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Abstract
Background and Objectives
Little is known about the effect of education or other indicators of cognitive reserve on the rate
of reversion from mild cognitive impairment (MCI) to normal cognition (NC) or the relative
rate (RR) of reversion fromMCI to NC vs progression from MCI to dementia. Our objectives
were to (1) estimate transition rates from MCI to NC and dementia and (2) determine the
effect of age, APOE, and indicators of cognitive reserve on the RR of reversion vs progression
using multistate Markov modeling.

Methods
We estimated instantaneous transition rates between NC, MCI, and dementia after accounting
for transition to death across up to 12 assessments in the Nun Study, a cohort study of religious
sisters aged 75+ years. We estimated RRs of reversion vs progression for age, APOE, and
potential cognitive reserve indicators: education, academic performance (high school grades),
and written language skills (idea density, grammatical complexity).

Results
Of the 619 participants, 472 were assessed withMCI during the study period. Of these 472, 143
(30.3%) experienced at least one reverse transition to NC, and 120 of the 143 (83.9%) never
developed dementia (mean follow-up = 8.6 years). In models adjusted for age group andAPOE,
higher levels of education more than doubled the RR ratio of reversion vs progression. Novel
cognitive reserve indicators were significantly associated with a higher adjusted RR of reversion
vs progression (higher vs lower levels for English grades: RR ratio = 1.83; idea density: RR ratio
= 3.93; and grammatical complexity: RR ratio = 5.78).

Discussion
Knowledge of frequent reversion from MCI to NC may alleviate concerns of inevitable cog-
nitive decline in those withMCI. Identification of characteristics predicting the rate of reversion
from MCI to NC vs progression from MCI to dementia may guide population-level inter-
ventions targeting these characteristics to prevent or postponeMCI and dementia. Research on
cognitive trajectories would benefit from incorporating predictors of reverse transitions and
competing events, such as death, into statistical modeling. These results may inform the design
and interpretation of MCI clinical trials, given that a substantial proportion of participants may
experience improvement without intervention.
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Cognition is fluid and cognitive states can improve or decline
over time. Individuals with mild cognitive impairment (MCI)
typically progress to dementia, but some instead revert to
normal cognition (NC).1-4 Determining the rate of transition
fromMCI to NC, comparing rates of reversion (MCI to NC)
to progression (MCI to dementia), and identifying predictors
associated with these transitions is important to inform the
clinical prognosis of individuals with MCI and the design and
interpretation of MCI clinical trials, and to develop public
health strategies to prevent or delay dementia.

Little is known about the effect of education or other indi-
cators of cognitive reserve on the rate of reversion from MCI
to NC or the relative rate of reversion from MCI to NC vs
progression from MCI to dementia. Younger age5,6 and ab-
sence of an APOE e4 allele6-9 have been reported to be sig-
nificantly associated with reversion fromMCI to NC, whereas
results for education are inconsistent.5,6,10 However, none of
these risk factor studies accounted for transitions to dementia
and to death despite the fact that these competing transitions
are common in older adults.

Our aims were to jointly model the instantaneous rates of
reversion from MCI to NC and progression from MCI to
dementia while considering transitions from MCI to death
and determine the effect of age, APOE, and indicators of
cognitive reserve (educational attainment, academic perfor-
mance, and written language skills) on the relative transition
rate of reversion vs progression.

Methods
Study Sample
The methodology of the Nun Study has been described
previously.11 In brief, it is a longitudinal study of aging and
cognition among members of a religious congregation (the
School Sisters of Notre Dame) living in the United States.
Participants were all women with similar adult lifestyles, in-
cluding socioeconomic status, social support, marital and re-
productive histories, alcohol and tobacco use, and access to
health services. Of 1,031 eligible religious sisters aged 75 years
or older at baseline (1991–1993), 678 agreed to participate,
and their mean age, race, death rate, and country of birth did
not differ significantly from nonparticipants.11 Cognitive
function was assessed at baseline and approximately annually
thereafter, until death or the end of the 12th round of as-
sessments. The analytic sample was restricted to participants
with postbaseline data (i.e., at least one follow-up cognitive
assessment or date of death) and data on APOE status and
education (n = 619). For a subset of participants, data from

convent archives were available on academic performance
(course grades for English, n = 454; Latin, n = 416; algebra,
n = 451; geometry, n = 435) and written language skills (idea
density, n = 164; grammatical complexity, n = 164).

