Ty (v) = 21.5; 95% lower bound = 0; 95% upper bound = 62.5
RBE; = 2.9+ 147.3/(D, - 21.5) for (D, — 21.5) > 0;
95% lower bound = .6 + 0;
95% upper bound = 13.1 +256.8/(D,, — 62.5) for (D, -625)>0

T Fas
The 95% confidence limits of RBE, : exp [logd; — 1.968/V(log?))] Cwl—?ﬁ—l??<exp [logd; +1.96+/V(iogd )]
~ I ]
where RBE; = §;= —— +———— holds only for (D, — T,)>0 under given T, and T,
é\l (Du - Tz)

V) | V@) 2Covs, By

and V(log@l} = = o - Thus we can obtain the following inequality, i.e.,
B 62 86, =
A
TiL T
exp [log, — 1.964/V(10g0,) | + ———— <y, <exp [logd; + 1.968/V(logly) | + ——
(Dp ) TZ L) (DU = TZU)

under (Dv —T 31 )>0 and (D, — T,;)>0, which considers the 95% confidence limits of T; and T,

A~ ~ s
where T 1L and Ty, and Typ and T,yydenote the lower and upper bounds of Ty and T,.

The 95% confidence limits of RBE, :

1 1 o~ ~ 1
exp [ = [logy, — 1.96VV(logu.)] ] <v’< exp %[ log{; + 1.96+/ 0l
r—Du 2 2 V(logys) 2 \/T}: P 2 Vlogi,) | ]

A V() V(B3  2Cov(;,B3)
, Vilogy, ) = At - P and g3 =4/ Y2
B B3 G263 D,

~ ~
where RBEZ: Ya=

> |

because the negative estimate (31) is a negligible effect under Hy: 8; = 0.
RBEj was calculated as the same as RBE, because the estimate (33) has a negligible effect under Hp : 63 = 0.

I8-L1 WL 4444
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but in Nagasaki a flat trend up to about 150rad
is found. The RBE in the linear-linear model
with two thresholds is approximately given by

where the RBE holds only if (D,—T,)>0
under given T, and T, and D, denotes the
neutron dose, T; the threshold for gamma rays
and T, the threshold for neutrons (Appendix 2).
The estimate of RBE is 2.8 + 147.3/(D,, — 21.5)
and the 95% confidence limits range from
1.0 + 59.1/D,, to 7.6 + 247.9/(D, — 57.2) for
(D;, — 57.2) > 0 (Figure 2).

DISCUSSION

Damage to the human lens is a long recognized
sequela of the exposure of the eye to ionizing
radiation,” and cataracts have been obtained
experimentally in several species of laboratory
animals®'™  following X-ray or neutron
exposure and seen clinically in man'** following
X-ray or gamma exposure, Radiation cataracts
have also been observed in cyclotron workers®®
and in A-bomb survivors in Hiroshima and
Nagasaki."»®  Opacification stems directly or
indirectly from injury of cells of the anterior
lens epithelium,” but the relation between
epithelial injury and the occurrence and severity
of degenerative changes of cortical fibers has not
been established.?” The recent BEIR re.pcort28
points out that the available evidence from
animal studies strongly suggests this mechanism
to be the basis of the differentiation of the
affected cells into abnormal lens fibers and
notes the time coincidence between the
appearance of opacification of the lens and the
rate of migration of lens epithelial cells into the
posterior lens cortex. More specifically, it is
believed that the radiation-damaged cells of the
germinative epithelium are unable to differentiate
into normal lens fibers, and that their remnants
are gradually pushed to the posterior pole under
the pressure of the remaining undamaged cells
which continue to differentiate normally. The
opacification itself arises from the denaturation
of the normally transparent proteins in the
damaged cells, as the latter break down.”

With ragard to the clinical description of radiation
cataract, Miller et al” have reported that the
characteristic feature is an initial axial opacity
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which ophthalmoscopically appears as a dot
usually situated at the posterior pole, and that as
this enlarges, small granules and vacuoles appear
around it. With continued enlargement, the
opacity develops a relatively clear center, giving
it a doughnut-shaped appearance. At this stage,
it is 3 to 4mm in diameter. Concurrently,
granular opacities and vacuoles may appear in
the anterior subcapsular region, usually in the
pupillary area, 303!

