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Abstract Dementia is increasingly recognized as a major source of disease burden in
the United States, yet little research has evaluated the lifecycle implications of demen-
tia. To address this research gap, this article uses the Aging, Demographics, and
Memory Study (ADAMS) to provide the first nationally representative, longitudinal
estimates of the probability that a dementia-free person will develop dementia later in
life. For the 1920 birth cohort, the average dementia-free 70-year-old male had an
estimated 26.9 % (SE = 3.2 %) probability of developing dementia, and the average
dementia-free 70-year-old female had an estimated 34.7 % (SE = 3.7 %) probability.
These estimates of risk of dementia are higher for younger, lower-mortality cohorts and
are substantially higher than those found in local epidemiological studies in the United
States, suggesting a widespread need to prepare for a life stage with dementia.

Keywords Cognition . Competing risks . Differential mortality . Health and Retirement
Study (HRS) . Alzheimer’s disease

Introduction

Dementia is increasingly recognized as a major source of disease burden in the United
States and other developed countries (Murray et al. 2012). A recent study estimated that
8.8 % of adults aged 65 and older in the United States had dementia in 2012 (Langa
et al. 2017), corresponding to approximately 3.65 million people. Dementia imposed a
financial cost of approximately $28,500 per affected person per year, after accounting
for comorbidities and not counting the economic cost of informal care (Hurd et al.
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2013). As the U.S. population ages, the number of Americans with dementia is very
likely to increase in the coming decades (He and Larsen 2014; Kasper et al. 2015).

This study has two aims. The first is to estimate the probability that an average
dementia-free 70-year-old in the United States will develop dementia in his/her re-
maining life, and to describe the related quantities of dementia-free life expectancy and
life expectancy with dementia. These quantities have been estimated using data from
local epidemiological studies (Seshadri and Wolf 2007; Seshadri et al. 1997; Tom et al.
2015), but this study extends the literature by using nationally representative data with
clinically validated diagnoses. The second aim of this article is to assess the extent to
which long-run declines in adult mortality and possible delays or declines in dementia
incidence affect the risk of developing dementia, the first such assessment in the
literature.

Estimating the probability that an average dementia-free person of a given age will
develop dementia in the course of his or her remaining life requires incorporating the
competing risks of dementia onset and death. Such data on incidence and mortality also
permit estimating the related measures of dementia-free life expectancy and life
expectancy with dementia. These measures translate population-level quantities, such
as incidence and relative risk of death, to the level of the individual. Such measures are
therefore valuable for individuals, firms, and governments as they plan for retirement,
save and contribute to pensions, and assess future health care costs and caregiving
needs. Specifically, many people with dementia require assistance with activities of
daily living (ADLs), often in residential facilities. For individuals with sufficiently low
income and assets, Medicaid covers the costs of such long-term services and supports.
Therefore, when drawn from nationally representative samples, these measures of risk
of developing dementia can contribute to estimates of future Medicaid enrollment and
costs. Dementia incidence has been studied at the national level (Plassman et al. 2011),
but the incorporation of the competing risk of death without dementia has not. For
demographers and epidemiologists, these quantities provide meaningful insight into the
question of whether long-run gains in survivorship are being experienced in healthy or
unhealthy states (Crimmins and Beltrán-Sánchez 2010; Crimmins et al. 2009).

Data, Measures, and Methods

Sample and Definitions

According to the Diagnostic and Statistical Manuals of Mental Disorders
(DSM-IV), the essential feature of dementia is the development of multiple
cognitive deficits that include memory impairment and at least one of the
following: aphasia (language deficit), apraxia (movement deficit), agnosia (def-
icit in recognition of objects or senses), or executive functioning deficit
(American Psychiatric Association 2000). The cognitive deficits must represent
a decline from past abilities and must be severe enough to cause impairment in
occupational or social functioning (American Psychiatric Association 2000).
The most common type of dementia is Alzheimer’s disease (AD), which
accounts for 60 % to 80 % of dementia cases; the next most common type
is vascular dementia, which alone accounts for approximately 10 % of cases
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but often accompanies AD (Alzheimer’s Association 2014). The estimated
average age of onset of dementia in the United States is 83.7 years old
(Plassman et al. 2011), and dementia is often accompanied by comorbidities,
such as diabetes and a history of stroke (Langa et al. 2017). Dementia on its
own is associated with significantly increased risk of death, and comorbidities
such as diabetes have been shown to increase the risk of death further among
those with dementia (Todd et al. 2013).

This study uses the Aging, Demographics, and Memory Study (ADAMS), a
nationally representative, longitudinal study of cognitive health and dementia
conducted in four waves from 2001 to 2009 (Langa et al. 2005). ADAMS, a
probability subsample of the Health and Retirement Study (HRS), examined
adults aged 70 and older with a series of cognitive, psychological, and neuro-
logical tests, and conducted an extensive medical history, an inventory of
current prescription medications, a neurology-focused physical exam, and a
family/caregiver questionnaire. The testing was conducted in person by trained
technicians and nurses and was supervised by neuropsychologists (Langa et al.
2005). Diagnostic criteria were based on the DSM-III-R and the DSM-IV, and a
consensus expert panel of physicians made the final diagnosis of dementia
(Heeringa et al. 2009; Langa et al. 2005). The clinical diagnoses in ADAMS
are especially valuable because unlike for certain other chronic diseases, such
as diabetes, there is no single test or measure that can provide a “gold
standard” ascertainment of dementia status in large samples (Lees et al. 2014).

Detailed descriptions of the ADAMS sample have been previously published
(Heeringa et al. 2009; Langa et al. 2005; Plassman et al. 2007). Briefly, a stratified
random subsample of 1,770 subjects in the Health and Retirement Study (HRS) were
targeted for inclusion in ADAMS; of these, 227 died before they could be assessed, 687
refused or did not participate in ADAMS for other reasons, and 856 participated in
ADAMS. The ADAMS subjects did not differ significantly from study nonparticipants
in terms of age, sex, or education, but they were more likely to have scored in the
cognitively normal range on cognitive screening tests in earlier waves of HRS (Langa
et al. 2005). All ADAMS sampling weights incorporate statistical adjustment for
differences in HRS cognitive scores between respondents and nonrespondents
(Heeringa et al. 2009).

