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Abstract Radiation cancer risks are typically deter-
mined by the use of simple statistical descriptions of
epidemiological data. It is important in risk assessment
in general, however, to attempt to incorporate as much
biological information into the risk models as possible.
We illustrate this by presenting a biologically-based
linear-quadratic-exponential (L QE) incidence rate mod-
el for radiation-induced chronic myeloid leukemia
(CML). The model consists of a linear-quadratic dose-
response for the induction of BCR-ABL, awaiting time
distribution between BCR-ABL formation and detec-
tion of CML, and an exponentia cell-killing term that
multiplies both the background and induced incidence
rates. Using data exclusive of the A-bomb survivor co-
hort, Bayesian priors are defined for each of the nine
parameters in this LQE model. The priors are based on
chromosomal translocations in lymphocytes, hemato-
poietic stem cell survival experiments, CML waiting
times in women irradiated for benign disease, the back-
ground CML incidence rate in the U.S. population, and
genomic DNA target sizes of BCR and ABL. Fixing
three of the LQE model parameters to the means of
their priors, maximum likelihood estimates of the re-
maining six parameters were obtained using A-bomb
survivor incidence data for Hiroshima males. The like-
lihood estimates and the corresponding six prior distri-
butions, both approximated as multivariate normal,
were then used to form Bayesian posteriors for the six
parameters not fixed. With these posteriors the LQE
model yields Q,'=0.0042 Gy~ where Q" is the upper
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95% confidence bound of the lifetime CML risk per
person-gray in the limit of low doses of gamma-rays.
This value is dlightly less than Q,'=0.0049 Gy-1 ob-
tained from likelihood estimates of the LQE parame-
ters, and substantially less than Q,'=0.0158 Gy-! ob-
tained for a simple statistical model linear in dose for
kermas less than 4 Gy.

Introduction

The advantage of biologically-based cancer models, rela
tive to purely statistical models, istheir potential to bring
biological considerations to bear on epidemiological risk
estimates. Biological considerations can affect risk esti-
mates through both the structure and the parameter val-
ues of the model. This paper demonstrates biologically-
based modeling for a specific example of radiation carci-
nogenesis.

In epidemiological studies, cancer endpoints with
similarities are often pooled together. For example, acute
myeloid leukemia (AML) is usually given as a single
disease entity even though it really consists of many sub-
types [1, 2]. In general, it cannot be assumed that cancer
subtypes arise via the same mechanism, nor can it be as-
sumed that they arise from within the same target cell
population. Cancer endpoints are thus difficult to model
as groups, and, due to low numbers of cases, difficult to
model as individual subtypes. Chronic myeloid leukemia
(CML) is exceptional in this regard. Almost all cases of
CML are associated with a BCR-ABL chromosomal
translocation [3], and the CML incidence rate is high
enough that induction by ionizing radiation can be de-
tected epidemiologically [4, 5, 6]. Furthermore, there is
evidence that ionizing radiation induces BCR-ABL for-
mation [7, 8, 9] and that BCR-ABL causes CML [10, 11,
12] and other leukemias [13]. These properties make ra-
diation-induced CML ettractive for biologically-based
cancer risk modeling.

There are two paths by which biological information
can exert an impact on cancer risk estimates. One is the
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constraint of model structures to plausible forms, the
other is the constraint of parameter values to reasonable
ranges. To estimate the separate impacts attributable to
each of these paths, three models of radiation-induced
CML risk will be compared. In the first model, neither
the structure nor the parameter values are constrained to
be biologically plausible. Risk estimates based on this
linear dose-response model depend on epidemiological
data aone. The other two models have dose-response
structures constrained to a biologically plausible linear-
quadratic-exponential (LQE) form. In the second model
six of the nine LQE parameter values are free in the
sense that they are determined by the likelihood function
(i.e,, A-bomb data) alone. In the third model these pa-
rameter values are determined not only by the likelihood
function, but also by the ‘soft’ constraints of informative
Bayesian priors (i.e., A-bomb exclusive data). The three
models of CML risk allow us to assess the separate and
combined impacts of biologically plausible model struc-
tures and parameter ranges.