Measures

Cognitive States
The diagnostic criteria for NC, MCI, and dementia applied at
each assessment have been described previously12 and are
summarized briefly below. Cognitive performance in the Nun
Study was assessed using 5 measures from the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) neu-
ropsychological battery13: Delayed Word Recall, Verbal
Fluency, Boston Naming, Constructional Praxis, and the Mini-
Mental State Examination (MMSE). Cut points on these tests
for NC, MCI, and dementia were based on CERAD normative
data,12,14 which included women with comparable age and
education to those of the Nun Study.12

Normal Cognition

Criteria for NC were based on intact cognition in the Delayed
Word Recall (≥5), Boston Naming (≥14), Verbal Fluency
(≥12), and Constructional Praxis (≥9) tests; intact global
cognition based on theMMSE (≥24)15; and intact function in
activities of daily living (ADL)16 (feeding, dressing, walking,
standing [transferring], and toileting), defined as the ability to
independently complete at least 4 of the 5 activities.

Mild Cognitive Impairment

Individuals with MCI did not meet criteria for NC or de-
mentia. They had at least one specific area of impaired cog-
nitive function, with cut points for impairment at 1.5 SD
below age-appropriate means (Delayed Word Recall <5,
Boston Naming <14, Verbal Fluency <12, and Constructional
Praxis <9). They could also be impaired in global cognitive
ability (MMSE < 24) or ADL; however, they did not meet
criteria for dementia because if more than one area of cog-
nition was impaired, they were intact in ADL. This cognitive
state reflects all cognitive impairment states less severe than
dementia (previously described12).

Dementia

Participants were diagnosed with dementia based on the
presence of an impairment in memory and in at least one other
cognitive domain. For dementia, impairment was identified
based on performance below the fifth percentile of CERAD
normative data14 (Delayed Word Recall <4, Boston Naming
<13, Verbal Fluency <11, and Constructional Praxis <8),

Glossary
AD = Alzheimer disease; ADL = activities of daily living;CERAD = Consortium to Establish a Registry for Alzheimer’s Disease;
MCI = mild cognitive impairment;MMSE = Mini-Mental State Examination;NC = normal cognition; RR = relative transition rate.
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functional impairment in ADL, and decline from a previous
level of cognitive function.12

Predictors
Genotyping of APOE was performed according to standard
methods17 and blinded to cognitive status. Convent archival
records provided data on age, educational attainment, and
academic performance in first-year high school courses (En-
glish, Latin, algebra, and geometry), which was extracted from
high school transcripts listing courses and grades achieved.
Measures of written language skills (idea density and gram-
matical complexity) were based on handwritten autobiogra-
phies from the convent archives and have been described
previously.11 In brief, these autobiographies were written at a
mean age of 22 years (SD 2.9) before entering the religious
order and provided a summary of life events. The last 10
sentences of each autobiography were coded to yield mean
scores for idea density and grammatical complexity, which
were ranked within each convent. Scores for idea density were
based on the mean number of ideas expressed per 10 words;
scores for grammatical complexity on an 8-level scale were
based on the Developmental Level metric.11,18-20

Statistical Analysis
Multistate Markov models were used to estimate the in-
stantaneous rates of transition among 3 transient cognitive
states—NC (state 0), MCI (state 1), and dementia (state 2)—
and one absorbing state (death) (state 3) (Figure). Transitions
were treated as reversible between NC and MCI and unidirec-
tional between other states (i.e., nonreversible fromdementia and
MCI, as well as from death to any cognitive state).

The Markov assumption is most commonly adopted in
multistate models for which the transition rates only depend
on the current state and time and not the full history of past
transitions. Multistate Markov models in continuous time are
formulated by specifying transition intensity functions: the

instantaneous rate of making one of these transitions given
the individual is at risk of such a transition at a given time
point. Let λjkðtÞ denote the intensity for the state j to state k
transition at age t; then, λ01ðtÞ indicates the intensity for the
transition from state 0 to state 1 (NC → MCI), while λ10ðtÞ
indicates the intensity for the reverse transition from state 1 to
state 0 (MCI → NC), λ12ðtÞ represents the transition rate
from MCI to dementia, and λ03ðtÞ; λ13ðtÞ and λ23ðtÞ are
mortality intensities for individuals with NC, MCI, and de-
mentia, respectively. Covariates are associated with the tran-
sition intensities based on the proportional intensity model
(similar to the Cox proportional hazard model in survival
analysis for a single event) such that λjkðtÞ = λjk0ðtÞeXTβjk ,
where X is the vector of covariates (age, APOE e4, education,
academic performance, and written language skills), βjk repre-
sents the covariate effects that differ from one transition
to another, and λjk0ðtÞ represents the baseline transition rate
with a piecewise-constant structure, that is, λjklðtÞ = αjkl for
age category l. Conditional on the initial state, the likelihood
function was constructed based on the multistate Markov
model with mixed types of panel observation for cognitive
status (observed at prespecified times) and death (upon oc-
currence). The msm package for R21 was used for fitting
continuous-time Markov multistate models with piecewise-
constant transition intensities to longitudinal data.

