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Abstract

INTRODUCTION: This study examines the role of educational attainment, an indicator of
cognitive reserve, on transitions in later life between cognitive states (normal MMSE, mild MMSE
impairment, severe MMSE impairment) and death.

METHODS: Analysis of six international longitudinal studies was performed using a coordinated
approach. Multistate survival models were used to estimate the transition patterns via different
cognitive states. Life expectancies were estimated.
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RESULTS: Across most studies, a higher level of education was associated with a lower risk of
transitioning from normal MMSE to mild MMSE impairment but was not associated with other
transitions. Those with higher levels of education and socioeconomic status had longer non-
impaired life expectancies.

DISCUSSION: This study highlights the importance of education in later life and that early life
experiences can delay later compromised cognitive health. This study also demonstrates the
feasibility and benefit in conducting coordinated analysis across multiple studies to validate

findings.
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1. Introduction

Increasing dementia prevalence [1, 2] presents a challenge to communities and governments
across the world and emphasizes the imminent need for more research to understand the
cognitive aging process and the risks for transitioning from intact functioning to
compromised cognitive health, dementia, and finally to death. Such research is urgently
needed to inform new initiatives, including interventions.

Cognitive aging refers to a gradual decline in mean levels of cognitive abilities and is
generally considered to be an unavoidable consequence of aging-related processes. However,
for some individuals, the rate of decline in cognitive functioning (e.g., memory) becomes
noticeable and greater than what would be expected with normal aging, though not severe
enough to have an impact on activities of daily living, referred to as mild cognitive
impairment or MCI [3]. Individuals with MCI are more likely to progress to dementia than
the general population; however, some individuals remain MCI and do not progress to
dementia whilst others transition to the normal range of cognitive functioning as a result of
biologic and/or random variability [3-5].

Several risk factors producing substantial inter-individual differences have been identified
for their association with cognitive decline and dementia, including occupational attainment
[6-8], education [8-12], and other life experiences [13, 14]. According to a recent study,
increases in educational attainment may help explain the decline in dementia prevalence in
the United States [15]. Resilience to the progressive neuropathology that is associated with
dementia is often referred to as cognitive reserve [16]. In some studies, the magnitude of the
cognitive reserve is assumed to be related to educational attainment and cognitive
engagement [8, 17-21], although a wide range of risk factors and molecular markers can
influence reserve [22, 23]. Several studies suggest that higher education can delay the onset
of cognitive decline in individuals prior to the diagnosis of dementia. However, after the
diagnosis of dementia, those with higher educational attainment exhibit a steeper rate of
decline and lower remaining life expectancy compared to those with fewer years of
education [18, 24-26]. Thus, cognitive reserve appears to delay the onset of dementia, but
once a critical threshold is reached the progression of dementia in terms of effects on
cognitive decline is more rapid which in turn leads to fewer years before death [19].
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Evaluation of transitions to pathological cognitive states from normative cognitive aging has
rarely been evaluated using population-based longitudinal data [27]. Recent advances in
multi-state modeling allow for a better understanding of the role of putative risk factors in
transitions between cognitive states. Furthermore, this approach allows for the estimation of
overall and non-cognitively impaired life expectancies. The knowledge gained from using
this approach will improve our understanding of risk factor models differentiating cognitive
aging and progressive dementia, potentially facilitating earlier detection for inclusion in
preventative intervention aimed also to improve the quality of life of older adults and their
families.

One previous study [28] used multi-state modeling to show that older adults with a higher
level of education and more complex occupation were less likely to progress to a state of
MCI. However, they were also more likely to transition from dementia to death. We aim to
expand and assess the robustness of these findings by undertaking analyses using data from
six independent longitudinal studies permitting an opportunity to evaluate whether these
results are replicated and examine cross-country generalizability. The objectives of this
study are to (1) examine the relationship between education and transitions between
different cognitive states (i.e., normal MMSE, mild MMSE impairment, severe MMSE
impairment) and death and (2) to estimate life-expectancies for older adults with different
levels of education.

