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Summary
Life expectancy has been increasing significantly since the start of the 20th century
and mortality improvement trends are likely to continue in the 21st century. Stochastic
mortality models are used frequently to predict the expansion in life expectancy. In
addition to gender, age, period and cohort are three main risk factors considered in
constructing mortality models. Other than these factors, it is believed marriage status is
related to health and longevity and many studies have found the married have lower
mortality rates than the unmarried. In this study, we use Taiwan’s marital data for the
whole population (married, unmarried, divorced/widowed) to evaluate if marriage
status can be a preferred criteria.
In addition to checking if mortality rates vary for different marital statuses, we want
to know if this preferred criteria will be valid in the future. We chose two popular
mortality models, Lee-Carter and age-period-cohort, to model the mortality
improvements of various marital statuses. Because of linear dependence in the
parameters of the age-period-cohort model, we used computer simulation to chose the
appropriate estimation method. Based on Taiwan marital data, we found the married
have significantly lower mortality rates than the single and, if converting the difference
into a life insurance policy, the discount amount is even larger than that for
smokers/nonsmokers.
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1. Introduction
The prolonging of life expectancy has been a common phenomenon in many
countries since the turn of the 20th century. For example, the life expectancies of U.S.
males and females were both less than 50 years in 1900; they reached about 74 and 80
years in 2000, respectively. On average, males and females gained about 30 years of
life over the past 100 years (figure 1), which is equivalent to gaining about 0.3 years of
life annually. Life expectancies in the United States have been steadily growing and do
not show apparent signs of slowing down. The situation in Taiwan has been similar
since the end of World War II. Life expectancies of males and females also have gained
about 0.2 to 0.3 years annually (figure 1).

Figure 1. Life expectancy in Taiwan and the United States

Traditional life insurance products are based on fixed mortality rates, and
prolonged life expectancies create problems in calculating insurance premiums. For
example, if one purchases a deferred life annuity today at age 30 with benefits starting
at age 60, there will be at least six years (assume that the annual increment of life
expectancy at age 60 is 0.2 years; 30  0.2 = 6) of difference in life expectancy if today’s
mortality rates are used to compute the insurance premiums. In other words, there is a
risk of underestimating insurance premiums for life annuity policies and the insurers
may go into insolvency, i.e., longevity risk. Many previous studies suggest that
mortality risk may cause substantial losses if handled improperly. See, for example,
Huang, Yue and Yang (2008) for a detailed discussion.
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In recent years, there have been intensive discussions about dealing with
longevity risk. Using the dynamic life table, or, equivalently, the cohort life table, to
replace the traditional life table with fixed mortality rates is one way of handling
longevity risk. The search for a reliable mortality model is crucial for implementing the
dynamic life table. There are several mortality models and the Lee-Carter (L.C.) model
(Lee and Carter 1992) probably is the most popular choice.
If mx,t denotes the central death rate for a person age x at time t, then the L.C.
model assumes that
ln(mx,t) = x + x t + x,t

(1)

where parameter x denotes the average age-specific mortality, t represents the
general mortality level, and the decline in mortality at age x is captured by x. The
mortality level t is usually a linear function in time. The term x,t denotes the deviation
of the model from the observed log-central death rates and is assumed to be white noise
with 0 mean and relatively small variance (Lee 2000). The L.C. model can be treated
as a model with the age effect, plus a mixed effect of age and time.
There have been several modifications to the L.C. model since it was first
introduced in 1992. Many modifications consider including extra effects, in addition to
the age and age-time effects. For example, Cairns et al. (2009) evaluated seven
modifications of the original L.C. model, using data from England, Wales and the
United States. Among these modifications, two models (M2 and M8) that include
“cohort” effect have the best performances. However, unlike in the L.C. model where
singular value decomposition (SVD) is suggested, Cairns et al. did not give suggestions
for the estimation of the model parameters.
Adding the cohort effect to the L.C. model, there will be three effects: age, period
and cohort. This is similar to the age-period-cohort (APC) model in epidemiology. Note
that these three effects would produce a linear dependent structure, i.e., age = time 
cohort. It has been shown that the estimation process is critical in giving reliable
parameter estimates in the APC model. In fact, we found that the estimation process is
also crucial in applying the modified L.C. models (such as M2 and M8).
In addition to age, period and cohort, there are factors believed to be related to
human longevity. For example, smokers generally have higher mortality rates and are
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charged with higher premiums for life policies than nonsmokers. Marriage status is
another risk factor and many studies show that the married have lower mortality rates.
However, past marriage studies used sample data and there are doubts about sampling
errors. In this study, we will use Taiwan’s marital data, a population data, to evaluate if
marriage status is a feasible choice for a preferred criteria.
Besides checking if the mortality rates are the same for different marital statuses,
we wanted to know if this preferred criteria will be valid in the future. We chose two
popular mortality models, Lee-Carter and age-period-cohort, to model the mortality
improvements of various marital statuses. Because of the linear dependence in
parameters of the age-period-cohort model, we used computer simulation to chose an
appropriate estimation method. Specifically, we examined if the estimation methods
produced reliable and unbiased estimates for the model parameters.

