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In the continued interest of accurately defining the late effects of the atomic bombs, the gualitative and
quantitative characteristics of the A-bomb radiation exposure doses are periodically refined. If warranted by
future dose assessments, the data reported here will be reanalyzed and subsequently reported.
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SUMMARY

A data analysis, which incorporates time

dependencies, is demonstrated for the dose |

response of leukemia mortality in the atomic
bomb survivors. The time dependencies are
initially left unspecified and the data are used to
infer them. Two principal findings based on the
T65 revised dose estimates are obtained. First, it
is shown that the fits to the data of constant risk
1L-Q1L, L-L, and Q-L dosesresponse models are
significantly improved (p < .001) by using time-
dependent doseresponse modeis. Second, itis
shown that the increased risk of leukemia
mortality due to gamma irradiation decreases in
time at an exponential-like rate, while the
increased risk due to neutron exposure changes
very little, if at all, in time. Consequently,
the relative biological effectiveness of neutrons
is shown to increase in time (p = .002).
Finally, it is conjectured that these findings will
remain valid with a reappraisal of dosimetry.

INTRODUCTION

The form of the dose-response curve for radiation-
induced leukemia in man is of interest for both
radiobiological and regulatory reasons. Because
of its importance many authors have attempted
to answer this riddle using the data on A-bomb
survivors.
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Many previous analyses'™ of leukemia in the
A-bomb survivors have been based upon dose-
response functions which do not allow for the
rate of radiation-induced leukemogenesis to
change over time. Nevertheless, it has been noted
that in this cohort the rates of radiation-induced
leukemia incidence™® and leukemia mortality*® 1!
have decreased with time. 1In this paper the
revised dose estimates (T65DR)!? are used to
explore how the time-specific leukemia mortality
rate varies in time and whether it is important to
consider temporal changes in a dose-response
analysis. Consequently, the possibility of
temporal changes in the relative biological
effectiveness (RBE) of neutron kerma to gamma
kerma for leukemia mortality is also examined.

A cautionary word is required because our
analysis utilized T65DR which has recently been
questioned. Loewe and Mendelsohn® of
Lawrence Livermore National Laboratory (LLNL)
challenged the accuracy of the T65DR estimates,
especially the Hirgshima doses, They estimated
that the Hiroshima T65DR neutron kerma
should decrease by factors of about 9 at 2,000 m
from the hypocenter and about 4 at 1,000 m
from the hypocenter. Also, they reported that
the Hiroshima T65DR gamma kerma should be
increased by a factor of about 4 at 2,000 m
from the hypocenter. Furthermore, Marcum'?
indicated that the T65DR house transmission
factors were probably too large by a factor of
about 1.6 for gamma kerma., While it appears
that the T65DR will be modified, many of the
consequences of such a revision are unclear.'*
Even though our findings are presented as-if the
T65DR were correct, the reader should be aware
that our risk estimates will need to be re-
computed if dose estimates are revised.

MATERIALS AND METHODS

For the period 1 October 1950 to 31 December
1978 the leukemia mortality data of the 79,856
A-bomb survivors with estimated T65DR kerma!!
were used. The selection of the cohort has been
previously described'® and as is customary, total
kerma dose was truncated at 600 rad (Hiroshima,
439 rad gamma and 161 rad neutron; Nagasaki,
587 rad gamma and 13 rad neutron). Only
those cases which were confirmed and of known
type were considered leukemia.” The data were
analyzed assuming a time-dependent dose

EREBREoQMKIZMT 2 h: T2 ORBF
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Lawrence Livermore National Laboratory {LLNL)
@ Loewe K UF Mendelsohnt [3, T65DR HEE i,
FULRBOREOEREECREMEEBL A, HLIE,
5 M T65 DR H1f - kerma (3, fB.LitiA 5 2,000m
DMBEBTIEHNS, 1,000mOEBETIEHAZTED
THETTCHAEMELS. £/, ILEBTEGDR &<
kerma (X3 0 HA 5 2,000 m G ik S CEE 4 558 M
FTANETHDHEMEL L. B Marcum®™ (3, TEDR
EEEBRGEEE, Yy <kermalz oV THML 6B K E
MESESHLIEMLA. THDRICEENTHhN 3
EITHBH, COWRTIHFIREOEIIO0TIR
TAFETH 5. TEHODR FEEETH IO 4H
OFFRE 2B 5, MEICT, HEHREMEH
RETsNAL 5, SEOUASREBEFHET S
BEFHZILEEHLEPEDMoTHIVTOLLE
FoRE

HMRREUHZE

1950108 1 A» 5 19784 12A31H oMM I
EAFRBHEHBRE T TR kerma! OHEFITH
NTWwa79,856 ANEMMAEETEERZ Rk,
EFo@xHFBrEEB ehie b T, &
kerma f2ftId, BAIOITE < 600rad (BB TRF 7
439rad, HiEF16lrad; EM T F » < 587rad,
FiEF13rad) TONI/ TR, R IR UHEE
OYELTw3flossrAnEE L. RFRREF
BREDBE, Fryvkerma lI70WTHHE-—_XK
BITHN, FEFkerma 22V TIRBETHS &



response which is linear-quadratic for gamma
kerma and linear for neutron kerma.

Let A(t!z) represent the hazard rate for leukemia
mortality at time t (measured from 1 October
1950), given the covariates, z. The covariates
considered were T65DR gamma, neutron, and
total kerma dose (G, N, & D, respectively), age at
the time of thé bomb (ATB), and sex (0 male &
1 female). Mathematically, the hazard function
was taken to be
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HER A2 THBHBE, A (t]z) 2EMt (19509108
1BASHELT) 2H1F 2 AMKECEDY X7 %
EtborL &), ZEshAXERIL, TEBDR
Hrw, PEFERUEHkerma BB (ZHFALG, N,
D), FIesERB ¥R (B0, X1)TH 3.
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l(tl%) = 0(t) + by ()G + by (1)G* + c(t)N + d, (t) Age ATB + d, (£)D-Sex + d3(t)D-Age ATB [1]

where A(tlz) is assumed to satisfy the standard
maximum likelihood conditions,

A common background rate for the two cities
was assumed because past analyses'™  have
indicated that the city-specific spontaneous rates
are approximately equal. The interaction terms
(d; and d3) control for possible differing
radiation effects due to age ATB and sex.
Mathematically inclined readers may be interested
to know that equation [1] is the second order
Taylor Series representation of a time-dependent
hazard function which depends linearly on
neutrons, curvilinearly on gammas, and arbitrarily
on age ATB and sex, except for the exclusions
in the background rate of an explicit sex
difference and the (Age ATB)? term.!®* The
precedent for excluding the sex difference is well
established.! ™