Merriam and Focht,”® based on the examination
of 173 individuals (100 with radiation cataracts
and 73 without lens opacities), have commented
on the following: 1) the minimum dose to the
lens that will produce a cataract; 2) the incidence
of cataracts at increasing dose levels; 3) the
effect of dose on the time of onset of a cataract;
4) the effect of dose on the incidence of station-
ary or progressive opacities; 5) the relative
effects of single and divided treatments on the
above; and 6) the relative sensitivity of young
and adult lenses. They also note that the interval
from the time of treatment with X-ray or gamma
radiation to the appearance of lens opacities in
humans varies from six months to 35 years, with
an approximate average of 2-3 years. In a group
exposed to doses from 200-650rad, the average
time at which cataracts were first discovered was
eight years and seven months following treat-
ment; whereas with doses of 651-1,150rad, this
time was four years and four months. Thus, the
period between exposure to radiation and the
appearance of cataracts is inversely related to
dose. The experiences of patients who received
X-ray or gamma radiation fractionated over three
weeks to three months indicate that doses
between 550rad and 950rad produce an opacity
in about 70% of cases.*®® Some 30% will be
progressive with eventual impairment of vision.
Merriam and Focht® also found that 550rad
was the minimum dose for producing detectable
lens opacities when the exposure was protracted
over periods varying from three months to eight
years.

In 1966 Focht et al®® pointed out that the
relationship between the incidence of 2+ or 3+
cataracts and the time in weeks after the last day
of therapy (maximum 2,000rad: delivered either
as a single dose or equal fractions in six days)
appears to represent a normal sigmoid curve.
The International Commission on Radiological
Protection'? has suggested that from the small
number of mature cataracts which have been
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TABLE 6 VISUAL ACUITY AS A FUNCTION OF THE DEGREE OF OPACIFICATION OF THE
LENS AS EVALUATED BIOMICROSCOPICALLY
#6 SHRAMBETIHE s ARGEORBEE Bt L ToOWRDE0MF

; ; 20/15 ; Not

Slit lamp finding 20/20 -20/50 -=20/100 —20/200 Poorer | Pinhole tsisted Total
Equivocal 1 1 3 0 0 0 0 5
Minimal, <1mm 12 2 0 6 0 2 1 23
Small, 1.0-2.4 mm 20 13 8 19 0 3 7 70
Moderate, 2.54.9mm 16 7 6 4 3 1 2 39
Large, 5+mm 0 0 3 0 1 1 0 5
No opacity 1 9 4 0 2 2 1 19
Not stated 1 1 0 2 1 0 0 5

Total 51 33 24 31 7 9 11 166

Each eye is scored. Poorer includes count finger and light perception. Acuity measured with corrective

lenses is recorded as not tested.

EEARIEZODVWTHAT T ENL. Peorer LRFEOHOHUEEUXOBNAES 0. BERBETHNOBES TRMEL 2~

WAkt L L TRAL X,

detected among A-bomb survivors, it seems likely
that a highly sigmoid dose response exists for
high LET radiation also. Our analysis supports
this conjecture. In this study, the extent of the
opacification of the lens in either or both eyes
has been classified biomicroscopically as
equivocal, minimal, small, moderate, or large.
In most instances, the degree of opacification
was small or less (about 70%) and only five
opacities were classified as large (Table 6). This
seems natural because most heavily exposed
individuals presumably died before the onset of
cataracts. Dodo!' observes that in the majority
of affected survivors the degree of opacification
is minimal to moderate and unchanging. It
should be noted, indeed emphasized, that bilateral
involvement (67 cases out of 76) is much more
common than unilateral, and the correlation
between the degree of opacification in the left
and right eyes is high (0.81, based upon the
assignment of the values 1, 2, ..., 5 to the
successive degrees of opacification). This
suggests, in turn, a high correlation in the
exposure received by the left and right eyes of
a given individual and militates against an analysis
which treats the two eyes of an individual as
if independent.

As is evident from Appendix 1, the degree of
opacification of the lens does not always appear
consistent with the estimated kerma dose.
Several explanations for this can be advanced.
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First, the kerma dose can be in error. It has been
estimated that the assinged exposures may differ
from the actual ones by as much as 30% in a
given case,™ Second, the opacification induced
by radiation may depend greatly on individual
sensitivity and the angular distribution of the
flash effect upon the lens. Third, the kerma dose
estimate used here is the dose incident on the
surface of the whole-body, but not necessarily
the lens nor more importantly, the equatorial
lens epithelium. Finally, as previously noted,
experimental evidence suggests that shielding of
a major portion, albeit not all of the lens can
protect against cataract formation. Patently, it
is difficult to ascertain in any given case whether
all or only a part of the perminative epithelium
of the lens of an eye of a survivor was exposed,
It should be noted, however, that the experi-
mental evidence is based on a shielding of the
lens which approximates the contact with the
cornea experienced with contact lenses; a similar
shielding in the context of the bombing seems
unlikely.