2. The APC Model
The APC model is used in epidemiology as a preliminary tool in disease incidence
and mortality. It provides a means of descriptive statistics for summarizing the
information in a two-way table classified by age group and time period. In general, the
APC model includes three effects: age, period and cohort.
Yij  log( Rij )  log(

Oij
Nij

)     i   j   k   ij

(2)

where Oij is the number of deaths for the ith age group ( i  1,, m ), in the jth year
( j  1,, n ), among N ij people at risk. It is generally assumed that Oij follows
Poisson distribution. The model parameters i, j and k each specify the effects of age,
time (period) and cohort, respectively. Note that the cohort effect  k satisfies

k  j  i  m and k  1, 2,, m  n  1 . To avoid the problem in computing, it is
m

n

m  n 1

i 1

j 1

k 1

usually assumed that  i    j 



k

 0.

Because the three effects create linear dependency, i.e., determining two effects
automatically determining the third effect, there exists an identification problem.
Several methods have been proposed to solve the identification problem, such as the
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sequential method, autoregressive model and individual record approach. Robertson,
Gandini and Boyle (1999) gave a thorough literature review for these methods, and they
found that all methods reviewed give acceptable estimates of parameters in the case of
the nonlinear component. However, Robertson, Gandini and Boyle did not consider the
variances of the parameter estimates.
Yang, Fu and Land (2004) introduced a new method for solving the identification
problem. The method is called the intrinsic estimator (I.E.); it uses a generalized matrix
inverse to acquire a unique solution for the parameters. Fu and Rohan (2004) showed
the consistency and asymptotic properties of I.E. and used simulation and empirical
data to demonstrate I.E. can yield satisfactory results. The parameter estimates and their
variances can be derived via principal component regression.
Although it has been proven I.E. has good statistical properties, there are no studies
comparing I.E. to other solutions of the identification problem. In the next section, we
use computer simulation to compare I.E. to two other solutions (sequential method and
autoregressive model). The simulation results can be used as a guideline in deriving the
estimation method of adding cohort effect to the L.C. model, as with the L.C.-cohort
model proposed by Renshaw and Haberman (2005).

3. Simulation
We choose two solutions for the identification problem, the sequential method and
autoregressive model, to compare with I.E. The process of applying the sequential
method is similar to that of the approximation method (Lee and Carter 1992) for the
L.C. model. The estimation of the sequential method can be done in the order of ageperiod-cohort (apc) or age-cohort-period (acp), according to the importance of the
effects. This kind of estimation can be applied to model M2 in Cairns et al. (2009),
ln (mx,t) = x + x t + x t-x + x,t