Three dose-response models were considered:
L-Q-L (no restrictions in [1]), L-L (b, {t) = 0 for
all tin [1]), and Q-L (by(t) =0foralttin [1]).
Ishimaru et al*? and Land et al® also considered
L-Q-L, L-L, and Q-L models and they performed
Poisson regression analyses for data which were
grouped by city and T65DR total kerma. The
details are given in Ishimaru et al.' Our models
differ from these previous ones in that city-
specific background rates are not included, the
methods of age adjustment differ, terms for the
interactions of total dose with age ATB and sex
are included, and the doses are not grouped.
Since it has been shown® that the age adjustment
is of minor importance for leukemia mortality,
these differences are relatively unimportant (see
Results). One other exceedingly minor dif-
ference is that these authors expressed time in

o, A (4] z) AN 2 Bk K R A
LOEEET 5.
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person-years from 1 October 1950, whercas we
express time as person-months from this date.
The crucial way in which our analysis differs
from earlier work is that we. have explicitly
considered time effects and have examined the
results of allowing temporal changes in the
dose-response function.

An analysis consisting of five steps was designed
to estimate ?\(tj%’) as a function of time. For
steps 14, the current period of the Life Span
Study (LSS), 1 October 1950 to 31 December
1978, was divided into 1, 4, or 8 disjoint
intervals, depending upon the step involved.
Except for the final step, a piecewise exponential
approximation was used.* All parameters were
¢stimated via maximum likelihood and their
variance and covariances were obtained from the
inverse of the sampie information matrix.

The five steps were:

1. With one interval and d, and d3 set to zero,
the remaining regression coefficients in equa-
tion [1] were estimated. Except for the
minor differences previously noted, these
models are very similar to those previously
used.! ™S

2. The length of study was divided into four
disjoint intervals: 1 October 1950-30
September 1957; 1 October 1957-31 October
1964; 1 November 1964-30 November 1971;
and 1 December 1971-31 December 1978.
The model given in equation [1] was fit for
each interval, and then a best fitting model
was obtained by utilizing only the covariates
which were found to be important.

3. Eight intervals were obtained by dividing
the four intervals in step 2 in half, and then the
latter part of step 2 was redone for each of
these intervals, With these cight relatively
short intervals, the initial. part of step 2 was
impractical because the resulting estimates
would have large variances.

IADAERBAELTETSNIDE, ZhonEH
(LB % 19504108 1EA S DAETHRLEDIIHL,
FRCEFECEAB S EAATHELTVLIET
H5. SUOEFFNMOBPEL R L > TV HHE
Bk 23k, SEIEMS Moo BBLEEL,
BERGCEB-EFNERZANCEEOHERS
WRTWARZETHS.
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A{t|z) &HELL., BlI-4BBI>wTRk, B
AEORWOHME, TabH5190F£108 18,5
1978412318 £ ¢ %, BB CmeT, 1, 4
NIZBOHEWIZHBEL MMz -, BRERO
B, B el vt v~NTo
NI A—F—dREEIE-oTHEL, £H0BEE
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*Because the inter-arrival times of a Poisson process with mean p(t) follow an exponential distribution with
hazard p(t), the parameters of a Poisson regression model can be expressed in terms of an exponential regresston
model and vice versa. Therefore, these two approaches should yield the same results,

EHfEp(t) & 5 Poisson BIED inter-arrival BRI, fEFﬁB‘{'p( YEMEI
FREIOHILE-TEEND., LENT, CheT00bE»r»5HA—®

DG A - g LEHERETNMIILY,
REIFELNZRTTHS.

EHGTE & 20T, Poisson @FT 7L



4. The dose-response coefficients for the 1, 4,
and 8 interval estimates were plotted against
time. These plots qualitatively showed the
effects of time on the dose-response co-
efficients and were used to infer functional
forms for modeling time dependencies.

5. Using the functional forms obtained in step
4, final estimates of the regression coefficients
were obtained.

We indicate that except for the methods of age
adjustment and our incorporation of the dose-
with-sex- and dose-with-age ATB interactions, the
models used in steps 2 and 3 are nearly identical
to those of Ishimaru et al and Land et al, if their
models had been used on subintervals.

In contrast to steps 1-3, steps 4 and 5 do not
have analogies in the studies of Ishimaru et al
or Land et al.

In order to avoid ambiguity, the models obtained
in step 1 will be called time independent and the
models obtained in the other steps will be
called time dependent. The statistical justifica-
tion for our analysis is discussed elsewhere. '
All goodness of fit tests for the L-L and Q-L
models were performed relative to the cor-
responding L-Q-L model by treating minus two
times the log likelihood difference as a chi-square
statistic. The variances of the-RBE estimates
were obtained from the second order Taylor
Series approximation.'”

RESULTS

Table 1 shows the number of individuals alive at
the beginning of the four intervals considered in
step 2. Table 2 shows the total number of
leukemia cases and only those in the Q rad group
for each of these intervals and the four city-sex
groups. Also shown in Table 2 are estimates of
the average backgroum,i\ leukemia hazard for the
four intervals. These &'s show a definite aging
trend which becomes very prominent around the
end of the third interval. Such a trend can also
be seen in Ichimaru et al.” :

Table 3 contains the regression estimates for the
best fitting time-independent models of step 1.
Relative to the L-Q-L model of Table 3, the
time-independent Q-L model provides a satis-
factory fit (p>.50), whereas the time-independent
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TABLE 1 NUMBER OF INDIVIDUALS ALIVE AT THE BEGINNING OF
THE FOUR DISJOINT INTERVALS
F21 AN OOHEHOMBIERFL TV dREY