2. Methods
2.1. Studies

We used data from 6 longitudinal studies of aging. We briefly describe each of the studies
below and present baseline characteristics from each study in Table 1. Only respondents
with valid data on the MMSE at baseline, information on education and SES, and two
known states were included in the analysis. Death status was retrieved from death registers
where respondents were living (e.g. Swedish Causes of Death Register).

2.1.1. Origins of Variance in the Oldest-Old (OCTO-Twin).—The OCTO-Twin
study included dizygotic (DZ) and monozygotic (MZ) twin pairs aged 80 years of age and
older [29, 30]. The sample was selected from older adults in the population-based Swedish
Twin Registry [31]. Five cycles of longitudinal data were collected at two year intervals. The
initial sample consisted of 702 respondents (351 same-sex pairs) with some missing on
MMSE. The final analysis included 694 respondents.

2.1.2. Longitudinal Aging Study Amsterdam (LASA).—LASA is an ongoing study
on the functioning of older adults in the Netherlands. Details on the sampling and data
collection of LASA have been published elsewhere [32, 33]. A nationally representative
survey was conducted in 1992/93 among 3107 respondents between the ages of 55 and 85.
Follow-up measurements are collected approximately every 3 years. For the current study,
we used data from seven LASA measurement waves from 1992/93 to 2011/12. The final
sample consisted of 2,570 respondents (4 missing on MMSE & 533 missing on income).
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2.1.3. H70.—The H70 studies started in the early 1970s to study health and health-related
conditions in an older population in Gothenburg, Sweden. The H70 study has been described
in detail previously [34, 35]. In this analysis, we used data from the cohort born 1930 (n=
1250), examined at ages 70, 75 and 79 years. We included participants with valid data on the
MMSE and no missing values for covariates (educational level, socioeconomic status). The
final sample consisted of 913 respondents.

2.1.4. LBC1921.—The Lothian Birth Cohort 1921 (LBC1921) was derived from the
respondents of the Scottish Mental Survey 1932 (SMS1932), which had been carried out by
the Scottish Council for Research in Education [36]. The survey was designed to test the
intelligence in all children born in 1921. The initial survey comprised 87,498 children [37].
Recruitment of the LBC1921 respondents started in 1999. The final sample for this report
included 548 (550 LBC1921 participants but only 548 had valid MMSE at wave 1)
respondents (316 women), most of whom has taken part in the SMS1932, and who were
followed up at mean ages of 79, 83, 87, 90 and 92 years. Details of the selection process are
provided elsewhere [38]. Data included here are from the five follow-up waves.

2.1.5. The Memory and Aging Project (MAP).—MAP is a longitudinal study begun
in 1997 with ongoing enrollment [39, 40]. Participant recruitment was focused on retirement
communities in northeastern Illinois. The sample size at the first wave consisted of 1,852
respondents. The data was collected on annual basis. The subject pool was updated with new
respondents at each wave. The data from 19 waves have been used in the analysis. The final
sample consisted of 1,449 respondents.

2.1.6. Whitehall.—The Whitehall I1 (WII) Study is a longitudinal cohort study on 10,308
respondents recruited from twenty British Civil Service departments in 1985. At the time of
recruitment, the respondents were aged 35 to 55. Since the first measurement wave in
1985/1986, every two to five years, data has been collected. Data was used from the fifth
(1997/99), seventh (2003/04), and ninth (2008/09) measurement waves, since data on
cognitive state was only collected during these waves. The final sample consisted of 1396
respondents (8464 were missing on baseline MMSE, 306 died before the fifth measurement
wave, & 142 were missing on education or did not have two known states).

