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Abstract
Background: On average, health worsens with age, but many people have periods of
improvement. A stochastic model provides an excellent description of how such changes occur.
Given that cognition also changes with age, we wondered whether the same model might also
describe the accumulation of errors in cognitive test scores in community-dwelling older adults.

Methods: In this prospective cohort study, 8954 older people (aged 65+ at baseline) from the
Canadian Study of Health and Aging were followed for 10 years. Cognitive status was defined by
the number of errors on the 100-point Modified Min-Mental State Examination. The error count
was chosen to parallel the deficit count in the general model of aging, which is based on deficit
accumulation. As with the deficit count, a Markov chain transition model was employed, with 4
parameters.

Results: On average, the chance of making errors increased linearly with the number of errors
present at each time interval. Changes in cognitive states were described with high accuracy (R2 =
0.96) by a modified Poisson distribution, using four parameters: the background chance of
accumulating additional errors, the chance of incurring more or fewer errors, given the existing
number, and the corresponding background and incremental chances of dying.

Conclusion: The change in the number of errors in a cognitive test corresponded to a general
model that also summarizes age-related changes in deficits. The model accounts for both
improvement and deterioration and appears to represent a clinically relevant means of quantifying
how various aspects of health status change with age.

Background
As people age, most notice that their cognitive function
changes, usually for the worse. In general, aspects of
recent memory are less efficient, especially the divided
attention required for working memory [1,2]. How to
understand those changes is controversial. Whether the
changes are inevitable, and somehow benign, or the

beginning of a decline that will be seen as pathologic is
not clear [3].

Descriptions of processes of cognitive ageing abound, and
several reports evaluate longitudinal change using a vari-
ety of models [4-10] but comparatively fewer accounts
quantify how cognition changes with age, i.e. predict the
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numeric degree to which scores change. We have modeled
other age-related changes and demonstrated that a few
parameters can be estimated to accurately describe how
deficits accumulate with age [11,12]. Inasmuch as the
prevalence of all forms of cognitive impairment increases
with age [13], as do deficits in general, we wondered
whether the patterns of general deficit accumulation
might also obtain with decrements in cognition. Here, we
investigated how community-dwelling elderly people
accumulate errors in cognitive performance over 5–10
years.

Methods
The cognitive measure
The Modified Mini-Mental state Examination [14] is a
100-point scale that was based on Folstein's Mini-Mental
State Examination (MMSE) [15]. The 3MS adds to the
MMSE by including tasks of animal naming, similarities,
date and place of birth and a second recall task, and by
providing more rigorous scoring. This expansion of the
testing of cognitive and of precision, have generally
resulted in better psychometric properties of the 3MS
[15,16].

Cognitive states defined by 3MS errors
For these analyses, we propose that variation in 3MS
scores can describe cognitive states. Analogous to the 'def-
icits' counted in the frailty index to define varying states of
health, we defined cognitive states in relation to cognitive
deficits. A deficit can be considered in relation to the 3MS.
Recent work by our group suggests that a 2-point change
on the 3MS over 5 years is clinically detectable, [17] in
that it represents an effect size (Cohen's d) of 0.5, consid-
ered to be a 'medium' effect size, and readily visible in the
course of normal experience. [18] Thus, we consider that
the "0" state of cognitive errors, i.e. the lowest level of cog-
nitive impairment detected by the test, to be defined as a
score of 100 or 99, i.e. of having no or 1 error. The "1"
state represents 3MS scores of 98 or 97, i.e. 2 or 3 errors
and so on.

If cognitive states can be defined by the number of 3MS
errors/cognitive deficits present, then it might be that cog-
nitive deficits accumulate as general health deficits do. If
so, the techniques that can be employed to analyze health
in relation to deficits accumulated in a frailty index
should be able to be applied to analyze cognition in rela-
tion to the accumulation of cognitive deficits. Specifically,
it could be that the distribution of errors in cognition, and
the chance of accumulating fewer errors, or more errors,
or maintaining the same number of errors, or dying might
conform to patterns seen with the frailty index, i.e. cogni-
tive deficits might show the same patterns as general
health deficits.

The sample
The Canadian Study of Health and Aging (CSHA) is a rep-
resentative cohort study, the chief aim of which was to
estimate epidemiological aspects of dementia and other
age-related problems [19]. The methods are described in
detail elsewhere [20]. Briefly, community-dwelling partic-
ipants were screened using the 3MS, from which a sub-
sample was selected for more detailed clinical and neu-
ropsychometric evaluation. Here, we consider the com-
munity-dwelling sample (n = 9,008 at baseline – CSHA-1)
and those participants (n = 8,954) who were able to com-
plete the 3MS. Of these, complete data are available for
5,586 survivors for the second wave (CSHA-2, conducted
in 1995–1996) and 3,211 for the third wave (CSHA-3,
conducted in 2000–2001). Complete mortality follow-up
is available, so we know that 1,821 people died in the 60-
month interval between CSHA-1 and CSHA-2.