Age is the time scale, motivated by knowledge that the risk of
MCI, dementia, and death depends on age, after assuming
piecewise constant transition rates within each of the age inter-
vals (75–90 and 90+ years). The baseline intensity λjk0ðtÞ de-
pends on time/age.We initially used a piecewise constant model
to categorize age t by 5-year age groups [75, 80), [80, 85), [85,
90), [90, 95) and ≥95, such that λjk0ðtÞ = αjkl when t falls in the l
th age interval, l = 1; 2;…; 5. The final model used 90 years as
the sole breakpoint given that assessment of the transition in-
tensities between cognitive states for different 5-year age groups
showed that the transition rates were more similar for those 90
years and younger compared to those above 90 years of age.

Three sets of analyses were conducted by fitting different
multistate Markov models for transition intensities: (1)
piecewise-constant baseline transition rates without adjusting
for covariates; (2) piecewise-constant baseline intensities and
multiplicative effects of APOE; and (3) piecewise-constant
baseline rates and multiplicative effects of APOE and each
indicator of cognitive reserve (education, academic perfor-
mance, or written language skills). Note that the effect of each
cognitive reserve indicator was evaluated separately to de-
termine its effects independent of other indicators while
controlling for the effects of age and APOE e4 status. We
report the corresponding measures from the analyses: (1)
unadjusted baseline age-specific transition rates; (2) the rel-
ative transition rate (RR), defined as the ratio of the reverse
transition rate from MCI to NC to the progression transition
rate fromMCI to dementia, by age group andAPOE e4 status;
(3) RRs by different levels of the cognitive reserve indicators,
age group, and APOE e4 status; and (4) the ratios of RRs,

Figure Multistate Diagram of a 4-State Transition Model

The nodes represent the 3 cognitive states and death. A multistate Markov
model was used for joint modeling of transitions between cognitive states
and death, focusing on reversion from mild cognitive impairment (MCI) to
normal cognition (NC) and progression from MCI to dementia, and consid-
ering that death could occur at any time.
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reflecting the effect of the cognitive reserve indicator on the
RR of reversion vs progression, adjusted for age group and
APOE e4 status. Here the ratio of RRs reduces to exp
(β10–β12), where β1j is the beta coefficient associated with a
specific cognitive indicator variable and is defined free of age.
Additional statistical details are provided in eAppendix 1
(links.lww.com/WNL/B774). The R code for data analysis is
available upon request from Y.S.

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethics approval by institutional review boards was obtained
from the University of Kentucky for the original Nun Study
and from the University of Waterloo for the current study.

Data Availability
The data used in this article will be made available by the
corresponding author to qualified investigators upon rea-
sonable request.

Results
Sample Description
Participants were women 75 years or older at baseline (14.5%>90
years) and generally highly educated (84.5% with an un-
dergraduate or graduate degree) (Table 1). This high level of
intellectual achievement was also reflected in strong academic
performance across all 4 high school courses. Among the 619
participants, 472were observed to haveMCI at somepoint during
the follow-up period, and 143 (30.3%) of these showed at least
one reverse transition from MCI to NC. These 143 participants
were followed for an average of 8.6 years (SD 4.1) after their first
diagnosis ofMCI; 120 (83.9%) never developed dementia over an
average of 8.6 years of follow-up, with 34 of these 120 participants
remaining cognitively intact after reverting from MCI to NC.
Another 142 participants progressed to dementia after a diagnosis
of MCI without a reverse transition to NC, 16 remained in the
MCI state until the end of the follow-up period, and 171 pro-
gressed to death without reversion to NC or progression to de-
mentia. No participant reverted to MCI from dementia.

Unadjusted Age-Specific Transition Rates
The reverse transition rate from MCI to NC dropped from
0.15 per year (95% CI 0.13–0.18) in participants ≤90 years to
0.07 per year (95% CI 0.05–0.11) in participants >90 years
(Table 2). The transition rate from MCI to death more than
doubled across age groups, increasing from 0.07 (95% CI
0.05–0.08) in participants ≤90 years to 0.15 (95% CI
0.12–0.20) in those >90 years. The risks of transition from
MCI to death, dementia, and NC were 0.07, 0.07, and 0.15,
respectively, in participants ≤90 years compared to 0.17, 0.15,
and 0.07, respectively, in participants over 90 years of age.
That is, for those 90 years or younger, the risks of death and
dementia were similar, but reversion to NC was more com-
mon. For those over 90 years of age, the risks of death and
dementia were similar, but reversion to NC was less common.

