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The cohort under study comprises A-bomb survivors residing in Hiroshima Prefecture since 1968. After
this year, thousands of survivors were newly recognized every year. The aim of this study is to determine
whether the survival experience of the late entrants to the cohort is significantly different from the registered
population in 1968. Parametric models that account for left truncation and competing risks were developed
by using sub-hazard functions. A Weibull distribution was used to determine the possible existence of a late
entry effect in Hiroshima A-bomb survivors. The competing risks framework shows that there might be a
late entry effect in the male and female groups. Our findings are congruent with previous studies analysing
similar populations.

Keywords: competing risks; late entry effect; left truncation; sub-hazard function; Weibull distribution

1. Introduction

The end of the Second World War was marked by one of the most dreadful events in human history:
the dropping of the atomic bomb on the cities of Hiroshima and Nagasaki in August of 1945.
The Research Institute for Radiation Biology and Medicine (RIRBM) at Hiroshima University,
Japan, records mortality for the entire population of atomic bomb (A-bomb) survivors residing in
Hiroshima Prefecture since 1968.

An A-bomb survivor is administratively defined as an individual who has received the A-Bomb
Survivor’s Health Handbook (hereafter the Health Handbook) in Hiroshima Prefecture [9]. These
Health Handbooks were issued to survivors after administrative verification of their personal
declaration as A-bomb survivors. Health Handbook holders receive free medical care for certain
designated diseases, allowances and welfare benefits.

The mortality observation at the RIRBM for these survivors began in 1968. The initial study
subjects were survivors who received the Handbooks before 1 January 1968, referred to as the
registered population (RP). After 1968, several thousand survivors were newly recognized every
year, because of the availability of medical services and a change in the attitude of the survivors.
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822 J. Anzures-Cabrera and J.L. Hutton

These survivors are called left truncated observations in survival analysis. For this analysis we
will call them “late entries” (LE).

It is believed that a stigma associated with being an A-bomb survivor might influence the
timing of registration. Thus late entrants might contribute with a late entry effect to the survival
rate if they register only when they need medical care. As the need for medical care might
motivate registration, the type of illnesses might affect the timing of registration. For this reason,
and as different types of disease have different associations with age, we use a competing risks
analysis that considers two major disease groups, cardio-vascular and cancer, separately from
other causes. Matsuura and Eguchi [8] proposed a semi-parametric model to analyse the entry
effect in the Hiroshima data. As an alternative, we present a parametric model that explores late
entry effect, and examines whether such effect might be attributable to particular causes of death.
Thus, the aim of the article is to determine whether the survival experience of the late entrants
is significantly different from the survival experience of the RP while considering a parametric
competing risks framework.

2. Materials and methods

2.1 Study populations

The cohort comprises 49,765 A-bomb survivors registered in the RIRBM on or after 1 January
1968 and followed up for 29 years. There are 38,624 individuals registered on January 1968 and
11,141 late entrants. For each individual belonging to the RIRBM cohort the entry time, death or
censoring time, censoring indicator, sex, age on 6August 1945, estimated radiation dose and cause
of death are recorded. As the beginning of the cohort is 23 years after the bomb, we are therefore
looking at long-term survival rather than any short-term effects of bomb blast or radiation.

The estimated radiation dose is known as the shielded kerma dose. It depends on the loca-
tion of a subject, shielded condition and age at time of the bombing. For further details see
Hoshi et al. [5].

The cohort contains 27 different causes of death, which were reduced to three categories,
cardio-vascular, cancer and other causes, in order to focus on the two major causes of death and
to simplify the presentation. A quarter of the total deaths were from cancer, and a third were from
heart disease. Figure 1 shows a diagram of the competing risks model for the A-bomb cohort.

Figure 1. Time line and competing risks model for the A-bomb survivors cohort.
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Table 1. Characteristics of individuals registered at the RIRBM cohort.

