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Abstract
The potential of early interventions for dementia has increased interest in cognitive impairments less
severe than dementia. However, predictors of the trajectory from intact cognition to dementia have
not yet been clearly identified. The purpose of this study was to determine whether known risk factors
for dementia increased the risk of mild cognitive impairments or progression from mild cognitive
impairments to dementia. A polytomous logistic regression model was used, with parameters
governing transitions within transient states (intact cognition, mild cognitive impairments, global
impairment) estimated separately from parameters governing the transition from transient to
absorbing state (dementia or death). Analyses were based on seven annual examinations (1991–2002)
of 470 Nun Study participants aged ≥75 years at baseline and living in the United States. Odds of
developing dementia increased with age primarily for those with low educational levels. In these
women, presence of an apolipoprotein E gene *E4 allele increased the odds more than fourfold by
age 95 years. Age, education, and the apolipoprotein E gene were all significantly associated with
mild cognitive impairments. Only age, however, was associated with progression to dementia. Thus,
risk factors for dementia may operate primarily by predisposing individuals to develop mild cognitive
impairments; subsequent progression to dementia then depends on only time and competing
mortality.
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Dementia and its subtypes, including Alzheimer's disease, have long been a focus of clinical
and epidemiologic research. More recently, however, the potential of early interventions for
dementia has increased interest in cognitive impairments less severe than dementia, with lively
debate as to whether these mild cognitive impairments inevitably progress to dementia (1-3).
The relation of these impairments to dementia and Alzheimer's disease has not yet been firmly
established, although research suggests they may share a neuropathologic substrate (2,4-6).
Despite intense study of these mild cognitive impairments, there is as yet no standard
terminology or definition, aside from the consensus that the condition reflects acquired
cognitive impairments in older adults that do not meet criteria for dementia (7-12). Mild
cognitive impairments are of substantial public health interest because of their association with
increased risk of dementia (3,7,10,13), mortality (14-16), and institutionalization (16).

Risk factors for these mild cognitive impairments, as well as predictors of the trajectory from
intact cognition to dementia, have not yet been clearly identified. Traditional epidemiologic
research has focused on risk factors for the development of dementia from intact cognition.
Although knowledge of established risk factors for dementia can logically contribute to the
search for predictors of the progression of cognitive impairment, it is still unclear where in the
dementing process these risk factors for dementia exert their effects. If the risk factors for mild
cognitive impairments are the same as those for dementia, and if there are no unique risk factors
for the progression of mild cognitive impairments to dementia, then mild cognitive
impairments may indeed simply reflect early dementia.

The purposes of this study were to determine whether known risk factors for dementia (i.e.,
older age, less education, and presence of an apolipoprotein E gene (APOE)*E4 allele) 1)
increase the risk of mild cognitive impairments or progression from mild cognitive impairments
to dementia and 2) influence the odds of developing dementia across the long-term trajectory
from intact cognition to dementia and death. The analytic approach takes into consideration
the transient nature of cognitive status and that transitions in cognitive status may occur in both
directions. Thus, mild cognitive impairments are a transient state, whereby some people
improve (to intact cognition), some worsen (to global impairment or dementia), and some stay
the same (persistent mild cognitive impairments). In this paper, we define intact cognition,
mild cognitive impairments, and global impairment as nonabsorbing (i.e., transient) states and
dementia and death as absorbing ones. We use a multistate Markov process for the analyses,
a useful approach to explain risk factors associated with progressive diseases such as
Alzheimer's disease.

