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Abstract. Education and lifestyle factors linked with complex mental activity are thought to affect the progression of cognitive
decline. Collectively, these factors can be combined to create a cognitive reserve or cognitive lifestyle score. This study tested
the association between cognitive lifestyle score and cognitive change in a population-based cohort of older persons from five
sites across England and Wales. Data came from 13,004 participants of the Medical Research Council Cognitive Function and
Ageing Study who were aged 65 years and over. Cognition was assessed at multiple waves over 16 years using the Mini-Mental
State Examination. Subjects were grouped into four cognitive states (no impairment, slight impairment, moderate impairment,
severe impairment) and cognitive lifestyle score was assessed as a composite measure of education, mid-life occupation, and
current social engagement. A multi-state model was used to test the effect of cognitive lifestyle score on cognitive transitions.
Hazard ratios for cognitive lifestyle score showed significant differences between those in the upper compared to the lower tertile
with a more active cognitive lifestyle associating with: a decreased risk of moving from no to slight impairment (0.58, 95% CI
(0.45, 0.74)); recovery from a slightly impaired state back to a non-impaired state (2.93 (1.35, 6.38)); but an increased mortality
risk from a severely impaired state (1.28 (1.12, 1.45)). An active cognitive lifestyle is associated with a more favorable cognitive
trajectory in older persons. Future studies would ideally incorporate neuroradiological and neuropathological data to determine
if there is causal evidence for these associations.
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INTRODUCTION upon the progression of cognitive decline and the

development of dementia. Evidence from large-scale

There is great interest on the impact of poten-
tially modifiable factors such as education and lifestyle
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epidemiological studies indicates that higher levels
of education, occupational complexity, and cogni-
tive leisure activities reduce the risk of incident
dementia and cognitive decline [1, 2]. A summary odds
ratio from a review of 22 papers up to the end of 2004
found the effects of education, occupation, pre-morbid
IQ, and mental activities reduce the risk of incident
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dementia by 46% [2]. It is possible that these factors
provide functional protection from neuropathology,
although the biological mechanisms underlying such
processes are unclear. Two proposed mechanisms
include disease modification and compensation. The
former suggests a decreased risk for developing pathol-
ogy while the latter indicates greater ability to cope
with underlying damage. This overall protection from
dementia and cognitive dysfunction can be referred to
as ‘cognitivereserve’. Stern [3, 4] suggests factors such
as brain size and neural networks are effective mea-
sures of a passive model (brain reserve), with childhood
1Q, educational attainment, leisure activity, degree of
literacy, and adult occupation being good markers of
an active model (cognitive reserve).

Stern also presents evidence for higher reserve
resulting in a poorer outcome once an individual has
reached a dementia state [4]. Prospective evidence
is cited for associations between increased education
or occupational attainment and a faster transition to
death in 246 patients with Alzheimer’s disease (AD)
[5]; the relative risk of mortality for those with>8
years of education was 1.76, 95% CI (1.11, 2.77). In
addition, a univariate analysis on 438 incident demen-
tia cases found that those with more education had
a reduced survival time, although this did not reach
conventional significance [6]. However, such associ-
ations have not yet been tested in population-based
cohorts of older persons prior to the onset of demen-
tia. It may be possible that those with higher reserve
have higher initial cognitive scores and a later onset
of decline. This implies that by the time they reach an
incident dementia state they have an extensive burden
of underlying neuropathology and so a fast transition
to death becomes more likely. On the contrary, those
with lower reserve would be more likely to decline
gradually and spend a longer time period with demen-
tia. Such a model implies different slopes of decline
for different individuals.