Male Female

RP LE RP LE Total

ATB in years
Mean 45.5 36.2 47.8 39.9 45.0
SD 16.5 11.9 15.5 12.9 15.7

Radiation (cSv)
Median 21.6 18.9 21.6 21.3 21.4
IQR 52.6 45.8 40.8 38.8 44.3

Distance < 3 km (%)† 66.0 11.9 67.1 10.2 54.4
Number of Deaths 7221 1133 8960 1257 18,571
% Deaths† 46.2 23.7 39.0 19.8 37.3

Total number of subjects 15,632 4790 22,992 6351 49,765

Notes: LE, late entries; RP, registered population; cSv, centi-Sievert; IQR, interquartile range; ATB-
age at time of the bombing.
†As a proportion of the total in each group.
Distance < 3 km - percentage of individuals located at less than 3 km away from the hypocentre.

Women accounted for 59% of the registered cohort, and they are on average older than men
(Table 1). Late entrants formed a quarter of the population. They were younger than the RP
suggesting that the majority of late entrants would have been children in 1945, and therefore
the decision of being registered before 1968 would be dependant on their parents. Late entrants
have a higher percentage of censored observations (79%) than registered individuals. The rate of
later entrants averaged 4% individuals per year (data not shown). The estimated radiation dose
is positively skewed. The variation in radiation dose received is higher in men than in women.
Cancer deaths were more exposed to radiation. The majority of male and female late entrants
were located at a distance greater than 3 km from the hypocentre.

The following is a descriptive summary of the covariates included in the parametric models. The
distance from the hypocentre is an indicator variable with the value of one for those individuals
exposed at a ground distance of less than 3 km of the hypocentre, and zero for the remaining.
Radiation is a positively skewed variable, we estimated its effect in the log-dose scale. Individuals
located at distances greater than 3 km from the hypocentre were included in the database as having
zero centi-Sieverts of radiation dose, [5]. Therefore, we incremented the radiation dose by one
unit to avoid the logarithm of zero. To assess whether there is a late-entry effect, an indicator
variable is included in the model. Its estimated coefficient shows the magnitude of deviation of
any possible effect that late entrants can have in the mortality of the cohort.

3. Statistical methods

Assume that the survival experience of an individual is represented by (K, T, δ), where K and T
are random variables representing the entry and failure times, respectively, and δ is a censoring
indicator. Left truncation arises when there are individuals in the study for whom the beginning
of the observation period does not coincide with the entry time origin of study [1]. Left truncated
survival models consider the time in which the existence of an individual is known to the researcher,
i.e. the time in which the A-bomb survivors decided to enroll in the cohort. These type of models
use a conditional approach because the contributions to the likelihood function are conditional on
individuals being alive over the truncated time [3]. Therefore the contribution to the likelihood
from a failure is f (t)/S(k) and from a censored observation is S(t)/S(k), where f ( · ) and S( · ) are
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824 J. Anzures-Cabrera and J.L. Hutton

the density and survival functions, respectively, and t and k are the death/censoring time and entry
time.

First, we will define the typical left-truncated model, and then we will extend this model to the
competing risks case. If we assume that the failure times, T, follow a Weibull distribution, the late
entrants incorporate into the cohort independently from one another, and we take into account
covariate information, x˜ , then the truncated survival function is

S(t |k) = exp[−λ(tα − kα)e
β ′x˜], (1)

where λ> 0, α > 0, k ≥ 0 and β is a vector of coefficients. We can think of this approach as
a left-truncated proportional hazards model that includes the effect of covariates. The Weibull
distribution performs a key role when modelling survival data. Depending on the value of the
shape parameter, the hazard rate can be monotone decreasing (α < 1) or increasing (α > 1) [6].
The conditional hazard function for the Weibull model is given by the following equation:

h(t |k) = λeβ ′x˜αtα−1, t > k. (2)

To assess the effect of late entry in the hazard estimation, we will include in the vector of covariates
an indicator variable that represents those individuals whose entrance to the study was after 1
January 1968. The effect of this dummy variable will also be assessed by considering interactions
with other variables.