RRs by Age Group and APOE
The proportion of participants with an APOE e4 allele (car-
riers) was similar across age groups at baseline: of the 529
participants ≤90 years, 119 (22%) were APOE e4 carriers,
compared to 22 (24%) of the 90 participants >90 years. Those
529 participants ≤90 years at baseline provided information
on transitions in cognitive status prior to 90 years of age.
There were 371 participants (75 APOE e4 carriers and 295
APOE e4 noncarriers) who survived to have data collected
after the age of 90, and they contributed to the estimation of
transition rates beyond age 90.

Among participants ≤90 years, APOE e4 noncarriers showed al-
most triple the rate of reversion fromMCI toNC than progression
fromMCI to dementia (RR 2.93, 95%CI 2.18–3.92); this was not
observed in APOE e4 carriers (RR 0.68, 95% CI 0.38–1.21)
(Table 3). Participants >90 years were more likely to progress to
dementia from MCI than to revert to NC regardless of APOE e4
status. However, APOE e4 status remained influential, with these
olderAPOE e4 noncarriersmore than 4 times (0.47/0.11) as likely
as older APOE e4 carriers to revert from MCI to NC rather than
progress from MCI to dementia (Table 3).

RRs by Cognitive Reserve Indicator, Age Group,
and APOE
The effect of cognitive reserve indicators on reversion from
MCI to NC vs progression from MCI to dementia was
assessed for education, academic performance, and written
language skills separately. In models of education by age and
APOE, APOE e4 noncarriers ≤90 years of age remained more
likely to revert than progress from MCI only if they had
attained a Bachelor’s degree or higher (Table 4). In contrast,
progression was significantly more likely than reversion re-
gardless of educational level for those over 90 years of age, as
well as for APOE e4 carriers ≤90 years of age with a high
school or lower level of education.

In models of academic performance, across all levels and
courses, reversion continued to be significantly more likely
than progression for APOE e4 noncarriers ≤90 years, whereas
progression was significantly more likely than reversion for
APOE e4 carriers over 90 years of age (Table 5). Examining
course-specific effects, for APOE e4 noncarriers >90 years,
progression was significantly more likely than reversion re-
gardless of performance levels in algebra and geometry;
however, this held only for the lower performance level for
English and Latin. English showed the strongest effects of any
of the courses: APOE e4 noncarriers ≤90 years with higher
performance in English had the highest chance of reversion vs
progression (RR 4.79, 95% CI 2.86–8.05), while APOE e4
carriers >90 years with lower performance in English showed
the lowest chance (RR 0.07, 95% CI 0.03–0.18) (Table 5).

Models of idea density and grammatical complexity showed
similar patterns of significance across both of these measures
of written language skills. In APOE e4 noncarriers ≤90 years
of age, reversion was significantly greater than progression for
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those with higher levels of these skills, whereas among APOE
e4 carriers >90 years of age, progression was significantly
greater than reversion for those with lower levels (Table 5).

RR Ratios for Cognitive Reserve Indicators
Adjusted for Age Group and APOE
For each cognitive reserve indicator, the ratio of RRs by in-
dicator level was used as a measure of its effect on the RR of
reversion vs progression in models adjusted for age group and
APOE (Table 6). Compared to those with only a grade school
or high school education, participants with a Bachelor’s de-
gree hadmore than double (RR ratio 2.60; 95%CI 1.05–6.45)
and those with aMaster’s degree or higher had triple (RR ratio
2.94; 95% CI 1.27–7.22) the RR of reversion vs progression.
Higher levels of performance in English and written language
skills were associated with a significantly higher RR of re-
version vs progression (higher vs lower levels for English
grades: RR ratio 1.83, 95% CI 1.07–3.14; idea density: RR
ratio 3.93, 95% CI 1.30–11.92; and grammatical complexity:
RR ratio 5.78, 95% CI 1.56–21.42) (Table 6).

Discussion
In this highly educated cohort of older religious sisters, reverse
transitions from MCI to NC were relatively common and as
frequent as transitions from MCI to dementia. The relatively
younger age group (≤90 years) and absence of an APOE e4
allele (i.e., lack of established risk factors for dementia) con-
tributed to a significantly higher transition rate of reversion
from MCI to NC vs progression from MCI to dementia.
Higher educational attainment, the traditional indicator of
cognitive reserve, was associated with a significantly higher
RR of reversion vs progression compared to lower educational
attainment. A similar statistically significant association was
also found for novel indicators of cognitive reserve: academic
performance in high school English and written language
skills (idea density and grammatical complexity).