y Interval¥
T65DR Dose y - .
" inRad Hiroshima Nagasaki
1 2 3 4 i 2 3 4
200 + 1538 1440 1329 1182 1369 1286 1216 1123
100-199 1740 1608 1468 1315 1388 1316 1249 1171
50- 99 2783 2610 2356 2116 1442 1371 1288 1181
10- 49 10911 10210 9373 8486 4031 3755 3483 3176
1- 9 15933 14875 13680 12461 7140 6700 6213 5721
0 27577 25660 23666 21471 4004 3741 3519 3272
Total 60482 56403 51872 47031 19374 18169 16968 15644
*The intervals are 1 October 1950-30 September 1957, 1 October 1957-31 October 1964,
1 November 1964-30 November 1971, , I December 1971-31 December 1978,
#IM: 1950410/ 1 B ~19574 9 A 308, 19574108 1 B ~19644E 108 310, 1964#11F
1 H~1971411F 308, 1971412H 1 B ~ 19785 12A 314.
TABLE 2 LEUKEMIA CASES (TOTAL AND (0 RAD GROUP ONLY)
#£2 HIMKEH (BHEECOrad FHoH)
1 Qct. 1950- 1 Oct. 1957- 1 Nov, 1964- 1 Dec. 1971-
City Sex 30 Sept. 1957 31 Oct. 1964 30 Nov. 1971 31 Dec. 1978
Total 0 rad Total Orad Total 0 rad Total  Orad
Hiroshima Male 20 2 15 9 3 23 g
Female 23 5 15 1 13 5 14 6
Nagasaki Male g 1 7 4 1 0
Female 6 1 5 0 5 1
Total 58 8 39 7 31 9 42 16
o 264 X 1078 280 X 1078 389 x 10°° 761 x 1078
Fad
Approximate 8D () 093 x 103 106 x 105 130 x 105 190 % 10°s

* 2= Number of Leukemia cases in the 0 rad group/(length of interval X number of individuals in 0 rad

Eroup at beginning of interval)

Orad B H I 3EMFAFE/ (BHOBRE XHHEOMMEIZH 1 % Orad BEo A REH)

L-L. model does not (p=.01). This poor fit of
the L-L model relative to the L-Q-L model can
also be seen in Fujita et al® The time-averaged
coefficients of the best fitting time-dependent
models are also shown in Table 3. As can be
seen, there is reasonably good agreement
between the five models. ‘

Table 4 shows the resulis for four intervals,
which are step 2 of the analysis. Four temporal
patterns begin to emerge. First, the interaction

#TFLZLLEFAVOIOLRERL, FHL 0ER
CTLEHLoNE. BITIE, REOME® TTiEMH
REEFVOBETEREELRLA. Ao0T 7N
OEIZIEPEVRO—-HFASHS.

FARNMo>DMHOBEREZRL, ChI#HORN 2
BRETHS. WonRFMAN/ s -y AREABHTNS.
Y, HEERERTHTHS dy(t) BT (1) 11,
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TABLE 3 BEST FITTING REGRESSION COEFFICIENTS FOR ONE TIME INTERVAL (1)

#3 1HEAYCsvTREOESERTEREHR
i dent 3
Parameter  Factor/model L-Q-L L-L Q-L T“?‘e Dependen
LL QL
a X 10 .161 144 159 143 152
068y (.067) (.068) (.066) (.067)
b, X 107 Gamma <.001@ 729 - 796 -
(373) (:204) (:203)
b, X 10° (Gamma)? 272 - 254 - 258
127 _ (070) (111)
¢ X 107 Neutron 6.447 5.572 6.340 5.128  6.103
(1.349) (1.297) (1.182) (1.331) ' (1.165)
d, X 10 Age ATB 846 816 844 847 872
(278) (:275) (:278) (.276) (.278)
No. of parameters 5 4 4 5 )
Log likelihood —2076.39 —2079.08 —2076.40 —2069.25 —2065.52
RBE 48.7 N—H5) 76 50.0 N% 6.4 48.6 N—%
SD (RBE) 11.4 N~¥(5) 3.5 9.6 N % 2.7 12.7 N—%

(1) Time is measured in months from I October 1950.  HFiE, 1950108 1 B4 & O HE{
{2) Standard deviation in parentheses. 5L IRER 25

{3) Values are the average over time of the coefficients for the models of Table 6. The average over time of a

quantity, vft) is

£k, H6OTFALULBT MM AL T 254HOTHE. MBEIFLTIROTY, v) 3,
J‘ Tv(t) dt, where T is the number of months of observation in the LSS. Implicit in this formula is the fact

that the so-called crude?>

hazard rate is used.

AEL, TUBGHECSFYIREARTHS.

BHzZEAREhTVS.

{4) A positive number less than .001,

(5) To three significance figures. = > DO HMHEME T

terms, d,(t} and d3(t), do not differ significantly
from zero for any t, whereas the aging effect,
d, {t), is significant only in the fourth interval,
The lack of significance for d,, and to some
extent that for ds also, was to be expected

because of the sex and age matchings which were’

used when the cohort was selected.'®!®  Thus,
the interactions of total kerma and sex and total
kerma and age ATB were not included in
subsequent analyses, with the result that these
interactions do not confound comparisons
between time-independent and time-dependent
models. Second, the effects of gamma kerma
diminish over time in such a way that they
vanish about the latter half of the third interval.

In contrast, the effects of neutrons, though
apparently diminishing in time, are significant
for the entire course of study. The standard
deviations (SD) of the estimates of ¢ in columns

LO0LRIMOIE D &

WTFAD LIV T H0EHEIZRE 5 RVA,

CORRTRODYSHD BREFM 5T

i) 1)
BEL(OD G, BA0MBIIECTOATETH 3.
BEIOEREIZBEL THER U EROMA LT EROT
WANDT, B L uronTh, $5H5REET
dalzonTh, HEMEOEVZ L HMFEHA.
Li#HT, Z20HOENIZITH kerma &1, #
kerma P EBHFEMOMEEHILIELEI 22D T,
Zh s OMEfERE, MEERTE L LEMIKTE
EFLEDRE SR SETHEL., B, Hw
kerma D BB IR QBN TINE I P T 3
DT, FN6IEEIMMOEFRECHET 5.