A competing risks situation arises when the individuals under study can experience more than
one type of event [11]. Competing risks models address the differences in probability of death
from different causes at different times. For example, the annual risk of death from sudden infant
death syndrome, or motor vehicle accidents, does not follow the same pattern as risk of death
from respiratory failure. For the competing risks models, we will follow the notation proposed by
Crowder [4]. Assume that there are j = 1, . . . , m different causes of failure and the late entrants
are independent from one another. The sub-hazard function h(j, t|k), also known as the “cause-
specific hazard function” or the “crude hazard function”, represents the instantaneous failure rate
from cause j at time t in the presence of the other types of failures, given that the entry time to
the study was k. It is defined by the following expression:

h(j, t |k) = lim
ε→0

P(C = j, T ≤ t + ε|T > k, T > t)

ε
, t > k.

The overall hazard rate is defined by the sum of each one of the sub-hazard functions for all the
causes of failure:

h(t |k) =
m∑

j=1

h(j, t |k).

Expressing the overall hazard rate in terms of sub-hazard functions allows us to define a model
that accounts for all the competing causes of death.

Suppose that the values x1, x2, . . . , xp of p explanatory variables X1, X2, . . . , Xp are recorded
for each of n individuals in the sample. Assume that each one of the sub-hazard functions is
distributed as a truncated Weibull with cause-specific scale parameter λj and shape parameter αj.
Then the sub-hazard function for the cause of failure j can be written as

h(j, t |k) = λj eβ ′
j x˜αj t

αj −1, t > k, (3)

where eβ′j x˜ = eβj1x1+βj2x2+···+βjpxp is the linear component of the model. Thus the model is speci-
fied such that the scale and shape parameters, as well as the effects of covariates, may differ with
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each cause of death. Consequently, the overall hazard function is

h(t |k) =
m∑

j=1

λjαj t
αj −1eβ ′

j x˜, t > k. (4)

As for the sub-hazard functions, the truncated time only affects the time in which the marginal
hazard is observed. The truncated-marginal survivor function can be written in terms of the
sub-hazards as

S(t |k) = exp

⎛
⎝−

m∑
j=1

∫ t

k

h(j, u|k) du

⎞
⎠ , (5)

note that the truncated time only affects the limits of the integral.
Assume that for each of the n individuals involved in the A-bomb cohort, we can observe the

data (ti, ki, ji, x˜ i) where ti is the failure or censored time, ki the entry time to the study, ji the
cause of death and x˜ i a vector of covariates. Then, the expression for the likelihood in terms of
sub-hazard functions for model given by Equation (3) is

Ln =
n∏

i=1

⎧⎨
⎩exp

⎛
⎝−

m∑
j=1

λj eβ ′
j x˜i (t

αj

i − k
αj

i )

⎞
⎠ m∏

j=1

(λj eβ ′
j x˜i αj t

αj −1
i )I (ci=j)

⎫⎬
⎭ , (6)

where I( · ) is an indicator function. The likelihood function can be maximized by using the
function optim from the library MASS in S-plus. By using the gradient of the log-likelihood
function within the optim function, one can obtain the standard errors of the estimators.

There are various advantages for using a sub-hazard approach when competing risks are present.
As shown above, the likelihood function can be completely specified in terms of sub-hazard
functions. Prentice et al. [12] point out that this property enables factorization of the likelihood
function into separate components for each cause of death. The factorization together with standard
survival techniques makes it clear that the sub-hazard functions are identifiable, i.e. they can be
directly estimated from the data without introducing assumptions concerning the relationship
between the different causes of death [12, pp. 544–546]. This is particularly useful in medical
applications where it is questionable to assume that the different risks of death act independently.

4. Results

The use of time from entry to study as the time scale for modelling occurrence of events is
reasonable in randomized controlled trials. Some authors have shown that using this time scale
can bias estimates in epidemiological studies [7,15]. As actual age is the natural time scale when
mortality is the focus, we model on this scale, and consider factors that modify natural aging.
Delayed entry to the study is of interest. In the A-bomb survivors study, there is no length of
exposure to a risk factor, so time-on-study does not have a link to duration or dose of exposure.
All the individuals in the cohort are left truncated according to their age at the entry time to the
study: the RP are left truncated at the age that they were in January 1968, whereas for the late
entrants the truncation arises from their age at entry time.