MATERIALS AND METHODS
Study population

The design of the Nun Study has been described elsewhere (17-20). Briefly, from 1991 to 1993,
all members of the School Sisters of Notre Dame born before 1917 and living in communities
in the midwestern, eastern, and southern United States were invited to join the Nun Study. Of
1,031 eligible Catholic sisters aged 75 years or older, 678 (66 percent) agreed to participate, a
high percentage given that each sister consented to collection of archival and medical records,
annual cognitive and physical assessments, and brain donation after death. Participants did not
differ significantly from nonparticipants in mean age, mortality rate, race, or country of birth.
Analyses were based on data from the first seven annual examinations (1991–2002). After we
excluded those for whom examinations were missing (n = 58), data on APOE were missing
(n = 35), or dementia was present at the first examination (n = 115), the final analytic sample
consisted of 470 nondemented participants at baseline (table 1). Of these 470, 192 provided
complete data (six transitions) for all seven annual examinations: 149 who survived without
dementia to the seventh examination and 43 who developed dementia (n = 10) or died (n = 33)
between the sixth and seventh examinations.

Tyas et al. Page 2

Am J Epidemiol. Author manuscript; available in PMC 2008 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Participants in the Nun Study have had relatively comparable lifestyles and environments
throughout their adult lives. Although their unique characteristics may limit the generalizability
of findings, the high level of homogeneity between participants minimizes or eliminates many
factors that may confound other epidemiologic studies, such as tobacco use, heavy alcohol
consumption, marital status, reproductive history, and access to health care.

Cognitive states
Previous Nun Study work (4,21) has defined a set of mutually exclusive cognitive states that
captures the full range of cognitive function from intact status through dementia. In addition
to a category for intact function, categories for cognitive and functional decline include mild
cognitive impairments, global impairment, and dementia. Participants classified as intact had
scores within normal limits on four cognitive tests in the Consortium to Establish a Registry
for Alzheimer's Disease neuropsychologic battery of tests. They also had intact global cognitive
ability as measured by the Mini-Mental State Examination (22,23) and were intact regarding
activities of daily living (i.e., dressing, walking, standing [transferring], feeding, and toileting)
(24,25).

Participants who met our criteria for dementia (4,19,21) had a decline in function, impairments
in memory and at least one other area of cognitive function, and impaired activities of daily
living. Those with mild cognitive impairments (4,21) had at least one specific area of impaired
cognitive function, such as memory or naming, but had intact global cognitive ability and
activities of daily living. Participants with global impairment (4,21) were impaired regarding
global cognitive ability, activities of daily living, or both; other impairments in a specific area
of cognitive function could also have been present. Participants with global impairment did
not meet criteria for dementia because only one area of cognitive function was impaired or, if
two areas of cognition were impaired, activities of daily living were intact.

Statistical methods
The status of a participant at each examination was recorded as being in one of five states:
intact cognition, mild cognitive impairments, global impairment, dementia, or dead. The
conditional distribution of the status of an individual participant at an arbitrary examination
given her status at previous examinations was assumed to have the Markov property (i.e., that
status at this examination depended on the status at only the most recent previous examination
and was independent of status at other previous examinations) (26). Hence, a Markov chain
was used to model transitions from one state to another. In this chain, intact cognition, mild
cognitive impairments, and global impairment were considered transient states, whereas
dementia and death were absorbing states (figure 1). For simplicity and because they were not
of interest in these analyses, transitions from dementia to death were ignored although they
could be incorporated into the chain. It was assumed that parameters governing transitions
within the transient, nondemented states were estimated separately from parameters governing
the transition from nondemented to absorbing states. The likelihood function for this chain was
thus factored as the product of four independent functions: one for the transitions among the
nondemented states conditioned on nonabsorption (the quasi-stationary distribution of the three
nondemented, living states) and one for the transitions from each nondemented state to the
absorbing states. Each function was assumed to be a polytomous logistic regression model that
depended on the risk factors age, education, and APOE allele status. The CATMOD procedure
in PC-SAS, version 9.1 software (SAS Institute Inc., Cary, North Carolina) was used to fit each
polytomous logistic model to the data. Statistical significance was determined at the 0.05 level.

