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Abstract
The terminal decline hypothesis states that in the proximity of death, an individual’s decline in
cognitive abilities accelerates. We aimed at estimating the onset of faster rate of decline in global
cognition using Mini Mental State Examination (MMSE) scores from participants of the
Cambridge City over 75 Cohort Study (CC75C), a U.K. population-based longitudinal study of
aging where almost all participants have died. The random change point model fitted to MMSE
scores structured as a function of distance to death allowed us to identify a potentially different
onset of change in rate of decline before death for each individual in the sample. Differences in
rate of change before and after the onset of change in rate of decline by sociodemographic
variables were investigated. On average, the onset of a faster rate of change occurred about 7.7
years before death and varied across individuals. Our results show that most individuals
experience a period of slight decline followed by a much sharper decline. Education, age at death,
and cognitive impairment at study entry were identified as modifiers of rate of change before and
after change in rate of decline. Gender differences were found in rate of decline in the final stages
of life. Our study suggests that terminal decline is a heterogeneous process, with its onset varying
between individuals.
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The terminal decline hypothesis proposes an association between proximity to death and
cognitive decline suggesting that “years to live” or proximity to death may be better
indicators of cognitive performance than chronological age before death (Siegler, 1975).
Two issues emerging as critical in the terminal decline literature are whether terminal
decline is detectable and, when detectable, whether it is possible to identify its onset.
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Although agreement exists among researchers that terminal decline is a within-person
process and should be modeled as such, most previous attempts to identify its onset have
assumed that all individuals experience a change in rate of decline at the same distance from
death. Here, we test whether heterogeneity exits across individuals in the onset of terminal
decline.

Several studies have reported results in support of the hypothesis (Batterham, Mackinnon, &
Christensen, 2011; Dodge, Wang, Chang, & Ganguli, 2011; Gerstorf, Ram, Hoppmann,
Willis, & Schaie, 2011; Laukka, MacDonald, & Bäckman, 2006, 2008; Muniz-Terrera,
Matthews, Stephan, & Brayne, 2011; Wilson, Beck, Bienias, & Bennett, 2007; Wilson,
Beckett, Bienias, Evans, & Bennett, 2003), although others reported mixed or no evidence
of accelerating decline before death (Piccinin, Muniz, Matthews, & Johansson, 2011).

Differences in study design, sensitivity to change of the measures used to assess the
cognitive domains of interest, and differences in the methodologies employed may explain
these divergent reports. Study design features such as the number and separation of follow-
up interviews, and length of follow-up are likely to impact reports. An insufficient number
of data waves may hamper the examination of accelerating decline as longitudinal models
considered for its examination should include terms to describe a nonlinear trajectory, and
such models are only identifiable if data from at least three data waves are analyzed. In
addition, if interviews are far apart, individuals may die between interviews without
providing sufficient data to capture a change in cognitive performance or in rate of decline
before death.

Different sensitivity to change of cognitive abilities prior to death may also impact reports
(Bosworth & Siegler, 2002). Crystallized ability has been reported to be better maintained
with aging than fluid abilities and decline in this ability more likely to be associated with
impending death. Hence, investigations of change due to proximity to death are more likely
to report changes where crystallized abilities are examined (White & Cunningham, 1988).

A recent publication by Gerstorf and colleagues (Gerstorf et al., 2011) also suggested the
possibility of cohort differences explaining differences in terminal decline reports, although
they reported few secular trends, and the literature about cohort differences in the terminal
decline context is scarce.

Critical methodological discrepancies in reports have been extensively discussed in Piccinin
et al. (2011). They include the choice of the time metric considered to structure change
(Sliwinski, Hofer, Hall, Buschke, & Lipton, 2003); the separation of between- and within-
person effects (Mehta & West, 2000); and the treatment of data from demented individuals
and survivors.