(3)

where the age, period and cohort effects (i.e., x, t, t-x) can be estimated using the
sequential method.
The period effect, t, in the L.C. model is usually a linear function of time plus an
autoregressive effect. Similarly, the autoregressive model of the APC model assumes
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i .i .d

that k satisfies  k    k 1  ek , with ek ~ N (0, 2 ), still keeping the constraints
m

n

   
i 1

i

j 1

j

0 . The autoregressive relationship is applied to the cohort effect

because the adjacent cohorts are likely to share similar properties and the correlation
between these cohorts shall be positive, or   0 .
There are 10 five-age groups, five periods and 14 cohorts in the simulation. The
age effect is a U-shaped curve, like the usual mortality curve; the period effect is a
(decreasing) linear function of time; and the cohort effect looks like an upside-down Ushaped curve. These parameter settings mimic the three effects in Taiwan. The
simulation is repeated 100 times, assuming that the variance in (2) satisfies

 ij ~ N (0,3). Note that computations and simulations in this study were run on an
IBM-compatible PC.
We shall check the bias and coverage probability to evaluate the sequential method,
autoregressive model and I.E. Figure 2 shows the average bias from 100 simulation
runs.

Figure 2. Bias of the parameter estimates for the APC model
Note: Sacp and Sapc are sequential approaches,
with a, p and c indicating age, period and cohort
On average, the autoregressive model and I.E. have the best performances, and the
age, period and cohort effects are close to unbiased. The apc sequential method has
satisfactory results, but the age effects are slightly overbiased and the cohort effects are
underbiased. The acp sequential method is not as good, with the age and cohort effects
6

underbiased and the period effects overbiased. The results of the sequential method are
similar to those in the M2 model, where the order of apc would create more satisfactory
results than acp.
To see if the estimation methods produce acceptable results, we also use the
coverage probability as a check (figure 3). The confidence coefficient is set at 90
percent. Since there are 100 simulation runs, the estimation results are satisfactory if
the numbers of coverage are between 84 and 96. In some occasions of age, period and
cohort effects, the acp sequential method has numbers of coverage smaller than
expected. The other three methods have satisfactory results, and the autoregressive
model and I.E. have numbers of coverage close to the nominal value. We recommend
using these two methods, and only I.E. will be used in the rest of this study.

Figure 3. Numbers of coverage for the APC model parameters (100 runs, 90 percent)
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4. Empirical Study
It has been recognized that mortality rates are highly correlated to marriage status.
According to Trowbridge (1994), the possible explanations for the married having lower
mortality include selection at marriage, responsibility, living arrangements and reciprocal
care-giving, interactions and social interaction. In recent years, the percentage of married
males and females in Taiwan has been decreasing significantly. For example, for the
age group 25–29, the percentages of married females dropped from 90 percent in the
1970s to 40 percent in the 2000s. Overall life expectancies, however, continue to
increase every year. It would be interesting to see if the married still have lower
mortality rates than those of other marriage statuses.
The mortality data by marriage status in this study are from the Ministry of the
Interior, Taiwan government. There are four groups of marriage status: single, married,
divorced and widowed. Considering the data size, we combined divorced and widowed
into one group, divorced/widowed. Table 1 lists the records of populations and deaths
since 1973, the first year the data are available by marriage status.

Table 1. Taiwan mortality data by marriage status
Year
1973–74
1975–91
1992–93
1994–97
1998–2006

Population
15～50+
15～50+
15～50+
15～100+
15～100+

Deaths
N/A
15～85+
15～95+
15～95+
15～100+

Because there are detailed mortality records since 1994, we shall first compare the
mortality rates between the periods 1994–96 and 2004–06. We use the results of
females as a demonstration (figure 4). The mortality rates by marriage status in 1994–
96 are marked with characters (m: married, s: single, d: divorced/widowed). The groups
of the married and divorced/widowed have lower mortality rates in all age groups from
1994–96 to 2004–06. The single have lower mortality rates for ages smaller than 50 but
have obviously higher rates for females age 60 to 80. It seems the mortality
improvement does not occur at the older groups of single females in Taiwan.
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Figure 4. Female mortality rates by marriage status in 1994–96 and 2004–06