Bayesian methods

Aspects of Bayesian methods [14, 15] central to this pa-
per will now be described. Suppose we have vectors of
model parameters 6 and observed data X. Bayes theorem

L(X|9)P(O) @
JoL(X|6)P(6)d6

then states that the posterior distribution P(6]X) equals
the normalized product of the likelihood function L(X|8)
and the prior distribution P(8). Assuming, and we shall
throughout, that the prior and likelihood estimates of 6
are multivariate normal, denoted MVN(u, ;) and
MVN(y,2,), respectively, the posterior distribution is
also multivariate normal, denoted MV N(y, %); this fol-
lows from Eg. (1) because the log-posterior is then the
sum of a quadratic log-likelihood and a quadratic log-
prior, which, upon completing the squares, yields a qua-
dratic log-posterior with

-1
S=(gt+3F) T or 3=gtesy
and

p=3(Sim +3tu,) or

-1

p= (2 2 (S T k) ®)
Viewing the matrix 21 as information, these equations
state that the posterior information equals the likelihood
information plus the prior information, and that the pos-
terior mean is the information-weighted average of prior
and likelihood means. By symmetry we see that likeli-
hoods and priors are treated equivalently in forming pos-
teriors. At times, however, it is useful to view them
asymmetrically in the context of optimization theory
[16]. In this setting the quadratic log-likelihood becomes

the objective function and the quadratic log-prior be-
comes a penalty function or ‘soft’ constraint. Posterior

P@]X)=

)

parameter estimates then become maximum likelihood
estimates optimized under the soft constraints of Bayes-
ian priors.

Models

Three models for the expected number of CML cases
among A-bomb survivors are presented. The first has the
linear dose-response structure of Preston et a. [4], the
second and third have a biologically plausible LQE dose-
response structure. Common to all three models, the ex-
pected number of background cases equals person-years
multiplied by an incidence rate that increases exponen-
tially with age [17], and a waiting-time distribution
k3t2

w(t) = Te_ktt (4)
describes the time t between formation of the BCR-ABL
translocation and development of CML; the structure of
w(t) is arbitrary except that it must vanish within 15
years [5]. Among differences between the models, dose
in Sv is used in the linear model while separate gamma
and neutron doses are used in the LQE models, and the
LQE models include cell killing while the linear model
does not.

Linear model

Based on A-bomb survivor data alone, Preston et al. [4]
concluded that a linear dose-response model adequately
describes the risk of radiation-induced CML. We modi-
fied the model of Preston et al. [4] so that the waiting
time distribution is more realistic between t=0 and
5 years, and so that the background incidence age struc-
ture is consistent with the U.S. population [17]. The re-
sultis

m = e+ + Dt2e k)R (5)

where the parameters c;, k, ¢, and k; are obtained by
maximizing the Poisson log-likelihood

3 Q log(m) - m. (6)

Here m, O;, &, P;, D; and t; denote the expected number
of CML cases, the observed number of CML cases, the
average age, the person-years, the average marrow dose
in Sv, and the average number of years since exposure,
respectively, for the ith grouped data cell.

Linear-quadratic-exponential model

Assuming that the BCR-ABL translocation causes CML
[10, 11, 12], that the dose-response of BCR-ABL trans-
locations in CML target cells is proportional to the
dose-response of total translocations in lymphocytes,
and that CML target cells have survival dose-responses
similar to murine hematopoietic stem cells, a biological-



ly plausible LQE dose-response structure for expected
CML casesis

m = R[ewka +(D; +(B/ @)D} +(a,, / a)D, Jt2e 4]

Qa‘(akDyi +BkD +a knDni)

()
wherem, O; (Eq. 6), &, P, and t; are defined asin thelin-
ear model, D; and D, are the average gamma and neu-
tron marrow doses for the ith grouped data cell,
aD,;+pD?;+a,D,, is the expected total number of chro-
mosomal translocations per target stem cell, and
a,D,+BD?,;+a Dy is the expected number of lethal
hits per target stem cell. The biological basis of this
model is as follows. Let N be the number of CML target
cells [17], and let P(ba|T) be the probability that a cell
has BCR-ABL given that it has atranslocation [18]. Sub-
stituting into Eq. (7) the expression

e = NP(ba|T)ak‘73 (8)

the LQE model becomes
m = Pi[eq+k3i + NP(balT)(aDyi +pDg +anDni)W(ti )]

|]3_(‘7ka +ByDF +Gkan)