Zhiz L Trh T ORI, B BIIELLT
WAEITHIN, FAENDLBRBLIBLTHET
HB., FACOH4a KU 4b i, o FHA4DD 412
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TABLE 4 BEST FITTING REGRESSION COEFFICIENTS FOR FOUR TIME INTERVALS(I)
%4 ABPCBVTRBOESZRTERAERY

Parameter Factor 1 2 3 4 Total

A. Including All Covariates

a X 10° 247 232 315 <001
(.143) (.184) (.181) (.152)
b, Xx 10"  Gamma <.001 914 <.001 <.001
(994) (.968) (1.167) (2.761)
b, X 10°  (Gamma)? 559 .016 003 0.000
(.294) (.238) {468) 429
c X107 Neutron 10.002 4758 3.769 3.120
(3.543) {3.474) (2.435) (3.681)
d, x 107 Age ATB 0.000 179 098 3.257
(.399) (.564) {.594) (947
d, X 107 (Total dose) 0.000 001 004 0.000
X Sex (.764) (.912) (.578) (1.488)
d, x 107 (Total dose) 0.000 <.001 016 0.000
X Age ATB (.026) 017N (.024) (.049)
Log likelihood —665.15 —479.69 -390.62 -519.59 —2055.04
B. L-Q-L Model 1 2 3 4 Total
a X 10° 247 232 315 <001
(.073) (.079} (.087) (.147)
b, X107  Gamma .001 916 <.001 0.000
(.776) {.829) (.956) (1.495)
b, X 10° (Gamma)? 559 .022 200 0.000
(.280) .222) {-364) (.309)
cX 107 Neutron 9994 4,158 3.840 3.120
(3.086) (2.827) (2.267) (3.659)
d, X 107  Age ATB - - - 3.257
(916)
Log likelihood —665.15 —480.04 -391.35 -519.59 —2056.13
C. L-L Model 1 2 3a 362} 14 4b(2) 4¢3 Totala Totalb
a X 10°% 221 231 304 .337 011 <.001 023
{067 (.076) (.082) (.086) (.153) (.147) (.136)
b, X 107  Gamma 1.465 985 489 - <.001 - -
(.508) (45D (351 (1.173)
c X 107 Neutron 8.567 4.652 3.580 5.726 3.075 3.120 -
(3.025) (2.607) (2.154) (1.918) (3.605) (1.700)
d, X 107 Age ATB - - - - 3.216 3.257 3.695
(.900) (.881) (.842)
Log likelihcod —667.94 —480.04 —-391.59 —393.37 —519.62 -519.59 -524.20 -2059.18 —2060.94

—



Table 4 Continued # 4%t &
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D, Q-L Model 1 2 3 4 Total
a X 107 247 265 316 011
(070 (.080) (.082) (.153)
b, X 10°  (Gamma)? 559 254 202 0.000
(-186) (118) (.139) (.306)
cX 107 Neutron 9.994 6.674 3.781 3.075
(2.672) (2.301) (2.039) (2.345)
d, X 107  Age ATB - - - 3.216
(.918)
Log likelihood —665.15 —480.08 -391.35 —519.62 —2056.87

(1)  See footnote Table 3. % 3 OBREZ £K.

{2)  Assuming no gamma effect for intervals 3 & 4, applies to 4C & 4D.
EIRUVHEAMUMOT > BV ERELARESIR4CR4DIIHRET 5.

{3)  Assuming no dose effect for interval 4, applies to 4C & 4D.
FAMMTREROBEN LV ERELABEFE4CRULDIZHLE TS,

4a and 4b of Table 4C and column 4 of Table 4D
may be too large. Their relative sizes reflect the
fact that the background rates, o and dy, are
highly correlated {r<—.71, note also the large
SDs for «) in this interval; consequently, the
models in interval 4 are somewhat over-
parametrized and the estimates of ¢ appear more
imprecise than they probably are. As the log
likelihoods in columns 4b and 4¢ of Table 4C
indicate, the neutron effect is still quite signifi-
cant in the fourth interval (¥3 =9.22, p=.001).
Third, in the first interval a quadratic term in
gamma kerma is needed (p<.01), but in interval
2 and 3 -either a linear or a quadratic term is
sufficient. Finally, when the time-independent
models of Table 3 are compared with their
respective four interval counterparts, all three
have very inadequate fits (all have p<.001).

We emphasize that this analysis is intended to
demonstrate a temporal analysis of leukemia
mortality and is predicated upon the assumption
that the T65DR eatimates are accurate. If this
latter assumption is shown tfo be false, our
estimated regression coefficients will need to be
recomputed using the revised dosimetry.

Table 5 contains the results for the eight interval
analysis. Although the estimates in Table 5 are
noisy, they exhibit the same general tendencies as

HFI5cOHEMOBMEERE(SDIBAZHET 54,
Lhazw., 2aA50HMME A2, ZOMMTR
BREER, T48b5a BT, BVIAMZRT
(r<—.7), alzf¥2 SDORkERCHIEREALN)
ZEERBLTVS, LAAF-T, E4HOETVE
MRF Ry —HEE BRI THY, cOHEEMITEER
ENLFEHENLIICARZIANAE. H4CD4bH
RU4clMoMBLENTY LI, PHETFORE
BREABIREAIEVERTH S (X]=0.22,
p=.001). #=1z, E1IMCEF > 7 kerma?® 2 K7
AUE (p<. 01} TH B, B2RUE IMTIERED
ZREHIOVThATHLTHSE. BEKIZ, #30D
MK T F V% 20 F h F oo MO E
FTEREFLMELETAE, 20200 TFNRE EEI
BEFFFHCEI{(wTFhip< 001ERLAL).

SEGEMIE, ANFHECEOEHMEREZEME
L, TSDRHEEM A EREL DL ME L THEEL A
HDTHEZEEFWMALEY, ZOREOEENRD
ThaEEDSRLBER, SEOfERDRREE
HATHEELHCTHEHE T 3 2HEFH5 5.

#5, NooBEMIIETIBEROMEREZRT.
#OENEEMIZEBRIA[/LEZT T BN,
FRAOEEMELF U LMBEMERT. Zo0Hl
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the estimates in Table 4. It is interesting that the
four interval versions of the three dose-response
models show good fits when tested against their
eight interval analogs (all have 13<x?<17 with
13 df}, which implies that for this data set, four
intervals contain most of the important temporal
dose-response information.

Figures 1—4 depict, for 1, 4, and 8 intervals, the
dose-response estimates for the L-L and Q-L
models and suggest exponential-like relationships
in time for the gamma dose and gamma dose-
squared terms and a linear relationsghip in time
for the neutron term. Mathematically, these
figures suggest

At Iz,)={

We emphasize that other functional forms in time
are possible.

Because our central aim was to analyze the time
dependency of the dose response and since the
background rates, «(t) and d,(t), would affect
this response in only a minor way, for simplicity
we let both «(t) and d,(t) be constant over the
entire study period. From a statistical viewpoint,
some analyses (not shown) revealed that the
parameter space for &(t) and d;(t) is nearly
orthogonal to the parameter space for the dose
coefficients. Therefore, ignoring the time
dependency in the background rates should not
affect the risk estimates in any significant way.