Previous studies have not investigated the associ-
ation between reserve or cognitive lifestyle factors
and transitions from normal cognition, through slight
impairment to severe impairment and the transitions
from all possible cognitive states to death. The aim
of this paper was to study the association between
cognitive lifestyle (assessed as a weighted measure of
education, occupation, and current social engagement)
and cognitive change in a population-based cohort of
over 13,000 older persons from five sites across Eng-
land and Wales. Cognitive change was analyzed using
a multi-state modeling framework. Multi-state mod-
eling has many advantages over other methods. For

example, death and cognitive decline can be mod-
eled explicitly within the same model; a joint model
would be required in a continuous approach. Covari-
ate effects on the transitions are also allowed to vary
by transition; this would require a spline-type model
in a continuous framework. Cut-points for the start
and end of the spline sections would also have to be
defined and these would be as arbitrary as the choices
for the state based model. Furthermore, a three point
change in a Mini-Metal Status Examination (MMSE)
score can have different interpretations depending on
the initial MMSE score. Analyzing transitions between
established MMSE categories overcomes this problem.
Back transitions or cognitive recovery can also be mod-
eled with ease. While it is possible that an individual
can be assigned to a group that does not reflect their
true cognitive state, multi-state modeling also takes
this into account by defining a hidden Markov model,
which includes misclassification estimates.

MATERIALS AND METHODS
Study population

Data came from the Medical Research Council Cog-
nitive Function and Ageing Study (MRC CFAS) [7].
MRC CFAS is a multi-center study on over 18,000
persons from across six centers in England and Wales;
five of the centers have standardized designs. Only
data from the five centers were considered for this
analysis. These five centers had a two-phase sam-
pling design with a screening interview followed by an
assessment interview. Participants were selected from
Family Health Service Authority lists, and were strat-
ified by age to include persons aged 65 years and over
at the index date for each center and living within a
specified geographical area. The first meetings with
the participants took place between 1989 and 1993.
Follow-up cognitive testing was administered over a
16 year period with up to ten cognitive interviews in
total. The times between assessments were similar for
those within the screen and assessment arms but not
between arms. For further details of the study design
please see the CFAS website (http://www.cfas.ac.uk).

In this study, data were used from the five centers
with a standardized design: Cambridgeshire (n=
2,601), Gwynedd (n=2,625), Newcastle (n=2,524),
Nottingham (n=2,514), and Oxford (n=2,740). The
total sample size was 13,004. Persons were excluded
from the analysis if they: 1) only had a single data point,
i.e., no transitions were recorded (n=159); 2) had
baseline missing data that prevented calculation of a
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cognitive lifestyle score (n=305); or 3) had a missing
state at baseline (n=246). This left a sample of
12,492 available for analysis of whom 5,032 (40.3%)
were men.

Cognitive assessment

Cognitive ability was assessed using the MMSE [8],
which is a brief, easily administered measure of gen-
eral cognitive function. This was assessed at multiple
times in CFAS and was used to assign the subjects’
cognitive states. The cognitive states were defined
as follows: no cognitive impairment (MMSE 27-30);
slight cognitive impairment (23-26); moderate cogni-
tive impairment (18-22); severe cognitive impairment
(<18). The groupings were based around the slight
cognitive impairment category, which is based on a fig-
ure from Stephan et al. [9]. They showed that, within
a population representative sample, the MMSE is as
effective a predictor of dementia risk as more com-
plex measures of mild cognitive impairment (MCI).
Figure 1 from the paper shows a score between 23
and 26 to clearly represent a mildly impaired group.
The number of cognitive assessments an individual
completed over the 16 year follow-up period ranged
between one and ten: one test (n=3,073, 25%); two
tests (n=23,690, 30%); three tests (n=3,149, 25%);,
four tests (n=1,395, 11%); five tests (n=659, 5%);
six tests (n =325, 3%); seven tests (n =64, <1%); eight
tests (n=44, <1%); nine tests (n=56, <1%); ten tests
(n=37, <1%).