As the terminal decline hypothesis implies a change in rate of decline, only models that
assume a nonconstant rate of decline are adequate for its description. The two most
commonly used models in the terminal decline literature are mixed effects models that
include a squared time metric term (often referred as quadratic models), and mixed effects
change point models (Smith, 1975). While quadratic models inform about rate of decline
and its acceleration, they do not inform about the onset of such acceleration. Instead, change
point models do. Most change point models considered in the aging literature describe
change as consisting of two linear phases that intersect at a change point, with the change
point either regarded as a fixed effect (i.e., assumed to be common to all individuals) or a
random effect (change point varying across individuals). The application of change point
models in cognitive aging increased substantially in recent years after a seminal publication
by Hall, Lipton, Sliwinski, and Stewart (2000), who employed these models to estimate the
onset of memory changes in preclinical dementia.
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The onset of terminal decline has been identified in several publications where profile
likelihood was used to estimate models where the change point was modeled as a fixed
effect (MacDonald, Hultsch, & Dixon, 2011; Sliwinski et al., 2006; Thorvaldsson et al.,
2008; Wilson et al., 2003). Estimates of the onset of faster decline varied from about 6 years
before death (Sliwinski et al., 2006) to over 14 years before death (Thorvaldsson et al.,
2008). Although these models advanced our understanding of cognitive changes in the final
stages of life, the assumption of a common change point model in heterogeneous samples is
questionable in the context of terminal decline (a process that is understood, per definition,
to be as a within-person process) and deserves further investigation.

In this work, we examined whether the onset of terminal decline in global cognition varied
across individuals in the sample. With this aim, using global cognitive scores from a
subsample of deceased participants of the Cambridge City over 75 Cohort Study (CC75C)
structured as a function of distance to death, we initially considered a change point model
where the change point was modeled as a fixed effect, and consequently, estimated a
common change point for all individuals in the sample. Second, we relaxed the common
change point assumption and estimated a model where the change point was modeled as a
random effects. This model estimated a potentially different change point for each individual
in the sample. The fact that at the time of the analysis only very few study participants
remained alive is a strong feature of our study.

Method
Participants

The Cambridge City over 75 Cohort Study (CC75C) is a prospective study of a
representative population sample of Cambridge City residents aged 75 years and older in
1985. Its focus is prevalence and incidence of dementia, risk factors for cognitive decline
and dementia, neuropsychology, and depression. All patients registered in six general
practices and one third of a seventh practice, including patients living in residential and
nursing homes, were invited to take part in the study by their doctors, and 95% accepted.
After excluding participants from one practice (n = 445) due to differential recruitment and
their concurrent participation in an intervention study, all remaining participants (N = 2,166)
were screened by a trained interviewer who recorded patients’ details, family contacts,
health status, and use of health services. The screening interview was followed by a more
detailed clinical interview of all individuals scoring 23 or less on the Mini Mental State
Examination (MMSE) (Folstein, Folstein, & McHugh, 1975) and a third of those with scores
of 24 and 25 points. After the baseline interview, up to six follow-up interviews were carried
out to establish incidence of dementia.

Measures
Cognitive status was assessed with the MMSE, a test originally designed as a screening tool
for dementia, but widely used as an indicator for global cognition. The MMSE takes integer
values in the 0–30 interval, with high values indicating good cognitive status. When a
question was omitted, or not applicable due to sensory or physical impairment, the item was
scored as zero for calculation of the final MMSE score. Sociodemographic information and
information about physical ability was collected (see www.cc75c.cam.ac.uk for more
details) at baseline and other survey interviews.

To identify the deceased subsample, information about participants’ date of death was
obtained from the National Health Service central register. On average, the interval between
the last interview and death was 2.8 years (SD = 2.6, range = [0.7, 19.7]). As the time
interval between dropout and death was large in some cases and our aim was to model
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terminal decline, we selected the subsample of deceased CC75C participants (n = 1,896)
who were last seen less than 10 years before death. Excluded participants were only about
7% of individuals. The number of individuals who were in the selected subsample and who
had missed from 1 to 6 interviews were 27, 92, 206, 318, 471, and 778, respectively.
Distance to death from each interview was calculated as the difference between each
person’s date of death and the interview dates. On average, individuals were 81 years old at
study entry and died at the age of 88 years old. Sixty-five per cent of individuals in the
deceased sample were women and 37% per cent of individuals had a nonmanual profession
(See Table 1 for descriptive characteristics of the sample).

Participants were asked if they could walk unaided around the block. Those who answered
“no” were classified as physically impaired. According to this criterion, 43% of the
individuals in the sample were physically impaired at study entry. Baseline cognitive scores
were used to define a cognitive impairment indicator that took the value of 1 if the
individual scores below 23 MMSE point at baseline and 0 otherwise. Fifteen percent of
individuals in the sample analyzed were cognitively impaired at study entry.