Analysis
Earlier we have shown that the probabilities of transitions
between two states n and k (Pnk) can be represented by a
modified Poisson distribution [11,12,21]

where  is positive parameter that depends on the cur-

rent state n and linearly increases with n: .

We must also take into account the so-called 'absorbing
state' of death. Pnd is probability to die for any given n state

at baseline; it increases exponentially:

Pnd = P0d exp(β2n) (2)

(Pnd ≤ 1). Of the four parameters, two can be considered

as the background components: , P0d, and β1, and β2

(the increments), , and β2 is the slope of the
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data.  is the mean number of cognitive errors in transi-

tion for the people who had zero errors at baseline (at the
zero state) and P0d is the probability of 5-year mortality for

the people at the zero state (with zero cognitive errors at
baseline). The increments show how these values change
with the baseline error state number. In short, we illus-
trate four state-dependent parameters, in two of which
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internal environment) and will be added to the changes at
all other levels – note that, at the 0-state, there is no pos-

sibility for improvement. The other two parameters (β1,

and β2) illustrate that the transition probabilities depend

on the starting state, so that someone at error state 4, for
example, will, on average, expect worse outcomes (both a
greater chance for worsening and a higher chance of
dying) than will someone at error states 0,1,2 or 3.

To estimate the parameters of the model and their confi-
dence intervals, a nonlinear fitting procedure was used.
The codes were written in Matlab 7.3 (Matworks Inc.). The
parameters were estimated for each transition separately.
Goodness of fit was evaluated using R2.

Ethics
The CSHA protocol was approved by ethics committees at
each of the 36 participating centres, and each participant
(or proxy) gave written, informed consent. Permission for
these secondary analyses was granted by the Research Eth-
ics Committee of the Capital District Health Authority,
Halifax, Canada.

Results
The distribution of the 3MS was virtually identical over all
3 waves (Figure 1). This occurred even though loss from
one wave to the next was informative: mortality (which
was generally higher for the second transition than the

first) was clearly related to the 3MS score (Figure 2). In
each wave, survival decreased as the number of 3MS errors
increased, saturating in both waves at about 50 errors (Fig-
ure 2).

In each wave, the transitions between cognitive states as
represented by the 3MS errors were well fitted by the mod-
ified Poisson distribution (Table 1). The fit was very high
(r>0.98) in both waves, so that the displays of the transi-
tion probabilities are virtually indistinguishable in the
two waves: CSHA-1 to CSHA-2 (Figure 3) and CSHA-2 to
CSHA-3 (Figure 4). The modified Poisson distribution
represents the case that while both improvements (fewer
3MS errors) and declines (more 3MS errors) are possible,
in general, there are more declines than improvements
(Figures 3, 4). The modal transition state for n transitions
at baseline is generally n + 1 at follow-up. Consistent with
the observed increase in mortality with increasing 3MS
error, the area under each curve decreases as state value
increases (Figures 3, 4).

Discussion
We have demonstrated that changes in cognition with age
are highly characteristic and can be well modeled, with
very high fit, by a modified Poisson distribution. The
model has four parameters that are easy to understand.
Two are 'background' parameters that reflect the risk of
accumulating more cognitive errors, or of dying, for a per-
son with no errors at baseline; these can be considered the
background risk. The other two reflect the incremental

The distribution of Modified Mini-Mental State Examination scoresFigure 1
The distribution of Modified Mini-Mental State Examination scores. The distribution of Modified Mini-Mental State 
Examination scores (Panel A) and 3MS-errors (Panel B) at baseline (CSHA-1, red), in 5 years, CSHA-2 (blue) and in 10 years, 
CSHA-3 (green).
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risk of having more than 0 errors at baseline. This modi-
fied Poisson distribution – the modification is that the
parameters are state dependent – corresponds to changes
in other deficits which accumulate with age [11,12,21]. In
this way, these analyses contribute to a more general
model about the accumulation of deficits with age

Our data must be interpreted with caution. The 3MS is not
a comprehensive measure of all aspects of brain function,
notably having less emphasis on executive function than
do contemporary measures such as the Montréal Cogni-
tive Assessment [22]. The CSHA, though large, has loss to
follow-up at each wave for reasons other than death,
although the extent of the loss is comparable to (and com-
monly less than) other cohort studies [23]. Cognitive
aging is obviously more complex than errors on the 3MS.
Even so, the data suggest that in some fundamental ways,
brain aging corresponds to a more general pattern of aging
seen in our earlier inquiries [11,12,21].

We were interested to observe the extent to which this
model corresponds both to changes in the 3MS score and
to our experience in modeling age-related deficit accumu-
lation in general. In this way, the data potentially contrib-

ute to our understanding of how to model ageing. The
robustness of the modified Poisson distribution as a gen-
eral age-related deficit accumulation model is suggested
by its having been replicated in the Canadian Study of
Health and Aging [11], the Gothenburg H-70 cohort study
[12] and the National Population Health Survey [21]. By
accounting for both improvements and declines, a model
such as this has the potential to clarify observations about
changes in brain aging that largely have remained concep-
tual [24]. The model also opens up the possibility of eval-
uating risk factors for the background and increment
parameters.