Cognitive lifestyle score

Cognitive lifestyle score (CLS) was defined using
a criteria covering intensity of educational, occupa-
tional, and cognitive lifestyle activities in three phases
of life (young adulthood, midlife, and late life) as
previously shown to independently predict dementia
incidence [10]. CLS correlates highly with the total
score from the Lifetime of Experiences Questionnaire,
for which it is a proxy measure [10]. It assimilates
information about education, occupation classifica-
tion, and current social engagement using a weighting
system to enable all life stages to have the same median
subscore. Education level in young adulthood was
assessed by the self report question “how many years
of full-time education?”. Occupational complexity in
midlife was assessed by recording the participant’s
main occupation in terms of years most worked and
then recoding it using two systems, their social class
grouping (from I to VI), and their socio-economic
grouping (from 11 to 150). Social engagement (cur-
rent levels in later life) was calculated on the basis of
three 3-point Likert scale questions (i.e., min. 3 and
max. 9) on contact with relatives and neighbors, and
attending meetings. The types of meetings included
community, church or social groups, such as over 60 s
clubs, evening classes or other similar activities. Fol-
lowing common practice, gender-specific tertiles for
the cognitive lifestyle scores were generated to inves-
tigate contrasting high, medium, and low cognitive
lifestyle groups.

0.58 0.81 1.08
(0.45,0.74) (0.65.1.01) (0.87,1.34)
No — " | Slight — * |Moderate | — > | Severe
impairment| ——— |impairment| *——— |impairment impairment
2.93 2.28
(1.35, 6.38) (0.83,6.30)

0.83
(0.69. 1.00)

0.90
(0.6, 1.24)

1.13
(0.78.1.65)

1.28
(1.12,1.45)

Death

Fig. 1. Hazard ratios for cognitive state transitions — upper versus lower tertile of cognitive lifestyle. Over time an active cognitive lifestyle
decreases chances of moving from normal to slightly impaired cognitive range (MMSE 23-26), and also increases chances of moving from
slightly impaired to normal cognition by more than a factor of three. For individuals with major cognitive impairment (MMSE < 18), an active

cognitive lifestyle increases chances of death by 28%.
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Statistical analysis

A multi-state model was used to chart the pro-
gression of cognitive change. A four-state model was
developed with death as an absorbing fifth state. Per-
sons who were still alive at the end of the study were
accounted for by right censoring. The probability of
being in a particular state at a certain interview is con-
ditional on the state occupied at the previous wave but
not any states prior to this point. However, the model
is not explicitly Markovian as the transition intensities
are related to age, which is a time-dependent covariate.
Neither is it a semi-Markov model as the time since
entry into the state is not accounted for. To include
the time to reach each state is complex as the exact
times of state entry are unknown (interval censoring).
Transitions were allowed between all cognitive states
and death and between adjacent cognitive states with
the exception of movement from the severely impaired
state back to a moderately impaired state. Cognitive
recovery from a severely impaired state is unlikely and
there were insufficient data to model the transition.
There is also potential for error in measuring cognitive
ability, for example, an individual could over-perform
or under-perform at an assessment and be classified in
a group that is not characteristic of their state. Misclas-
sification was used to account for measurement error
in the cognitive testing, where the observed states are
treated as misclassified observations of the underlying
latent states [11]. State misclassification is allowed to
occur at any interview but the probabilities are indepen-
dent across individuals. Itis possible to assess covariate
effects on the misclassification rates as well as on the
cognitive transitions. However, as they are mutually
dependent processes within the likelihood, the inclu-

Table 1

sion of cognitive lifestyle as a covariate on both would
result in an over-fitted model. As the primary inter-
est of this study is to examine the effects of cognitive
lifestyle on cognitive decline, cognitive lifestyle was
not added as a covariate on the misclassification rates
as decline and misclassification are dependent pro-
cesses in the model. We have therefore assumed a null
effect of cognitive lifestyle on misclassification. The
model was specified so that the initial state probabili-
ties were estimated from the data taking into account
misclassification. Three covariates were included in
the analysis: age, gender, and a measure of cogni-
tive lifestyle. Age was entered as a time dependent
covariate. The Broyden-Fletcher—Goldfarb—Shanno
(BFGS) optimization method was used to maximize
the likelihood for the multi-state models. Robustness
of parameter estimates was tested by running the mod-
els from two different sets of starting values. All data
were analyzed using R version 2.12.2 [12]; the multi-
state model was formulated and fitted using the ‘msm’
package [13].