2.2. Measures

2.2.1. Cognitive assessment.—The Mini-Mental State Examination (MMSE) was
used to assess global cognitive functioning of respondents at each time point [41]. Following
Marioni and colleague’s procedure, we classified study participants as hormal MMSE
(27<=MMSE<=30), mild MMSE impairment (23<=MMSE<=26) and severe MMSE
impairment (MMSE<=22) [28]. The MMSE was not used to determine clinical diagnosis but
as suggestive of MCI and dementia.

2.2.2. Covariates.—We were interested in the effects of years of age, education, sex, and
socioeconomic status (SES) on the transitions between the cognitive states and on life
expectancies. Sex was coded as male participant = 1 and female participant = 0. There were
minor differences in the original SES variables across the studies. In OCTO-twin and H70
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participants were asked “What has been your main occupation for most of your working
life?” (coded into manual, non-manual, and intermediate/professional occupations). In MAP,
participants’ income at age 40 was used as a proxy for SES. In LASA, SES was indicated by
net monthly household income at baseline. In LBC1921, the SES variable asked for the
highest occupation achieved across the lifetime. In Whitehall, SES was coded as clerical/
support, administrative, and professional/executives. For all studies, SES was recoded as low
(-1), medium (0), and high (1). The original education variable also differed slightly
between studies but was first recoded as 0 to 9 years = low, 10 to 11 years = medium, and 12
years and over = high. Given that the main objective of this paper focused on the role of
educational attainment, education was further re-coded as using binary indicators, medium
vs. low and high vs. low, with low education defined as the reference group. This allowed for
the comparison between low vs. high and low vs. medium educational attainment on the
transitions.

2.3. Statistical Analysis

A coordinated analysis approach was used to emphasize the importance of replication and
comparison. This approach implies running parallel analysis across independent studies
using the same analytical approach and variables. In addition to the analysis at the individual
study level, a meta-analytic approach was used to combine the results, assigning more
weight to studies with larger sample sizes.

Multi-state modeling (MSM) was used to assess the transitioning of older adults through the
different cognitive states. MSM allows us to simultaneously model transitions between four
states and examine the role of risk factors on all transitions simultaneously whereas Cox
regression only allows the modelling of one transition. A four-state model was used with
State 1 defined as normal MMSE (suggests normal cognitive functioning), State 2 as mild
MMSE impairment (suggests mild cognitive impairment), State 3 as severe MMSE
impairment (suggests dementia), and State 4 defined as death (See Figure 1 for a pictorial
representation of the four-state model). Given that misclassification of states was assumed to
be present, a model for the misclassification was included for all studies except for
LBC1921, H70 and Whitehall which had too few cases transitioning from State 3 to State 2
to reliably include the misclassification model [42]. In this model, individuals were not
allowed to transition from State 3 to State 2 without it being a result of a misclassification of
individuals being diagnosed as having dementia even though they did not have dementia or
because of variability. The estimated misclassification probabilities were low across studies
(OCTO-Twin = .16; LASA = .10; and MAP =.09). Interval censoring was used to consider
individuals with missing states between two known states and right censoring was used
when an individual’s last state was missing but they were known to still be alive. Age of
death was used to identify the death state beyond the last wave of data when the individual
was known to still be alive at the last data collection wave but a known date of death
occurred after the study was completed.

Age was included as a covariate on all transitions modeled; SES was included on transitions
from state 1 to state 2, and state 2 to state 3; sex and education were included on all
transitions except for the backward transition from state 2 to state 1. Sex, education, and
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SES were excluded from the backward transition given that fewer cases transition from state
2 to state 1 making it difficult to model all covariates on this transition. For the same reason,
SES was also excluded from the transitions to state 4. Additional parameters were fixed in
some studies when too few cases transition.