This study demonstrates that those with higher levels of
cognitive reserve indicators (educational attainment, aca-
demic performance, and written language skills) had a sig-
nificantly greater chance of reversion from MCI to NC than
progression fromMCI to dementia. The observed association
is consistent with literature on risk factors for dementia.7 Low
educational attainment is a well-established risk factor for
dementia. Although educational levels are generally higher for
participants of the Nun Study than for other women of their
era given greater educational opportunities through their re-
ligious order, the established association between lower ed-
ucation and higher risk of dementia is also found in the Nun
Study.22 In addition, interactions between age, APOE, and
education have previously been shown in a subset of the Nun
Study, with the highest risk of developing dementia among
older APOE e4 carriers with low levels of education.23 The
protective effect of education on reversion from MCI to NC
in this study is also consistent with findings from other co-
horts of less educated men and women.7 The association
between higher educational attainment and lower risk of de-
mentia has traditionally been attributed to cognitive reserve24

and this link has been supported by evidence from imaging

Table 1 Sample Characteristics, Nun Study

Characteristics
Total sample,
na (%)

Ever diagnosed with
MCI, na (%)

Yes No

Age at baseline, y

75–90 529 (85.5) 426 (90.3) 103 (70.1)

>90 90 (14.5) 46 (9.7) 44 (29.9)

APOE «4 allele

Noncarrier 478 (77.2) 382 (80.9) 96 (65.3)

Carrier 141 (22.8) 90 (19.1) 51 (34.7)

Education

≤ High school 96 (15.5) 54 (11.4) 42 (28.6)

Bachelor’s degree 252 (40.7) 196 (41.5) 56 (38.1)

≥ Master’s degree 271 (43.8) 222 (47.0) 49 (33.3)

Academic performanceb

English

Higher 147 (32.4) 108 (30.4) 39 (39.4)

Lower 307 (67.6) 247 (69.6) 60 (60.6)

Latin

Higher 185 (44.5) 141 (43.1) 44 (49.4)

Lower 231 (55.5) 186 (56.9) 45 (50.6)

Algebra

Higher 185 (41.0) 149 (42.1) 36 (37.1)

Lower 266 (59.0) 205 (57.9) 61 (62.9)

Geometry

Higher 173 (39.8) 133 (38.9) 40 (43.0)

Lower 262 (60.2) 209 (61.1) 53 (57.0)

Written language skillsc

Idea density

Higher 127 (77.4) 111 (84.1) 16 (50.0)

Lower 37 (22.6) 21 (15.9) 16 (50.0)

Grammatical complexity

Higher 123 (75.0) 106 (80.3) 17 (53.1)

Lower 41 (25.0) 26 (19.7) 15 (46.9)

Abbreviation: MCI = mild cognitive impairment.
a Sample size is based on the number of participants with complete data on
characteristics in multivariable analyses: n = 619 except for academic per-
formance (English n = 454, Latin n = 416, algebra n = 451, geometry n = 435)
and written language skills (n = 164).
b Higher academic performance (grade >90%) vs lower (grade ≤90%).
c Higher written language skills (quartiles 2 to 4) vs lower (quartile 1).
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studies.25 In addition to a reduced risk of dementia, cognitive
reserve may also have effects on other cognitive outcomes,
such as reversion fromMCI to NC, through mechanisms such
as neural compensation, whereby the brain creates compen-
satory paths to overcome the primary neural changes that lead
to MCI.24

Whereas education is the classic proxy for cognitive reserve,
other intellectual factors may also predict reversion. Although
less studied, higher academic performance has been associ-
ated with a lower risk of developing dementia.26-29 Intellectual
aptitude in adolescence, including measures of word function
in sentences and reading comprehension, has been associated
with a reduced risk of Alzheimer disease (AD).30 Early re-
search based on an initial sample of decedents from the Nun
Study showed that lower levels of idea density and gram-
matical complexity were associated with low cognitive test
scores in late life and higher risk of AD.11 In our larger sample
of Nun Study participants, higher idea density and gram-
matical complexity, in addition to higher educational level and
stronger academic performance in high school English, were
associated with a greater chance of reversion fromMCI to NC
than progression fromMCI to dementia. Our results show the
importance of academic performance and written language
skills as predictors of reversion and also support the impor-
tance of education, a more widely available measure. The
observed effect of all of these indicators of cognitive reserve
has implications for population-level intervention strategies in
early life to prevent or postpone MCI and dementia.