The initial wave of ADAMS, 2001–2003, examined 856 subjects to generate
baseline estimates of dementia prevalence in the United States (Plassman et al.
2007). The subsequent waves followed 456 dementia-free individuals for de-
mentia incidence (Plassman et al. 2011); longitudinal sampling weights adjust
for differential attrition by baseline cognitive status (Heeringa et al. 2009). The
second wave focused on subjects whose baseline status was cognitively im-
paired, no dementia (CIND); this second wave assessed subjects 16 to 18
months after their baseline assessment. For the third and fourth waves, all
living subjects who were dementia-free at baseline were in the sampling frame.
Subjects in the third wave averaged 3.7 years since their most recent assess-
ment, and subjects in the fourth wave averaged 1.8 years since their most
recent assessment (Plassman et al. 2011). Despite the relatively long intervals
between assessments, especially between Waves A and C for those not assessed
in Wave B, ADAMS investigators could determine—based on informant

Risk of Developing Dementia at Older Ages 1899

D
ow

nloaded from
 http://read.dukeupress.edu/dem

ography/article-pdf/54/5/1897/839669/1897fishm
an.pdf by guest on 22 M

arch 2025



reports, medical records, and clinical assessment—whether a subject experi-
enced the onset of dementia at any time since the previous assessment. For
example, if a 72-year-old subject was deemed dementia-free at baseline and
then was assessed at age 76 and found to have dementia, investigators could
determine that his age at the onset of dementia was 73. The assignment of ages
at dementia onset during the interassessment interval allows for the estimation
of dementia incidence rates rather than probabilities. Thus, the ADAMS data
can be used to calculate age-specific incidence of dementia, an essential
ingredient in making estimates of age-specific risk of developing dementia.

Mortality data come from ADAMS’ link to the HRS mortality tracking via
the National Death Index (NDI), which provides vital status and, if deceased,
month of death as of December 2011. The 856 ADAMS subjects constitute the
individuals at risk of mortality. The ADAMS study team did not attempt to
diagnose dementia posthumously in subjects who had not received a dementia
diagnosis during their lifetimes. This study uses the mortality data to generate
estimates of the age-specific ratio of mortality rates between those with and
those without dementia. These estimated ratios reflect the distribution of co-
morbid conditions in the ADAMS subjects. They are thus nationally represen-
tative after the application of sampling weights, but they would not apply to
future U.S. cohorts if the distribution of comorbidities among people with
dementia changes. Mortality rates for the entire U.S. population come from
the Social Security Administration (SSA) cohort life tables (Bell and Miller
2005).

Demographic Methods

The quantities estimated from the data are age-specific rates of dementia onset
(incidence) and age-specific mortality rates by dementia status (with dementia
vs. without). After age-specific incidence rates and mortality rates by dementia
status have been estimated, multiple-decrement life table relations will be used
to track exits from the dementia-free population via death or dementia onset
(Preston et al. 2001: chapter 4). The number of exits via dementia onset
features prominently in the estimates of risk of developing dementia.

The primary quantity of interest is the probability of developing dementia for
a dementia-free person age a (an age chosen by the investigator):

Πa ¼
∑w

x¼ a
dem

1d
DF
x

� �
lDFa

; ð1Þ

where Πa is the probability that a dementia-free person age a will develop dementia
before death; w is the highest age interval; x indexes each age, at and above age a;
dem

1dDFx counts new cases of dementia (left superscripted dem) occurring in the previously
dementia-free (right superscriptedDF) population; the left subscripted 1 indicates that new
cases of dementia are counted in single-year age intervals; and lDFa is the size of the
dementia-free (DF) population at exact age a. In other words,Πa is the sum of all dementia
cases occurring above age a, divided by the number of dementia-free persons at age a.
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Also of interest is dementia-free life expectancy—that is, the average number of
years a randomly chosen person age a can expect to live free of dementia—under
current rates:

DFLEa ¼ ∑w
x¼ a1L

DF
x

la
; ð2Þ

where DFLE is dementia-free life expectancy; a, x, and w are as previously defined;

1L
DF
x are person-years lived in a dementia-free (DF) state from age x to age x + 1; and la

is the size of the entire population aged a, obtained from a national life table.
One can also define conditional dementia-free life expectancy as the average

number of years that a dementia-free person of a given age can expect to live free
of dementia:

DFLE
0
a ¼ ∑w

x¼ a1L
DF
x

lDFa
; ð3Þ

where DFLE′ indicates conditional dementia-free life expectancy; the numerator is the
same as in Eq. (2); and lDFa is the size of the dementia-free population aged a.
This quantity is valuable because the number of dementia-free person-years
lived above age a for someone who already has dementia at age a is 0, but
the people contributing 0 dementia-free person-years to the numerator in Eq. (2)
are still included in the denominator in Eq. (2).

The quantities on the right side of Eqs. (1), (2), and (3) are all multiple-decrement
life table quantities, obtained using the approach in Preston et al. (2001: chapter 4).

Age-specific incidence is estimated with the following equation:

logit hxð Þ ¼ α þ βx; ð4Þ

where h is the incidence rate, x is exact age, and α and β are parameters to be estimated.
The model broadly conforms to the functional form of the age patterns of Alzheimer’s
disease rates (Brookmeyer and Gray 2000; Brookmeyer et al. 2011; Ziegler-Graham
et al. 2008).

The model is fit using a discrete-time logistic regression on a person-year
data file (Allison 1984), using the 456 subjects followed longitudinally and the
longitudinal survey weight provided by ADAMS. Each subject’s longitudinal
survey weight is proportional to the subject’s predicted probability of attrition,
which is calculated based on observed data in HRS and ADAMS on cognitive
status, general health status, and sociodemographic information (Heeringa et al.
2009; Plassman et al. 2011). Age of dementia onset was reported in completed
years; thus, for incident cases, the exact age at incidence was set at the reported
age (last birthday) of onset plus 0.5. Subjects who never received a diagnosis
of dementia from ADAMS investigators, including those who died without a
dementia diagnosis, were censored. Among the censored subjects, those whose
status at the end of the ADAMS study period was alive, dementia-free contrib-
uted dementia-free person-years up to and including their exact age (in months)
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at their last assessment. A sensitivity analysis censored dementia-free survivors
at the end of the ADAMS study period rather than at their last assessment.

Censored subjects whose status at the end of ADAMS was died without dementia
contributed dementia-free person years until their exact age at death. For example, if a
subject’s status at the end of ADAMS was died without dementia, and she died at age
78 and 5 months, then she contributed person-years of exposure until she was
78.41666. Her death would be assigned to the interval between exact ages 78.0 and
79.0. The approach of carrying the last assessment of deceased individuals forward
until death is consistent with previous ADAMS reports (Plassman et al. 2011) and
recommendations based on simulations of censored time-to-dementia data (Leffondré
et al. 2013). It is based on the idea that if the deceased individuals had survived and
developed dementia, the investigators could have been able to observe their dementia
onset; decedents were therefore at risk of dementia onset until their deaths.

Considerable evidence in the literature suggests that age-specific incidence
rates of dementia do not vary by sex (Chêne et al. 2015; Plassman et al. 2011;
Ruitenberg et al. 2001). When a sex term was included in Eq. (4), its coeffi-
cient was statistically insignificant (p > .20). This insignificant result further
justifies the pooling of males and females in the estimation of dementia
incidence.