The improvements in cognitive states, across all levels of
cognition, that are captured with this model have implica-
tions for the debate about the intermediate state between
normal cognitive function and dementia. The intermedi-
ate state is variably described, with the terms "Mild Cog-
nitive Impairment" (MCI) and "Cognitive Impairment,
No Dementia" (CIND) predominating in North America.
As reviewed elsewhere [25], a remarkable feature of clinic-
based accounts of MCI, in comparison with population
studies, has been the comparatively small number of peo-
ple seen to have improved in clinic studies. It is not clear
whether this lack of improvement in clinic-based studies
is due to self-selection (although a multi-centre clinic-
based study that investigated the possibility of improve-
ment found it more often than other studies have
reported [26]) or whether the supposed improvement in
population studies is simply diagnostic instability. Our
data go very much against diagnostic instability, as

Table 1: Estimates of the parameters, and goodness of fit, for the 
transitional probabilities and for death (equations (1)-(2)) in the 
Canadian Study of Health and Aging (CSHA).

CSHA (wave 1–2) CSHA (wave 2–3)

1.17 (1.08, 1.26) 1.42 (1.32, 1.52)

β1 0.81 (0.78, 0.85) 0.86 (0.84, 0.89)
ln(P0d) -1.66 (-1.71, -1.61) -1.95 (-2.02, -1.88)
β2 0.09 (0.08, 0.09) 0.09 (0.08, 0.09)
r 0.99 0.98
R2 0.98 0.96

 is the mean number of cognitive errors in transition for the 

people who had zero errors at baseline (at the zero state) and P0d is 

the probability of 5-year mortality for the people at the zero state 
(with zero cognitive errors at baseline). The increments β1 and β2 (for 
cognitive transitions and mortality, respectively) show how these 
values change with the baseline error state number. Note that the 

background parameters , ln(Pod) are significantly different 

between two transitions while the increments (β1, β2) are not.

k0

k0

k0

Death probability as a function of the number of errors on the Modified Mini-Mental State Examination ScoreFigure 2
Death probability as a function of the number of 
errors on the Modified Mini-Mental State Examina-
tion Score. The probability of death as a function of the 
number of errors on the Modified Mini-Mental State Exami-
nation Score. The dots represent empirical data. The blue 
line represents the model fit of the probability of death 
between the first (CSHA-1) and second waves (CSHA-2). 
The red line represents the model fit of the probability of 
death between the second (CSHA-2) and third (CSHA-3) 
waves.
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improvement seems to be a continuous feature in all cog-
nitive states, including MCI/CIND.

Of note, whether in modeling cognitive errors specifically,
or cognitive age-associated deficits in general, incremental
changes in the deficit count have cumulative impacts on
adverse outcomes such as death. In other words, the state
of the individual – here, the cognitive state – has a quan-
tifiable impact on outcomes. The high fit suggests that, at
some level of deficit accumulation, the number of deficits
is more important than exactly which ones are present. If
so, this has implications for the way that we think about
the impact of specific diseases in ageing, in the face of
many other decrements. The relationship between a spe-

cific disease and its presentation is increasingly seen as
having been undermined by disease presentation in eld-
erly people [27], especially those who are frail. Instead, it
is suggested that we should look to so-called 'geriatric syn-
dromes' to understand illness in these people [28].
Although it might be that some of the geriatric syndromes
carry a high degree of specificity in relation to deficit accu-
mulation, this needs to be investigated, lest we turn over
one orthodoxy (of disease) only to accept another (of syn-
dromes) that might rest on just as insecure a foundation.

Of note, the introduction of separable background and
incremental parameters also allows us to explore whether
all risk factors that are associated with late life decrements,

Transitions in cognitive states from CSHA-1 to CSHA-2 as represented by errors on the Modified Mini-Mental State Examina-tion ScoreFigure 3
Transitions in cognitive states from CSHA-1 to CSHA-2 as represented by errors on the Modified Mini-Mental 
State Examination Score. Transitions from CSHA-1 to CSHA-2. In each panel, each cell represents the cognitive state at 
baseline. Each X axis represents the cognitive state at follow-up. Each Y axis represents the probability of transition to the new 
cognitive state. The dots represent empirical data. The solid lines represent the model fit.
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such as cognitive impairment, are equally associated with
variability in both background and increments. These
investigations have the potential to inform the modeling
of ageing, perhaps by distinguished more fixed factors
from more mutable ones. The model of deficit accumula-
tion also needs to be evaluated with cellular and animal
data. Such considerations are motivating additional
inquiries by our group.

Conclusion
A general model of aging as deficit accumulation
described how cognitive errors accumulate with age. The
model shows that the possibility of improvement is non-

trivial, and needs to be considered in any general account
of how cognition changes with age.
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