RESULTS

The distribution of age, gender, cognitive lifestyle
score, and initial cognitive group by study centre are
presented in Table 1. Age and gender distribution are
similar across the five centers (mean age 75 years,
40% men). Cognitive states at baseline were also sim-
ilarly distributed across the centers with around 50%
having no impairment, 30% with slight impairment,
15% with moderate impairment, and 5% with severe
impairment. The maximum number of observations for
a single individual was ten; all of the state transitions
are shown in Table 2.

Summary of population characteristics at baseline

Study center

Cambs* Gwynedd Newcastle Nottingham Oxford Overall

Age (s.d.) 75.0 (7.1) 75.5(6.7) 75.0 (6.8) 75.1 (6.8) 754 (6.9) 75.2 (6.9)
Gender — n (%)

Male 1,090 (43.3) 1,037 (41.2) 899 (37.0) 980 (40.7) 1,026 (39.1) 5,032 (40.3)

Female 1,428 (56.7) 1,478 (58.8) 1,532 (63.0) 1,426 (59.3) 1,596 (60.9) 7,460 (59.7)
Cognitive lifestyle score — n (%)

Tertile 1 (Low) 919 (36.5) 656 (26.1) 732 (30.1) 894 (37.2) 868 (33.1) 4,069 (32.6)

Tertile 2 (Medium) 765 (30.4) 668 (26.6) 820 (33.7) 888 (36.9) 743 (28.3) 3,884 (31.1)

Tertile 3 (High) 834 (33.1) 1,191 (47.4) 879 (36.2) 624 (25.9) 1,011 (38.6) 4,539 (36.3)
MMSE group — n (%)

Normal ability (27-30) 1,211 (48.1) 1,315 (52.3) 1,345 (55.3) 1,401 (58.2) 1,329 (50.7) 6,601 (52.8)

Slight impairment (23— 26) 829 (32.9) 791 (31.5) 748 (30.8) 659 (27.4) 855 (32.6) 3,882 (31.1)

Moderate impairment (18-22) 370 (14.7) 294 (11.7) 246 (10.1) 247 (10.3) 339 (12.9) 1,496 (11.9)

Severe impairment (<18) 108 (4.3) 115 (4.6) 92 (3.8) 99 (4.1) 99 (3.8) 513 (4.1)

*Cambs = Cambridgeshire.
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Table 2
Summary of all state transitions
MMSE scores
To
From <18 18-22 23-26 27-30 Death Censored
27-30 96 (<1%) 351 2%) 2,517 (16%) 7,174 (46%) 3,617 (23%) 1,956 (12%)
23-26 259 (3%) 1,146 (11%) 2,877 (29%) 1,837 (18%) 2,953 (30%) 929 (9%)
18-22 580 (13%) 1,164 (27%) 686 (16%) 98 2%) 1,545 (36%) 256 (6%)
<18 910 (39%) 172 (7%) 39 2%) 1 (<1%) 1,188 (50%) 48 2%)
Table 3

Hazard ratios of age, gender, and cognitive lifestyle score upon cognitive transitions

Hazard ratio (95% confidence interval)

