Dose-Response Analyses of Bone Cancers from Radium

An alternative analysis of the data
reported by Raabe, Book, and Parks (1)
leads to much greater estimates of the
risk from bone cancer at low dose rates.
First, a comment on their analysis is
needed.

Raabe et al. estimate a median and
standard deviation of time until death for
the population of control dogs, even
though fewer than 25 percent are report-
ed to have died. If the basis for the
estimates is an exact lognormal distribu-
tion of death times, the estimates are
extremely sensitive to this assumption.
Raabe et al. also assume that, for a fixed
average daily dose rate D, In ¢ (¢ is time
to death) is normally distributed about In
K — SInD[K and S from Eq. 2 in ()],
with variance independent of D. If this
were true, the least-squares analysis re-
quires that all subjects are observed
until they contract bone cancer. Deaths
from other causes or live withdrawals
from the study would lead to biased
estimates.

Raabe et al. find a relation between
response ratio values, as measured by
the estimates of K and life expectancies,
L, for man (K = 9000, L = 70), beagle
(K = 2500, L =15), and mouse
(K = 850, L = 2). For the three corre-
sponding pairs, a correlation coefficient
r=.9999 (P < .01)is obtained, although
all six numbers were estimated indepen-
dently to accuracies of no better than 5
or 10 percent. This is an inappropriate
use of the correlation coefficient as a test
for a linear relation. The phrase P < .01
(or standard errors for the slope and
intercept) is also inappropriate since the
three species were drawn from popula-
tions whose values of K and L do not
have a bivariate normal distribution. The
high correlation observed is primarily an
artifact, since practically any variables
relevant to the scales of man, beagle, and
mouse will show up as highly correlated.
For example, if the value of K for man,
estimated as 9,000 by the authors, were
changed to any value in the range 6,000
to 35,000, the correlation between the
two variables is still .990 or greater. Thus
the canine and mouse data could explain
a wide range of human response data.

In reanalyzing the data, the years of
exposure of each subject and the effect
of competing risks on survival were tak-
en into account. The usual epidemiologi-
cal survival curve models (2) treat the
hazard rate, or instantaneous probability
(p) of death as a function of time, as the
basic quantity to be estimated. If T is the
time of death due to a particular risk

(such as bone cancer) initiated at time
t = 0, then, in the absence of competing
risks

pt<Ts=st+ AT > 1) = h(p) (A1)

p(T>1t) = exp{—f{J h(s)ds}

where £ is the hazard rate at time ¢ or s.
A plausible model for the hazard of car-
cinogenesis due to ionizing radiation (3)
is that /4(¢) is proportional to the cumula-
tive dose received by time ¢ — a, where
a represents the latency period for devel-
opment of the cancer. For a cohort ex-
posed to a constant dose rate D (rad/day)
sufficiently high so that bone cancers
occurring naturally are negligible by
comparison, the simplest model is

o) = b D — a)
p(T > 1) = exp — {hb D(t — a)*}

where ¢ > g and a and b are constants to
be estimated from the data. Maximum
likelihood methods are available (4) to do
this, but a relatively simple method can
be based on the above equation. If ¢, is
the median time (in days) until death by
bone cancer for a cohort of individuals
exposed at dose rate D, then

=In2
l/zb E(Im - a)z
tm = a + b V2

—In p(T > tm)

I

where b' = (2 In 2/b)"2, Figure 1 shows
tm plotted as a function of D™ (3) for
the three data sets analyzed in (), as
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Fig. 1. Median time until death as a function
of average dose rate when dose is plotted on a
reciprocal square-root scale; data from Raabe
et al. (I) as described in (5). Human and
beagle data refer to deaths from bone tumors;
the mouse data include deaths from all
causes. The time intercepts of the fitted lines
are estimates of an assumed latency period
between initiation of the tumor process and
time of death.
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well as a straight line fit to each (6). The
fitted lines lead to the following survival
functions: for man, —In p(T >1) =
00484 D(r — 13.1)?; for beagle, —In
p(T > 1) = .0268 D(r — 1.91)%; and for
mouse, —In p(T >1¢) = .253 D@t —
0.624)%. Dose rate is D in rads per day,
but 7 is measured in years. These esti-
mates lead to practical thresholds from
20 to 40 times lower than those comput-
ed in (/). For example, in man, at the
maximum permissible industrial bone
burden of D = 0.0082 rad/day, over S
percent of those who would otherwise
survive to t = 50 years are predicted to
die of bone cancer; Raabe er al. predict
only 1 in 400 (7). Their assumption of a
lognormal distribution of survival times,
rather than the Weibull distribution used
here, leads to a very different estimate of
when the first few percent of the cancers
would occur, even if the same median
survival times had been assumed. Unless
strong evidence exists to the contrary,
the usual procedure of assuming a rela-
tively simple model for the hazard func-
tion seems advisable,