The procedure also yielded two sets of estimated odds ratios. The first set of odds ratios and
their standard errors were derived from polytomous logistic regression models and were used
to assess the contribution of each risk factor to the probability of transition. The second set of
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odds ratios refers to the odds of becoming demented before death and can be obtained from
the canonical representation of the one-step transition matrix by using a result given by Bhat
(27). Finally, the standard error associated with this last set of odds can be estimated by using
a bootstrap procedure (28). Further details are provided in the Appendix.

RESULTS
Table 2 summarizes the 1,905 transitions of the 470 subjects that form the basis of the
subsequent analyses. For each of the transient states, subjects were more likely to remain in
that cognitive state at the next cognitive assessment than to transition to another cognitive state
(e.g., 65.3 percent of those cognitively intact at the previous examination remained cognitively
intact at their subsequent examination). Thus, a total of 1,100 (57.7 percent) one-step transitions
(between cognitive status at two consecutive examinations) reflected cognitive states that
remained the same. However, the remaining 805 (42.3 percent) transitions reflected movement
either forward or backward, including 180 backward transitions (improvements in cognitive
status) in 155 subjects.

Table 3 summarizes the effects of the risk factors on transitions within the transient states, that
is, between intact cognition, mild cognitive impairments, and global impairment. Age,
education, and APOE were all significant predictors of the transition from intact cognition to
mild cognitive impairments. A similar pattern was seen for transitions from intact cognition
to global impairment. Prior state was also a significant risk factor, for transitions to both mild
cognitive impairments and global impairment. For example, a subject who was globally
impaired at the previous examination was 50 (1/0.02) times more likely to still be globally
impaired at the next examination than to recover to intact cognition. (In the polytomous logistic
regression model, the base state was intact cognition. Thus, the model computed the log odds
that a participant transitioned to either mild cognitive impairments or global impairment as
opposed to intact cognition.) These adjusted odds ratios in table 3 parallel the crude results in
table 2. Consistent with the above multivariate results, table 2 results for the same example
showed that if the cognitive state at the previous examination was global impairment, then the
cognitive state at the next examination was much more likely to remain global impairment
(39.2 percent of transitions) than to improve to intact cognition (4.2 percent) (the comparison
group was intact cognition at the previous examination declining to global impairment at the
next examination (5.8 percent) rather than remaining intact (65.3 percent)).

Table 4 summarizes the risk of transition from each transient nondemented state to dementia
or death in comparison to remaining in the transient state. Only age was a significant risk factor
for transition from mild cognitive impairments to dementia or death, with each additional year
of age increasing the risk 7 percent for both outcomes. APOE was a significant predictor of
transitions from intact cognition to both dementia and death. However, the effect was much
stronger for dementia (odds ratio = 9.43, 95 percent confidence interval: 1.27, 69.90) than for
death (odds ratio = 2.58, 95 percent confidence interval: 1.06, 6.28).

Table 5 summarizes the influence of factors on the long-term trajectory of cognitive changes
from intact cognition to dementia, in contrast to the previous analyses of predictors of one-step
transitions (between two consecutive assessments). The odds of developing dementia before
death increased with age primarily for those with low educational levels. Participants with
medium levels of education had odds of dementia intermediate between those for subjects with
high and low levels of education. The presence of an APOE*E4 allele increased the risk of
dementia regardless of educational level but had its strongest effect on those with low levels
of education. For these subjects, the odds of dementia increased by more than twofold at age
75 years (2.23 for APOE*E4+ vs. 0.92 for APOE*E4−) and four-fold by age 95 years (4.88
for APOE*E4+ vs. 1.17 for APOE*E4−).
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DISCUSSION
Much of the research on risk factors for progression from mild cognitive impairments to
dementia has focused on clinical predictors, such as neuropsychologic test performance,
despite the recommendation that inclusion of factors other than cognitive test performance
would increase the utility of clinical predictive models (29). In contrast, relatively little has
been done to examine more traditional epidemiologic risk factors for progression from mild
cognitive impairments to dementia, with even fewer studies of risk factors for developing mild
cognitive impairments (30).