Procedure
We fitted two mixed models with a change point. We first modeled the change point as a
fixed effect (assuming a common change point for all individuals [FCP)]), then, we relaxed
the common change point assumption and modeled the change points as random effects
(RCP). Linear mixed effects models are usually formulated by an equation that describes
within-individual change (level 1) and a set of equations that describe individual-level
parameters as a function of both fixed effects and individual-level covariates (level 2).
Following this convention, a mathematical formulation of the RCP model fitted in our
analysis is:

(1)

(2)

where γi = individual i’s change point, and I(Tit − γi) = 1 if Tit − γi ≥ 0 and 0 otherwise. Tit
(for i = 1, …, N with N = number of individuals in the sample; and t = 1, …, ni with ni =
number of times individual i was observed) is the time (in years) from each interview to
individual i’s date of death. The mathematical formulation of the FCP can be obtained from
the expression shown in equation (1) replacing γi by γ.

Distances from death to each interview were coded as negative values to maintain
chronological ordering. For ease of interpretation, we set the intercept of the models at 2
years before death. Random effects α1i, α2i represent individual i’s annual rate of change
per year closer to death before and after the change point, respectively, and were modeled as
deviations from α10, α20, which represent the expected rates of change for individuals with
the reference values in all covariates Zi. Cognitive performance 2 years before death is
calculated as α0i + (α1i − α2i)γi. Given the model parameterization and time scale, α0i is
not a parameter of direct relevance (it represents individual i’s performance in the absence
of change in rate of decline) and so is not regressed on the baseline covariates.

Residuals εit were assumed to follow a normal distribution with mean 0 and variance τ2, that
is, εit ~ N(0, τ2), for all values of i and t. Level 2 residuals υ0i, υ1i, υ2i for i = 1, …, N were
assumed to follow a normal distribution with mean 0 and covariance matrix Ω.
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Modifiers of rate of decline in our analysis were education, gender, age at death, and
physical and cognitive impairment at study entry, as these have been identified as associated
with cognitive decline (Piccinin et al., 2011). Education and age at death were considered
continuous variables (centered at their mean value). Specifically, education was centered at
age 14, the mean age at which individuals left full-time education, and age at death was
centered at age 88, the average age of death of individuals in the sample. An indicator of
physical impairment that took the value of 1 if the individual could not walk unaided around
the block and 0 otherwise; a gender indicator that took the value of 1 for women and 0 for
men and a cognitive impairment indicator that took the value of 1 if the baseline MMSE
score was below 23 and 0 if the MMSE score was higher or equal to 23 MMSE points.

Models were fitted using a Bayesian framework (Gelman, Carlin, Stern, & Rubin, 2012), in
which conclusions about a parameter of interest, θ, are made in terms of probability
statements conditional on the observed values of the data, y, written as p(θ|y) and called the
posterior distribution of parameter θ. (This is in contrast to the traditional inferential
framework, in which probabilities resulting from statistical tests define the likelihood of the
data, given the parameters of the selected model. Often, researchers relying on the
inferential framework interpret, however, the resulting probabilities of their analyses as the
likelihood of the parameters in light of the data. Thus, although the inferential framework is
applied, results are interpreted in a Bayesian framework). To make statements about the
parameter of interest, the probability p(θ|y) is factorized in terms of the likelihood function
and a prior distribution that expresses the uncertainty about the parameter θ before the data
are considered. The posterior probability contains all the current information about the
parameter θ, and can be described using a range of numerical summaries that include,
among others, the mean, standard deviation, and interquartile range. Because the posterior
distribution is derived from a combination of the data and the prior distribution, it is
standard practice to examine the sensitivity of results obtained with respect to the choice of
priors for the key parameters of the model.

Model selection was based on the Deviance Information Criterion (DIC) (Spiegelhalter,
Best, Carlin, & Van Der Linde, 2002), described in the Appendix.

Results
Sample Demographics

Initially, a comparison of characteristics of individuals who were excluded from the analysis
due to having dropped out of the study more than 10 years before death was conducted.
Excluded individuals died younger than individuals included in the analysis, were older at
baseline and had lower cognitive function at study entry (t tests, p < .05).

Random Change Point Model
DIC values for the FCP (48151.9) and RCP (46684.1) models suggested that the RCP model
supported the data better, when compared to the FCP model. Hence, we report results from
the RCP model.