As we have seen, based on the results of both
goodness of fit and biological “‘reasonableness”,
the most suitable model among the many which
have been fitted to the data appears to be one
which assumes a) two thresholds, b) a linear
neutron effect, and c) a linear gamma effect. It
warrants, now, comparison of this findinsg with
experimental results. Edmondson et al* have
summarized earlier studies of experimental
cataractogenesis. Some of these suggest an RBE
of approximately 9 for the induction of mild
opacities in mice®® exposed to fast neutrons of
2 to 3 MeV mean energy, but others®” have
found that the RBE increases from about 4.5 to
9 as the neutron energy decreases from 1.8§MeV
to 0.43MeV. More recently, Rossi,® comparing
a number of neutron energies against X-rays,
reported that the RBE for opacification of the
murine lens was 44}\/D_p, where Dp denotes
neutron dose (see also Bateman et al® ) The
ICRP'? gives a table of RBE values for production
of opacities of the lens by single exposure to
X-ray or gamma rays or to fission neutrons.'?
These RBE values range from 2 to 20. The BEIR
report?® suggests that the RBE for high LET
radiation for a single cataractogenic exposure is
in the range of 2-9. Finally, Charles and Lindop,*°
based on a controlled clinical study of neutron
tl'uarapy,41 have estimated the RBE in man to be
2-3. All of these values are very close to those
we have found here.”
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We observe no cases of lenticular opacities in the
1-9rad group and only one in the Orad category.
Interestingly, this latter case and the NIC cases
appear to differ clinically from the more heavily
exposed in that there seems to be a dispropor-
tionate loss in visual acuity or involvement of
other portions of the lens (i.e., the nucleus or
anterior subcapsular areas). As we have seen, the
best model in the statistical sense yields an
estimate of the gamma threshold of 147rad (95%
confidence interval 59-248rad), a value very
similar to that commonly conjectured. It is
interesting to observe too that the simple L-Q-L
model with two thresholds which fits less well,
but not significantly so, yields a very similar
threshold estimate. Finally, it should be noted
that our observations support the more conser-
vative occupational (other) exposures which the
Task Group of the ICRP Committee 1 has
recommended,.

The radiation-induced ophthalmologic distur-
bance we have examined has considerable bearing
on the general question of accelerated aging in
the exposed populations in Hiroshima and
Nagasaki.® It is well recognized that the
development of lenticular opacities and the loss
of visual acuity and accommodation accompany
the normal process of aging. Merriam and
Szechter®® have investigated the effects of age
on the development of radiation cataracts in rat
lenses, but their data do not support the
hypothesis that voung lenses are more sensitive
toradiation. The lens opacification data evaluated
in this study show no significant relationship to
age ATB. However, a large scale opthalmologic
study was commenced in 1978 to evaluate the
effect of radiation on age-related ophthalmologic
changes and the age-related prevalence of certain
kinds of ophthalmologic lesions.* A report on
the findings of this study will be made in the
near future.
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APPENDIX 1 GAMMA AND NEUTRON DOSES OF PERSONS WITH LENS OPACIFICATION SEEN
OPHTHALMOSCOPICALLY AND THEIR VISUAL ACUITY AND SLIT LAMP FINDINGS