In our study, a novel analytic strategy was used to determine predictors of transitions in
cognitive status through the full spectrum from intact cognition to dementia and death. Age,
education, and APOE influenced the odds of developing dementia, with those who had the
lowest level of education most influenced by APOE status. In addition, age, education, and
APOE were all significant predictors of the transition from intact cognition to mild cognitive
impairments. However, only age was a significant risk factor for transition from mild cognitive
impairments to dementia. Thus, these established risk factors for dementia appear to operate
primarily by starting persons on the road to dementia, with subsequent progression to dementia
depending on only time (age) and competing mortality.

Our analytic approach showed face validity, producing results consistent with those of other
studies using more traditional analytic strategies. Age (31-33), education (31-33), and APOE
(31,32) have been associated with the development of mild cognitive impairments. Studies of
the progression from mild cognitive impairments to dementia have found age to be a significant
risk factor (29,34-36), but educational level (29,34-36) and APOE (34,35) did not predict
progression to dementia. In contrast, APOE status was found to be a significant predictor of
progression to Alzheimer's disease in some studies (36-38), but this finding may be related to
the particular definition of mild cognitive impairments used and the specific dementia subtype
(Alzheimer's disease) examined. There may also be a complex interaction with age (13,38,
39).

A Markov chain was used as the foundation of our analytic strategy. Thus, cognitive status at
a given examination was assumed to depend on only the most recent previous examination.
This Markov property was illustrated in another study of cognitive status (26), where the
probability of advancing to more severe Alzheimer's disease was found to be independent of
the person's previous severity of cognitive impairments. Studies of the progression of cognitive
impairments have typically modeled it as a requisite right-shift process with progression
inexorably to poorer cognitive status, despite many studies documenting improvements in
cognitive status (refer to the review by Palmer et al. (3), for example). A strength of the study
by Neumann et al. (26) was inclusion of backward transitions. However, their analysis, based
on a Cox proportional hazards model, was limited by the small number of transitions in some
subgroups and, as presented, is applicable to only advanced Alzheimer's disease (40). Fuh et
al. (41) replicated their method to estimate transition probabilities but studied transitions
between only Alzheimer's disease severity states and death. Our method, however, allows for
both forward and backward transitions within the entire spectrum of cognition, from intact
cognition to dementia and death. In addition, the analytic strategy developed is simple to
implement because it uses a standard software package (SAS), an advantage over similar
approaches that require customized software (42).

Our study shares the disadvantage of other such studies in investigating a condition (mild
cognitive impairments) that lacks a standard definition. In addition, a limitation of this study,
common to many others, is the inherent arbitrariness of dividing a continuous process of
cognitive decline into discrete categories of cognitive status. The Markov property used as the
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basis for the analytic strategy assumes that cognitive status depends on status at only the
previous examination and thus does not account for heterogeneity in the cognitive status history
of a person. Cognitive status at earlier examinations may, however, also play a role. Finally,
although gender does not appear to be a consistent predictor of development of mild cognitive
impairments (31,32) or progression to dementia (29,34,35), we were unable to investigate its
effects in this study because all of our participants were women. Similarly, homogeneity in
participants' lifestyles and environments precluded investigation of the potential influence of
these factors on disease progression.

However, strengths of our study are inclusion of seven rounds of annual examinations in a
well-characterized, longitudinal cohort of very old women. The high level of homogeneity in
the participants' lifestyles and environments minimizes or eliminates many factors that may
confound other epidemiologic studies. In addition, although information can be lost when
categorizing continuous data, we divided cognitive status into multiple categories and used
more categories of cognitive impairment than have usually been included. Finally, our
statistical strategy more closely modeled reality by allowing for transitions in both directions:
to poorer or to better cognitive status.