On average, individuals experienced a change in rate of decline at about 7.7 (SD = 0.21)
years before death. This value was calculated by subtracting 2 from the estimated mean
change point (−5.7), as time zero in our models corresponds to 2 years before death. The
onset of change in rate of decline varied considerably between individuals as indicated by
the variance in the distribution of the change points and its narrow credible interval (see
bottom of Table 2), and is shown graphically in the bottom panel of Figure 1, where we
plotted the distribution of the posterior mean estimates of the individuals change points.
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MMSE performance 2 years before death was estimated as 23.9 (SD = 0.23). Before the
onset of change in rate of decline, annual rate of change was estimated at −0.13 (SD = 0.02)
MMSE points per year closer to death for a not cognitively nor physically impaired man
who died aged 88 years old and had left school aged 14 years. After the change point, the
rate of decline was significantly faster, estimated at −0.61 (SD = 0.05) MMSE points per
year closer to death. Between person variability in these rates of change were also much
larger after the change point. Figure 2 shows the estimated mean trajectory and its 95%
Credible Interval for an individual with reference values in all covariates. The correlation
between mean rate of change before and after the change point was calculated as −0.09. This
value suggests a negative but very small association between rate of decline before and after
the onset of terminal decline.

Posterior mean estimates of each individual’s slope before and after the change point were
obtained and their difference calculated by subtracting the estimated slope after the change
point of each individual from the corresponding estimated slope before the change point.
The mean difference of the slopes was calculated at 0.76 (SD = 0.56), and took values in the
interval [−0.53, 2.86]. The distribution of the difference of the rate of decline before and
after each individual’s change point is shown in the top panel of Figure 1.

Predictors of Change
Our results about the effect of potential modifiers of rate of decline before the onset of more
rapid decline indicate that per extra year of older age at death, individuals declined at a
slower rate than individuals who died younger (see Table 2). However, once they passed the
onset of terminal decline, their rate of change was faster than the rate of change of
individuals who died younger. More educated individuals declined more rapidly before the
onset of terminal decline than less educated individuals, but after the onset of terminal
decline, their rate of decline was slower than the rate of decline of less educated individuals.

Before the onset of terminal decline, no significant differences in rate of change were found
between men and women, although women declined faster than men in the final stages of
life. Estimates of the effect of physical impairment on rate of decline before and after the
onset of faster rate of decline did not reach significance, although they suggest that
individuals who were physically impaired at study entry declined more rapidly than those
who were not impaired before and after the onset of faster rate of decline.

The direction of the effect of cognitive impairment at study entry on rate of decline before
the onset of faster rate of change was not the one initially expected, as our results suggest
that individuals who were labeled as impaired at study entry declined at a slower rate than
those who were not impaired.

In an additional model, both slopes were adjusted for baseline age and the interaction of age
and education. Baseline age was found to be significant on both slopes but had relatively
small estimates (−0.030 [SD = 0.009] on the first slope and 0.3 [SD = 0.5] on the second
slope) indicating that older individuals at baseline decline slightly faster before the change
point but decline at a slower rate after the change point. All other estimates remained
relatively unchanged.

Discussion
In this study, we examined terminal decline in global cognition measured by MMSE scores
in a population-based longitudinal study of older persons where the vast majority of the
individuals in the sample died over the course of the study. The RCP model was found to fit
the data better than the FCP model. This extends previous reports by demonstrating that the
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onset of terminal decline varies across individuals. For a physically and cognitively able
man who left school aged 14 years and died aged 88 years, the onset of faster rate of decline
was estimated at about 7.5 years before death. The difference in rate of decline before and
after the change point suggests that most individuals experience a period of relatively slow
decline followed by a period of sharper decline in the years prior to death.

Going beyond our previous examination of the terminal decline hypothesis in the CC75C
study (Muniz-Terrera, Matthews, Dening, Huppert, & Brayne, 2009), the random change
point model fitted here allowed us to identify the onset of change in rate of decline for each
person in the subsample examined. In addition, to minimize the effect of between-person
differences in estimates of key model parameters such as change points, and to maximize the
model’s ability to capture the within-person nature of the terminal decline process, we have
now considered the subsample of individuals who were last seen within 10 years before
death. Models converged more quickly when individuals who contributed observations far
from death were removed from the sample.