9)
Here
NP(ba | T)(aD, +BD3 +a,D, )e (@ A% auds) (10)

is the probability that the exposure causes BCR-ABL in
atarget stem cell not killed by the exposure. In our mod-
el this is also the probability that an exposed individual
eventually develops CML (in the absence of competing
risks). Multiplying this expression by w(t,)A,, where A, is
the length of the observation time for the ith data cell,
the result is the probability that an exposed individual
develops CML within a 4, interval t; years after the ex-
posure (again in the absence of competing risks). Finaly,
multiplying this result by P,/A;, the number of exposed
people still in the study during this observation window,
and cancelling the 4;’s, the result is Eqg. (9) or Eq. (7).
Note that by using P,/A;, rather than the number of peo-
ple entering the study in 1950, we are controlling for
competing risks. Also note that, because exponentiation
tends to normalize parameter estimates, Eq. (7), rather
than Eq. (9), should be used in the optimization routines
that maximize Eq. (6).

The LQE model assumes that CML induction is a
one-stage process, i.e., that any additional events neces-
sary for CML are common enough to always occur with-
in 15 years of the rate-determining step of BCR-ABL
formation. The LQE model also assumes that the target
cell population size is not regulated to return to its pre-ir-
radiation level. Thus, the exponential cell killing term
multiplies not only the induced incidence rate, but also
the background incidence rate.
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Data sets
Likelihood data

Our likelihood function is based on only the Hiroshima
mal e portion of the A-bomb survivor incidence data. Ex-
clusion of the remaining A-bomb survivor data is ratio-
nalized in this section.

Of the 59 cases of CML among the A-bomb survi-
vors, only 6 are from Nagasaki. It is not known why
CML is essentialy absent in Nagasaki. It is known that
adult T-cell leukemia (ATL) isunusually high in Nagasa-
ki (22 cases), compared to Hiroshima (1 case), and that
ATL does not show a dose-response [4]. These observa-
tions suggest that perhaps the human T-cell leukemia vi-
rus (HTLV) precludes the development of CML. Consis-
tent with this notion is the observation that 3 of the 4 Na-
gasaki male cases were ages 11, 13, and 24 at diagnosis,
and that the seroprevalence of HTLV increases with age
and is higher in females than in males [19].

Based on A-bomb exclusive data, it was our prior be-
lief that the excess risk of radiation-induced CML peaks
about 8 years after irradiation and vanishes after about
15 years [5, 6]. Consistent with this, we note that the
three adolescent Nagasaki male cases were probably ra-
diation-induced (background rates are low at these ages)
and that their exposure-to-CML waiting times were 8
years, 11 years and 11 years, respectively. Thus, the Na-
gasaki data does lend some credence to our prior beliefs.

Among Hiroshima females, only 7 out of 25 cases ar-
rived within 15 years of the exposure, compared to 15
out of 28 for males. Furthermore, it is clear from the
high dose portion of the Hiroshima female data (Table 1)
that some of the induced cases are arriving much later
than expected [5, 6], i.e., that we are not simply missing
induced cases. Related to this, Table 1 shows that only 3
female cases were diagnosed before the age of 40, com-
pared to 10 male cases. These inconsistencies suggest
that either we do not understand CML well enough to
model it mechanistically, or that, for some reason, the
Hiroshimafemale datais (at least in part) not representa-
tive of the processes that normally underlie radiation-in-
duced CML. We adopt this latter view (the Nagasaki da-
ta proves that it can happen) and thus exclude the Hiro-
shima female data from our analysis. In contrast, Tables
land 2 show that the Hiroshima male data is highly con-
sistent with the prior data (see Discussion section). Thus,
the Hiroshima male data alone is used to form the likeli-
hood function.

Bayesian prior data

Priors corresponding to B/a, a,/a, and ¢, of the LQE
model (Eq. 7) are given in Table 3 (see Appendix for de-
tails regarding c,). These priors were formed using di-
centric yield parameters a and 3, and o, for lymphocytes
exposed to gamma-rays [20] and neutrons [21], respec-
tively. Thus, we have assumed that either translocations
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Table 1 Hiroshima CML cases by age, sex and dose in Sv (O observed cases, E expected background cases based on U.S. incidence

rates [17], tsx average of the times since exposure for the cases)