To estimate an age pattern of differential mortality, a Gompertz equation was
fit with a Poisson regression on a person-year data file (Loomis et al. 2005),
again using the longitudinal sampling weights provided by ADAMS investiga-
tors. Dementia status was modeled as a time-varying indicator to incorporate
both baseline prevalent cases and incident cases (Palloni and Thomas 2013).
The model is

ln mx;dem
� � ¼ α þ β1xþ β2demþ β3x� dem; ð5Þ

where m is the death rate, x is exact age, and dem is an indicator equal to 1 if the
subject had dementia and equal to 0 otherwise. The parameters to be estimated
from the data should be understood as follows: α represents the level of mortality
in the entire population; β1 represents the age-pattern of mortality in the entire
population; β2 represents the extent to which those with dementia die at a different
(presumably higher) rate than those without dementia, regardless of age; and β3 is
a parameter allowing differential mortality to vary by age.

As with the estimation of dementia incidence discussed earlier, subjects who
died without a dementia diagnosis during the ADAMS study period contribute
dementia-free person years until their exact age at death, and subjects who
survived ADAMS without a dementia diagnosis contributed dementia-free per-
son years until their last ADAMS assessment. A sensitivity analysis censored
dementia-free survivors at the end of the ADAMS study period. Mortality data
for the period after ADAMS (2009 to 2011) was used only for those with a
dementia diagnosis whose state could not change until death. Not using mor-
tality data from the post-ADAMS period for individuals without a dementia
diagnosis avoids large misclassification errors whereby persons who develop
dementia subsequent to ADAMS would wrongly contribute deaths without
dementia and person-years without dementia to the calculations.
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Based on Eq. (5), the ratio of the mortality rate among persons with dementia to that
among persons without dementia—also known as the mortality rate ratio (RR)—is

RRx ¼ exp α þ β1xþ β2 þ β3xð Þ
exp α þ β1xð Þ ¼ exp β2 þ β3xð Þ; ð6Þ

where x is exact age. In this way, the ratio of the two mortality rates is estimated from
the ADAMS sample, but the actual values of the mortality rates can be adjusted to
match national data with many more deaths using national life tables.

Consistent with most of the literature, the ratio of mortality rates between those with
and those without dementia were held constant across sex (Agüero-Torres et al. 1999;
Garcia-Ptacek et al. 2014; Johnson et al. 2007; Lönnroos et al. 2013; Meller et al. 1999;
Villarejo et al. 2011; Witthaus et al. 1999). When a sex term and an interaction term for
sex by dementia status were included in Eq. (5), the coefficient on interaction term was
not statistically significant (p > .30), providing additional justification for keeping
differential mortality constant across sex. As with the modeling of incidence rates,
pooling males and females to estimate differential mortality is useful with a small
sample size, as in ADAMS. In this model, the only quantity that differed by sex was the
overall level of age-specific mortality in the entire U.S. population.

For a given age, the mortality rate for the entire population can be decomposed into a
weighted average of mortality rates of the diseased and disease-free populations,
weighted by the age-specific prevalence of the disease:

1mx ¼ 1m
D
x � 1Px þdeath

1m
DF
x � 1− 1Px

� �
¼ death

1m
DF
x �1RRx � 1Px þ death

1m
DF
x � 1−Pxð Þ;

ð7Þ

where 1mx is the death rate in the entire population in the age interval x to x + 1; 1m
D
x is

the death rate in the same age interval for those with dementia; 1Px is the prevalence of
dementia in that age interval; death

1m
DF
x is the death rate in the age interval for the

dementia-free population; and 1RRx is the ratio of mortality rates (with-dementia vs.
dementia-free) in the age interval.

The terms can be rearranged to solve for the mortality rate in the dementia-free
population:

death
1m

DF
x ¼ 1mx

1Px � 1RRx þ 1− 1Px

� � ð8Þ

and in the population with dementia:

1m
D
x ¼death

1m
ND
x � 1RRx; ð9Þ

where the overall mortality rate, 1mx, comes from the national life table; the mortality
rate ratio (1RRx) is from Eq. (6); and the age-specific prevalence is the proportion of
survivors to the middle of the age interval who have dementia, as detailed in the
appendix.
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Using the incidence rates estimated in Eq. (4) and the mortality rates found in
Eqs. (8) and (9), a multiple-decrement life table is constructed for the population
without dementia, including the crucial quantity of dementia-free person-years lived
in each single-year age interval, 1L

DF
x . The approach incorporates elements of the

increment-decrement life table to keep track of a model population with dementia.
Single-year age groups are used, and no recovery from dementia is allowed. The life
table relations used are developed in Preston et al. (2001: chapter 4) and shown in detail
in the appendix.

After the multiple-decrement life table is completed, the summary quantities of
interest—risk of developing dementia, unconditional expectancies, and conditional
dementia-free life expectancy—can be calculated as in Eqs. (1)–(3).

Assessing the Effects of Long-Term Declines in Mortality

The analysis is first conducted using sex-specific life tables for the 1920 birth cohort,
which was aged 81 to 88 during ADAMS, putting it in the middle of the age range of
ADAMS participants. Then the same analysis was done using the 1940 birth cohort life
table to show the risks of developing dementia and DFLE for a contemporary cohort—
one with lower mortality rates at every age than the 1920 cohort—faced with the
incidence and mortality rate ratios observed in ADAMS. The comparison of the 1920
with the 1940 cohort quantifies the effect of reductions in the overall level of mortality
in the population on estimates of risk of developing dementia.

Simulated Delays or Reductions in Dementia Incidence

A great deal of ongoing research, both privately and publicly funded, is
developing treatments to delay AD and other dementias (Zissimopoulos et al.
2015), so the life cycle effects of different interventions that delay the onset of
dementia are also estimated. A recent economic analysis of estimating a de-
layed onset of AD considered a five-year delay, which is treated here as the
most optimistic of several scenarios of delayed dementia (Zissimopoulos et al.
2015). In the first scenario, the intervention delays dementia onset by one year
and is effective for 50 % of the dementia-free population at age 70. In the
second scenario, the same intervention affects 90 % of dementia-free 70-year-
olds. In the third scenario, the intervention delays dementia onset by five years
and is effective for 50 % of dementia-free 70-year-olds, and the fourth scenario
delays dementia onset by five years for 90 % of dementia-free 70-year-olds.
These interventions are modeled by splitting the model dementia-free popula-
tion in half (or, for the second and fourth scenarios, into 10 %/90 % groups),
subjecting the first group to the dementia incidence rates as modeled in Eq. (4),
and subjecting the second group to the dementia incidence rates as modeled by

logit h
0
x

� �
¼ α þ β x − Kð Þ; ð10Þ

where K is the number of years of delay of dementia onset induced by the intervention,
and the other quantities are as defined in Eq. (4). This equation assigns what had been
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the age 70 incidence rate to age 70 + K, what had been the age 71 incidence rate to age
71 + K, and so forth.