To further investigate the differences of mortality improvements by marriage status
over 1994–96 and 2004–06, we compute the mortality ratio (figure 5). The mortality
rates of the single are treated as the standard group. The ratios of married vs. single and
divorced/widowed vs. single both reduced from 1994–96 to 2004–06, except for
younger age groups (ages less than 30). The reduction is especially noticeable for ages
over 40 at married vs. single, and for ages over 60 at divorced/widowed vs. single. In
2004–06, the married have the smallest mortality rates for all ages and the
divorced/widowed have almost the same mortality rates compared to the single. In other
words, the single have the smallest mortality improvement from 1994–96 to 2004–06.
A further examination of the mortality rates for the married vs. the single over a longer
period (1975–2006, figure 6) shows similar results; the married male has larger
mortality improvements as well.
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Figure 5. Female mortality ratio in 1994–96 and 2004–06 by marriage status

Figure 7 shows the gains in life expectancies by marriage status over the 10-year
period (1994–96 to 2004–06). The divorced/widowed have the largest increments for
the female and about the same increments as the married. Single males still have
positive gains at the younger age groups, but single females experience decreases in life
expectancy for all ages. This indicates that the mortality improvements are not
homogeneous by marriage status. Both the married and the divorced/widowed show
noticeable mortality improvements from 1994–96 to 2004–06.
In addition to the comparison of mortality rates, we also use the APC model to
measure the period and cohort effects of mortality improvement by marriage status. As
shown in the previous section, I.E. is chosen as the estimation method since it has better
performances. Also, it requires a certain amount of observations to apply the APC
model, and thus the data in the format of five-age groups (ages 15–49, seven groups)
and five-year periods (year 1975–2006, seven data points) are chosen to guarantee a
sufficient data size.
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Figure 6. Male and female mortality ratios (married vs. single)

Figure 7. Increments of life expectancy by marriage status (1994–96 to 2004–06)
To see the change of a certain age group, we only need to compute the sum of
period and cohort effects. The exponential value of this sum is equal to the reduction
rate. For example, if the sum is −0.07 for the married, then, on average, the married
would have a reduction of 1  e0.07  6.76% in mortality rates for all ages every five
years. Table 2 lists the averages of period and cohort effects over 1975–2006 for three
marital groups. The divorced/widowed have the largest reduction, which are 7.3 percent
and 7.7 percent every five years for the male and female, respectively. The married
male and single male have very close reduction rates, which are 2.0 percent and 2.5
percent. But the married female have larger reduction rates than the single female.
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These results are slightly different than those in figure 4 (1994–96 vs. 2004–06) because
more observations (1975–2006) are used and the estimates of “period + cohort” effects
would be different.

Table 2. The estimate of period and cohort effects by marriage status
Married

Single

Divorced/Widowed

Male

0.0196

0.0251

0.0762

Female

0.0697

0.0510

0.0798

5. Applications of Marriage Mortality Rate
The population aging has increased the burden of social insurances in Taiwan. For
example, the government raised the premiums for the National Health Insurance and
National Pension Insurance in early 2013, and it is likely the premiums will be raised
again in the near future. It seems the social insurances cannot (and should not) take care
all the people’s needs. Unfortunately, about one-third of people in Taiwan do not own
any insurance policies, and those who have insurance policies are underinsured (Yue
and Huang 2011). To reduce the burden of public finance, Taiwan’s Insurance Bureau,
Financial Supervisory Commission, in 2007 started to encourage life insurance
companies to develop preferred-status life insurance products, hoping the premium
discount would raise demand for insurance products.
Two risk factors are usually considered in preferred-status insurance, smoking and
overweight (obesity). However, these two factors in Taiwan are rarely listed in the
health exam form, and the response to asking if someone smokes often is doubted by
the insurers. At least 25 percent of the insured do not honestly disclose if they currently
smoke, according to some insurers (Schwaiger 2005). The information if a person is
married is easier to collect (it can be found in the population registration system), and
thus marital status can be used in pricing preferred-status insurance. As mentioned in
the previous section, Taiwan’s mortality data of marital status are a record of the whole
population (i.e., census data) and do not have the problem of selection bias in most
sample data. Of course, the mortality rates calculated in the last section require some
adjustments before they can be used to price insurance products.
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The influences of marriage have been studied for a long time, and generally it is
believed marriage has a role in health protection (Lillard and Panis 1996; Liu and
Umberson 2008; Henretta 2007; Manzoli et al. 2007; Williams and Umberson 2004;
Van den Berg and Gupta 2007) and the married lives longer than the unmarried, or have
lower mortality rates (Bennett et al. 1994; Cheung 2000; Gardner and Oswald 2004;
Gove 1973; Ikeda et al. 2007; Kaplan and Kronick 2006; Martikainen et al. 2005;
Murphy et al. 2007; Trowbridge 1984; Hu and Goldman 1990). Therefore, it seems that
using marital status as a risk factor in preferred-status insurance is a feasible choice.
We will first calculate the differences of age-specific mortality rates between the
married and the single, and compare them with those between the nonsmoking and the
smoking. Note that the mortality data of smoker status are based on the claim
experience of Taiwan insurance companies. We shall use the mortality ratio to check
the differences in mortality rates for different marital and smoking statuses (figure 8).
In general, the married have smaller mortality rates than the single, and the amounts of
reductions are about the same as those of the nonsmoking over the smoking. Males
apparently benefit more from marriage and the mortality rates of married males are
about 40 percent of those for the single male around ages 30–50. It seems marital
status is a feasible choice for designing the preferred-status insurance, especially for