Age2 0.2 SvsD 0.2 Sv<D<1 Sv 1Sv<D
(years)
Males Females Males Females Males Females
O (E) tsx O (E) tsx O (E) tsx O (E) tsx O (E) tsx O (E) tsx
1-10 0(0.02) 0(0.01) 0(0.00) 0 (0.00) 0 (0.00) 0 (0.00)
10-20 0(0.15) 0(0.09) 1(0.02) 84 0(0.02) 2(0.00) 96 0 (0.00)
20-30 0(0.38) 1(0.28) 139 1(0.05) 139 0(0.05) 1(0.01) 6.2 0(0.01)
3040 1(0.71) 229 0(0.64) 2(011) 121 0(0.10) 2(0.03) 7.3 2(0.02) 181
40-51 1(1.32) 179 0(1.29) 1(0.17) 329 1(0.20) 10.9 2(0.05) 7.3 1(0.04) 229
50-60 3(1.83) 24.2 1(2.06) 229 2(0.26) 146 4(0.33) 9.2 0(0.08) 0(0.07)
60-70 3(218) 222 4(257) 26.6 1(0.33) 109 4(0.41) 19.2 1(0.09) 13.9 1(0.08) 279
>70 4(3.76) 336 4(4.44) 324 0 (0.56) 1(0.69) 37.8 0(0.11) 1(0.09) 278
Total 12 (10.4) 10 (11.4) 8 (1.50) 10 (1.79) 8(0.38) 5(0.32)
aAge at diagnosis
;I’ ;btlﬁezl_gaEr %rgie{ggwiﬁ Parameter Point estimate (95% confidence interval)
model of Eq. (7) LQE prior L QE likelihood L QE posterior
C —-13.04 (-13.21, -12.87) —12.6338 (-14.69, —10.58) —13.034 (—13.200, —12.867)
k (years?) 0.042 (0.040, 0.045) 0.040 (0.006, 0.073) 0.042 (0.040, 0.045)
k; (years?) 0.377 (0.014, 0.74) 0.4220 (0.22, 0.63) 0.391 (0.224, 0.559)
c, -10.47 (-16.06, —4.81) —9.5505 (-11.41, —7.69) -9.673 (-11.227, -8.119)
o, (GyD) 0.290 (0.251, 0.329) 0.3044 (-0.034, 0.643) 0.2900 (0.251, 0.329)
By (Gy?) 0.068 (0.054, 0.082) 0.0238 (-0.098, 0.146) 0.0673 (0.054, 0.081)

arise as frequently as dicentrics [22] — a topic of debate
[23], or, less restrictively, that their dose-response pa-
rameters differ by at most a common factor.

Blast crisis of CML can be either lymphoid or my-
eloid [24]. This suggests that CML target cells are primi-
tive hematopoietic stem cells. Bayesian prior distribu-
tions for the LQE cell killing parameters in Eq. (7)
should therefore be based on hematopoietic stem cell
survival experiments. Since human survival data for
primitive hematopoietic stem cells are unavailable, the
priors will be estimated from murine data. Specificaly,
for 1 MeV fission neutrons, o, has been estimated using
the marrow repopulating ability assay [25], and for gam-
ma-rays, a, and 3, have been estimated using the day-35
cobblestone area forming cell assay [26], see Table 3.

In addition to a and P(ba|T), the prior for ¢, depends
on the number of CML target cells in adult males, denot-
ed N, and the waiting time distribution parameter k;, see
Appendix and Eg. (8). A combination of SEER (Surveil-
lance, Epidemiology, and End Results) data [27] and
translocation data [28, 29] allows estimation of N [17],
and a fit of Eq. (4) to the excess CML risk following
treatment of benign gynecological disease (see Fig. 2 of
Inskip et al. [5]), yields k; in Table 3. This k; estimate
compares favorably with the likelihood estimate in Table
2. Thus, males and females appear to have similar treat-
ment-to-CML waiting times. In contrast, Preston et al.
[4] suggest that the waiting time constant is seven-fold
slower in females than in males.

Table 3 Bayesian prior distributions for the LQE model of Eq. (7)
(SE. standard error, N.R. not relevant since parameter is fixed)

Parameter  Mean SEa References

c -13.04 0.0854 [17]2

k 0.042 years 0.0013 [17]2

ki 0.3770 yearst 0.1850 [5,17]

c, -10.47 2.7987 [5,17, 13, 32, 20]2
Oy 0.2900 Gy-1 0.0200 [26]

By 0.0680 Gy-2 0.0070 [26]

Bla 0.055/0.0107 Gy N.R. 20]

a/a 0.8/0.0107 N.R. 20, 21]

Oy 2.3Gyt N.R. 25]

a These results correspond to the “note added in proof” of [17])

Priors for the background parameters c; and k were
estimated using 1992-1996 SEER data [27] with CML
identified by the ICD-O code 9863. The ICD-9 CML
code 205.1 was not used here because it includes chronic
myelomonocytic leukemia, a disease not associated with
BCR-ABL. Since the A-bomb survivor cohort probably
contains far fewer cancer treatment survivors than the
SEER populations, and since cancer treatments cause
CML [5, 6, 30, 31], use of the SEER data was restricted
to first cancers and adjustments based on survival times
were made so that person-years derive from populations
without previous cancers. Fitting an exponential age
structure to the resulting SEER males yields priors for c;
and k givenin Table 3.