The MSM package for R [43, 44] was used to estimate the multi-state survival models and
ELECT (Estimating Life Expectancies (LEs) in Continuous Time, Version 0.2) [45] for R
was used to estimate LEs. ELECT fits a multinomial regression model for state prevalence
to estimate total and marginal LE. Total and non-cognitively impaired life expectancies and
years spent as cognitively impaired were estimated to examine the role of covariates on life
expectancy and on time remaining free of impairment. LEs were estimated for individuals
ages 80 and 85 years. These ages were selected as they aligned best with the age ranges from
each study (e.g., Octo-Twin only includes older adults 80 years of age and older). We chose
not to compute LEs for the Whitehall data, since the age range of the respondents in the
Whitehall data, at the last wave, was 64 to 80 years. Computing LEs would therefore force
us to extrapolate beyond the range of the data, lowering the reliability of the estimates.

3. Results

3.1. Effect of covariates

Effects of covariates on transitions between the different states are presented in Table 2. The
results include hazards ratios and 95% confidence intervals. A visual depiction of the pooled
results (meta-analysis results) illustrating the hazard ratios (95% CIs) for the effect of age
and education (high versus low) on each transition are presented in Figure 2 and Figure 3,
respectively. Forest plots for the effect of age and education (high versus low) on each
transition are included in Appendix A.

3.1.1. Education.—Having a high level of education versus low was associated with
lower risk of transitioning from normal MMSE to mild MMSE impairment in four studies
and having a medium versus low level of education was associated with lower risk of
transitioning from normal MMSE to mild MMSE impairment in three studies. Having a
medium level of education versus low was associated with higher risk of transitioning from
normal MMSE to death in Octo-Twin. Aggregated hazard ratios (i.e. meta-analysis results)
were significant only for transitions from normal MMSE to mild MMSE impairment and
only when comparing high versus low levels of educational impairment (HR=.456, Cl1=.39
- .53). See Figure 3.

3.1.2. Chronological Age.—Increasing age was associated with higher risk of
transitioning from normal MMSE to death across all studies. Four studies suggested that
increasing age was associated with higher risk of transitioning from normal MMSE to mild
MMSE impairment. Four studies suggested that increasing age was also associated with
higher risk of transitioning from mild MMSE impairment to severe MMSE impairment. In
LASA, H70, and MAP increasing age was further associated with higher risk of
transitioning from mild MMSE impairment to death. All studies except H70 suggested that
increasing age was associated with higher risk of transitioning from severe MMSE
impairment to death. With regards to the reverse transition, in LASA, Whitehall, and MAP
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results suggested that increasing age was associated with a decreasing likelihood of
transitioning from mild MMSE impairment to normal MMSE whereas in H70, increasing
age was associated with an increasing likelihood of transitioning from mild MMSE
impairment to normal MMSE. Aggregated hazard ratios (i.e. meta-analysis results) illustrate
the importance of age when transitioning from normal to mild MMSE impairment
(HR=1.065, CI=1.057-1.073) and back (HR=0.969, CI1=0.961-0.977), mild to severe MMSE
impairment (HR=1.085, CI=1.07-1.1), normal MMSE to death (HR=1.096,
Cl=1.083-1.108), mild MMSE to death (HR=1.069, Cl=1.045-1.093), and severe MMSE to
death (HR=1.052, CI=1.04-1.065). See Figure 2.

3.1.3. Sex.—Being a male participant was associated with an increased risk of
transitioning from normal MMSE to mild MMSE impairment in three studies, from normal
MMSE to death in three studies, from mild MMSE impairment to severe MMSE impairment
in Octo-Twin, from mild MMSE impairment to death in LASA, and from severe MMSE
impairment to death in two studies.

3.1.4. Socioeconomic status (SES).—Information on SES was only included on
transitions from normal MMSE to mild MMSE impairment and mild MMSE impairment to
severe MMSE impairment. A higher level of SES was associated with a decreased likelihood
of transitioning from normal MMSE to mild MMSE impairment in LASA, H70, and MAP
and was associated with a decreased likelihood of transitioning from mild MMSE
impairment to severe MMSE impairment in LASA.