If we validate the assumption that the distribution of failure times for the A-bomb survivors has
a Weibull distribution, then our parameter estimates will be more precise than the ones given by
semi-parametric models [2, p. 107]. A log-cumulative hazard plot of both the RP and the LE gave
a fairly straight line, suggesting that the failure times for both groups have a Weibull distribution.

We split the data in male and female individuals, as there are analyses that demonstrate that
there are differences in mortality between genders [13].
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826 J. Anzures-Cabrera and J.L. Hutton

Table 2. Parameters estimate for truncated Weibull models for men and women, all causes of death.

Model Description λ × 1014 α ln(rad + 1) Dist. < 3 km Late Log-like

2.A Models for men
1 RP 4.61 7.00 0.038 − 0.145 – − 29,682
2 LE 24.60 6.61 0.076 − 0.092 – − 5266
3 RP + LE 5.93 6.94 0.039 − 0.130 – − 34,952
4 RP + LE 5.24 6.94 0.039 0.132 − 0.006 − 34,952

2.B Models for women
1 RP 0.006 8.38 0.072 − 0.206 – − 38,152
2 LE 0.042 7.91 0.141 0.457 – − 5960
3 RP + LE 0.007 8.33 0.074 − 0.180 – − 44,121
4 RP + LE 0.008 8.31 0.073 − 0.212 − 0.113 − 44,116

Notes: LE, late entries; RP, registered population; rad, radiation; Dist., distance; Log-like, loglikelihood; ln, natural
logarithm.
Non-significant parameters are in italics.

For the purpose of understanding the late entry effect, we fitted the truncated Weibull propor-
tional hazards model described by Equations (1) and (2) to the male and the female populations
(Table 2). We used the deviance (minus twice the logarithm of the likelihood function) to compare
differences between models. We modelled late entrants and RP in separate models (Models 1 and
2 for men and women), in a single model (Model 3) and in a single model differentiating late
entrants by an indicator variable (Model 4). For each gender, we added up the log-likelihood val-
ues of Models 1 and 2 and compared it with the resultant log-likelihood of the full model (Model
3). As Model 3 is nested within Model 4, we were able to compare both models to assess the

Figure 2. Hazard rates for Japanese population compared with estimated hazard rates from truncated Weibull
model for men and women from the A-bomb Hiroshima survivors cohort. RP = Registered population.
LE = Late entries.
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effect of the late entry indicator. For men, there is no statistically significant difference between
the combined Models 1 and 2 and Model 3 (d.f. = 4, p-value = 0.05). Also, there is no significant
evidence to suggest that adding the late entry indicator to Model 3 improves the explanatory power
of the model (d.f. = 1, p-value = 0.84). For women, the comparisons show that there is a difference
between the two populations, as the combined Models 1 and 2 and Model 3 are statistically sig-
nificantly different (d.f. = 4, p-value = 0.001). Also, there is a statistically significant difference
between the nested Models 3 and 4 (d.f. = 4, p-value = 0.001). However, Model 4 is incapable of
fully capturing the effect of late entrants as the indicator variable is not statistically significant.
These results suggest the use of a competing risk framework, in men to rule out any possible
late entry effect, whereas in women the competing risks approach will allow us to establish if
differences in survival between female late entrants and RP are attributable to different causes of
death. Figure 2 shows that the RP has higher hazard, or annual death rate, than the general female
population of Japan until age 90. The late entry population’s hazard is lower, and becomes less
than the general population hazard about age 80. For men, there is less difference between RP
and LE overall, and the population rate exceeds the A-bomb survivor rates after about 85 years.

Tables 3–5 present the results for the truncated competing risks Weibull models, fitted to men
and women. The model is defined by Equations (3)–(5) and the likelihood function is given by
Equation (6). For men, models with and without interaction terms are very similar. In the model
without interactions, late entry and being within 3 km of the hypocentre are associated with a
small increase in cancer mortality (Figure not shown). Figure 3 illustrates the difference in hazard

Table 3. Competing risks model for men – main terms only.