Table 4 Poisson regression parameter estimates for the linear
CML dose-response model of Eq. (5)

Parameter Point estimate 95% Confidence interval
c —12.7895 (—14.7947, -10.7842)

k 0.0407 years?  (0.0091, 0.0723)

ki 0.4039 yearst (0.2099, 0.5980)

C —8.3886 (-10.1926, —6.5846)
Results

Linear model

Maximizing Eqg. (6) using the linear model of Eg. (5) and
only the Hiroshima male CML incidence data with ker-
mas less than 4 Gy, the parameter estimates given in Ta-
ble 4 and the covariance matrix

5 = (0.0098 0.0862)

0.0862 0.8472 (11)

for k. and c, were obtained. The lifetime excess CML
risk per person-Sv in the absence of competing risks

2e2

kt3
could thus be estimated using bivariate normal random
samples of k, and c,. Thisresulted in R=0.0075 Sv-1 with
95% confidence interval (0.0039, 0.0158), consistent
with R=0.0088 Sv-1 obtained using the linear model of
Preston et al. (see [18]). Assuming a neutron RBE of 10
asin Preston et a. [4], we let D=D,+10D,, in Eq. (5) to
obtain

R =0.0075Gy-1

R= [y t2e% kidt = (12)

and Q) =00158 Gy (13)

for the mean and upper 95% confidence bound, respec-
tively, of the lifetime CML risk per person-Gy in the
limit of low doses of gamma-rays.

LQE likelihood model

The second model considered has the LQE structure of
Eq. (7) and six of its nine LQE parameters determined
by the Hiroshima male data. The remaining three param-
eters (B/a, a,/a and a,,,) were fixed to their prior means
(Table 3) because the Hiroshima male data is not power-
ful enough to estimate all five of the LQE dose-response
shape parameters. Thus, we optimized the LQE log-like-
lihood surface (Eq. 6) with three of the dose-response
shape parameters fixed, and this resulted in {c;, k, ki, C,,
Oy, Bt =6~-MVN(,2,) where
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as summarized in Table 2. Using bivariate normal ran-
dom samples of k; and c,, the lifetime excess CML risk
per person-Gy in the limit of low doses of gamma-rays
becomes

R, =2;°§Q =0.0021Gyt  95%Cl (0.0008, 0.0049)

A (15)
and thus, for the LQE likelihood model we have
Q",~0.0049 Gy~

L QE bayesian model

The third model uses information contained in both the
likelihood and the priors. Specifically, it uses Egs. (2)
and (3) to form the posterior distribution 6~MVN(y, %)
as a combination of the maximum-likelihood distribution
MVN(y, %) and the prior distribution MVN(prp, ).
Here, |, and %, are given by Eq. (14), W, is specified By
Table 3, and the matrix %, is non-zero only on its main
diagonal and in the two positions defined by cov(c,
K)=—1.04x10+ — the main diagonal of X, contains the
squares of the standard errors in Table 3. The posterior
distributions are summarized in Table 2. Using bivariate
normal random samples of k; and ¢, (£ not shown)

95% Cl (0.0011, 0.0042)

(16)
and hence, for the LQE Bayesian model we have
Q",~0.0042 Gy-L.

R, =S5~ =00022Gy™?

Discussion

Our main results are Q{=0.0158 Gy and R=0.0075
Gy for the linear model, Q;=0.0049 Gyl and R~
0.0021 Gy for the LQE likelihood model, and Q=
0.0042 Gy-! and R=0.0022 Gy-1 for the LQE posterior
model. Thus, structure had a strong impact on mean risk
estimates and priors had only a slight impact on risk un-
certainty.