The above model is not necessarily
correct. Another relatively simple model
is the quadratic dose-response model, in
which the hazard rate is expressed as

) = b D*(t — a)
p(T > 1) = exp{—b D* (t — a)’/3}

This model leads to a prediction of medi-
an survival time (in the absence of com-
peting risks) of

fm=a+ b D

where b' = (3 In 2/6)'*, When this rela-
tionship is fitted to the data in Fig. 1 (8),
the estimated survival functions are —In
p(T > 1) = .000977 D*r — 15.6)> for
man; -Iln p(T > ¢ = .00870 D —
2.57)® for beagle; and —~In p(T > 1) =
0830 D? (+ — 0.704)° for mouse, with the
time scale shifted to years. Low dose
extrapolations from this quadratic re-
sponse model yield predicted effects
close to those of the lognormal model of
Raabe et al. (J). However, it should be
noted that for all three species the laten-
cy interval estimated by the quadratic
model is longer than the observed time
until death from bone cancer for some
individuals.

The low dose extrapolation dilemma,
in which several models fit the available
data tolerably well but lead to very dif-
ferent predictions in the low dose range,
cannot be wholly resolved by statistical
analyses. Even more sophisticated anal-
yses will not change the fact that data
with very few cancers in the low dose
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range cannot reliably be used to predict
effects in that range without more knowl-
edge of the mechanisms of carcinogene-
sis.

WiLrLiaM H. DUMOUCHEL
Department of Mathematics,
Massachusetts Institute of Technology,
Cambridge 02139

References and Notes

1. O. G. Raabe, S. A. Book, N. J. Parks, Science
208, 61 (1980).

2. J. D. Kalbfleisch and R. L. Prentice, Staristical
Analysis of Failure Time Data (Wiley, New
York, 1980).

3. See for example, the absolute risk model [Na-
tional Research Council, ‘‘Effects on popula-
tions of exposure to low levels of ionizing radia-
tion”” (BEIR Report PB 239, Washington, D.C.,
1972), p. 171] and the recent analyses [M. Ichin-
aru, ‘‘Multiple myeloma among atomic bomb
survivors, Hiroshima and Nagasaki, 1950-76"
(Technical report 9-79, Radiation Effects Re-
search Foundation, Hiroshima, Japan, 1979)].

. D.R. Cox, J. R. Stat. Soc. B34, 187 (1972).

. The data for people are from figure 2 of (/); 1,,, is
the median time to death for groups of three,
taken in increasing order of average dose. The
data for beagles are from figure 1 of (1), and 1, is
the estimated median time to death by bone
tumor of groups of approximately ten dogs,
when all dogs with exposures = 0.2 rad/day are
taken in increasing order of dose. Within each
group of dogs, ¢, was estimated by the Kaplan-
Meier or product-limit method to adjust for the
effect of competing risks. The data for mice are
from figure 2 of (/) for groups with doses > 2
rad/day.