We adjusted our model for possibly relevant risk factors for terminal decline. Education
emerged as a modifier of rate of decline before and after the onset of more rapid decline,
however, against our initial expectations and compensation or cognitive reserve theories
(Park & Reuter-Lorenz, 2009; Stern, 2002) as more educated individuals experienced a
more rapid decline before, and slower decline after the change point. Batterham and
colleagues (Batterham et al., 2011), who examined the effect of education in a range of
cognitive measures, also reported that the only hint of a protective effect of education
against decline was found in their global measure. Others have reported that more educated
individuals performed better before death in a range of cognitive tasks (Laukka et al., 2006;
Piccinin et al., 2011). Wilson et al. (2007) reported no association between terminal decline
and education in an investigation of change in global cognitive function. Differences in
reports may stem from several sources, including, among others, variations in study design,
how education was measured, and features of the samples, as discussed extensively by
Anstey and Christensen (2000) and Batterham et al. (2011).

In our study, we derived a variable to account for differences in physical ability by asking
individuals if they could walk unaided around the block. Although our results suggest faster
rate of decline before and after the onset of the terminal phase for physically impaired
individuals, estimates of the effect of physical impairment on the corresponding parameters
did not reach statistical significance. Wilson and colleagues (2007) considered a disability
measure on the Katz scale and similarly reported no significant effect on terminal decline.
Although the longitudinal association between physical ability and cognitive change in the
proximity of death is not well studied, evidence exists for their cross sectional association
(Gillum & Obisesan, 2010) and for the effect of physical function on age-related cognitive
decline (Nilsson et al., 2007; Shipley, Der, Taylor, & Deary, 2007).

Our results about the effect of cognitive impairment on rate of change before and after the
change point went against expectations, as cognitively impaired individuals appeared to
have a slower rate of decline before the change point than those categorized as nonimpaired.
These results could be explained by reasons that include the method used to code item
nonresponse due to physical or sensory impairment, as when individuals could not answer a
question due to impairment, questions were scored as zero. This practice may have led to a
misclassification of some impairment cases, as we used a cutpoint of 23 in the MMSE score
to define dementia cases because of the lack of formal diagnosis. It is also possible that this
was influenced by severely impaired individuals who were nearing the MMSE scoring floor
and had already experienced a change point prior to the start of the study.
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The treatment of dementia cases in examination of terminal decline is important, as
cognitive changes may be driven by dementia (Laukka et al., 2008), although evidence of
terminal decline has also been reported in analyses where dementia was explicitly accounted
for (Piccinin et al., 2011). Dementia cases have been treated in different ways in the
literature, with some researchers excluding individuals demented at baseline from the
analysis (Sliwinski et al., 2003; Wilson et al., 2007), while others also excluded incident
cases (Sliwinski et al., 2006; Thorvaldsson et al., 2008) and some either included demented
and incident cases without adjustment, or accounted for them explicitly in the models
(Ghisletta, McArdle, & Lindenberger, 2006; Piccinin et al., 2011).

We adjusted our models for differences by age at death to separate between-person effects
of being old at death from within-person effects of approaching death. This is common
practice in studies of aging that structure time as time in study (usually these models include
terms to account for differences in initial age), but not so common in terminal decline
studies. Piccinin and colleagues (Piccinin et al., 2011) accounted for distance to death at
study entry and age at baseline with a similar aim.

Older age at death was associated with slower rate of change before the onset of terminal
decline and with faster rate of change after it. However, once the terminal phase started,
individuals who died at an older age declined faster than individuals who died younger.
These results are similar to the survivor effect reported in the context of studies of aging and
has been reported previously in studies of terminal decline (Piccinin et al., 2011). The
impact of older age at death on terminal decline of perceptual speed has been associated
with poorer performance but not rate of change or acceleration (Thorvaldsson et al., 2008).

An excellent overview of the terminal decline literature can be found in Bäckman and
MacDonald (2006). Laukka et al. (2006) examined MMSE scores using a linear random
effects model where analyses were conducted for the total sample and separately for
individuals younger than 81 years old and those older than 81 years old. Cognitive
performance 3 years before death for individuals who remained free of dementia and
survived to the end of the study was estimated at 26.56, with a loss of almost half a point for
both those in the preclinical dementia phase and those in the impending death group. Rate of
decline was estimated as −0.18, −0.02 and −0.15 points per year closer to event for the
different groups. Although this analysis represents an interesting cross group comparison, it
provides limited information about terminal decline, as the model fitted, which assumes
constant rate of change, does not allow for a change in rate of decline, an essential feature of
the terminal decline hypothesis.