3.2. Overall Life Expectancy — SES, Education and Sex

See Table 3 for the life expectancies and 95% Cls for 80 and 85-year-old male and female
participants with high, medium, and low levels of SES and education levels. An 80-year-old
male participant with a high SES and education level had remaining life expectancy of 5.80
years in OCTO-Twin, 6.80 years in LASA, 6.99 years in MAP, 7.41 years in LBC1921, and
9.98 years in H70. In two studies, individuals with similar characteristics but with low SES
and education had longer life expectancies (6.35 years & 7.56 years, respectively), but in the
other 3 studies, their life expectancies were shorter (6.78 years, 6.05 years, & 7.73 years).

Across all studies, female participants had longer life expectancies than men. An 80-year-old
female participant with high SES and education level had a remaining life expectancy of
7.39 years in OCTO-Twin, 9.45 years in LASA, 8.35 years in MAP, 8.69 years in LBC1921,
and 14.49 years in H70. Two studies showed longer and three shorter remaining life
expectancy for female participants with low SES and education. An 80-year-old female
participant with low SES and education level had remaining life expectancy of 8.20 years in
OCTO-Twin, 8.19 years in LASA, 9.09 years in MAP, 7.11 years in LBC1921, and 12.17
years in H70. Similar LEs were estimated for age 85, except that remaining LEs were 1.65
to 3 years shorter (See Table 3).

3.3. Non-cognitively Impaired Life Expectancy — SES, Education and Sex

An 80-year-old male participant with high SES and education level had a remaining non-
impaired life expectancy of 4.21 years in OCTO-Twin, 4.67 years in LASA, 4.30 years in
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MAP, 5.71 years in LBC1921, and 8.85 years in H70. In all studies, individuals with low
SES and education level had shorter non-impaired life expectancies. That is, an 80-year-old
male participant with low SES and education level had a non-cognitively impaired life
expectancy of 3.35 years in OCTO-Twin, 1.93 years in LASA, 3.11 years in MAP, 4.19
years in LBC1921, and 5.58 years in H70 (See Table 3).

Across all studies, female participants had longer non-cognitively impaired life
expectancies. An 80-year-old female participant with high SES and education level had a
non-cognitively impaired remaining life expectancy of 5.39 years in OCTO-Twin, 6.00 years
in LASA, 5.35 years in MAP, 6.68 years in LBC1921, and 12.06 years in H70. All studies
showed shorter non-cognitively impaired life expectancy for those with low SES and
education. That is, an 80-year-old female participant with low SES and education had a non-
cognitively impaired life expectancy of 4.44 years in OCTO-Twin, 2.93 years in LASA, 4.05
years in MAP, 4.25 years in LBC1921, and 8.07 years in H70. Similar non-cognitively
impaired LEs were computed at age 85 except that LES were between 1.2 to 3.38 years
shorter (See Table 3).

3.4. Time spent with cognitive Impairment — SES, Education and Sex

An 80-year-old male participant with high SES and education was expected to be
cognitively impaired for 1.59 years in OCTO-Twin, 2.13 years in LASA, 2.69 years in MAP,
1.70 years in LBC1921, and 1.53 years in H70. In all studies except H70, males with low
SES and education spend more years as cognitively impaired. That is, an 80-year-old male
participant with low SES and education was expected to be cognitively impaired for 3 years
in OCTO-Twin, 4.12 years in LASA, 4.45 years in MAP, 2.59 years in LBC1921, and 1.49
years in H70.

An 80-year-old female participant with high SES and education was expected to be
cognitively impaired for 2 years in OCTO-Twin, 3.45 years in LASA, 3 years in MAP, 2.01
years in LBC1921, and 2.43 years in H70. In all studies, females with low SES and
education spent more years as cognitively impaired. That is, an 80-year-old female
participant with low SES and education was expected to be cognitively impaired for 3.75
years in OCTO-Twin, 5.26 years in LASA, 5.04 years in MAP, 2.94 years in LBC1921, and
4.10 years in H70.