For both models of equation [2], the estimates
of ¢, were not significantly different from zero
{(p > .15 in both cases). Thus, the best fitting
models of this type (Table 6) have exponential
decreases in time for gamma and (gamma)® but
no time effects for neutrons. As can be seen in
Figures 1-4, these estimated dose-response curves
provide good fits (,10<p<.25 for L-L and p>>.25
for Q-L).

The neutron RBEs for the models in Table 6
depend upon time and are given by

RBE(t) =

a(t) + byge ~P11C + (cq + ¢y )N + dy (1) Age ATB
a(t) + bage by tG? 4 (CQ +cy )N +d (t) Age ATB

3.3 ,.0045t
29.4 ,.0037t N—* Q-L model
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RIGETLoM>0O B, Z2oA>oMMorros
(MTFRBEEELRIAL TR <ITOE LT T)
EHLTREFT 2B+ 2@EsRTosl
HkFEAD, Zhil, 2OF— s OB, Moy
TELEFNELARCERNIELAEEZEATN S
TEETRETS.

1~41x, 1, 4 BUBOEMBO L.L R QL
EFNMOBRRGEEEREZRL, o vBROERY
Hry=@SE _FOoEI >V TIIEBRMIESEEWN
BEY, £A-hEFOEI-Y T ENNETEE
ERET A, HFEMACE, Chon$iFrAoz L s
RET 5.

L-L model

Q-L model [2]

COEAOBEMNEHEEBRL TR T LA
L .

A0 ETEEH AT BRIE RS ORI A S BT 5
ZELHY, Fhy ey FEEEIIRITAS
alt) RUd()ik, T T PLAZORBGIIEE
EEZRvT, MHIET 340, o) B d(t)
OFAEERENMABETC—BELE. EHFD
BEIE—HOBET CRLTLRAL) TR, alt) BT
d () @35 A -5 5L, RO IT A -y —
ERIIMLTEEAYEBCIXbEZEA WS Iz
Gol. LS -T, Wys 3% 0 POy
BUAMHMEFELERET S8, Y AZHEFE I
WHLSTHFILEVTLTELRREREFT L1212
hohwiETTh3.

FRA(IDUTFHOEFMIIHVT o, OIEERR
QLATRIZMNE 5 ahok (WTFROEEIZLp>.15).
Lizh =T, COBROEFLTRENDKTE£ A+ 5
LO(FEB)IE, FrvRUE(F ) 200 s
BIcig M 2L aRL, T2 T]
BERAREE AR R . 1 ~4ica 503 k3512,
IhsoftERSRGHATBOLEAEERLTVS
{L-Lizoutid . 10<p<.25, £ QL izowtit
p>.25).
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FIGURE 1 REGRESSION ESTIMATES OF by FOR L-L MODEL
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FIGURE 3 REGRESSION ESTIMATES OF b, FOR Q-L. MODEL
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TABLE ¢ BEST FITTING TIME-DEPENDENT MODELS
#6 RBRROBEAEIRTHBEHFETIV

. LL o-L()
a X 10° 143 152
(.066) (067
b,, X 107 1.551 -
(.351)
b,, X 10% 4.491 -
(2.156)
b, X 101 - 7.075
2.127)
b,, X 10° - 7448
(2493)
¢, X 107 5.128 6.103
(1.331) (1.165)
d, x 107 847 872
(.276) (.278)
Adequacy of fit 10 < p< 25 p>.25

Standard deviation in parentheses. IEM A T FREEHEE
(1) The model is AtE) = a+b,, exp(—b, 1) G+ ¢, N+d, Age ATB
=7 H#
(2) The model is M(t]2) = @ + by, exp(=b,, 1) G?* +¢c,N+d, Age ATB
Ei-F 4

EFIE

As a function of time, the relative increases in the
RBEs for both models are initially small with the
REBEs doubling at about 12 years and tripling at
about 20 vears. The RBEs at 31 December 1978
are about four times their values at 1 October
1950.

One important consequence of using a time-
dependent model is that the neutron RBE can be
time dependent. Because some of the standard
deviations in Tables 4 and 5 are quite large, the
possibility of a relationship of a time-dependent
dose response with a time-independent RBE was
examined using linear decreases in time for the
dose effects. Specifically, the models used were

R(t],g)={

The coefficients of the gamma and neutron
terms in [3] are given in capital letters so as to
distinguish them from the coefficients in [21,
which are expressed in lower case letters. As
Figures 14 indicate, the decrease in time of the
neutron effects appears more linear in shape
than exponential, whereas the exponential time

a(t) + Byo(14B111)G + Co(1+Cy )N +d, (t) Age ATB
a(t) + Bag(1+B4; £)G? + Co(14C; ()N + d, (1) Age ATB  Q-L model

14

=7 ¢ RBE @ &AL, M2 MEeL £
WMERRIAE(, 12ETELED, HM20FETIF
L# A, 19788128 31H® RBE i3, 1954E10F 1 H
NEOHAETH S,

R E L EMER LA o OEELERL LT,
¥ F RBE #BERIRIFE T A LA TEREN
b5, BARGSIHE S HOMERELH% 0
kEo0T, SROBECMTSERNL R HD
LT, BERKIEH RIS LB 3 (K47 RBE & o)
B B4R D TE A+ B ATt 1z D W T B, BfAAY
Icik, BHLAEFVETIEOEENTHS.

L-L model
(3]

(BloFA v~ HEPHETFHADGEHIALIFETRL,
MEFTRT(2)OFEHERATEZLIZLT
bd. Ml~4HFRT LI chiEFoREORER
oA, BHEEEVLEOLTRBIIE Y,
HrwRUO(HFr<2oBICRETHEENEMNS
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TABLE 7 LOG LIKELIHOODS AND SIGNIFICANCE PROBABILITIES FOR
ADEQUACY OF FIT OF DIFFERENT TIME-DEPENDENT MODELS

#7T RLEINHKEEEFTVOBESEOHNBLER UHBIEER

No. of. o

. Parameters LL QL -

A) Time-Independent Dose Response 4 —2079.08(1) —2076.4001)
Time-Independent RBE p< 00102 p< 0012

B) Time-Dependent Dose Response 5 -2072.18 —2068.91
Time-Independent RRE p=.0023) p=.00203)

Q) Time-Dependent Dose Response(4) 6 -2068.03 ~-2064.91
Time-Dependent RBE D5<p<.10 05<p<.10

{1} Table 3; {2) Relative to Model B; (3) Relative to Model C; (4} Model allows linear
time dependencies for both gamma kerma & neutron kerma.