2.0

those between 30 and 60 years old.

1.0
0.5
0.0

qx Ratio

1.5

Married/Single(Male)
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35
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85
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Figure 8. Mortality ratios of marital and smoking status

13

90

The impact of using marital status in designing life insurance products can be
evaluated by the survival curves. Figure 9 shows the survival curves, staring from age
15, of the single and the married in 2007. The areas between survival curves (shadow)
can be treated as the differences in life expectancy between the single and the married,
and they match the results of life expectancy in figure 10. It seems that the area between
the married and the single are larger for the male case, similar to that seen in figure 8.
The advantage of marriage starts at around age 40, and it quickly accumulates. We
expect that the premiums of life insurance products for the married would be
significantly lower than those of the single.

80000
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survivor numbers

20000

40000

60000
40000
20000

survivor numbers

80000
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Female Survivors

100000

Male Survivors

2007 Single
2007 Married
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0
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2007 Married
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45

55
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95+

15
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35

45

55

65

75

85

95+

age

Figure 9. Number of survivors for marital status
We use whole life insurance to demonstrate the premium differences of using
marital status for the preferred-status insurance. The married and single life tables are
constructed using the Whittaker graduation, where the exposures of raw mortality rates
are based on the assumption of 30/360, or 30 days per month and 360 days per year.
The graduation process is to calculate the raw mortality rates of five-age groups first.
After graduating five-age mortality rates, we use the interpolation formula (cubic spline)
and the assumption uniform death distribution to obtain age-specific mortality rates for
a single age. Note that the mortality rates of people 80 and older are graduated using
the Gompertz law assumption. The estimation of parameters in the Gompertz law is
with weighted least squares (Yue 2002).
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Figure 10. Life expectancy of various marriage statuses

The insured ages of whole life insurance considered are from 30 to 60, with a
payment period of 20 years, and the interest rate is 2 percent or 5 percent. Tables 3 and
4 are the annual pure premiums for coverage amount per $1,000. As expected, married
males have a larger discount in premiums and the discount is about 40 percent and 35
percent for 5 percent and 2 percent interest rates, respectively. We also compare the
married with the whole population, with population data from the Human Mortality
Database. This was to avoid marriage discrimination. In other words, we shall treat all
insureds equally and only give discounts to those married. Given a 5 percent interest
rate, the premium discounts for the married vs. the whole population are about 7
percent~16 percent and 6 percent~8 percent for males and females, respectively. The
discounts in the case of 2 percent interest are smaller.
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Table 3. Premiums of 20-year-pay whole life (interest rate: 5 percent)
Male
Age
30
35
40
45
50
55
60