6. The probability model used suggests a_weighted

least squares fit with weights equal to D, Param-
eter estimates were:

h s

. a* b = R?
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in the deviations of the median times from the
fitted line in the beagle data. For the mouse
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. ax b+ R?
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The use of ‘‘species-dependent re-
sponse ratios’’ by Raabe ef al. (1) leads
to the impression that the female CF,
mice and Davis beagle dogs they studied
were considerably more susceptible to
radiogenic bone cancer than were a
group of humans, primarily women.
These dose ratios are based on a compar-
ison of cumulative radiation doses ab-
sorbed at the same average dose rate to
produce an equivalent biological re-
sponse, death from bone cancer. Figure
2 of Raabe et al. (I) shows that an
average dose rate to the skeleton of 2
rad/day, for example, which would have
little or no observable effect on the life
expectancy of a mouse, might kill a dog
within a few years, and a young woman
in about 10 to 20 years. The woman
would be expected to live longer than the
dog or mouse and, therefore, at time of
death, to have absorbed more total radia-
tion. The decrease in life expectancy,
however, would be profoundly greater
for the woman than for the other species.

I suggest that species response com-
parisons be based on a measure that
accounts for the effect on life expectan-
¢y. One such measure can be obtained
from Eq. 2 of Raabe et al. (I) by normal-
ization of the time-death function, ¢, with
respect to the nominal life expectancies,
T, of 70, 15, and 2 years for humans,
beagles, and mice

_ L _K 55
0= T =T D
where D is the average dose rate to the
skeleton and K and S are the parameters
described in (I). A plot of K/T as a
function of assumed body weights of 60,
10, and 0.030 kg on log-log paper shows
that the dimensionless time until death,
O, exhibits a —0.16-power dependence
on body weight, B, for a fixed average
dose rate to the skeleton, D. The expo-
nent obtained would be only slightly
different if skeleton weight were used in
place of body weight. If B is measured in
kilograms, D in rad/day, and § is chosen
equal to 0.29, consistent with Raabe et
al. (1), the transformed equation has the
form

0 = 0.67 B™"165 0%

Then, if comparisons are made at a con-
stant value of ©

D‘ — B—O.SS

which would lead to the conclusion that
man is much more sensitive to long-term
exposure than are the laboratory ani-
mals. A 30-g mouse would require a dose
rate 65 times as high as the dose rate to a
60-kg woman to produce the same ex-

pected fractional time to death. Since the
nominal life expectancy of humans is
about 35 times that of mice, the cumula-
tive dose (rads) would only differ by a
factor of about 2.

These observations are pertinent to
the continuing debate on the use of labo-
ratory data on chemical carcinogenesis
to predict risk to man. Much of this
debate derives from the recognition that
many foreign chemicals are metabolized
to more toxic forms in the body and that
their ultimate effect is mediated by a
complex set of pharmacokinetic factors
including physiological processes, bio-
chemical reactions, and physicochemical
interactions (2). While both species dif-
ferences and similarities (3) in pharmaco-
kinetics have been stressed, pharmaco-
kinetic properties are often measurable
or predictable. Studies of tumors caused
by ionizing radiation bypass any require-
ment for chemical activation of a carcin-
ogen, and such tumors may display the
intrinsic biological sensitivity more di-
rectly. This information could be used,
then, in conjunction with pharmacoki-
netic studies to strengthen confidence in
quantitative risk assessment.

RoeerT L. DEDRICK
National Institutes of Health,
Bethesda, Maryland 20205
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The Weibull function models proposed
by DuMouchel are structured without
reference to the data variance and fit
only for median risk estimates, not for
the observed distribution of bone cancer
cases. For example, the distribution of
cases for beagles is not properly de-
scribed by

0.0268D (r — 1.9D)° (1)

When pis .1 to .9, the function should
yield a range of values that includes only
about 80 percent of the cases, but in fact
99 percent (115 of 116) are within this
range (Fig. 1). Of the 34 beagles with
skeletal exposure dose rates between
0.04 and 0.2 rad/day (1), DuMouchel’s
model predicts that three will die of bone
cancer before day 4300 for 0.04 rad/day
or before day 2300 for 0.2 rad/day. No
such deaths were observed, indicating
that risk is overestimated. This model is
rejected by a chi-square test (P < .001)
2.

~lap(T> 1) =
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Fig. 1. Distribution of bone cancer deaths from ®*Ra in beagles plotted as a function of time to
death and average radiation dose rate to skeleton for each dog; the predicted boundaries of 80
percent of the cases are given for the Raabe lognormal model and the Weibull function model

proposed by DuMouchel.