M%E3; RIEFABIIKLT: BrFrcizdlt; WEFrE, #< kerma,
FEF kerma DT RIZD2WT & BHEMKER2 ARL.

effects on the gamma and (gamma)® terms can
be adequately approximated with linear functions.
Therefore, for assessing the adequacy of a time-
dependent dose response with a time-independent
RBE, the time effects were taken to be linear. It
should be noted that ¢ and ¢; in [2] equal C
and C4-C, in [3], respectively, and that a time-
independent RBE is more naturally expressed in
terms of the mathematical formulation of [3]
than that of [2]. In [3], when By, or B4; equals
C, the RBE is time independent, but when these
coefficients are not equal, the RBE is time
dependent, As with the models in [2], the
background rates, a(t) and d;(t), in [3] were
taken as constant over the entire study period.

The results are given in Tables.7 and 8. For both
L-L and Q-L models, the time-dependent models
with time-independent RBEs significantly
improved the fits of the time-independent models
(p < .001 for both models). In addition, the
fits of these time-dependent models were further
significantly improved by models which allowed
time-dependent RBEs (p=.002 for both models).
As seen in Table 8, with the time-dependent
RBE models the effecis of gamma kerma decrease
much more rapidly in time than do the effects of
neutron kerma. In fact, the effects of gamma
kerma vanish at 236 months for the L-L model
and at 226 months for the Q-L model. As Table
4C and D demonstrate, in interval 4 the effects
of gamma kerma are virtually negligible but the
effects of neutrons are still significant. Because
the time-independent RBE models must
compensate for this important difference, they

15

FE OB, ARMRC LTSI T
3. LAd-T, EERIFERE RBE & B 2B MK E
BRARGOFESES W 200, HHOHBEL
WmBEHaL LA, (2)DcgRUc, ik, 2hFh
(BIDCyRUCy » CrInBUL <, & AR
RBE X, (2] k0% (3)oMEMLERIZLL LN
—FBHRICESNEZLIZFERT~NETHE,. (3)12
FOT B Byd 2LV HIt, RBE 2
WMIERETH B, ZhGOFEMAEL VRS
¥, RBE MK GFETHa. [(2)mEFL LA,
(3)08y 7795y FORRES a(t) BT (1) 13,
EFREHMEZBET -T2 0E LTHR- /-

HWBRRTRUSBUIFLA., LLRERFQLEFLO
WFRIZEWTYE, BT RBE & Al a5l
KIFEF NI, BMEREEFLOESGKLBRE
BELA(WTFROEFLIZEVTE p<.001).
MZT, CREOBERIIREETNO6E G, T
WERBE * A2 7N Izk-T, FTUA&L
gEshi(vwyhoeFricsntd p=.002).
#812H 65N 3 K540, EMKERBE £+ Mz
E2TH 7 kerma DFEEIL, HIET kerma ORBE
Eh g Earicadi By T s, s,
Hy<kerma DEEE L-L EFATIE2362H, QL
EFNTIF 2260 A THET S, HB4CRUDNFTT
F312, BAHMIIEO T Y7 kerma DT
HELEHCEZELTHN, hHETORER
RARLLTHETHS., RMIENRE RBE £ 7 I 13,
IOBEBELZROVWTHET 3L ENH 50T, B
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TABLE 8 BEST FITTING REGRESSION COEFFICIENTS FOR MODELS WITH
LINEAR TIME DEPENDENCIES :
#£8 BHBUAEEEEFRTETFVCFLTIHRAOBE TR TEBHRE

+  Time-dependent RBE

Time-independent RBE

Parameter  Factor L-L(2) Q-L(3) L&) Q—L(S)
a X 107 132 152 138 152
067V (.065) (.065) (.068)
B,, X 107 Gamma 1.762 - 1.146 -
(.480) (.520)
B,, X 10° GammaX T —4.248 - —2.300 -
1.377) (.533)
B,, X 10" (Gamma) - 6.541 - 4.479
(1.105) (1.659)
B,, X 10* (Gamma)® X T - —4.431 —2.678
(.951) (.633)
C, X 10"  Neutron 7.331 8.576 7.647 10.465
(2.610) (2.098) (1.083) (2.064)
C, X 10* Neutron X T —1.241 ~1.853 —2.300 -2.678
(1.735) (1.4335) (.533) (.633)
d, X 10"  Age ATB 816 .858 .842 899
(.286) (.276) (271) (-284)
Log likelihood —2068.03 —2064.91 —2072.18 —2068.91
(1) Standard devigtion in parentheses. THMLPUTIRISEE
{2}  The modelisA(tlz)=a+B,,(1+B ,1)G+C, (1L+C,ON+d, Age ATB. (1+B,,1)isser
to zero when (1 + B, | t) is negative.
E£FWIE, A(tlz) =a+B, (1+Bt) G+Col1+Ct)N+d Age ATB. (1+B )4 AT
HEFEIR, ThE0sT 5.
(3)  The model is Mtlz) = e+ B, (1 + B,,)G* +C,(1 + C, )N +d, Age ATB. (1 + B, 1) is ser
to zero when (1 + B, t) is negative.
EFME, Altiz) =a+Bgy, (1+B2,t) G2+ Col1+Cyt) N +d; Age ATB. (1+4+Byt)HFAT
HomEE, ThiE 015,
{4)  Time-dependent RBE model with B, set equal to C, .
B,,#* C, L H LA OMKY RBE £ 7 b
{5}  Time-dependent RBE model with B, set equalto C, .

B, % C, £ F L RS OEFMKIF RBE €7

have poor fits relative to the time-dependent
RBE models {(p=.002 for both models). Even
though these findings are highly suggestive, they
" are based on linear time dependencies and, thus,
they do not rule out the possibility of a time-
independent RBE model with curvilinear time
decreases for the gamma and neutron effects.

It is interesting to note that the time-dependent
RBE models of Table 8 have the effects of
gamma kerma vanishing arcund the beginning of
1970. For the Q-L model, the effects of gamma
kerma disappear in the latter half of 1969, while
for the L-L model the effects of gamma kerma
vanish in the first half of 1970. These findings
are in total agreement with previous reports’ !
of the excess risk in Nagasaki, and they indicate
the importance of the Nagasaki data in determin-
ing the gamma dose response.
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KT RBE TNV ENTHEN 2T L2 (0T h
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DISCUSSION

We have presented a temporal analysis of
leukemia mortality in A-bomb survivors using
the T65DR estimates. Our analysis is predicated
upon the belief that the effects of neutron and
gamma irradiation change in an unknown manner
in .time and is intended to investigate the
systematic nature of these temporal changes.