Another type of intervention would reduce the risk of dementia at every age rather
than delaying its onset. Such an intervention generates an incidence equation such as

logit h″x
� � ¼ α þ βkð Þx; ð11Þ

where k is a value between 0 and 1 that represents the extent to which dementia
incidence rises less steeply with age due to the intervention, and the other quantities
are as in Eq. (4). The closer k is to 0, the more effective is the intervention in the sense of
reducing the acceleration of dementia incidence. An intervention is simulated where k =
0.9 in order to reduce the (logit of) acceleration of dementia incidence with age by 10%.

Both the dementia-free and with-dementia populations are subject to the
same mortality rates as in the original analysis, based on the 1920 cohort life
tables and estimated mortality rate ratios. However, the changing sizes of these
two populations resulting from the simulated intervention are assumed to
change the overall mortality rate (Eq. (7). These simulations illustrate the
effects of possible future reductions in dementia incidence; they are not
projected outcomes based on expected rates.

Estimation of Standard Errors and Confidence Intervals

To generate standard errors and confidence intervals around the lifetime prob-
ability and expectancy estimates, the parameter estimates generating the age-
specific dementia incidence schedules (the fitted values of [α β] in Eq. (4)) and
differential mortality (the fitted values for [α β1 β2 β3] in Eq. (5)) are
considered stochastic. Total mortality, derived from the SSA cohort life tables,
was treated as deterministic (i.e., having 0 variance) (Abatih et al. 2008;
Loukine et al. 2012); and the life table assumptions, such as linearity of
survival within age intervals, were also considered not to contribute any
additional variance.

For dementia incidence, the estimates of [α β] in Eq. (4), along with their associated
variance-covariance matrix, were used as the parameters of a bivariate normal distri-
bution to draw 1,000 independent values of [α β], generating 1,000 incidence sched-
ules. Separately, an analogous procedure with the estimated parameters and variance-
covariance matrix from Eq. (4) or Eq. (5) was used to generate 1,000 age schedules of
the mortality rate ratio between those with and those without dementia. Each incidence
schedule was paired with one schedule of the mortality rate ratios and run through the
life table operations, producing 1,000 dementia probability and expectancy estimates.
Tables show the means and standard errors (square roots of variances) of the 1,000
estimates (Fishman 2015; Mooney 1997; Salomon et al. 2001).

Parameters from Eqs. (4) and (5) were estimated using Stata version 14 (StataCorp
2015), using first-order Taylor Series linearization for variance estimation with the svy
routine with longitudinal sampling weights provided by ADAMS (Heeringa et al.
2009). Random sampling for the estimation of standard errors was conducted in R
using the mvrnorm command in the MASS package (Venables and Ripley 2002), and
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life table operations were conducted using base R (R Core Team 2014). The HRS and
ADAMS data are available to the public after a registration procedure (HRS 2013).

Results

There were 308 cases of dementia at baseline out of 856 unweighted sample
members. All baseline sample members were at risk of death, generating 519
deaths in 3,520 person-years at risk. Among the 456 individuals without
dementia at baseline who were followed longitudinally for dementia onset,
106 developed dementia in 2,142 person-years at risk. Of the 106 incident
cases, 29 were interval-censored, meaning they were assigned an age at onset
between adjacent ADAMS examinations rather than their age at a particular
examination as described in the section, Sample and Definitions. The estimates
of the regression parameters in Eqs. (4) and (5), along with the variance-
covariance matrices used to sample the 1,000 simulated incidence and mortality
rate–ratio schedules for the confidence intervals, are shown in Table 1.

Table 2 shows the fitted age-specific dementia incidence rates, with 16 new cases per
1,000 person-years at age 75; 37 new cases per 1,000 person-years at age 85; and 56 to
86 new cases per 1,000 person-years at ages 90–95. The incidence rates shown here are
close to those previously reported from ADAMS (Plassman et al. 2011) albeit not
exactly the same because of this study’s use of the fitted values for each single-year age
rather than the observed values for large age groups. The age pattern of mortality rate

Table 1 Parameter estimates in model of dementia incidence (h) and in the model of mortality (m) by
dementia status and age

Term Coefficient Estimate

Variance-Covariance Matrix

Age Constant

A. Model of Dementia Incidence

Age (x) 0.087151 0.000407

Constant term –10.6868 –0.03363 2.793747

Term Variance-Covariance Matrix

Dementia Age Age × Dem Constant

B. Model of Mortality by Dementia Status and Age

Dementia (Dem) 6.435545 3.427942

Age (x) 0.110955 0.027964 0.000299

Age × Dem –0.06139 –0.03975 –0.00033 0.000464

Constant term –12.2631 –2.35307 –0.025 0.027693 2.10715

Notes: See the text for details of model fitting. Model of dementia incidence: logit(hx) =α
′ +β′x.Model of

mortality by dementia status and age: ln(mx , dem) =α +β1x +β2dem +β3x × dem. Longitudinal sampling
weight ADLONGWT was used in model fitting. Data are from the Aging, Demographics, and Memory
Study (ADAMS), United States, 2001–2009. For prevalence and differential mortality, n = 856. For incidence,
n = 456. Data on mortality by dementia status are from Health and Retirement Study (HRS), United States,
2001–2011.
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ratios shown in Table 2, showing a rapid decline in differential mortality with age, is
largely consistent with that found in other, nonnational and non-U.S. samples, although
pace of decline of differential mortality with age varies widely in the literature (Guehne
et al. 2005; Ostbye et al. 1999; Tschanz et al. 2004; Villarejo et al. 2011).

The sensitivity analysis censoring dementia-free subjects at the end of the
ADAMS study period (shown in Online Resource 1) produced incidence rates
that were considerably lower than those previously reported in ADAMS. It also
produced mortality rate ratios considerably higher than found elsewhere in the
literature (Beeri and Goldbourt 2011; Ostbye et al. 1999; Tschanz et al. 2004;
Villarejo et al. 2011). These results were expected because the sensitivity
analysis added person-years lived free of dementia without adding new demen-
tia cases or new person-years lived with dementia. Despite their discordance
with the literature, the results of the sensitivity analysis show that the main
results potentially underestimate person-years lived free of dementia.