Cognitive lifestyle Cognitive lifestyle

Covariate — transition Age (years) Gender (Women) (Medium versus Low) (High versus Low)
State 1 - State 2 1.14 (1.12, 1.16) 1.21 (0.99, 1.48) 0.92 (0.72, 1.18) 0.58 (0.45, 0.74)
State 1 - Death 1.05 (1.04, 1.06) 0.55 (0.47, 0.64) 0.88 (0.71, 1.09) 0.83 (0.69, 1.00)
State 2 - State 1 0.76 (0.68, 0.85) 0.54 (0.30, 0.98) 0.74 (0.26, 2.13) 2.93 (1.35, 6.38)
State 2 - State 3 1.09 (1.08, 1.11) 1.10 (0.90, 1.34) 0.73 (0.58, 0.92) 0.81 (0.65, 1.01)
State 2 - Death 1.06 (1.05, 1.08) 0.55 (0.45, 0.68) 1.27 (0.99, 1.64) 0.90 (0.66, 1.24)
State 3 - State 2 0.88 (0.81, 0.95) 0.42 (0.18, 0.98) 1.79 (0.59, 5.43) 2.28 (0.83, 6.30)
State 3 - State 4 1.08 (1.07, 1.09) 0.94 (0.76, 1.16) 1.15 (0.94, 1.40) 1.08 (0.87, 1.34)
State 3 - Death 1.03 (1.00, 1.05) 0.41 (0.30, 0.56) 0.65 (0.41, 1.04) 1.13 (0.78, 1.65)
State 4 - Death 1.03 (1.03, 1.04) 0.80 (0.72, 0.91) 1.19 (1.06, 1.33) 1.28 (1.12, 1.45)

State 1 (no impairment): MMSE 27-30, State 2 (slight impairment): MMSE 23-26, State 3 (moderate impairment): MMSE 18-22, State 4

(severe impairment): MMSE 0-17.

The initial state occupancies estimated from the
multi-state model were 49% no impairment, 33% for
slight impairment, 14% for moderate impairment, and
4% for severe impairment. The observed proportions
were 53%, 31%, 12%, and 4% (differences are due to
the misclassification).

The hazard ratios of the covariate effects on the
transitions are shown in Table 3. Aging was found to
associate with an increased risk of moving to a more
impaired cognitive state. Hazard ratios per additional
year of life varied from 1.08 to 1.14, which represent
an 8—14% increased risk per year of life. Younger per-
sons were more likely to back transition from slight
impairment to no impairment (hazard ratio (HR), 95%
Confidence Interval —0.76 (0.68, 0.85)) and from mod-
erate to slight impairment (0.88 (0.81, 0.95)). There
were differences in the transitions by gender. Females
had a reduced rate of moving from any cognitive state
to death (HRs varied from 0.41 to 0.80). They were also
less likely to transition back from a slightly impaired
state to a non-impaired state (0.54 (0.30, 0.98)).

The hazard ratios for the primary variable of interest,
cognitive lifestyle score, showed significant differ-
ences between those in the upper versus the lower
tertile with higher cognitive lifestyle associating with
a reduced risk of moving from no impairment to

slight impairment — HR 0.58, 95% CI (0.45, 0.74). A
higher cognitive lifestyle score was associated with an
increased chance of moving back from slight impair-
ment to no impairment — 2.93 (1.35, 6.38). Finally,
a higher cognitive lifestyle score was associated with
an increased mortality risk from within the severely
impaired cognitive state — 1.28 (1.12, 1.45). A slightly
weaker version of the same finding was observed in
those who were in the middle tertile for cognitive
lifestyle score — 1.19 (1.06, 1.33). The transitions and
hazard ratios for the highest versus lowest tertile of
cognitive lifestyle score are shown in Fig. 1.

The estimated misclassification showed that the
probability of incorrect classification was most com-
mon in the slightly (33%) and moderately impaired
groups (34%). The true cognitive states of those indi-
viduals incorrectly classified by the model were likely
to be more impaired than was actually observed. Of
those incorrectly classified from the slightly impaired
state, the chance of being observed as having no
impairment was 82%. Similarly, of those incorrectly
classified from the moderately impaired state, the
chance of being observed in a slightly impaired state
was also 82%. Misclassification was much lower in the
non-impaired (11%) and severely impaired categories
(13%).
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DISCUSSION

This large, multi-center population-based study of
older persons from across England and Wales reveals
significant associations between cognitive lifestyle
score and cognitive function. Hazard ratios comparing
the highest versus lowest tertile of cognitive lifestyle
score showed low CLS to associate with an increased
risk of moving from a high MMSE score (27-30) to a
lower MMSE score (23-26). High CLS was associated
with a positive transition from the slightly impaired
MMSE state (23-26) to the non-impaired state but also
with an accelerated risk of death from severe impair-
ment (MMSE < 18).