Our findings that almost one-third of participants revert from
MCI to NC is consistent with previous reports on the pro-
portion of such reverse transitions in other community set-
tings and populations.1,2,7,31 In their systematic review and
meta-analysis, Canevelli and colleagues1 concluded that re-
version to NC is common in individuals with MCI but is
understudied. The studies that have been conducted on re-
version from MCI have typically used standard Cox survival

analysis, which does not adjust for competing transitions from
MCI to dementia or from MCI to death.32,33 The use of
survival analysis makes the assumption that individuals who
experience a transition to dementia or death have the same
rate of reversion from MCI to NC as those who remain and
are included in the calculation of this reversion (i.e., that those
censored are representative of those remaining).34,35 How-
ever, this assumption is questionable, and ignoring these
competing effects of dementia and death may lead to biased
estimates of the rate of reversion.34,36,37 Other analytic
methods, such as binary logistic regression5 or generalized
linear mixed modeling,6 have also been used, but these are
discrete time models looking at the probability of reversion
and similarly have failed to account for transitions from MCI
to dementia and to death.

The use of multistate modeling addresses these analytic limi-
tations and is a strength of our study. Multistate Markov
models can account for competing events38 and are in-
creasingly being used to study disease onset, progression, and
comorbidities in chronic diseases, including dementia.23,36,39-42

Our multistate models jointly estimated the instantaneous risks
of transitions between cognitive states and transition to death,
where transitions from MCI to dementia and to death were
considered as competing events in the transition from MCI to
NC. This jointmodeling is particularly useful for studying older
adults for whom transitions from MCI to dementia and death
can occur at appreciable rates.

Other strengths included the analysis of data from a
population-based longitudinal study that included up to 12
cognitive assessments and information on early-life in-
tellectual factors. In addition, our Nun Study participants are
uniquely homogeneous on many sociodemographic and
lifestyle factors as well as access to health care, providing
strong control of potential confounders. In contrast to clinical
populations where cognitive changes can precipitate assess-
ments, cognitive assessments in the Nun Study occurred at

Table 2 Transition Rates Across Cognitive States by Age
Based on a Piecewise-Constanta Multistate
Markov Model (n = 619)

Transitions between
cognitive states Age ≤90 y Age >90 y

NC to MCI 0.28 (0.24–0.32) 0.45 (0.34–0.60)

NC to death 0.03 (0.02–0.05) 0.10 (0.06–0.20)

MCI to NC 0.15 (0.13–0.18) 0.07 (0.05–0.11)

MCI to dementia 0.07 (0.06–0.09) 0.17 (0.13–0.21)

MCI to death 0.07 (0.05–0.08) 0.15 (0.12–0.20)

Dementia to death 0.19 (0.16–0.23) 0.41 (0.36–0.47)

Abbreviations: MCI = mild cognitive impairment; NC = normal cognition.
Values are transition rate (95% CI).
a Breakpoint is age 90.

Table 3 Relative Transition Rate of Reversion FromMCI to
NC vs Progression FromMCI to Dementia by Age
and APOE e4 Status Using a Piecewise-Constanta

Multistate Markov Model (n = 619)

APOE «4 Age ≤90 y Age >90 y N

Noncarrier 2.93 (2.18–3.92)b 0.47 (0.29–0.76)b 478

Carrier 0.68 (0.38–1.21) 0.11 (0.05–0.23)b 141

Abbreviations:MCI =mild cognitive impairment; NC=normal cognition; RR =
relative rate.
Values are RR (95% CI). RR of reversion fromMCI to NC vs progression from
MCI to dementia is calculated as the ratio of the transition rate from MCI to
NC divided by the transition rate from MCI to dementia. RR >1 indicates
subgroups with a higher transition rate of reversion from MCI to NC vs
progression from MCI to dementia. RR <1 indicates subgroups with a lower
transition rate of reversion from MCI to NC vs progression from MCI to
dementia.
a Breakpoint is age 90.
b Statistically significant results.
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regularly scheduled intervals unrelated to cognitive status. In
addition to the availability of extensive follow-up data with
low attrition, these characteristics of the Nun Study data en-
abled the use of sophisticated modeling approaches. Fur-
thermore, data on novel hypothesized indicators of cognitive

reserve (academic performance and written language skills)
allowed exploration of factors beyond highest level of edu-
cation attained, the standard proxy indicator for cognitive
reserve. Future research could further investigate the effect of
these and other intellectual measures in addition to

Table 4 Relative Transition Rate of Reversion FromMCI to NC vs Progression FromMCI toDementia for Education by Age
and APOE e4 Status Using a Piecewise-Constanta Multistate Markov Model (n = 619)

Age, y APOE «4

Education, RR (95% CI)