This study examined the influence of established risk factors for dementia on transitions
between various cognitive states in the progression from intact cognition to dementia. The
analytic strategy used standard software to provide a novel and effective method to determine
predictors of transitions in cognitive status. We defined dementia as an absorbing state because
predictors of transitions from dementia were not of interest in this study. Our analytic model,
however, could be expanded to determine predictors of transitions from dementia to death as
well as to model the influence of other risk factors for progression to dementia. In addition,
this approach could be applied to other progressive conditions where transitions between states
are of interest.

If risk factors for mild cognitive impairments are the same as those for dementia, and if there
are no unique risk factors for the progression of mild cognitive impairments to dementia, then
mild cognitive impairments may simply reflect an early stage of dementia. The results of the
current study suggest that some risk factors for dementia may operate primarily by predisposing
persons to develop mild cognitive impairments. Once they are so affected, the development of
dementia may depend on only the passage of time and competing mortality. Thus, our findings
support the position that mild cognitive impairments indeed reflect early dementia.
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APPENDIX
Let Y = (Y1, Y2, … , YT) be the random vector representing the observed states for a typical
person whose cognitive status is assessed on T equally spaced occasions. Following the method
of Diggle et al. (43), we adopted a transition model for Y by focusing on the conditional
distribution of Y given Y1, which depends on a vector of unknown parameters θ. Assume that
the Markov property holds. Rather than simply expressing h(y | y1, θ), the conditional
distribution, as the product of elements from the one-step transition matrix P(θ)5x5, as
suggested by Guo and Marshall (42), we chose instead to rewrite this distribution as follows:
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(1)

Here, δ is the Kronecker's delta function, psl(θ) is the one-step transition probability from state
s to state l, and gsl (θ) is the conditional probability of a transition from the transient state s to
the transient state l given that the subject has not been absorbed. In this expression, we have
assumed that the person transitions among transient states during the first T – 1 examinations
and, on examination T, transitions to either one of the absorbing states. It is possible that the
person makes all transitions among only transient states, in which case the latter two terms do
not appear in equation 1. It is also possible that the person makes no transitions among transient
states, in which case the first terms do not appear in equation 1.

We assume that the vector of unknown parameters satisfies a separability property described
as follows: θ = (θ0, θ1, θ2, θ3), where θ0 measures the effect of the covariates on transitions
among the transient states, whereas θs for s = 1, 2, 3 measures the effect of the covariates on
transitions from transient state s to the absorbing states (notice that 1 = intact cognition, 2 =
mild cognitive impairments and 3 = global impairment). When this separability property is
used, the likelihood in equation 1 becomes the product of four likelihood functions, each
depending on a separate subvector of θ.

Polytomous logistic regression models are used to express the probabilities in equation 1 as
functions of the covariates. If b represents the “base” state, then the transition probabilities
among the transient states conditioned on nonabsorption can be expressed as

(2)

Here, ω1 and ω2 are defined as

Also in equation 2, z represents the vector of covariates, and θ0 = (α2, α3, λ12, λ22, λ13, λ23,
β2, β3.

On the other hand, the transition probabilities from the transient state s to absorption are given
by

(3)

Here, θs = (αs4, αs5, βs4, βs5).

The conditional probabilities in equation 2 are linked to the unconditional transition
probabilities through the following equation:
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(4)

The one-step transition matrix is obtained from equations 3 and 4 and can be written in
canonical form as follows:

Here, Q(θ) is a (3 × 3) matrix containing the probabilities of transitions among transient states,
and R(θ) is a (3 × 2) matrix containing the probabilities of transitions from transient to
absorbing states. To obtain the odds of developing dementia before dying, we use a well-known
result from the theory of stochastic process (27) that enables us to calculate the probability of
eventual passage to the absorbing class by means of the following matrix:

When this matrix and the values of the covariates of interest are used, the odds of eventual
absorption into dementia before death can be obtained by dividing the entry in the first column
of F(θ) by the corresponding entry in the second column. The standard error for these odds
can be estimated by using a bootstrap procedure (28). In this procedure, 200 replicates of the
observed data were obtained by sampling with replacement (dropping one randomly selected
subject per replicate). The variability in the resulting estimates of the odds ratios across these
replicates yields the desired standard errors.