These results are supportive of the reserve hypoth-
esis proposed by Stern [3, 4] with greater education,
socioeconomic status, and social engagement in old-
age protecting against cognitive decline. Despite being
slightly counter-intuitive, higher mortality in those
with higher cognitive lifestyle scores also fits well
within the proposed pathway. While it takes longer for
those with higher cognitive lifestyle scores to reach
a severely impaired state, once this happens they are
more likely to have a faster transition to death than
those with low cognitive lifestyle scores. This implies
that someone with a high cognitive lifestyle score
is better able to compensate for initial degenerative
brain changes, however, when cognitive impairment
becomes obvious, the underlying brain damage is so
severe that a fast transition to death is more likely
than a prolonged clinical course. However, this could
occur via different pathways. For example, the slope
of decline may be equal for all but those with higher
reserve have higher initial cognition and hence reach a
severely impaired state later in life and having declined
more than those with low reserve. This observation
may also be due to increased brain (and not cognitive)
reserve. More educated individuals may have larger
brains or more cortical tissue, which protects them
from expressing clinical signs of decline compared to
those with low education. Support for this claim comes
from a recent neuropathology paper that included the
CFAS cohort found increased education to associate
with increased brain weight (odds ratio 1.14 [1.06,
1.24]) [14]. Finally, assuming that those with higher
reserve again achieve greater scores, they might decline
at an older age but at a faster rate than those with low
reserve.

Such pathways have been alluded to by Reuser
et al. [15], who found increased education to delay the
onset of cognitive impairment but increase the mortal-
ity risk from an impaired state. Furthermore, Wilson

and colleagues [16] showed increased cognitive activ-
ity, as measured by activities such as listening to the
radio, reading newspapers, completing puzzles, etc.,
to be associated with reduced cognitive decline prior
to dementia onset but accelerated decline thereafter. A
recent analysis on MRC CFAS data found high CLS to
have a protective effect against incident dementia and
a negative but not statistically significant effect on sur-
vival time after dementia diagnosis. The hazard ratio
for survival time after dementia diagnosis for those
with a high CLS was 1.3 95% CI (1.0, 1.7) [10]. The
present study went beyond a dementia-non-dementia
analysis to examine cognitive aging across all levels of
cognitive ability.

Our findings also suggested high CLS is associated
with an increased chance of moving from a slightly
impaired state back to a non-impaired state. The effect
size was considerably larger for CLS compared to
young age, which also increased the chance of cogni-
tive recovery. This may be due to MMSE measurement
error with non-impaired individuals performing poorly
at one interview. However, upon examining state
misclassification, we found that the fitted model cate-
gorized 27% of those observed in the slightly impaired
state as non-impaired. This reduces the possibility of
the finding being explained by fluctuations in MMSE
scores. It is possible that within the MMSE group-
ings individuals with a low CLS had lower MMSE
scores making them more likely to change group if
they dropped a single point between waves. However,
this is difficult to examine due to the complex study
design of CFAS; individuals attended a different num-
ber of waves and at different times. Thus any MMSE
means by CLS status for the four MMSE groups would
be biased by individuals who were seen on a more regu-
lar basis. In addition, a baseline analysis of raw MMSE
scores by group (where all participants were assessed)
would provide limited information as the analyses and
covariate effects were assessed over all waves and data
points.

There were several strengths of this investigation,
including 44,891 state measurements on a population-
representative sample of 12,492 older persons across
England and Wales; there were up to ten cognitive mea-
surements on a single individual over a 16 year period.
The use of state-based modeling yielded an easily inter-
pretable model that was able to accommodate potential
state misclassification, death, and censoring. Further-
more, many previous studies of cognitive lifestyle
and cognition have focused on small samples with
AD/dementia or MCI [17-19] as opposed to a hetero-
geneous population-based sample that encompasses all
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levels of cognitive ability. Furthermore, whilst there
were statistically significant differences in the haz-
ards of cognitive transitions for men and women, a
sensitivity analysis found no evidence for an interac-
tion between gender and cognitive lifestyle (results not
shown).