≤ High School Bachelor’s degree ≥ Master’s degree

≤90 Noncarrier 1.16 (0.49–2.74) 3.00 (2.01–4.49)b 3.40 (2.37–4.87)b

≤90 Carrier 0.27 (0.10–0.74)b 0.69 (0.37–1.30) 0.78 (0.42–1.44)

>90 Noncarrier 0.19 (0.08–0.50)b 0.51 (0.30–0.87)b 0.57 (0.33–0.99)b

>90 Carrier 0.04 (0.01–0.14)b 0.12 (0.05–0.25)b 0.13 (0.06–0.29)b

Abbreviations: MCI = mild cognitive impairment; NC = normal cognition; RR = relative rate.
RR >1 indicates subgroups with a higher transition rate of reversion fromMCI to NC vs progression fromMCI to dementia. RR <1 indicates subgroups with a
lower transition rate of reversion from MCI to NC vs progression from MCI to dementia.
a Breakpoint is age 90.
b Statistically significant results.

Table 5 Relative Transition Rate of Reversion From MCI to NC vs Progression From MCI to Dementia for Academic
Performance and Written Language Skills by Age and APOE e4 Status Using a Piecewise-Constanta Multistate
Markov Model

Age,
y APOE «4

Academic performance

Lowerb Higherb Lower Higher

English (n = 454) Latin (n = 416)

≤90 Noncarrier 2.61 (1.81–3.78)c 4.79 (2.86–8.05)c 2.92 (1.90–4.47)c 3.91 (2.45–6.25)c

≤90 Carrier 0.55 (0.29–1.04) 1.01 (0.48–2.13) 0.61 (0.32–1.18) 0.82 (0.40–1.68)

>90 Noncarrier 0.35 (0.19–0.65)c 0.65 (0.33–1.27) 0.42 (0.22–0.79)c 0.56 (0.29–1.09)

>90 Carrier 0.07 (0.03–0.18)c 0.14 (0.05–0.35)c 0.09 (0.04–0.22)c 0.12 (0.05–0.31)c

Algebra (n = 451) Geometry (n = 435)

≤90 Noncarrier 3.02 (2.06–4.42)c 3.13 (1.94–5.05)c 3.22 (1.97–5.26)c 3.33 (2.26–4.92)c

≤90 Carrier 0.63 (0.33–1.22) 0.66 (0.33–1.33) 0.57 (0.27–1.21) 0.59 (0.30–1.16)

>90 Noncarrier 0.42 (0.23–0.77)c 0.44 (0.23–0.82)c 0.45 (0.24–0.87)c 0.47 (0.25–0.87)c

>90 Carrier 0.09 (0.04–0.22)c 0.09 (0.04–0.23)c 0.08 (0.03–0.21)c 0.08 (0.03–0.21)c

Written language skills

Idea density (n = 164) Grammatical complexity (n = 164)

≤90 Noncarrier 1.14 (0.39–3.29) 4.48 (2.53–7.92)c 0.77 (0.22–2.66) 4.44 (2.51–7.85)c

≤90 Carrier 0.42 (0.13–1.35) 1.67 (0.69–4.00) 0.24 (0.05–1.02) 1.37 (0.60–3.14)

>90 Noncarrier 0.47 (0.12–1.89) 1.86 (0.75–4.59) 0.34 (0.07–1.52) 1.94 (0.77–4.88)

>90 Carrier 0.18 (0.04–0.78)c 0.69 (0.22–2.20) 0.10 (0.02–0.58)c 0.60 (0.19–1.87)

Abbreviations: MCI = mild cognitive impairment; NC = normal cognition; RR = relative rate.
Values are RR (95% CI). RR >1 indicates subgroups with a higher transition rate of reversion from MCI to NC vs progression from MCI to dementia. RR <1
indicates subgroups with a lower transition rate of reversion from MCI to NC vs progression from MCI to dementia.
a Breakpoint is age 90.
b Higher academic performance (grade >90%) vs lower (grade ≤90%); higher written language skills (quartiles 2 to 4) vs lower (quartile 1).
c Statistically significant results.
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educational level, such as through linkage studies of educa-
tional system and health administrative data.

A limitation of this and other studies of cognitive state tran-
sitions is that the exact time of transitions between states is
not known. Because assessment is not continuous, un-
observed transitions may occur and could, for example, lead to
a loss of estimation efficiency for reverse transition fromMCI
to NC. In addition, cognition is fluid, and although transitions
in cognitive states may reflect cognitive reserve, they may also
reflect normal variation over time or acute factors influencing
cognition. Improvement in cognition across assessments may
also reflect regression to the mean or practice effects.