Cancer Heart disease Other causes
β (SE) β (SE) β (SE)

λ × 1014 665.260 (4.43E − 23) 0.001 (5.83E − 35) 4.560 (4.18E − 28)
α 5.565 (0.011) 8.604 (0.016) 6.782 (0.010)
Rad. 0.078 (0.019) 0.021 (0.019) 0.027 (0.017)
Dist. − 0.147 (0.080) − 0.173 (0.074) − 0.073 (0.068)
LE 0.100 (0.063) − 0.102 (0.064) 0.009 (0.056)

log likelihood − 43,876.85

Notes: LE, late entries; Rad., ln(radiation + 1); Dist., distance; SE, standard error.
Non-significant parameters are in italics.

Table 4. Competing risks model for men – including interaction terms.

Cancer Heart disease Other causes
β (SE) β (SE) β (SE)

λ × 1014 745.920 (5.56E − 23) 0.001 (5.43E − 35) 4.690 (4.42E − 28)
α 5.540 (0.011) 8.617 (0.016) 6.780 (0.010)
Rad. 0.073 (0.020) 0.026 (0.019) 0.029 (0.017)
Dist. − 0.134 (0.083) − 0.217 (0.076) − 0.112 (0.071)
LE 0.100 (0.071) − 0.172 (0.071) − 0.053 (0.063)
Rad.*LE 0.196 (0.469) 0.021 (0.106) − 0.038 (0.083)
Dist.*LE − 0.735 (0.385) 0.141 (0.369) 0.434 (0.282)

log likelihood − 43,871.37

Notes: LE, late entries; Rad., ln(radiation + 1); Dist., distance; SE, standard error.
Non-significant parameters are in italics.
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Table 5. Competing risks model for women – main terms only.

Cancer Heart disease Other causes
β (SE) β (SE) β (SE)

λ × 1014 1919.560 (3.68E − 22) 0.000001 (4.43E − 41) 0.0002 (1.35E − 36)
α 5.143 (0.013) 10.092 (0.014) 8.893 (0.014)
Rad. 0.172 (0.022) 0.042 (0.017) 0.050 (0.018)
Dist. − 0.347 (0.091) − 0.175 (0.064) − 0.173 (0.070)
L.E. 0.132 (0.066) − 0.231 (0.053) − 0.148 (0.056)

log likelihood − 54,513.91

Notes: LE, late entries; Rad., ln(radiation + 1); Dist., distance; SE, standard error.

Figure 3. Hazard rates for Japanese men compared with estimated hazard rates from truncated Weibull
competing risks model for men from the A-bomb Hiroshima survivors cohort. RP = Registered population.
LE = Late entries; CA = Cancer.

rates for cancer and heart disease among men for the model with interactions. From about age 60,
the risk of dying from heart disease increases more rapidly than cancer risk. Radiation exposure
increases cancer mortality slightly, about the median radiation dose (20 cSv) the risk of cancer
increases in 25%. These differences are reversed for heart disease: late entrants have slightly lower
mortality, as do those within 3 km of the hypocentre. The interaction model estimates late entry,
more distant men as having substantially lower-cancer mortality than the other three groups.

Late entry interaction terms are not significant for women, but the main effects are significant
for cancer, heart and other causes (Table 5). For cancer, late entry is associated with increased
risk (e0.132 = 1.14), and decreased risk for heart (e−0.231 = 0.79) and other causes (e−0.148 = 0.86).
Radiation exposure is associated with increased mortality for all three causes, with the effect on
cancer mortality three times greater than on heart and other causes and much higher than men.
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Figure 4. Hazard rates for Japanese women compared with estimated hazard rates from Weibull competing
risks model for women from theA-bomb Hiroshima survivors cohort. RP = Registered population. LE = Late
entries; CA = Cancer.

Figure 5. Kaplan–Meier curve and overall survivor function estimated by Weibull model (a) for men, and
(b) for women. All the curves are for all causes of death.
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Women within 3 km of the hypocentre have reduced mortality, by 29% for cancer and 16% for
heart disease. Figure 4 shows that women have lower cancer and heart mortality rates than men.
As for men, RP, distant women have the highest heart mortality rate, and late entrants within 3 km
have the lowest rates. Cancer mortality increases very slowly with age.