Discussion

Using multi-state survival modeling in six international longitudinal datasets, our study
analyzed transitions of older adults over cognitive health states and provides insight into the
cognitive reserve hypothesis and the importance of education and SES for later risk of mild
MMSE impairment (suggesting MCI), severe MMSE impairment (suggesting dementia) and
survival. Education and SES delayed the progression to mild MMSE impairment (suggesting
MCI), which supports findings from a previous study which used the same analytical
approach [28]. The finding that education was not related to any of the later transitions
suggests that education may be more protective against cognitive decline in the earlier stages
of the disease progression and in non-pathologic cognitive aging but less so for the later
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stages. Other studies, using different analytical approaches, have also found similar results
[12, 25, 46, 47].

Our finding on non-cognitively impaired life expectancies and years spent as cognitively
impaired was more consistent with previous studies showing that higher education and SES
level is related to longer non-cognitively impaired life expectancy and fewer years as
cognitively impaired. This aligns with studies suggesting that education and SES help to
delay the progression of cognitive decline to MCI, but that once decline reaches a certain
critical threshold, the progression to death is accelerated compared to those with lower
education and SES [19].

Results regarding the importance of education and SES for late life survival were mixed with
some studies showing greater life expectancy for individuals with higher education and SES
and others showing lower life expectancy for individuals with higher education and SES.
The mixed results are likely due to characteristics of each study (e.g. average age and age
range). For example, OCTO-Twin is a sample of twins, all aged 80 years of age or older at
baseline which makes it important to consider the impact of mortality-related selection (i.e.,
healthy survivor effect, left truncation).

Cognitive aging research focuses largely on describing age-related patterns of change. In this
paper, we examined the effect of chronological age on progressive decline in cognitive states
and found that aging is associated with an increased risk of transitioning from normal
cognitive aging to impaired cognition and death. Whereas education is important as a risk
factor in the earlier stages of the disease progression, age is important at all stages of the
disease progression.

The six longitudinal studies included encompass different cohorts with heterogenous
distributions in education level and MMSE scores. One limitation is that this can have an
impact on the comparison of results across studies since those more likely to be cognitively
impaired are also likely to be born in earlier cohorts and more likely to have lower levels of
education. Despite this limitation, there is a need for more coordinated approaches [48, 49]
making the comparison across 6 longitudinal studies a clear advantage of the present study.
The inclusion of several studies allowed replication of the same analysis and presentation of
results across studies, allowing evaluation of the generalizability of our results. Our
knowledge of each study allowed us to better understand and explain the differences found
across studies. For example, the limited effect of age found with the Whitehall data
compared to the other studies is likely a reflection of the younger age range of the
participants. Even though comparisons across studies are possible, identical replication
across studies was not feasible due to features of the data. For example, some studies had too
few backward transitions to be able to include these in every model. Still, our results are
fairly consistent suggesting some generalizability across birth cohorts, national differences
in education and SES, and contextual settings.

This study used the MMSE to characterise the cognitive states and for the estimation of
transitions. A known limitation of the MMSE includes the ceiling effect. Also, as
educational attainment is often used as a proxy for prior cognitive functioning, it is possible
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that the association between education and the transition from no cognitive impairment to
MCI is simply capturing changes that occur with normal aging [50]. That is, individuals with
lower educational attainment and presumably lower prior cognitive abilities also have lower
later abilities. The use of clinical guidelines for the diagnosis of MCI and dementia would
have been preferred [51], but this information was not available in most of the studies.
Therefore, the MMSE was not used to determine clinical diagnosis. Rather it was used as an
indication of the level of MMSE impairment and as suggestive of MCI and dementia.
Moreover, we used the MMSE because we wanted to compare and expand on the work of
Marioni and colleagues [28]. In order to examine the comparability of results using clinical
diagnosis of dementia rather than MMSE, we re-ran the model using clinical diagnosis of
dementia available in the Octo-Twin data. We found similar results for the role of education
on cognitive transitions. Having a high or medium level of education versus low was
associated with a lower risk of transitioning from normal MMSE to mild MMSE impairment
[(HR for medium versus low education = 0.47 (95% CI, 0.22 - 0.98); HR for high versus low
education 0.48 (95% ClI, 0.25 - 0.90)]; and having a medium level of education versus low
was associated with higher risk of transitioning from normal MMSE to death [HR = 2.03
(95% Cl, 1.11 - 3.72)]. Another limitation of this study is that we did not examine whether
respondents with high educational attainment are more likely to be in the normal category
versus whether respondents with high educational attainment are less likely to transition to
an impaired state during follow-up.