In the Weibull function models, except
DuMouchel’s model for dogs (Fig. 1),
the proposed fixed latency period (sub-
tracted from ¢) exceeds the times of
death of several individuals exposed at
high dose rates. Thus, these latency peri-
ods are impossible. Further, these func-
tions tend to narrow at high dose rates to
yield small ranges of possible times to
death after exposure and asymptotically
approach an impossible single time for
all deaths. Hence, since the DuMouchel
models do not describe the actual distri-
bution of observed cases of bone cancer
deaths from skeletally deposited **Ra,
they cannot be considered reliable for
extrapolation to lower dose rates and
risk estimation.

In contrast, the lognormal model we
proposed (/) develops naturally from the
data. The 80 percent range for this model
is plotted for comparison (Fig. 1) from
the relationship given by Raabe et al. (3)

Int=mKy,+Zlno,—SinD (2

where K, is the median value of X, the
dose-response power function coeffi-
cient; D and ¢ are the average dose rate
and time combination giving a cumula-
tive risk associated with a standardized
normal deviate Z with appropriate sign,
and Z is taken as * 1.282 for the 80
percent range with p(T > ¢) from .1to .9.
The lognormal model is a satisfactory
representation of the data and is not
rejected by a chi-square test at the 10
percent significance level (2).

The lognormal model fits the data rea-
sonably well over all dose rates and
tends to explain the relationship of the
effects in people and mice (in spite of
shortcomings in the data) when com-
pared to the more precise beagle data.
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The median time to death for unex-
posed dogs living longer than 3000 days
was estimated for illustrative and extrap-
olation purposes. The exact value used is
not crucial to the context or the dose-
response functions.

Competing risks are a problem when
the underlying risk distribution is esti-
mated from the occurrence of individual
cases. The methods used by Raabe et al.
(I, 3) were based on high incidences
among exposed dogs and mice and on
the observed concurrence of risks among
exposed people. The evaluation of the
risk distribution from individual cases
has the desirable feature of providing
direct observations of the distribution of
cases.

It is not unreasonable to perform a
simple linear regression on the relation
of the median of X and the approximate
life expectancy L (years) for the three
species, since the normal law of errors is
approximated for lognormal errors that
have small geometric standard devi-
ations. The resultant excellent fit is sur-
prising and fortuitous

=065 x5+ A9 DL (3

An F test of variance shows that the
value of K, observed to be 9,000 for man
has to be between 8,850 and 10,250 for
acceptance at the 1 percent significance
level, and the correlation coefficient is
larger than .99 even at the 5 percent
significance level.

The suggestion by Dedrick that people
are more sensitive or more susceptible to
bone cancer from skeletal irradiation by
2Ra represents a viewpoint different
from that of Raabe et al. (I, 3). The
computation by Dedrick involving body
mass is not needed, since this issue can

be addressed through Eq. 3 by dividing
by the life expectancy and substituting
the power function dose-response rela-
tionship (/) to yield

I'm

655
- (—Z— + 119>

where S is the observed logarithmic
slope, assumed to be 0.29 for all three
species, and ty, is the median time (days)
to death from bone cancer. Clearly,
small values of this ratio ¢,/L, represent-
ing life-shortening, occur at any given
dose rate for species with long natural
life expectancies. However, it is impor-
tant to note that this is the case only if
the exposure begins at birth or occurs for
the same fraction of life span (and if the
same dose-response relationships hold
for other exposure times). In fact, the life
expectancy used in Eq. 3 (3) is probably
a surrogate for a more appropriate un-
derlying cellular metabolic rate that dif-
fers for the bone cells of the three spe-
cies and is about proportional to ob-
served life expectancy. Life expectancy
itself is not fixed. It seems more mean-
ingful to describe interspecies relative
biological sensitivity as the ratio of cu-
mulative doses in different species that
yield the same risk, assuming no maxi-
mum life span (3). Then it is seen that it
takes about ten times longer and ten
times more total absorbed radiation in a
human skeleton than in a mouse skeleton
to yield the same risk level in both spe-
cies, if they both have the same average
concentration of radium in their bones.
Ot1T10 G. RAABE
Laboratory for Energy-Related
Health Research,
University of California, Davis 95616
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