el MR L->THROONARGERBEON =R O ETF L 2 0 A5 0 ST R
Radiation Dose (T65DR) Opacifiestion” Visual acuity
MF No. :%C]} Epilation Ophth;ﬂvl_noscopc _El_mrl_p__ —_—
Total Gamma Neutron oD 0S8 oD OS oD os
Hiroshima
32 469 267 202 + - S Mo Mo 20/20 20/30
22 296 245 51 + S S Mi Eq 20/20 20/20
6 933 599 334 + S - Sm  Sm 20/20 20/20
7 998 619 379 + S S Sm Sm 20/30 20/15
54 207 157 50 + L - La - 20/200 + 20/40
18 391 305 86 + S S Sm  Sm 20/20 20/20
12 338 197 141 + S Mi Mi 20/100 § 20/100 %
53 122 97 25 + S Sm 20/404+ 20/70%
30 57 41 16 — L - Mo cortical CF LP
opacity
16 1300 721 579 + L L La La 20/70 20/70
35 300 239 61 + S S Mo Mo 20/50 20/30
11 243 195 48 + - s Mi Mi 20/20 2020
33 177 108 69 + - DN ant. subc. ou CF CF
nuclear OD
post. subc, OS
3§ 102 86 16 - S 8 cortical opacities
cloud-like 20/100  20/100
12 361 249 112 + S S Sm  Sm 20/20** 20/30**
47 653 535 118 + S - Mo Mo 20/70 20/70
26 349 218 131 + M M Mo Mo 2/200%* 20/30**
19 1416 1053 363 + S S Not done 20/40 20/20
53 254 199 55 - M - ant. subc. OD 20/200+ 20/30
nuclear ou
50 565 321 244 + . M Sm  Sm 20/70 20/70
0 351 279 72 + S S Sm Sm 20/200  20/200
40 894 496 398 + - S Sm  Sm 20/30+ 20/70
17 534 415 119 + - S Mi Sm 20/20** 20/70
13 711 538 173 + S S Mo Mo 20/20 20/20
52 367 296 71 + M M Mo Mo 20/70 20/50
40 609 403 206 + S - Mo - 20/200 + 20/30
46 490 392 98 + 8 5 Sm  Sm 20/200  20/200
22 482 379 103 + 8 S Sm Sm 20/30 20/30
39 97 69 28 + S S nuclear ou 20/70 20/40
congenital
15 814 445 369 + S S Sm Sm 20/20%* 20/15%*
42 47 37 10 - M M Mo Mo LP LP
40 718 396 322 + S S Sm  Sm 20/30 20/30
cloud-like
cortical ou
43 756 487 269 + S S Mo Sm 20/40 20/70
18 295 232 63 + B S Mo Mo 20/20 20/20
e

20
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APPENDIX 1 (Continued) #i =

Opacification*

Radiation Dose (T65DR) Visual acuity
MF No. Age —_ Epilation  Ophthalmoscope  Slit lamp —
ATB -
Total Gamma Neutron oD oS oD 08 oD 0s
1 118 94 24 + S S Sm Sm 20/20 20/20
43 0 0 0 - M M ant. subc. ou  20/200 20/200
Mo Mo
46 642 357 285 + S S Sm Sm 20/100 20/100
18 393 304 89 + S S Sm Sm 10/200 5/200
15 801 633 168 + S S Sm Sm 20/20 20/20
4 437 354 83 + S S Mo Mo 20/15 20/20
49 808 641 167 o L S La Sm 20/100  20/100
17 580 465 115 - - S Mi Sm 20/200 10/200
39 509 305 204 + . S Mo Mo 20/20 20/70
52 191 156 35 - - Mo - 20/70 20/40
34 “Not-in-city™ - M ant, subc. 20/20 20/70
opacity
29 399 230 169 + S S Sm Sm 20/20 20/20
14 371 266 105 + M M Mo Mo 20/20 20/20
12 349 203 146 + S S Sm  Sm 20/100%* 20/70%*
18 375 299 76 + S S Mo Mo 20/20 20/20
38 596 454 142 + S - Sm Sm 20/30 20/20
18 252 211 41 + - S Sm Sm 20/20 20/30
46 “Not-in-city™ M M Sm Sm 5/200 2/200
nuclear slight ou
cortical ou
44 109 91 18 - L - La - CF 20/30
34 71 64 13 - S S Sm Sm 20/30 20/20
19 844 648 196 + S S Mo Mo 20/40 20/20
38 “Not-in-city ™ S - Sm - 5/200 20/30
Nagasaki
19 “Not-in-city™ S - Sm Sm 2/200 20/20
18 256 254 2 + . L Sm - 20720 0
20 286 282 4 + S S Mi Mi 20/20 20/20
19 10 10 0 - S S Mi Mi 10/200  8/200
41 225 221 4 + S S Mi Mi 20/40 20/40
19 787 157 30 * M M Mo Mo 20/15 20/20
49 0 0 0 — L - Not done 3/200 14/200
46 20 20 0 — - S Sm Sm 3/200 0
54 18 18 0 - S - Sm Sm 20/40 20/40
15 417 412 5 + S S Mi Mi 20/15 20/20
51 298 295 3 ~ - S Sm Mo 20/100  15/200
5 373 369 4 + S S Sm  Sm 20/200  20/200
42 69 69 0 - S M Eq Eq 20/70 2/100
46 74 73 1 + S S Mi Mi 20/20 20/20
54 776 735 41 + S S Mi Mi 20/200  20/200
37 1156 1133 23 + S S Sm Sm 20/15 20/15
16 409 403 6 + S S Sm  Sm 20/15 20/15
36 299 295 + + S S Sm Mo 20/50 20/70
12 1706 1673 33 + S S Sm  Sm 20/200  20/200
15 444 435 9 + S S Mo Mo 20/50 20/200