Diagnostic criteria evolve and this cannot be reflected in data
already collected, a particular issue for longitudinal studies.
Thus, cognitive states were diagnosed according to estab-
lished criteria at baseline and criteria remained consistent to
allow valid comparisons over time. Diagnostic criteria for
MCI in particular have evolved, and thus our criteria, based
solely on cognitive tests, may be more likely to reflect a
transient MCI state than MCI diagnosed using additional
information, such as from informant reports. MCI is a het-
erogeneous cognitive state, and we did not analyze subtypes
of MCI (e.g., amnestic vs nonamnestic, single vs multiple-
domain). There may be multiple reasons, including in-
tervening medical states, for an individual to be classified with
MCI, and these factors may influence transitions between
states. We have limited data on some of the potential factors

that may cause fluctuations in cognition. We also did not
assess the neuropathologic substrate of MCI although it af-
fects the clinical progression of MCI, with those progressing
to dementia significantly more likely than those reverting to
intact cognition to show severe Alzheimer neuropathology
(neurofibrillary tangles, neuritic plaques) as well as other
pathologic changes (e.g., hippocampal sclerosis of aging, Lewy
body disease).43

The sampling frame of the Nun Study is both a strength and a
limitation. Generally speaking, population-based studies appear
to show lower conversion rates to dementia and more variable
trajectories. In clinical settings, the diagnosis of MCI is usually
determined by clinical assessment, often using standardized
assessments combined with clinical judgement. As well, the
populations studied in clinical settings may be younger,
healthier, and more homogeneous than those of population-
based studies; clinical samples also include patients who pre-
sent with symptoms for which they are seeking help. Thus, our
findings need to be replicated in clinical settings.

Our modeling approach accounted for diverse age groups and
cognitive states at baseline, but it cannot address the effects of
potential survival bias on sampling. The Nun Study partici-
pants are not representative of the general population of older
women in the United States and analyses are based on data
collected more than a decade ago; the results of this study thus
need to be interpreted accordingly. Data on academic per-
formance and written language skills were not available for all

Table 6 Ratio of Relative Transition Rates of Reversion FromMCI toNC vs Progression to Dementia by Level of Education,
Academic Performance, and Written Language Skills Adjusted for Age and APOE e4 Status Using Piecewise-
Constanta Multistate Markov Modelling

Predictors Level RR ratio 95% CI

Education Bachelor’s degree vs ≤ high school 2.60d 1.05–6.45d

≥ Master’s degree vs ≤ high school 2.94d 1.20–7.22d

Academic performanceb

English Higher vs lower 1.83d 1.07–3.14d

Latin Higher vs lower 1.34 0.80–2.26

Algebra Higher vs lower 1.04 0.63–1.71

Geometry Higher vs lower 0.97 0.57–1.63

Written language skillsc

Idea density Higher vs lower 3.93d 1.30–11.92d

Grammatical complexity Higher vs lower 5.78d 1.56–21.42d

Abbreviations: MCI = mild cognitive impairment; NC = normal cognition; RR ratio = ratio of relative transition rates.
Sample size is based on the number of participants with complete data on characteristics inmultivariable analyses: n = 619 except for academic performance
(English n = 454, Latin n = 416, algebra n = 451, geometry n = 435) and written language skills (n = 164). The RR ratio is calculated as the ratio of relative
transition rates (reversion fromMCI to NC vs progression to dementia) between 2 subgroups (e.g., the RR of a higher level of education compared to a lower
level of education on reversion vs progression), reflecting the effect of cognitive reserve indicators on the RR.
a Breakpoint is age 90.
b Higher academic performance (grade >90%) vs lower (grade ≤90%).
c Higher written language skills (quartiles 2 to 4) vs lower (quartile 1).
d Statistically significant results.
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participants. Finally, despite the strengths of Markov model-
ing, this approach has some limitations. For example, the
transition rate of reversion from MCI to NC may depend on
the time since diagnosis of MCI, but Markov models do not
incorporate the duration in each cognitive state.

Replication of the observed indicators of cognitive reserve in
other populations as well as other factors influencing transitions
across cognitive states, and in particular reverse transitions from
MCI to NC, will help to better understand cognitive reserve
and its effect on cognitive trajectories. Further development of
analytic methods (e.g., adjusting multistate modeling to reduce
the effect of survivor bias in longitudinal studies of aging) is
needed to address current limitations. Knowledge of predictors
of reversion fromMCI toNC is important to inform the design
and interpretation of clinical trials, given that a substantial
proportion of participants may experience improvement from
MCI to NC even without intervention. Evidence of predictors
of these reverse transitions may also inform population-level
intervention strategies targeting these characteristics to prevent
or postpone MCI and dementia.
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