Another limitation of this study is that we were unable to include biomarkers and genetic
markers as risk factors given that these were not available in the longitudinal studies we
used. Further research should examine the role of these risk factors on transitions between
cognitive states and death. Given that the Octo-Twin data consists of twins, accounting for
the violation of the assumption of independence between observations would have been
preferable. However, given that we assumed the effect to be negligible and that we were
running the same models across six studies, we decided not to include random effects in this

paper.

Our results demonstrated that some individuals transitioned from a state of impaired MMSE
(indicative of possible MCI) back to a state of healthy cognition. The overlap in symptoms
with other conditions such as depression and other neurodegenerative diseases is one likely
explanation for the recovery from MCI and for the misclassification of individuals with
dementia. Our findings align with previous research which also found reversion from MCI to
normal cognitive functioning for some individuals [52-55]. However, more research is
needed using clinical guidelines for the diagnosis of MCI to better understand these
transitions. By using clinical guidelines, we would be able to more accurately differentiate
those individuals with MCI due to dementia from those unlikely to progress in dementia and
identify predictors of these.

This is the first study to examine change in cognitive states over time across six longitudinal
studies using a coordinated analysis approach. The overall consistency of results across
studies provides strong support for the role of higher education and SES on non-cognitively
impaired life expectancy, while still highlighting study specific characteristics that are
important in the interpretation of results. Besides furthering our understanding of the
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relationship of education and SES with changes in cognitive states, it also highlighted the
feasibility and benefits of conducting coordinated analysis across multiple longitudinal
studies.
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Highlights

. There are benefits to coordinated analysis across multiple longitudinal
studies.

. Education and SES delays the progression to MCI.

. Higher education and SES increases non-cognitively impaired life expectancy.
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Research in Context

Systematic review: The authors conducted a literature review by searching relevant
research databases. Studies suggest that higher education and more complex occupation
can delay the onset of cognitive decline in individuals prior to the diagnosis of dementia.
Relevant citations are cited.

Interpretation: Our study analyzed transitions of older adults over cognitive health states
and provides insight into the cognitive reserve hypothesis and the importance of
education and SES for delaying the progression to MCI and increasing non-cognitively
impaired life expectancy. Other studies, using different analytical approaches, have also
found similar results.

Future directions: This study used the MMSE to characterise the cognitive states. Further
research should explore the use of clinical guidelines to identify MCI and dementia
status, to examine whether differences in results might be found. Future research should
also explore the importance of participation in social, physical, and cognitive activities on
transitioning through the cognitive states and mortality.
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Normal MMSE |- > Mild MMSE _______ > Severe.MMSE
X Impairment [ Impairment
A 4
Death
Fig. 1.

Four-state model for cognitive functioning. Normal MMSE = state 1, mild MMSE
impairment = state 2, severe MMSE impairment = state 3, death = state 4. The solid line
illustrates observed transitions modeled over time. The dotted line represents the observed
model which is assumed to be a misclassification of the true state. Only studies with
observed backward transitions from state 3 to state 2 included misclassification. The models
are adjusted for age, sex, socioeconomic status, and education. Abbreviation: MMSE, Mini-
Mental State Examination.