A decrease over time in the rafe of radiation-
induced leukemia in A-bomb survivors has been
previously  described for both leukemia
incidence™® and leukemia mortality.'*!1  As
might be expected, the reported temporal changes
for incidence and mortality rates are very similar,
and to paraphrase Ichimaru et al® are:

1. The excess risk to individuals with at least
100 rad (T65DR) total kerma exposure has
been steadily decreasing since the early 1950s.

2. In Nagasaki the decline in excess risk has
been swift and disappeared around 1970.

3. In Hiroshima the decline in excess risk has
been slower than in Nagasaki and was still
present in December 1978,

4, For Hiroshima survivors with 100+ rad
exposure and age ATB less than 20 years, the
excess risk has virtually disappeared, though
for MHiroshima survivors with 100+ rad
exposure and age ATB greater than 30, the
excess risk is still present.

When these types of chronological changes are
incorporated into dose-response models, the
resulting models become time dependent.
Because some temporal changes in the leukemia
rates (incidence and mortality) are pronounced,
the present study on the significance of including
time in a dose-response analysis of leukemia
was undertaken.

Qur temporal analysis of the leukemia mortality
rate has shown that L-Q-L, L-L, and Q-L models
which do not include time effects provide very
poor fits to the data (p < .001 for all three
models) when compared with their time-
dependent analogs. However, the regression
estimates for the best fitting time-independent,
or constant risk, L-L. and Q-L models closely
apreed with the time-averaged coefficients of the
best fitting time-dependent L-L and Q-L models
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(Table 3). Nevertheless, there was some dis-
agreement between a time-independent analysis
and the corresponding time-dependent analysis.
With a time-independent analysis, the best fitting
L-L maodel provided an inadequate description of
the data (p=.01), whereas that of the best fifting
Q-L model was sufficient (p > .50). In contrast,
the best time-dependent L-L model had a
satisfactory fit to the data (.10 < p < .25),
though the best fitting time-dependent Q-L
model had a better one (p > .25). This apparent
contradiction is spurious, because these time-
independent L-L and Q-L models were evaluated
relative to the best time-independent L-Q-L
model and this latter model was shown fo be
inadequate (p < .001). Because of the un-
certainties surrounding the T65DR estimates,*'*
perhaps the main consequence of this finding
should be a warning to consider temporal
effects in future analyses of leukemia data.

The other principal finding of our temporal
analysis is of a time-dependent neutron RBE.
A direct consequence of utilizing a time-
dependent dose-response model is that unless the
temporal changes in the neutron and gamma
terms in the model are identical, the RBE
becomes time dependent, in addition to being
model dependent. Because the effects of gamma
kerma on leukemia mortality decrease more
rapidly in time than do the effects of neutrons,
models with parallel linear time decreases in the
effects of gamma dose and neutrons provided
poor fits (p=.002 for both L-L and Q-L models)
relative to models in which the effects were not
required to be parallel. Even though the values
of our regression estimates are suspect because
the T65DR. estimates were used, the biological
evidence supports a time-dependent neutron
RBE. For many cell systems, it is known that
neutrons cause substantially more extensive
cellular damage than does low linear energy
transfer (LET) radiation.®!®  Also, for these
systems the rate of celiular repair is much faster
for low-LET-induced damage than for neutron-
induced damage, if the latter repair occurs at
all.'® Furthermore, Tates et al,'® Curtis et al,?
and Curtis®* have shown in animal experiments
the equivalent of a time-dependent neutron RBE.
The demonstration of a time-dependent RBE
raises the fundamental question of whether the
current notion of RBE is realistic, because the
RBE can in fact depend upon both dose and time.
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Since it appears that the T65DR estimates will be
revised in the near future,* this seems to be an
appropriate time for developing new data
analysis techniques for the 1.88. The end results
of these methodological developments will allow
early application of these newer techniques to
the revised dosimetry, and will also provide a
better understanding of analytic procedures
previously used at ABCC/RERF. Since it has
been shown that the T65DR dose response of the
leukemia mortality rate is time dependent,
future dose-response analyses of leukemia should
consider the effects of time. Along these lines,
using a very crude approximation to the LLNL
doses of Loewe and Mendelsohn® with the
Marcum correction,'®* we found in a preliminary
analysis using total dose (not shown) that a
time-dependent guadratic response, which may
be exponential in shape, was necessary. In
addition, it appeared that a time-dependent
linear term was also needed. Furthermore, we
considered the first interval of Table 4 in detail
and found that the hazard for all types of
leukemia decomposed into hazards for chronic
granulocytic leukemia (CGL) and for all
other types of leukemia except CGL. Interesting-
ly, the dose effect on CGL was linear, whereas
for the other types of leukemia it was quadratic,
Since the LLNL doses® contain some neutrons,
this finding is not inconsistent with previous
reports>?? that CGL is primarily induced by
neutrons. Thus, it appeared that our two
principal findings — the leukemia mortality rate
follows a time-dependent dose response and the
time variability of excess risk differs for gamma
kerma and neutron kérma — would continue to
hold for the LLNL dosimetry. It must be
emphasized that these preliminary findings are
based upon a crude dose approximation and are
presented with the intention of providing a
starting point for future analyses of leukemia
using revised dose estimates.

In closing we would like to emphasize that the
analysis of disjoint time intervals is a standard
life table technique.?® In fact, the same idea has
been used in the last four LSS reports., What is
novel in our approach, especially in radiation
biology, is the synthesis (steps 4 and 5} of the
interval information into a single coherent result.
It is this synthesis combined with the generality
of the interval approach that makes our method
50 useful.