Table 3 shows the estimates of the life table quantities of interest for the 1920
birth cohort. The average 70-year-old male has a 26.9 % probability (SE =
3.2 %) of developing dementia in his remaining lifetime and will live an
expected 0.76 years (SE = 0.22 years) with dementia. For an average 70-year-
old female, the risk of developing dementia in her remaining life is 34.7 % (SE
= 3.7 %), and she will live an expected 1.74 years (SE: 0.29 years) with
dementia. For males, the risk of developing dementia and life expectancy with
dementia barely decline with age; at age 95, dementia-free males have an
estimated 24.4 % probability of developing dementia before death and an
expected 0.76 years lived with dementia. The absence of an age trend in the
probability of developing dementia for males reflects a dementia incidence rate
that rises with age but is essentially offset by the rising mortality rate. Females
experience some decline with age in the estimated probability of developing
dementia and in life expectancy with dementia (DLE), to 28.1 % and 1.12 years,

Table 2 Estimated dementia incidence and mortality rate ratios (RR)

Age Incidence SE RRa SEb

70 0.010 0.003 8.86 3.344

75 0.016 0.003 6.37 1.761

80 0.024 0.003 4.63 0.896

85 0.037 0.005 3.41 0.513

90 0.056 0.011 2.54 0.447

95 0.086 0.023 1.91 0.479

100 0.130 0.042 1.48 0.472

Notes: Data are from the Aging, Demographics, and Memory Study (ADAMS), United States, 2001–2009.
For mortality rate ratios (RR), n = 856. For incidence, n = 456. Mortality data are from the U.S. Social Security
Administration life tables for 1920 birth cohort. Mortality by dementia status data are from the Health and
Retirement Study (HRS), United States, 2001–2011. Parametric models were fitted to incidence and mortality
data from ADAMS to generate single-year age-specific estimates.
a RR = Ratio of rates of death, with dementia versus without dementia.
b SE = Standard error.
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respectively, at age 95. Again, it is important to note that these life expectancies
with dementia pertain to the entire population, not just those with dementia.
Meanwhile, dementia-free life expectancy, both unconditional and conditional,
fall sharply with age for both sexes, in step with total life expectancy.

Effect of Declining Mortality

Using the 1940 cohort life table rather than that of 1920 raises risk estimates at all ages
(Table 4). The estimated increase at age 70 is 3.9 percentage points for males and 2.7
percentage points for females. The probability that a dementia-free 70-year-old male
from this cohort develops dementia later in life is approximately 30.8 % (SE = 3.4 %);
for a dementia-free 70-year-old female, it is 37.4 % (SE = 3.8 %). The increase in
dementia risk results from population-wide reductions in mortality between the two
birth cohorts, reducing the competing risk of death and allowing a larger proportion of

Table 3 Estimated life table quantities

Age LE DFLE DLE SE
Probability
of Dementia SE DFLE′ SE

A. Males

70 12.31 11.55 0.76 0.220 0.269 0.032 11.91 0.190

75 9.65 8.90 0.75 0.228 0.271 0.032 9.35 0.154

80 7.26 6.51 0.76 0.223 0.267 0.036 7.04 0.123

85 5.20 4.47 0.73 0.211 0.257 0.044 5.04 0.094

90 3.64 2.93 0.72 0.200 0.247 0.056 3.49 0.080

95 2.61 1.85 0.76 0.200 0.244 0.072 2.43 0.082

100 2.02 1.10 0.92 0.207 0.255 0.091 1.77 0.084

B. Females

70 15.25 13.51 1.74 0.292 0.347 0.037 13.93 0.278

75 11.91 10.21 1.69 0.303 0.341 0.038 10.88 0.213

80 8.91 7.34 1.56 0.300 0.329 0.043 8.15 0.172

85 6.37 4.99 1.38 0.285 0.312 0.052 5.84 0.133

90 4.42 3.21 1.21 0.262 0.293 0.064 4.02 0.101

95 3.10 1.97 1.12 0.243 0.281 0.079 2.76 0.088

100 2.32 1.13 1.19 0.228 0.284 0.097 1.97 0.086

Notes: LE = total life expectancy for a randomly chosen person in the population of given age. DFLE =
dementia-free life expectancy for a randomly chosen person in the population of given age. DLE = life
expectancy with dementia for a randomly chosen person in the population of given age. Probability of
dementia = probability that a dementia-free person will develop dementia later in life. DFLE′ = dementia-free
life expectancy for a dementia-free person of given age. By construction, DFLE and DLE have the same
standard error, and LE has zero variance. Quantities are calculated using the fitted values of dementia
incidence and relative risk of death (with dementia vs. without) shown in Table 2. Data are from the Aging,
Demographics, and Memory Study (ADAMS), United States, 2001–2009. For relative risk of death, n = 856.
For incidence, n = 456. Mortality data are from the U.S. Social Security Administration life tables for the 1920
birth cohort. Data on mortality by dementia status are from the Health and Retirement Study (HRS), United
States, 2001–2011.
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the population to survive to ages of high dementia incidence. As with the 1920 cohort
table, life expectancy with dementia barely declines with age for males, from 1.10 years
at age 70 to 0.97 years at age 95; it declines slightly for females, from 1.97 years at age
70 to 1.40 years at age 95. The 1940 cohort results illustrate that individuals in younger,
lower-mortality cohorts face higher age-specific remaining lifetime risks of dementia
than individuals in older, higher-mortality cohorts. The percentage increase in risk
across the two cohorts is larger for males than females because females have lower
mortality than males to begin with (a larger base leads to smaller percentage change),
and/or because mortality declined less for females than for males between these two
cohorts (Preston and Wang 2006).

Effect of Delaying Onset of Dementia

Table 5 shows the estimates for dementia risk associated with the scenarios in which
dementia incidence is delayed or reduced. (The age patterns of incidence in each