In reports where change point models were fitted to results of cognitive tests other than
MMSE, estimates varied widely, from 2.8 to 15 years before death, depending on the
cognitive domain (Thorvaldsson et al., 2008; Wilson et al., 2003). These varied results, and
our own, suggest that terminal decline does not occur uniformly across domains and
individuals. The disparity of results may reflect the differential impact of a range of possible
influences on individuals’ biological systems before death.

Our modeling approach has several methodological advantages. To begin, we maximized
the use of all available data, as we were able to use data from all individuals, even of
individuals who contributed with only one measurement. Estimates of population and
individual change points reflect a combination of information contributed mainly by
individuals with at least four observations, although individuals who were seen in fewer
occasions still contribute to the estimation. Change points are estimated for individuals
whose change points are censored. For these individuals, estimated change points are a
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combination of the information provided by the remaining sample and the prior distribution
considered.

Furthermore, Bayesian estimation has extended computational facilities compared to an
inferential approach, and this framework allowed us to use prior beliefs about change point
location. Win-BUGS (Lunn, Thomas, Best, & Speigelhalter, 2000), a user-friendly package,
offers extensive flexibility to fit mixed effects models in terms of the choice of prior
distributions. Further, its use of Monte Carlo Markov Chain techniques facilitates estimation
of random effects, and predicted values for individuals can be easily obtained, even in the
context of more complex random effect structures. In a marginal likelihood framework,
instead, random effects are integrated out and extra steps are required to obtain their
estimates.

Our study also has some limitations. First, the model still requires normality of the errors, an
assumption that MMSE scores may not fulfill as they have a skewed distribution. Data
transformations could aid in fulfilling model distributional assumptions; however, such
transformations complicate interpretation of model parameters and do not preserve
distances, potentially biasing estimates of the change points. Second, we investigated change
in a crude measure of global cognition, total MMSE scores. Domain-specific partial scores
were not available for analysis, limiting our ability to examine whether these results were
consistent across domains. Initially we would not expect consistency across domains, as
evidence suggests the onset of change in rate of decline varies widely across abilities
(Thorvaldsson et al., 2008). A third possible limitation arises from the fact that individual
questions were scored zero when the individual could not perform a task because of physical
or sensory impairment. Although this (standard) practice is likely to bias results, it was
beyond our ability to examine these potential biases as scores had already been calculated at
the time of analysis. Fourth, although we would have favored an analysis where formerly
diagnosed dementia cases, incident dementia, and disease severity were accounted for, due
to the lack of formal dementia diagnosis, we only used a crude indicator of cognitive
impairment at study entry. Finally, the lack of information about cause of death did not
allow us to differentiate patterns of decline of individuals who died from accidental causes.

In this investigation, we used data from a population-based study where the vast majority of
participants have died over the course of the study. This feature allowed us to maximize the
use of data while fitting a model with an appropriate time metric for the description of the
process under examination. The identification of heterogeneity in individual’s onset of faster
rate of decline before death suggests that loss of abilities preceding death is not a
homogeneous process across individuals. Extensions of our analysis to investigate the effect
of covariates on the location of the change point, which will permit study of the impact of
modifiable risk factors on the onset of terminal decline, are in progress.
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Appendix

Bayesian Implementation of Random Change Point Model
Bayesian inference was applied to estimate all models. MCMC methods to construct
Markov chains that have the posterior distribution as its stationary distribution were used as
in WinBUGS (Lunn et al., 2000).

We can express the model fitted as:

where f(Tit, γi, αi) is as in equation (1) in the text and gi (αkk, Zi, β) as in equation (2) with
αkk, β, and Z are also as before for k = 0, 1, 2 and i = 1, …, N.

For sake of brevity, we only describe the distributional assumptions for the RCP:
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with fi and gi as before.