Married Single
23.13
28.78
35.48
43.83
55.18
71.31
94.11

37.06
48.19
61.12
75.70
93.68
116.99
151.31

Female

Married/ Married/
Married
Single
HMD
0.62
0.84
15.52
0.60
0.86
19.40
0.58
0.88
24.24
0.58
0.90
30.21
0.59
0.91
37.90
0.61
0.93
48.57
0.62
0.93
64.01

Single
19.17
23.54
28.64
35.00
43.52
55.10
74.34

Married/ Married/
Single
HMD
0.81
0.92
0.82
0.93
0.85
0.94
0.86
0.94
0.87
0.94
0.88
0.93
0.86
0.92

Table 4. Premiums of 20-year-pay whole life (interest rate: 2 percent)
Male
Age
30
35
40
45
50
55
60

Married Single
37.28 49.36
42.14 59.25
47.89 70.99
55.23 84.65
65.53 102.04
80.76 125.34
103.03 159.90

Female

Married/ Married/
Married
Single
HMD
0.76
0.91
30.60
0.71
0.91
34.10
0.67
0.91
38.28
0.65
0.92
43.35
0.64
0.93
49.96
0.64
0.94
59.48
0.64
0.93
73.93

Single
33.81
37.67
42.05
47.43
54.84
65.56
84.03

Married/ Married/
Single
HMD
0.91
0.96
0.91
0.96
0.91
0.96
0.91
0.96
0.91
0.96
0.91
0.95
0.88
0.93

6. Discussions and Conclusion
Mortality improvement is a common phenomenon in many countries and people
are expected to live longer. Prolonging life expectancy puts the insurers into a higher
risk of insolvency if the longevity risk is underestimated. Because of rapid population
aging and the growing need for life annuity products, the insurance industry needs to
figure out solutions for dealing with this risk. The dynamic life table (or cohort life
table) is one possible solution, and most of these tables rely on mortality models. The
Lee-Carter model probably is the most popular mortality model and several
modifications of the L.C. model have been proposed. Among all modifications,
introducing the “cohort” effect into the model is a common variation of the L.C. model,
16

in addition to age and period effects. However, because the three effects would create
linear dependency, the estimation of the effects needs to be careful.
The age-period-cohort (APC) model has been a frequently used tool in
epidemiology and many solutions have been proposed to deal with linear dependency.
In this study, we use computer simulations to evaluate three estimation methods for the
APC model, including a recently proposed method, intrinsic estimator. Judging from
the bias and coverage probability, we found I.E. is a feasible method; in addition, the
estimates and their variances can be derived directly. The autoregressive model can be
treated as an alternative method for the parameter estimation. We suggest using the
approaches of I.E. and autoregressive models to deal with the problem of linear
dependency when the cohort effect is introduced in the L.C. model.
The empirical study of Taiwan mortality by marriage status suggests the
divorced/widowed have the largest gains in life expectancy. The marrieds’ mortality
rates at all age groups have declined significantly. On the other hand, the single have
the smallest mortality improvement among the three marriage statuses, and the single
elderly even experienced an increase in mortality rates. Applying the mortality data by
marriage status to the APC model, the results are similar and the divorced/widowed
have the largest mortality reductions, but the differences between the married male and
single male are smaller. The results of applying the Lee-Carter model are similar and
are omitted here.
The married male would receive a 24 percent to 42 percent discount in pure
premium above the single male. It seems that married or not can be regarded as a
mortality risk factor for the male. An advantage of the research is our use of the
complete population record data in Taiwan to analysis the relationship of marriage
status and mortality. We have the same results as scholars in many countries. Hence,
we suggest the future social security disbursement should also take marriage forecast
into consideration and provide insurance companies some references in designing life
insurance products. It also indirectly encourages marriage motivation to increase the
fertility rate.
Further, we use the computer simulation to evaluate the estimation methods of the
APC model. The goal is to study the estimation methods and provide possible
suggestions for the L.C. model, if the cohort effect is to be introduced into the mortality
model. We found that the I.E. and autoregressive models outperform the sequential
approach in the parameter estimation of the APC model. Since adding the cohort effect
17

in the Lee-Carter model usually adapts an approach similar to the sequential APC model
(Renshaw and Haberman 2005; Cairns et al. 2009), there may be room for improving
the estimation. Of course, we do not suggest that the APC model is a better model or
adding the cohort effect is the only way to modify the L.C. model. For example, Debon
et al. (2008) proposed a geostatistical modification to the L.C. model, adding a spatial
autocorrelation to the residuals of the L.C. model.