—

21



RERF TR 17-81

APPENDIX 1 (Continued)

Opacification*

Radiation Dose (T65DR) Visual acuity

MF N Age Epilation  Ophthalmoscope  Slit lamp —_—
O ATB - -
Total Gamma Neutron oD oS ob 08 0D 0s
39 170 168 - - 5 Sm  Sm 20/40 20/50
14 286 280 + S S Sm  Mi 4/200 20/200
7 680 668 +* S S Mi Mi 20/20 20/20
23 “Not-in-city™ S 8 Sm  Sm 20/200 18/200
6 521 512 + 8 S Mo Mi 20/15 20/15
36 “Not-in-city” S S nuclear, slight ou 20/40  20/30
probably congenital
53 239 236 - S S Eq Eg 20/50 20/100

* The degrees of opacification are as follows: Ophthalmoscope - slight (8), moderate (M), large (L), and doughnut
(DN); slit lamp - equivocal (Eq), minimal (Mi, less 1 mm), small (Sm, 1.0 to 2.4mm), moderate (Mo, 2.5 to
4.9mm), and large (La, greater 5 mm).

BRMOBERUTOLE)THS, BRE—GE(S), PIM), £(L), BUF-—+2T(DN): T — 5 MRt
(Eq ), &b (Mi, lamEi#), 7 (Sm, 1.0~2.4mn), A (Mo, 2.5~4.9%m}, RFk (La, 5mlll),

** Acuity with corrective lenses $iF L > X &R~ A
1 Pinhole vision # 7T %
CF Count fingers #io #¥E T

LP Light perception o
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APPENDIX 2 SMALLEST x2 AND LARGEST LOG LIKELIHOOD VALUES BASED
ON TWO SIMPLE REGRESSION MODELS WITH TWO DIFFERENT THRESHOLDS
FOR GAMMA RAYS AND NEUTRONS

ffgh2 Hr~vHepETFRIMHLTRESBMEL AT 3 0o DHHEEE 72
FT CRADXEERAM BOLER

Threshold Largest log Smallest X2
likelihood value
T (Gamma) Ty (Neutron) value df =6 or 5

Model 1: Py, =y + 8, (DS - Ty) + 83 OF) —Ty)

145 0 -275.16 6.58
150 5 —274.61 5.39

150 10 ~274.18 444

150 15 ~273.97 3.99

150 20 —273.83 3.68

Ty, T3~ 150 25 ~273.89 3.77
145 30 ~274.32 4.66

95 35 —274.50 4.85

90 40 ~274.52 4.86

T, =1473 T,=215 ~273.81 3.64

95% lower limit of T; =59.1; 95% upper limit of T; = 247.9
95% lower limit of T, =  0; 95% upper limit of T, = 57.2

Model 2: By =y +8; O ~ T+, P - Ty +5; @, - T))2

150 0 ~275.15 6.56

150 5 ~274.60 5.39

150 10 ~274.18 444

150 15 ~273.97 3.99

150 20 —-273.83 3.68
T;,T,— 150 25 -273.89 3.76
145 30 ~274.32 4.65

80 35 —274.31 4.45

. 80 . 40 —274.37 458
T, = 1473 g e AL —273.81 363

95% lower limit of T| = 0; 95% upper limit of T, = 256.8
95% lower limit of Ty = 0; 95% upper limit of T, = 62.8

Smallest X* or largest log likelihood values were selected from a number of X% or log
likelihood values obtained from each step model when a T, threshold (gamma rays)
under a given T; (neutrons) was assigned respectively on the basis of T =0,5,10,. .. k.
BAX MRS ARAHEED L, ~ZOT, B PEFR)O FCT MEIF>7#) &T, =0, 5,
0, =, kESAREENEEFLISRONLELOVRIGSBEEEMO P26 ThENEHAL,

The 95% confidence limits were determined from the same likelihood ratio X* statistic,
namely, x2, = -2 log[L(X T*)/L(XIT)] where T* = L (a 95% lower bound) or U (a 95%
upper bound) and T is the maximum likelihood estimate.

BUEHEREE L LY R0, Thhb X =—2 log (L(X/T™ “L(X/T)).
AREL, T*"=L(9%%TFR) LitU(B%EE) T, TRREHENTSHS.
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