Table 4 Estimated life table quantities using 1940 cohort life table

Age LE DFLE DLE SE
Probability
of Dementia SE DFLE′ SE

A. Males

70 13.64 12.54 1.10 0.262 0.308 0.034 12.93 0.237

75 10.65 9.57 1.08 0.272 0.306 0.035 10.13 0.192

80 7.96 6.93 1.03 0.268 0.298 0.040 7.59 0.156

85 5.70 4.74 0.96 0.253 0.286 0.049 5.44 0.121

90 4.05 3.13 0.93 0.239 0.276 0.063 3.82 0.101

95 2.95 1.97 0.97 0.233 0.273 0.080 2.68 0.098

100 2.30 1.15 1.14 0.227 0.285 0.099 1.96 0.095

B. Females

70 15.99 14.01 1.97 0.332 0.374 0.038 14.44 0.315

75 12.62 10.67 1.95 0.343 0.370 0.041 11.38 0.252

80 9.57 7.73 1.84 0.340 0.359 0.047 8.62 0.209

85 6.93 5.26 1.66 0.324 0.342 0.057 6.23 0.166

90 4.89 3.40 1.49 0.301 0.325 0.070 4.35 0.129

95 3.49 2.09 1.40 0.277 0.313 0.087 3.02 0.109

100 2.63 1.18 1.46 0.248 0.316 0.105 2.16 0.101

Notes: LE = total life expectancy for a randomly chosen person in the population of given age. DFLE =
dementia-free life expectancy for a randomly chosen person in the population of given age. DLE = life
expectancy with dementia for a randomly chosen person in the population of given age. Probability of
dementia = probability that a dementia-free person will develop dementia later in life. DFLE′ = dementia-free
life expectancy for a dementia-free person of given age. By construction, DFLE and DLE have the same
standard error, and LE has zero variance. Quantities are calculated using fitted values of dementia incidence
and relative risk of death (with dementia vs. without) shown in Table 2. Mortality rates for total population
come from the U.S. Social Security Administration 1940 birth cohort life tables. Data come from the Aging,
Demographics, and Memory Study (ADAMS), United States, 2001–2009. For relative risk of death, n = 856.
For incidence, n = 456. Mortality data come from the U.S. Social Security Administration life tables for the
1940 birth cohort. Data for mortality by dementia status come from the Health and Retirement Study (HRS),
United States, 2001–2011.

Risk of Developing Dementia at Older Ages 1909

D
ow

nloaded from
 http://read.dukeupress.edu/dem

ography/article-pdf/54/5/1897/839669/1897fishm
an.pdf by guest on 22 M

arch 2025



scenario are presented in Online Resource 1.) Table 5 should be compared with the
Probability of Dementia column and its standard error in Table 3, isolating the effect of
declines or delays in dementia incidence on the life table quantities. In the first two
scenarios, an intervention delays the risk of dementia by one year; in Scenario 1, the
intervention affects 50 % of dementia-free 70-year-olds, and in Scenario 2, it affects
90 %. The estimates for Scenarios 1 and 2 in Table 5 indicate that this intervention
would reduce remaining lifetime risk at age 70 by only 1 to 2 percentage points, with
similar reductions at older ages. The small difference between Scenarios 1 and 2 shows
that the proportion of the population aged 70 for which this intervention is effective has
a small effect on the estimates. Extending the reach from 50% to 90 % of dementia-free
70-year-olds reduces dementia risk by less than 1 percentage point.

A larger reduction in dementia risk is achieved by an intervention that delays
dementia onset by five years and reaches 50 % of the dementia-free population at
age 70 (Scenario 3); now the reduction is 3.7 percentage points for males and 4.5 for
females. If this five-year delay affected 90 % of dementia-free 70-year-olds (Scenario

Table 5 Estimated remaining lifetime risk of dementia under intervention scenarios

Scenario 1a Scenario 2b Scenario 3c Scenario 4 d Scenario 5e

Age Estimate SE Estimate SE Estimate SE Estimate SE Estimate SE

A. Males

70 0.261 0.032 0.255 0.032 0.232 0.032 0.202 0.032 0.213 0.031

75 0.263 0.031 0.256 0.031 0.233 0.029 0.203 0.028 0.212 0.028

80 0.259 0.034 0.253 0.033 0.229 0.030 0.199 0.026 0.205 0.026

85 0.249 0.042 0.243 0.041 0.219 0.035 0.192 0.029 0.194 0.029

90 0.240 0.054 0.234 0.052 0.209 0.044 0.184 0.038 0.181 0.035

95 0.236 0.069 0.231 0.068 0.205 0.057 0.182 0.051 0.171 0.043

100 0.247 0.088 0.242 0.087 0.213 0.074 0.193 0.068 0.170 0.052

B. Females

70 0.338 0.036 0.330 0.036 0.302 0.035 0.266 0.034 0.276 0.034

75 0.331 0.037 0.324 0.036 0.296 0.034 0.260 0.032 0.268 0.031

80 0.320 0.042 0.312 0.041 0.284 0.036 0.250 0.032 0.255 0.031

85 0.303 0.050 0.296 0.049 0.268 0.042 0.236 0.036 0.237 0.035

90 0.285 0.062 0.278 0.060 0.251 0.052 0.222 0.045 0.217 0.041

95 0.273 0.077 0.267 0.075 0.239 0.064 0.214 0.058 0.200 0.049

100 0.277 0.094 0.271 0.093 0.240 0.080 0.218 0.074 0.192 0.057

Notes: Remaining-lifetime risk is the probability that a dementia-free person of a given age will develop
dementia later in life. Original estimates of incidence are shown in Table 2; incidence under interventions are
shown in Online Resource 1. Mortality data come from the U.S. Social Security Administration life tables for
the 1920 birth cohort.
a Scenario 1: Dementia incidence delayed by one year, effective for 50 % of dementia-free population age 70.
b Scenario 2: Dementia incidence delayed by one year, effective for 90 % of dementia-free population age 70.
c Scenario 3: Dementia incidence delayed by five years, effective for 50 % of dementia-free population age 70.
d Scenario 4: Dementia incidence delayed by five years, effective for 90% of dementia-free population age 70.
e Scenario 5: Acceleration of dementia incidence with age reduced by 10 %.
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4), it would reduce dementia risk at age 70 by 6.7 percentage points for males and 8.1
percentage points for females—a 25 % reduction in remaining lifetime risk for males
and a 23 % reduction for females. Similar reductions in remaining lifetime risk are
achieved by an intervention that reduces the rate of acceleration of dementia incidence
with age, as in Scenario 5. This intervention achieves a 5.6 percentage point reduction
in risk for males and 7.1 percentage point reduction for females. Reducing the rate of
acceleration of dementia incidence with age is also the only intervention that produces a
markedly downward-sloping age pattern of dementia risk for males.

Discussion

This study provides the first nationally representative estimates of the probability that
an average dementia-free person at various ages will develop dementia before death.
These estimates suggest that approximately 27 % of dementia-free 70-year-old males
and approximately 35 % of dementia-free 70-year-old females in the 1920 birth cohort
will develop dementia before they die. For the 1940 birth cohort, these estimates rise to
about 31 % for males and 37 % for females. The expected number of years that a
randomly chosen individual aged 70 could expect to live with dementia is approxi-
mately 0.75 years for males and 1.75 years for females in the 1920 birth cohort, rising
to 1.1 years for males and 2.0 years for females in the 1940 cohort. These estimates
imply a larger need for individuals and families to plan for a life stage with dementia
than that implied by previous community-based studies of dementia risk.