In view of the independence of the prior (A-bomb ex-
clusive) and likelihood (Hiroshima male) data, the agree-
ment between the mean values of the LQE prior and
likelihood parameter estimates (see Table 2) is extremely
encouraging. It tells us that the prior and likelihood data
sets are consistent with one another, as they should be
since presumably they describe the same fundamental
process in nature. Meanwhile, the Hiroshima female da-
ta, the Nagasaki male data, and the Nagasaki female da-
ta, each have inconsistencies with the prior data. We
guestion how representative these other A-bomb data are

T12.63[ 0109 -0.017 0023 0090 0.102 -0.020 [
0.04 -0.017 0.0003 -0.0003 -0.001 -0.002 0.0003
_U 0420 and _U0.023 -0.0003 0011 009 0.003 -0.0003Y
M =0-9550 2t=00090 -0001 0090 0900 -0.005 -0.007 O
0 0300 00102 -0.002  0.003 -0.005 0.030 -0.005 [ (14)
0 0.020 0-0.020 0.0003 -0.0003 -0.007 -0.005 0.004 O
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of normal radiation-induced CML. Furthermore, the val-
ue of applying Bayesian methods to inconsistent prior
and likelihood data sets is unclear; intuitively, additional
inconsistent data tells us that we really know less than
we previously thought, but the Bayesian approach tells
us that we know more (the Bayesian approach does not
take into consideration that we expect and desire consis-
tency between the likelihood and prior data sets). Thus,
the Hiroshima male data alone was used to form the like-
lihood. Although this may seem objectionable, our view
is that the exclusion of inconsistent data constitutes yet a
third path for transferring prior knowledge to risk esti-
mates, the constraints on structures and parameter values
being the other two paths.

The confidence intervals of the parameter estimatesin
Table 2 tell us that the prior and likelihood data sets are
complementary sources of information. Prior data is the
main source of information for the background parame-
ters ¢; and k, and the dose-response shape parameters o,
and B,; it is the complete source of information for the
three fixed dose-response shape parameters p/a, a/a,
and a,,. Meanwhile, the likelihood data contains very
little dose-response shape information, but it is the main
source of information for the waiting time parameter k;
and the dose-response amplitude parameter c,. Sinceit is
k. and c, that determine the low-dose risk (see Eq. 12),
and since priors contribute little to their estimates, it is
not at al surprising that priors had little impact on risk.

In general, estimates of upper bounds are less robust
than estimates of mean values. Furthermore, since the
LQE log-likelihood surface is nearly flat in severa di-
rections, upper bounds generated by this surface are ex-
pected to be particularly unstable. Supporting this claim,
minor alterations in the optimization algorithm that were
inconsequential to all other risk estimates caused up to
two-fold increases in Q| of the LQE likelihood model.
We therefore caution that impact of priors on risk uncer-
tainty may be greater than suggested by our results.

The a2 intron of ABL is unusually large at about
300 kb [13]. This provides a large target for BCR-ABL
translocations which, after splicing out the intron, pro-
duce the same chimeric protein product and thus the
same clinical disease. This may explain why CML is
somewhat unique in being both prevalent and homoge-
neous. In this study, prevalence was needed to use the
A-bomb data and homogeneity was needed to use end-
point-specific molecular data. Extensions of our metho-
dology to other cancer endpoints that are not both homo-
geneous and prevalent, may therefore be difficult. Nev-
ertheless, as the mechanisms of carcinogenesis continue
to unfold, and as clinical diseases become more and
more molecularly defined, the prospects of applying our
approach to other cancer endpoints will only improve.
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Appendix

The mean and standard error of c,=log(NP(ba|T)ak3/2)
were computed using P(ba|T)=3.4x10-10 from [18],
0=0.0107 (0.007, 0.015) from [20], N=1.5*1.93x108
(1.2¥1.3x108, 2.7*2.9x108) adjusted for w(t) as in [17],
and k; as in Table 3. Here standard errors define the par-
enthetic limits for a, and, to crudely compensate for un-
known uncertainty in P(ba|T), 95% confidence limits are
used for N. Thus, the mean of c, was taken to be
l0g(0.0107*(.377)3* 1.5 1.93x108* 3.4x10-10/2) =—10.47,
and the standard error of ¢, was taken to be the average
difference  between 1047 and the bounds
[0g(0.007* (0.192)3* 1.2* 1.3x 108* 3.4 x 10-10/2) =—13.54
and 10g(0.015*(.562)3* 2.7* 2.9x108* 3.4x10-10/2)=—7.95.
This average equaled 2.7987.
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