19

RERF TR 5-82

T6SDR #EMB I HEWFRETEN 2L E LN B
oT,M HEHEEEICHETAHLCT - yEfES
METI2OLBELSEBETHILEDNS. 2w
FHEOMEOBREERIIL-T, ThEOFLYL
BEFRITREANEAVSROGERT A2 LA TE,
7=, LAEIIT ABCC — U FICHW & Nl F iR
Lol k< BETIZLLTERLICRETHAS.
F L F FE T o) T65DR 4] K s W B [ K 77 1% ©
HHZEANEHENTVEOT, FRoAMFBHRE
BIGENEIT IR, BHoORELEETsHEY
HBH, THIZEEL T, Marcum DETIE® Y 240% 7~
Loewe % UF Mendelsohn? @ LLNL BRICT3E
HTREMEZEMELRY, BRR(ZzTRRS
ZVW)EHALE THERT, FRBEENEET
Ha3 L LN EMREAMEARICEFLET
HEZrEEDE. FoL, SHRESBELBET
HAEIIZE LML FiZ, 40 LHMIZ>nT
FHICRE LA LS, TTOEMEOAMLEY A7
e EEEEOmME (CGLY Ik 3 A2k, 20l
DAMNFEILLZVAZ S IGHEhBZ 2B,
HAWIZ &Iz, CGLIIRIETHREHIIAE T
HofH, TOMOBED AMRIZ >N TIE T RMH
FrTh-7%. LLNL St 3ETositTza407,
ZOMRIZ CGL AL LTHlETIIE-THRE S A
RETALRMOBES 2T LRFHETI3LOTIRE .
Licd'»T, BIEECHIEHMRERRRES
LY, FLBEY A OBEMATEMED, F< kerma
& T kerma L TRELEVIZONTERFR I,
LINLBEROBAETCLI 2 cgATesEE2
L. ZThEOTFHMATRILKE»HERFLE
EI{HOTHN, RATHRBEFECLIRRD
OQMEBFOEBEEEZ L I8 D THMLA
LOTHIZLEEALZTRITES W,

BbDitgsEn, SBINLAZHMOBTITER
EGRPEPLLZLDOTHIZLEZBUBAL 0,
BE, BEOMNOOHESTREHSECRRCELY
Hushtwsds., 2EOT7O—F, HChssEd
E2O4HTOHLORAE LTI, FHWoER%
—2O—BUARRCTLOA(E4RUESRRE)
CETHD. FHEIMEOCHATHADIWE, 20
FELUBHET Fu—FoLomEM L EESSIHLS
ZEILBZLDTH S,



RERF TR 5-82

10.

11.

i2.

13.

14,

15.

16.

17.

REFERENCES
BEIH

ISHIMARU T, OTAKE M, ICHIMARU M: Dose-response relationship of neutrons and - rays to leukemia
incidence among atomic bomb survivors in Hiroshima and Nagasaki by type of leukemia, 1950-71.
Radiat Res 77:377-64, 1979 (RERF TR 14-77)

ISHIMARU T, OTAKE M, ICHIMARU M, MIKAMI M: Dose-response relationship of leukemia incidence
among atomic bomb survivors and their controls by absorbed marrow dose and two types of leukemia,
Hiroshima and Nagasaki, October 1350-December 1378. RERF TR 10-81

FUJITA 8, SHIMIZU Y, MASAKI K, YOSHIMOTO Y, KATO H: RBE of neutrons in cancer mortality
among atomic bomb survivors, Hiroshima and Nagasaki, 1950-78. RERF TR 9-80.

LOEWE WF, MENDELSOHN E: Revised dose estimates at Hiroshima and Nagasaki. Health Phys 41:663-
6, 1981

Division of Medical Sciences, Assembly of Life Sciences, National Research Council, National Academy
of Sciences: The effects on populations of exposure to low levels of ionizing radiation. BEIR Report 3,
1980

ROSSI HH, MAYS CW: Leukemia risk from neutrons. Health Phys 34:353-60, 1978

BIZZOZERO 0OJ, Jr, JOHNSON KG, CIOCCO A: Distribution, incidence, and appearance time of
radiation-related leukemia, Hiroshima-Nagasaki, 1946-64. N Engl J Med 274:1059-102, 1966 (ABCC TR
17-65)

ICHIMARU M, ISHIMARU T, BELSKY JL: Incidence of leukemia in atomic bomb survivors belonging
to a fixed cohort in Hiroshima and Nagasaki, 1951-71; radiation dose, years after exposure, age at
exposure, and type of leukemia. J Radiat Res 19:262-82, 1978 (RERF TR 10-76)

ICHIMARU M, ISHIMARU T, MIKAMI M, YAMADA Y, OHKITA T: Incidence of leukemia in atomic
bomb survivors and controls in a fixed cohort, Hiroshima and Nagasaki, October 1950-December 1978.

RERF TR 13-81

BEEBE GW, KATO H, LAND CE: Studies of the mortality of A-bomb survivors. 6. Mortality and
radiation dose, 1950-74. Radiat Res 75:138-201, 1978 (RERF TR 1-77)

KATOQ H, SCHULL WI: Studies of the mortality of A-bomb survivors 7. Mortality, 1950-78: Part 1.
Cancer Mortality. Radiat Res 90:395-432, 1982 (RERF TR 12-80)

AUXIER JA, CHEKA J§, HAYWOOD FF, JONES TD, THORNGATE JD Free-field radiation-dose
distributions from the Hiroshima and Nagasaki bombings. Health Phys 12: 4259, 1966

MARCUM J: House attenuation factors for radiation at Hiroshima and Nagasaki. Preliminary report
prepared for Defense Nuclear Agency, 1981

MARSHALL E: Japanese A-bomb data will be revised. Science 214:31-2, 1981

JABLON 8, ISHIDA M, YAMASAKI M: Studies of the mortality of A-bomb survivors. 3. Description of
the sample and mortality, 1950-60. Radiat Res 25:25-52, 1965 (ABCCTR 15—(:_;3)

BRODSKY JB, GROER PG: A Taylor series approach to survival analysis. RERF TR 25-81

KENDALL M, STUART A: The advanced theory of statistics, 4th Edition. New York, MacMillan, 1977

20



18.

19.

20.

21.

22,

23.

RERF TR 5-82

FABRIKANT Ji: Radiobiology. Chicago, Year Book Medical Publishers, 1972

TATES AD, BROERSE JJ, NEUTEBOOM I, DE VOGEL N: Differential persistence of chromosomal
damage induced in resting rat-liver cells by x-rays and 4.2-Mev neutrons. Mutat Res 92:275-90, 1982

CURTIS HI, TILLEY J, GROWLEY C: The elimination of chromosome aberrations in liver cells by
cell division. Radiat Res 22:7304, 1964

CURTIS HI: Biological mechanisms of delayed radiation damage in mammals. In Current Topics in
Radiation Research, Vol I1l, ed by Ebert M and Howard A. New York, Wiley, 1967 '

MOLE RH: Ionizing radiation as a carcinogen. Practical questions and academic pursuits. Br J Radicl 48:
157-69, 1975

CHIANG CL: Introduction to Stochastic Processes in biostatistics. New York, Wiley, 1968

21