Note. Four-state model for cognitive functioning. Normal MMSE = State 1, Mild MMSE
impairment = State 2, Severe MMSE impairment = State 3, Death = State 4. The solid line
illustrates observed transitions modelled over time. The dotted line represents the observed
model which is assumed to be a misclassification of the true state. Only studies with
observed backward transitions from state 3 to state 2 included misclassification. The models
are adjusted for age, sex, socioeconomic status, and education.
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Y

Normal MMSE

<
l

HR = 0.969
(0.961-0.977)

HR =1.096
(1.083-1.108)

HR =1.085
(1.07-1.1)
Mild MMSE .| Severe MMSE
Impairment  [¢-~~~"~""1 Impairment
HR = 1.069

(1.045 1.093)

HR = 1.052
(1.04-1.065)

Death

Fig. 2.

Four-state model which illustrates the effect of age on cognitive functioning including
pooled HRs (95% confidence intervals). The dotted line represents the observed model
which is assumed to be a misclassification of the true state. Abbreviations: HR, hazard ratio;
MMSE, Mini-Mental State Examination.
Note. Four-state model which illustrates the effect of age on cognitive functioning including
pooled HRs (95% confidence intervals). HR = hazard ratio. The dotted line represents the
observed model which is assumed to be a misclassification of the true state.
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HR =0.456 HR =1.146
(0.39-0.533) (0.835-1.572)
Normal MMSE > Mild MMSE ________ Severe.MMSE
Impairment [« Impairment
HR =0.928
(0.527-1.636)
HR =1.002 HR =1.076

(0.795-1.262)

Death

Fig. 3.

(0.814-1.423)

Four-state model which illustrates the effect of high versus low education on cognitive
functioning including pooled HRs (95% confidence intervals). The dotted line represents the
observed model which is assumed to be a misclassification of the true state. Abbreviations:

HR, hazard ratio; MMSE, Mini-Mental State Examination.

Note. Four-state model which illustrates the effect of high versus low education on cognitive
functioning including pooled HRs (95% confidence intervals). HR = hazard ratio. The dotted
line represents the observed model which is assumed to be a misclassification of the true

state.
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Table 1.

Population characteristics at baseline for each study.

Studies
Variables Octo-Twin ~ LASA Whitehall  H70 LBC1921 MAP
Age (SD) 8353(3.11) 70.7(85)  633(2.1) 73.11(3.02) 79.12(0.57) 79.8(7.5)
Sex —n (%)
Male 231(66.7) 1284 (50.0) 896 (69.0) 407 (40.3) 237 (41.8)  391(26.0)
Female 463(33.3) 1286 (50.0) 403 (31.0) 604 (59.7)  330(58.2)  1,111(74.0)
SES - n (%)
Low 320(48.7)  813(31.6)  251(19.3) 407 (44.0) 19 (4.6) 346 (23.9)
Medium 253(385)  762(29.6) 499 (39.4) 386 (41.7) 216 (51.8) 656 (45.3)
High 84 (12.8) 995(38.7) 549 (42.3) 133(14.4)  182(43.6) 447 (30.8)
Education — n (%)
0-9 years 576 (83.0) 1626 (63.3) 69 (5.3) 821(81.3)  210(385)  67(4.5)
10-11 years 33(4.8) 582 (22.6) 280 (21.6) 129 (12.8) 182 (33.3) 57(3.8)
>11 years 85 (12.2) 362 (14.1) 950 (73.1) 60 (5.9) 154 (28.2)  1,376(91.6)

MMSE - n (%)
No impairment 397 (57.2)  1792(69.7) 958(73.7) 821(8L2)  472(86.4)  1,159(77.2)
Mild impairment 146 (21.0) 634 (24.7)  329(25.3) 130 (12.9) 70 (12.8) 230(15.3)
Moderate to severe 151 (21.8) 144 (5.6) 12 (0.9) 60 (5.9) 4(0.7) 110(7.3)
Number of deaths 662 1925 110 270 842

Note. MMSE = mini mental state examination. SES = socioeconomic status.
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