18

References
Bennett, Trude, Paula Braveman, Susan Egerter, and John L. Kiely. 1994. “Maternal
Marital Status as a Risk Factor for Infant Mortality.” Family Planning Perspectives
26 (6): 252–56.
Cairns, Andrew J.G., David Blake, and Kevin Dowd. 2006. “A Two-Factor Model for
Stochastic Mortality with Parameters Uncertainty: Theory and Calibration.” Journal
of Risk and Insurance 73 (4): 687–718.
Cairns, Andrew J.G., David Blake, Kevin Dowd, Guy D. Coughlan, David Epstein,
Alen Ong, and Igor Balevich. 2009. “A Quantitative Comparison of Stochastic
Mortality Models Using Data from England & Wales and the United States.” North
American Actuarial Journal 13 (1): 1–35.
Carstensen, Bendix, and Niels Keiding. 2005. “Age-Period-Cohort Models: Statistical
Inference in the Lexis Diagram.” Lecture Notes, Department of Biostatistics,
University of Copenhagen.
http://www.heart-intl.net/HEART/011507/AgePeriodCohort.pdf.
———. 2005. “Demography and Epidemiology: Age-Period-Cohort Models in the
Computer Age.” Report, Department of Biostatistics, University of Copenhagen.
http://publichealth.ku.dk/sections/biostatistics/reports/2006/ResearchReport061.pdf.
Cheung, Yin Bun. 2000. “Marital Status and Mortality in British Women: A
Longitudinal Study.” International Journal of Epidemiology 29 (1): 93–99.
Clayton, D., and E. Schifflers. 1987. “Models for Temporal Variation in Cancer Rates.
I: Age-Period and Age-Cohort Models.” Statistics in Medicine 6 (4): 449–67.
Debon, A., F. Montes, J. Mateu, E. Porcu, and M. Bevilacqua. 2008. “Modelling
Residuals Dependence in Dynamic Life Tables: A Geostatistical Approach.”
Computational Statistics & Data Analysis 52 (6): 3128–47.
Elkum, Naser B. 2005. “Predicting Confidence Intervals for the Age-Period-Cohort
Model.” Journal of Data Science 3: 403–14.
Fu, Wenjiang J. 2000. “Ridge Estimator in Singular Design with Application to AgePeriod-Cohort Analysis of Disease Rates.” Communications in Statistics: Theory
and Method 29: 263–78.
Fu, Wenjiang J., and Thomas E. Rohan. 2004. “Age-Period-Cohort: Consistent
Estimation by Intrinsic Estimator.” Technical Report, Department of Statistics,