Abbreviation
APOE, apolipoprotein E gene.
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FIGURE 1.
Possible cognitive transitions between transient states (intact cognition, mild cognitive
impairments, global impairment) and absorbing states (dementia, death).
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TABLE 1
Age, education, and apolipoprotein E allele status in the Nun Study, United States, 1991–2002 (n = 470 subjects)

Characteristic No. %

Age (years) at baseline (mean (standard deviation)) 84.3 (5.0)
Education
 ≤High school  47 10.0
 Undergraduate degree 193 48.9
 Graduate degree 230 41.1
Apolipoprotein E*E4 allele
 Present  92 19.6
 Absent 378 80.4
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TABLE 3
Effects of age, education, apolipoprotein E *E4 allele, and prior cognitive state on the risk of transitions from intact
cognition to mild cognitive impairments or global impairment in the Nun Study, United States, 1991–2002 (1,584
transitions in 392 subjects)*

Characteristic

Mild cognitive
impairments

Global
impairment

OR† 95% CI† OR 95% CI

Age (years) 1.06 1.03, 1.09 1.15 1.10, 1.20
Education
 ≤High school 2.36 1.26, 4.42 2.79 1.32, 5.91
 Undergraduate degree 1.53 1.17, 2.00 1.62 1.10, 2.38
 Graduate degree 1.00 Reference 1.00 Reference
Apolipoprotein E *E4 allele
 Present 1.87 1.27, 2.73 3.02 1.87, 4.89
 Absent 1.00 Reference 1.00 Reference
Prior cognitive state
 Intact cognition 0.18 0.09, 0.38 0.02 0.01, 0.03
 Mild cognitive impairments 1.82 0.90, 3.68 0.11 0.06, 0.21
 Global impairment 1.00 Reference 1.00 Reference

*
Number of transitions excludes transitions to dementia or death; number of subjects excludes participants who experienced these transitions to dementia

or death only.

†
OR, odds ratio; CI, confidence interval.
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TABLE 4
Risk of transition from a given transient state (intact cognition, mild cognitive
impairments, or global impairment) to dementia or death in the Nun Study, United
States, 1991–2002 (1,905 transitions in 470 subjects)

Characteristic
Dementia Death

OR* 95% CI* OR 95% CI

Transition from intact cognition
Age (years)  1.13 0.93, 1.37 1.11 1.02, 1.22
Education
 ≤High school 41.48 4.00, 42.40 1.24 0.15, 10.2
 Undergraduate degree  2.07 0.28, 15.10 0.92 0.42, 2.01
 Graduate degree  1.00 Reference 1.00 Reference
Apolipoprotein E *E4 allele
 Present  9.43 1.27, 69.90 2.58 1.06, 6.28
 Absent  1.00 Reference 1.00 Reference

Transition from mild cognitive impairments
Age (years)  1.07 1.02, 1.12 1.07 1.02, 1.12
Education
 ≤High school  1.11 0.49, 2.53 1.38 0.64, 2.97
 Undergraduate degree  0.76 0.45, 1.29 0.92 0.55, 1.52
 Graduate degree  1.00 Reference 1.00 Reference
Apolipoprotein E *E4 allele
 Present  1.12 0.60, 2.08 1.10 0.60, 2.00
 Absent  1.00 Reference 1.00 Reference

Transition from global impairment
Age (years)  1.05 0.99, 1.11 1.03 0.97, 1.00
Education
 ≤High school  0.61 0.23, 1.59 0.44 0.19, 1.02
 Undergraduate degree  1.00 0.50, 2.00 0.56 0.30, 1.06
 Graduate degree  1.00 Reference 1.00 Reference
Apolipoprotein E *E4 allele
 Present  2.32 1.17, 4.58 0.92 0.45, 1.88
 Absent  1.00 Reference 1.00 Reference

*
OR, odds ratio; CI, confidence interval.
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