Specification of Prior Distributions
Fixed effects αkk (k = 1, 2) were modeled using vague normal prior distributions. The
standard deviation of the level 1 residuals (τ) was modeled using a uniform distribution
prior distribution, that is, τ ~0 Unif(0,10) and Ω−1. The inverse of the variance covariance
matrix of random effects residuals was modeled using a Wishart (R,3) distribution where R
is a diagonal matrix with entries R(1,1) = R(3,3) = 4 and R(2,2) = 2. In all models, normal
distributions with large variances were considered as prior distributions of all regression
coefficients.

Although all efforts were made to collect information on covariates, 14 individuals were
missing data on disability or age at death. To avoid listwise deletion, we specified a model
for the distribution of these variables, from which the MCMC in WinBUGS simulates
values for the missing observations. A Bernoulli distribution with parameters that were
given uniform priors was used to model disability status. Age at death was modeled using a
normal distribution.

Under an exchangeability assumption, we assumed random change points γi, i = 1, …, N to
follow a truncated normal distribution, that is, γi ~ N(μγ, ζ2)I(−20, 2). The truncation was
used to avoid the estimation of the change points after the death of the individuals and the
truncation interval chosen in consideration of the fact that the time metric takes negative
values and the intercept of the models was set to be 2 years prior to death.

We imposed a hierarchical structure with hyper-parameters μγ and ζ2 that were modeled
using vague priors. More specifically, μγ ~ Unif(−20, 2) and ζ ~ Unif(0, 10) respectively.
These parameters and distributions were chosen to take into account previous reports about
the onset of terminal decline (Riegel & Riegel, 1972). Distributional assumptions of the FCP
model fitted are similar to the ones considered for the RCP model.

Posterior Distributions
The posterior distribution often does not have a closed form, requiring numerical methods to
draw values of the parameter of interest, θ. One technique to draw these values is to
construct a Markov chain that converges to the posterior distribution p(θ|y). Intuitively, the
idea behind Markov chain simulation is “to sample iteratively in such a way that at each step
of the process we expect to draw from a distribution that is closer and closer to the posterior
distribution p(θ|y)” (Gelman et al., 2012). This is the technique used in WinBUGS (Lunn et
al., 2000), the software package used to estimate the models in this paper.

Convergence Assessment
Two tools commonly used to assess convergence of the constructed Markov chain to the
posterior distribution are traceplots and the Gelman-Rubin diagnostic (Gelman & Rubin,
1992). Traceplots plot the parameter value at each time against the iteration number. In the
presence of nonconvergence, traceplots show some trending in the sample space. The
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Gelman-Rubin diagnostic is such that convergence is shown when, after starting multiple
chains from different starting points, these chains display a similar behavior.

We discarded the initial 50,000 burn-in samples and based our inferences on the subsequent
50,000 samples. Convergence was assessed visually using the Gelman-Rubin statistic that
requires inspecting samples and trace plots from runs based on three chains initiated with
different initial values.

Deviance Information Criterion
To compare the fit of the four models considered, we used the Deviance Information
Criterion (DIC) (Spiegelhalter et al., 2002). The DIC is a generalization of Akaike’s
Information Criterion that combines information about the fit and complexity of a model. It

is calculated as  where  is the posterior mean deviance and pD
is the effective number of parameters. D(θ), the deviance of a model measures its fit. It is
calculated as −2*loglikelihood of the model, standardized by a term that is a function of the
data alone. Models with smaller DIC are considered to be better supported by the data.

Sensitivity of Results to Prior Specification
Robustness of results to the specification of the prior distributions was investigated and
confirmed after a series of sensitivity analyses with different prior distributions. As the
random change points are key parameters in the model, we considered a series of alternative
distributions for the distribution of the hyper-parameter μγ.

We considered μγ ~ N(−7, 100)I(−20, 2) and μγ ~ N(−3,100)I(−20, 2). In addition, we
considered a uniform distribution for the hyper-parameter μγ; specifically, we modeled it as
μγ ~ Unif(−10, 2). Model results were robust to the specification of other prior distributions.
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Figure 1.
Histogram of the difference of posterior means of individual slopes before (α1i) and after the
change point α2i and of the posterior mean estimates of individuals’ change points γi (as
estimated by the model).

Muniz-Terrera et al. Page 14

Psychol Aging. Author manuscript; available in PMC 2013 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Graphical representation of the estimated mean trajectory and its 95% Credible Interval for a
physically and cognitively able man who left school aged 14 yrs and died aged 88 yrs.