The median household headed by someone aged 55–64 in 2010 (i.e., people born in
the 1940s and early 1950s) had just $12,000 in retirement savings according to the U.S.
Federal Reserve’s National Survey of Consumer Finances (Rhee 2013). Such a low
figure suggests that the typical U.S. household does not have nearly enough savings to
pay for the care of someone with dementia, even for a year or two. This savings figure
does not include long-term care insurance policies, but sales of such policies have
declined in recent years, and these policies no longer offer true catastrophic coverage
(Favreault et al. 2015). These facts suggests that Medicaid would, under current law,
likely be expected to cover the costs of long-term care for many of these elderly
persons. A recent report from the Centers for Medicare and Medicaid Services (CMS)
projected increases in costs per enrollee due to population aging, but it did not project
an increase in the growth rate of Medicaid enrollment, nor did it project an increase in
the growth rate of Medicaid spending specifically on nursing care facilities and
continuing care retirement communities (Keehan et al. 2016). The low household
savings among 1940s and 1950s birth cohorts, their large initial size (i.e., early Baby
Boomers), and the increases in dementia risk associated with reduced mortality, as
shown in this study, combine to suggest possible future spikes in Medicaid enrollment
among the elderly.

Although Medicaid could play an increasing role in long-term care for those with
dementia, family members provide the majority of care needed by persons with demen-
tia (Adelman et al. 2014; Hurd et al. 2013). People who care for family members with
dementia face greater health risks than age-contemporaries who care for relatives
without dementia, and these health risks seem to persist even after the care recipients
have died (Dassel and Carr 2016; Fisher et al. 2011). One important implication of the
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present study’s results is that elderly persons do not “age out” of the risk of developing
dementia because increases in dementia incidence with age roughly keep pace with
increases in mortality rates. This finding is perhaps most clearly illustrated in the lack of
decline with age in life expectancy with dementia (DLE), especially for males. Yet, as
individuals age, they are decreasingly likely to have surviving spouses who are able to
care for them. The lack of a decline in DLE with age and the increase in DLE across
successively lower-mortality birth cohorts thus imply that adult children, especially
daughters (Fisher et al. 2011; Kasper et al. 2015), increasingly shoulder dementia
caregiving responsibilities for long durations, with potential negative consequences for
their mental health (Fisher et al. 2011) and labor force participation (Hurd et al. 2013).

On a more positive note, although dementia-free life expectancy declines rapidly
with age, dementia-free individuals of both sexes and at all ages are expected to live the
majority of their remaining lives free of dementia. Furthermore, the simulations
(particularly Scenarios 3 and 4, simulating a five-year delay) demonstrate that inter-
ventions that “merely” delay dementia onset can greatly lower the percentage of people
who will ever develop dementia because the competing risk of death is high at these
ages. Interventions that slow the acceleration of dementia incidence with age, and thus
make remaining lifetime risk of dementia decline with age (as in Scenario 5), also have
increasing potential to reduce the fraction of people who will ever develop dementia
because the total population consists of an increasing share of very elderly people.

A recent study, Adult Changes in Thought (ACT) (Tom et al. 2015), reported
dementia-free life expectancy for dementia-free cohort members (DFLE′) age 70, esti-
mating 14.3 years for males and 15.7 years for females. The present study’s estimates
were 11.1 years for males and 13.4 years for females (Table 3). Because the ACT cohort
hadmuch longer life expectancy overall—for example, 16.0 years for males age 70 versus
12.3 years in the national population—it is not surprising that it also had longer condi-
tional dementia-free life expectancy. More broadly, the fact that the ACT cohort’s life
expectancy was so much higher than that of the U.S. cohorts under study here suggests
that the ACT cohort was in substantially better health than a nationally representative
cohort of their age contemporaries would be. This difference in health status likely
explains the discrepancies between the ACT study and this ADAMS-based study. The
ACT study did not specifically report on lifetime probability of developing dementia.

Another past study of an individual’s remaining lifetime risk of dementia that incor-
porated a competing-risks framework used Framingham data from 1975–1995 (Seshadri
et al. 1997). It estimated that a dementia-free male aged 65 had a 14.3 % probability of
developing dementia at some point in his remaining life, and a dementia-free female aged
65 had a 21.7 % probability of developing dementia at some point in her remaining life
(Seshadri andWolf 2007). One reason why the estimates of the probability of developing
dementia presented here are considerably higher than the Framingham-based estimates is
that overall mortality during ADAMS was lower than overall mortality during Framing-
ham. The age-standardized mortality rate (ASMR) in the U.S. population aged 65 and
older in 2005—the middle of the ADAMS study period—was 4,804 deaths per 100,000
person-years lived. This rate was much lower than the ASMR in Massachusetts for ages
65 and older in 1985—the middle of Framingham’s study period—which was 5,679
deaths per 100,000 person-years lived (Centers for Disease Control and Prevention 2014).
The comparison of the 1920 SSA cohort table to that of 1940 demonstrated that lower
mortality levels imply higher remaining lifetime risks of dementia.
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The estimates of dementia risk presented here fall between those found in Framing-
ham and those estimated for a national sample from Canada, where the authors
estimated that slightly more than 40 % of 70-year-olds in Canada would develop
dementia before death (Carone et al. 2014). The dementia incidence rates found in
the Canadian study were higher than those estimated here (Canadian Study of Health
and AgingWorking Group 2000), producing higher estimates of dementia risk. Inci-
dence of dementia as measured in Canada could be higher than that measured in
ADAMS because of actual differences in dementia incidence between the Canadian
and U.S. elderly populations, or because of differences between the two studies in the
method of ascertaining dementia status. For example, the Canadian study diagnosed
new cases of dementia posthumously for some subjects, based on family reports of
cognitive status three months before death (Canadian Study of Health and
AgingWorking Group 2000). No posthumous assessments were made in ADAMS.

A recent study using HRS produced somewhat higher estimates of unconditional life
expectancy with dementia than those reported here (Crimmins et al. 2016). Two factors
explain the differences. First, Crimmins et al. used the 2000 and 2010 period life tables,
which had a higher total life expectancy at old ages than the 1920 or 1940 cohort life
tables used in the present analysis. Second, using the full HRS appears to classify a
larger fraction of adults of a given age as having dementia compared with the baseline
ADAMS. For example, Crimmins et al. estimated that in 2000, 6.63 % of males aged
70–74 and 10.65 % of males aged 75–79 had dementia. In contrast, baseline ADAMS
estimated that in October, 2002—the midpoint of the baseline ADAMS assessment
period—5.25 % of males aged 71–79 had dementia (Plassman et al. 2007). Higher total
life expectancy and higher dementia prevalence combined to produce higher estimates
of DLE in the Crimmins et al. study than in the present study.

One limitation of the present study is that it misses cases of dementia that develop
prior to age 70. However, the incidence of such early-onset dementia is rare; studies
from other countries estimate it is on the order of one to two cases per 1,000 person-
years lived (Schrijvers et al. 2012). An additional limitation is that although the
ADAMS staff were able to ascertain an age at onset during interwave periods, there
is potential for measurement error for subjects assigned an age of onset that falls
between their ages at consecutive survey waves, especially for subjects not assessed
in Wave B. Furthermore, the small sample size prevented the estimation of reasonably
precise parameter estimates for subgroups, such as African Americans or those who did
not complete high school. The purpose of using the small ADAMS sample, rather than
the larger HRS sample, was to use the clinically validated diagnoses of dementia
available only in ADAMS. The differences in dementia prevalence estimates between
the recent HRS-based study and the present study, detailed in the previous paragraph,
underscore the value of using the clinical diagnoses.