19

Texas A&M University, College Station, TX.
Gardner, Jonathan, and Andrew J. Oswald. 2004. “How is Mortality Affected by Money,
Marriage, and Stress?” Journal of Health Economics 23 (6): 1181–1207.
Gove, Walter R. 1973. “Sex, Marital Status, and Mortality.” American Journal of
Sociology 79 (1): 45–67.
Henretta, John C. 2007. “Marital Status, and Women’s Health and Mortality After Age
50.” Journal of Health and Social Behavior 48 (3): 254–66.
Hu, Yuanreng, and Noreen Goldman. 1990. “Mortality Differentials by Marital Status:
An International Comparison.” Demography 27 (2): 233–50.
Huang, Hong-Chih, Jack C. Yue, and Sharon S. Yang. 2008. “An Empirical Study of
Mortality Models in Taiwan.” Asia Pacific Journal of Risk and Insurance 3 (1): 150–
64.
Ikeda, Ai, Hiroyasu Iso, Hideaki Toyoshima, Yoshihisa Fujino, Tetsuya Mizoue,
Takesumi Yoshimura, Yutaka Inaba, and Akiko Tamakoshi. 2007. “Marital Status
and Mortality Among Japanese Men and Women: The Japan Collaborative Cohort
Study.” BMC Public Health 7 (1): 73.
Kaplan, Robert M., and Richard G. Kronick. 2006. “Marital Status and Longevity in
the United States Population.” Journal of Epidemiology and Community Health 60
(9): 760–65.
Lee, Ronald D. 2000. “The Lee-Carter Method for Forecasting Mortality, with Various
Extensions and Applications.” North American Actuarial Journal 4 (1): 80–93.
Lee, Ronald D., and Lawrence R. Carter. 1992. “Modeling and Forecasting U.S.
Mortality.” Journal of the American Statistical Association 87 (14): 659–71.
Lillard, Lee A., and Constantijn W.A. Panis. 1996. “Marital Status and Mortality: The
Role of Health.” Demography 33 (3): 313–27.
Liu, Hui, and Debra J. Umberson. 2008. “The Times They Are a Changin’: Marital
Status and Health Differentials from 1972 to 2003.” Journal of Health and Social
Behavior 49 (3): 239–53
Martikainen, Pekka, Tuija Martelin, Elina Nihtila, Karoliina Majamaa, and Seppo
Koskinen. 2005. “Differences in Mortality by Marital Status in Finland from 1976
to 2000: Analyses of Changes in Marital-Status Distributions, Socio-Demographic
and Household Composition, and Cause of Death.” Population Studies 59 (1): 99–
115.
Manzoli, Lamberto, Paolo Villari, Giovanni M. Pirone, and Antonio Boccia. 2007.
20

“Marital Status and Mortality in the Elderly: A Systematic Review and MetaAnalysis.” Social Science & Medicine 64 (1): 77–94.
Murphy, Michael, Emily Grundy, and Stamatis Kalogirou. 2007. “The Increase in
Marital Status Differences in Mortality up to the Oldest Age in Seven European
Countries, 1990–99.” Population Studies 61 (3): 287–98.
Renshaw, Arthur, and Steven Haberman. 2005. “Mortality Reduction Factors
Incorporating Cohort Effects.” Actuarial Research Paper No. 160, Faculty of
Actuarial Science and Statistics, Cass Business School, London.
Roberston, Chris, Sara Gandini, and Peter Boyle. 1999. “Age-Period-Cohort Model: A
Comparative Study of Available Methodologies.” Journal of Clinical Epidemiology
52 (6): 569–83.
Schwaiger, E. 2005. “Preferred Lives: A Concept for Taiwan? Underwriting
Considerations.” Munich Re Group.
Trowbridge, Charles L. 1994. “Mortality Rates by Marital Status.” Transactions 46:
99–122.
Van den Berg, Gerard J., and Sumedha Gupta. 2007. “Early-Life Conditions, Marital
Status, and Mortality.” Paper presented at the 10th IZA European Summer School in
Labor Economics, Buch, Germany, April 23–27.
http://www.iza.org/conference_files/SUMS2007/gupta_s3359.pdf.
Williams, Kristi, and Debra Umberson. 2004. “Marital Status, Marital Transitions, and
Health: A Gendered Life Course Perspective.” Journal of Health and Social
Behavior 45 (1): 81–98.
Yang, Yang, Wenjiang J. Fu, and Kenneth C. Land. 2004. “A Methodological
Comparison of Age-Period-Cohort Models: Intrinsic Estimator and Conventional
Generalized Linear Models.” Sociological Methodology 34 (1): 75–110.
Yashin, Anatoli I., Kenneth G. Manton, and Eric Stallard. 1986. “Dependent Competing
Risks: A Stochastic Process Model.” Journal of Mathematical Biology 24 (2): 119–
40.
Yue, Jack C. 2002. “Oldest-Old Mortality Rates and the Gompertz Law: A Theoretical
and Empirical Study Based on Four Countries.” Journal of Population Studies 24:
33–57.
Yue, Jack C., and Hong-Chih Huang. 2011. “A Study of Incidence Experience for
Taiwan Life Insurance.” The Geneva Papers on Risk and Insurance: Issues and
Practice 36 (4): 718–33.
21