Muniz-Terrera et al. Page 15

Psychol Aging. Author manuscript; available in PMC 2013 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Muniz-Terrera et al. Page 16

Ta
bl

e 
1

M
ea

n 
an

d 
St

an
da

rd
 D

ev
ia

tio
n 

of
 C

og
ni

tiv
e 

Sc
or

es
 a

nd
 D

is
ta

nc
e 

to
 D

ea
th

 o
f 

C
C

75
C

 S
tu

dy
 P

ar
tic

ip
an

ts
 a

nd
 o

f 
th

e 
Su

bs
am

pl
e 

of
 D

ec
ea

se
d 

In
di

vi
du

al
s

L
as

t S
ee

n 
L

es
s 

T
ha

n 
10

 Y
ea

rs
 B

ef
or

e 
D

ea
th

(P
ic

ci
ni

n 
et

 a
l.,

 2
01

1)
W

ho
le

 s
am

pl
e

L
as

t 
se

en
 le

ss
 t

ha
n 

10
 y

ea
rs

 b
ef

or
e 

de
at

h

Y
ea

rs
 p

as
t 

af
te

r 
in

it
ia

l i
nt

er
vi

ew
N

M
ea

n 
(S

D
)

N

M
ea

n 
(S

D
)

M
M

SE
Y

ea
rs

 t
o 

de
at

h
M

M
SE

Y
ea

rs
 t

o 
de

at
h

 
B

as
el

in
e

2,
03

9
25

.7
 (

4.
0)

7.
3 

(5
.1

)
1,

89
6

25
.6

 (
4.

1)
6.

8 
(4

.9
)

 
T

w
o

1,
10

6
24

.5
 (

4.
0)

6.
7 

(4
.5

)
1,

08
8

24
.5

 (
4.

0)
6.

6 
(4

.5
)

 
Se

ve
n

63
0

22
.9

 (
5.

6)
5.

3 
(3

.7
)

62
8

22
.9

 (
5.

6)
5.

3 
(3

.7
)

 
N

in
e

35
4

22
.9

 (
5.

8)
4.

7 
(3

.0
)

35
3

22
.9

 (
5.

8)
4.

7 
(3

.0
)

 
E

le
ve

n
13

7
22

.6
 (

5.
4)

3.
6 

(2
.4

)
13

7
22

.6
 (

5.
4)

3.
6 

(2
.4

)

 
T

hi
rt

ee
n

51
21

.0
 (

6.
8)

2.
5 

(1
.6

)
51

21
.0

 (
6.

9)
2.

5 
(1

.6
)

 
Se

ve
nt

ee
n

9
17

.8
 (

6.
4)

0.
7 

(0
.4

)
9

17
.7

 (
6.

4)
0.

7 
(0

.4
)

Psychol Aging. Author manuscript; available in PMC 2013 June 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Muniz-Terrera et al. Page 17

Table 2

Random Change Point Model: Posterior Mean, Standard Deviation and 95% Credible Interval of Fixed Effects
and Standard Deviation of Residuals

Estimate (SD) 95% Credible interval

Fixed effects

 Cognitive performance 2 years before death 23.9 (0.23) [23.45, 24.37]

 Rate of change before change point (α22) −0.13 (0.02) [−0.19, −0.08]

 Age at death 0.01 (0.002) [0.009, 0.01]

 Physical impairment −0.03 (0.02) [−0.07, 0.007]

 Gender 0.03 (0.02) [−0.007, 0.07]

 Education −0.02 (0.003) [−0.03, −0.01]

 Cognitive impairment 0.73 (0.04) [0.64, 0.82]

 Rate of change after change point (α22) −0.61 (0.05) [−0.71, −0.51]

 Age at death −0.04 (0.004) [−0.05, −0.03]

 Physical impairment −0.05 (0.05) [−0.13, 0.04]

 Gender −0.17 (0.05) [−0.26, −0.08]

 Education 0.003 (0.009) [0.01, 0.05]

 Cognitive impairment −0.48 (0.08) [−0.66, −0.31]

 Change point −5.66 (0.21) [−6.08, −5.24]

Random effects

 Intercept 1.03 (0.46) [0.03, 0.95]

 Slope before change point 0.03 (0.005) [0.001, 0.03]

 Slope after change point 0.36 (0.03) [0.001, 0.44]

 Change point 2.9 (0.1) [2.6, 3.1]
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