A final limitation relates to the higher response rates and slower attrition of healthy
subjects. If the sampling weights do not fully correct for differential selection and attrition
by health and cognitive status, then the number of dementia-free person-years lived in the
population could be overestimated and the number of new dementia cases could be
underestimated, thus underestimating incidence rates of dementia. At the same time, if
sample members with dementia have lower mortality (relative to those without dementia)
than nonsample members with dementia because of a more favorable distribution of
comorbidities, then the mortality rate ratios in this study could also be underestimated.

Risk of Developing Dementia at Older Ages 1913

D
ow

nloaded from
 http://read.dukeupress.edu/dem

ography/article-pdf/54/5/1897/839669/1897fishm
an.pdf by guest on 22 M

arch 2025



The overall effect of differential attrition that is not corrected by sampling weights would
thus be to underestimate the remaining lifetime risk of developing dementia.

The results shown here suggest that a large fraction of current and near-future
elderly—and a fraction perhaps 50 % higher than that implied by the Framingham
cohorts—will develop dementia in their remaining lifetimes. Furthermore, as old-age
mortality declines, remaining lifetime risks of dementia increase substantially across
birth cohorts. The results further show that if treatments delaying or reducing dementia
risk become widespread, this fraction can be reduced by perhaps 7 percentage points, or
approximately 25 %, in an optimistic scenario. Given the high costs per person with
dementia, a 25 % reduction in remaining lifetime risk of dementia amounts to a large
economic gain. Time trends observed in Framingham do provide a reason for optimism
because the most recent evidence has shown that dementia incidence declined from the
1970s to the 2000s in the Framingham cohorts (Satizabal et al. 2016)—a decline that
might have occurred nationally as well (Crimmins et al. 2016; Langa et al. 2017).
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Appendix: Multiple-Decrement Life Table Relations

The overall rate of decrement from the dementia-free population is the dementia incidence
rate, which comes from Eq. (4), plus the mortality rate for the dementia-free population:

1m
DF
x ¼ death

1m
DF
x þ 1hx; ð12Þ

and the probability of exiting the dementia-free population at a given age, assuming
decrements occur on average halfway through each age interval, is

1q
DF
x ¼ 1m

DF
x

1þ 0:51mDF
x

� � : ð13Þ

The probability of exiting from each respective cause is

dem
1qDFx � 1hx

1mDF
x

� �
ð14Þ

death
1q

DF
x ¼ 1qDFx �

death
1mDF

x

1mDF
x

� �
: ð15Þ
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Define lDFx as the number of dementia-free survivors to the xth birthday, so that the
number of exits from the dementia-free population, by type of exit, is

i
1dDFx � i

1dDFx ; i ¼ dem; death: ð16Þ

The number of dementia-free survivors to the next age is

lDFxþ1 ¼ lDFx − dem
1dDFx − death

1d
DF
x : ð17Þ

For an approximation of the prevalence of dementia at age 70, the fitted value of
prevalence for age 70.0 is obtained from baseline ADAMS (n = 856 subjects) using the
following model:

logit Pxð Þ ¼ α þ βx; ð18Þ

where P is prevalence, and x is exact age. The starting sizes (radices) of the dementia-
free and with-dementia populations are

lDF70 ¼ 1 −P70ð Þ � l70; ð19Þ

lD70 ¼ P70ð Þ � l70; ð20Þ

where the superscript DF indicates being in the dementia-free state, and the superscript
D indicates being in the with-dementia state.

After age 70, the population with dementia is tracked as follows. The only way to
exit the population with dementia is death, so the probability of death with dementia is

1q
D
x ¼death

1q
D
x ¼ 1m

D
x

1þ 0:51mD
x

� � : ð21Þ

The size of the population reaching the xth birthday with dementia is defined as lDx ,
so the number of deaths is

death
1d

D
x ¼ lDx � death

1q
D
x : ð22Þ

However, those who develop dementia while age x are subject to the risk of death
mD

x after they develop dementia. If they develop dementia halfway through the age
interval, on average, then the probability of death with dementia for these new cases in
that interval is

death
newq

D
x ¼ 1m

D
x

2þ 0:51mD
x

� � ; ð23Þ

and the number of deaths among new dementia cases is

death
newd

D
x ¼ dem

1 d
DF
x � death

newq
D
x : ð24Þ
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The size of the population with dementia at the subsequent (exact) age is

lDx þ 1 ¼ lDx þ dem
1d

DF
x � death

1d
D
x � death

new d
D
x : ð25Þ

Person-years lived in the dementia-free state are calculated assuming exits occur
linearly within age intervals:

1L
DF
x ¼ lDFx þ 1 þ 0:5 lDFx − lDFx þ 1

� �
: ð26Þ

Person-years lived in a state of dementia are simply

1L
D
x ¼ 1Lx − 1L

DF
x : ð27Þ

Filling in the table for the subsequent age (x + 1) requires an approximation of
the proportion of survivors with dementia in the middle of the age (x + 1, x + 2)
interval because the mortality rates in Eqs. (7)–(9) pertain to age intervals rather
than exact ages. This approximation again uses the assumption of linearity of
survivorship in small intervals: it is assumed that one-half the attrition recorded
from exact ages x to x + 1 will occur from exact age x + 1 to the middle of the (x +
1, x + 2) interval. The approximated number of persons in state i in the middle of

the age (x + 1, x + 2) interval is denoted as 1L̂
i
x þ 1, while the L column for the

entire population (from SSA cohort life tables) is assumed to record all survivors
in the middle of the given age interval:

1L̂x þ 1
D ¼ 1Lx þ 1 − 1L̂x þ 1

DF ¼ 1Lx þ 1 − lDFx þ 1 − 0:5 lDFx − lDFx þ 1

� �� 	 ¼ 1Lx þ 1 − 1:5lDFx þ 1 − 0:5lDFx
� 	

: ð28Þ

Prevalence of dementia at the subsequent age is estimated as the proportion of mid-
interval survivors living in a state of dementia:

1Px þ 1 ¼ 1L̂x þ 1
D

1Lx þ 1

; ð29Þ

which is used to solve for the mortality rate in the dementia-free population for the age
x + 1 interval, using Eqs. (7) and (8).

Because narrow (one-year) age intervals are used, the resulting L̂
i
x columns from

Eq. (28) will be close to the Lix columns from Eqs. (26) and (27). The similarity of the
two columns is shown in Online Resource 1.
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