The specific aim we set out to investigate in this
paper was whether cognitive lifestyle was associated
with all stages of late-life cognitive decline, cognitive
recovery, and mortality risk from each cognitive state.
Whether modification of cognitive lifestyle in late-life
affects subsequent cognitive change by delaying the
onset of decline and death or improving cognitive func-
tion is not testable within the current model. A further
limitation lies in our assumption that CLS has no effect
on misclassification. However, the empirical testing of
this assumption is complex as any effects of CLS on
misclassification may be due to the effects of CLS on
cognitive decline or vice versa. Nonetheless, prior to
the analyses presented in this paper, we ran a model
of CLS on cognitive decline without misclassification
and found similar results (not shown). The addition of
state misclassification adds a further layer of complex-
ity to our analysis but enables a more realistic model
of cognitive decline.

Other limitations include the definition and poten-
tial misclassification of cognitive states, particularly
the slight/moderate impairment groups. We attempted
to account for incorrect categorizations by includ-
ing misclassification in our model. Although widely
used as a diagnostic entity of sub-clinical cognitive
impairment [20], there are many different definitions
of MCI [21]. However, using MMSE scores to predict
future dementia in population representative samples
is as accurate as other methods that use more com-
plex assessments of cognition [9, 22]. It is known that
MMSE scores are influenced by age and education
[23]. However, in our model the covariate effects on the
multi-state model transitions are conditional on the pre-
vious cognitive state, including baseline cognitive state
for the first transition. Furthermore, education and age
(time-dependent variable) are also covaried for in the
model. This nullifies the age/education bias that may
be present when analyzing MMSE scores univariately.
Future models will also need to explore the impact
of other covariates, such as depression, cardiovascu-
lar disease risk factors, and APOE4, on the cognitive
transitions and how they interact with the cognitive
lifestyle variables. However, this will be computation-
ally intensive and may lead to identifiability problems
in the estimation of covariates effects. Dealing with
these problems requires methodological development

from the multi-state modeling framework applied in
this paper.

Finally, it is unclear how assignment to states and
trajectories based on cognitive test data compares with
the changes seen in the brain. One of the most notable
challenges in understanding the neurobiology of aging
is the discrimination of normal brain aging from neural
pathologies [24]. To investigate this properly requires
neuropathology identified in the brain after death.
However, most cognitive healthy individuals display
a varying degree of neuropathological features that
are typical of AD [25]. It is uncertain how cognitive
lifestyle factors interact with both the development
and impact of neural pathologies. A recent analysis
of 872 older persons (>65 years) from three studies
across Europe, including MRC CFAS, found educa-
tion was not associated with neuropathological burden
although it was associated with a reduced risk of devel-
oping dementia [14]. This ties in with a compensation
mechanism as opposed to neuroprotection. A study on
66 healthy elderly controls and 17 persons with AD
found amyloid deposits led to lower cognitive per-
formance in both groups [18]. However, adjustment
for cognitive reserve (measured by education and a
vocabulary-based test of pre-morbid cognitive abil-
ity — the National Adult Reading Test) attenuated the
findings, leading the authors to conclude that reserve
may have a protective effect against amyloid-related
cognitive impairment.

In conclusion, there is evidence to associate an
active cognitive lifestyle with a decreased rate of
cognitive decline, an increased chance of cognitive
‘recovery’ but also an increased mortality risk from a
severely impaired state. The latter finding may indi-
cate a compression of morbidity for those with an
active cognitive lifestyle. Future studies should aim to
incorporate neuropathology into longitudinal studies
of cognitive change to better understand the biologi-
cal basis for these ‘reserve’ effects and determine the
relative importance of each cognitive lifestyle factor in
predicting cognitive decline.
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