The goodness of fit of the model can be assessed by visual inspection of Figure 5. Assuming
that the Kaplan–Meier survivor curve adjusted for truncation estimated for men and women shows
the real distribution of the survival times, then one can see that the Weibull model fits the data
relatively well. In both cases, the model overestimates slightly the survival probabilities up to age
65, then there is a minimal underestimation.

5. Discussion

The aim of this study was to investigate if there was a difference in the survival experience of late
entrants and RP in the Hiroshima cohort. We used a competing risks framework based on sub-
hazard functions because it is not necessary to make assumptions with respect to the interrelation
among the causes of failure, and direct estimation of the sub-hazard functions from the data allows
the model to be identifiable.

A log-cumulative hazard plot validated a distributional assumption for the failure times: a
straight line suggested that they follow a Weibull distribution. The analysis developed in this article
was inspired by Matsuura and Eguchi [8]. Our aim was to propose a different approach to modelling
the late entry effect in the Hiroshima data. Matsuura and Eguchi used a semi-parametric model to
show that there is a late entry effect in the male population. In contrast to Matsuura and Eguchi, we
selected a parametric approach rather than a semi-parametric proportional hazards model because
it was possible to demonstrate that the survival times followed a particular distribution. Therefore,
our estimates of hazard ratios and median survival times will have smaller standard errors than
they would in the absence of a distributional assumption.

Matsuura and Eguchi only presented results for men considering separate models for all causes
of death and cancer. We used a competing risks framework that accounts for the difference in
probability of death from different causes at different times. Our models clearly show that the
hazard functions differ between the three causes of death and how they differ, for example, the
value of the shape parameter for heart disease demonstrates that the hazard increases faster for
this condition than for the other two causes of death.

Matsuura and Eguchi found a late entry effect in the male group; result that is congruent with
our competing risks analysis as our model suggests the presence of a late entry effect for the male
cancer and heart disease groups. Our model also suggested the presence of a late entry effect in
the male cancer group located at less than 3 km from the hypocentre, while Matsuura and Eguchi
concluded that there was no entry effect in the cancer group. We were also able to explore the
late entry effect in the female population. Late entry decreases the risk of heart disease and other
causes while it has the opposite effect with cancer risk. The late entry effects are more statistically
significant for women than for men. The effect of late entry for women is in the main effects and
shows the increased hazard in cancer rates, at the expense of the two other causes of death. These
effects are statistically significant with respect to all causes of death.

This is only a descriptive study of the Hiroshima population as the generalization of the results
would be difficult to all the A-bomb survivors. This study only includes individuals that declared
themselves as A-bomb survivors. All the individuals in this study were willing to ignore the
Japanese stigma that surrounds the A-bomb survivors, and decided to make use of the health and
welfare benefits that this status gave them. Thus the observational study ignores those individuals
who were never registered as A-bomb survivors. We cannot assume that their survival experience
is the same as those declaring themselves to be A-bomb survivors.
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We have shown that a straight-forward approach to assess late entry effect can provide valuable
insight into the magnitude of the effect in the survival probabilities. Furthermore, our competing
risk models allowed us to evaluate more precisely the nature of this late entry effect. The models
showed the possible existence of a late entry effect in the male and female groups. The signifi-
cance of this variable may be explained by difference in population attitudes towards healthcare
behaviour and the stigma of being an A-bomb survivor. The competing risks framework was also
useful to understand the effect of the remaining covariates for each one of the causes of death.

Our study population is different from the one used by the Radiation Effects Research Founda-
tion in the Life Span Study. The latter is widely known as an informative epidemiological study
for establishing radiation risks [10,14]. The main differences between the two study populations
are the start of follow-up, definition of the cohort and study area. Besides these differences, our
results are similar to the ones presented by Shimizu et al. [14] in the sense that they also found
a statistically significant association between radiation dose and non-cancer disease mortality.
Shimizu et al. [14] provide a very clear analysis of the biases that might have led to this spurious
association, concluding that even though it is difficult to explain the association, it might be wrong
to conclude that such association is nonexistent.
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