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Abstract

Background: Alzheimer’s Disease (AD) can be conceptualized as a continuum: patients
progress from normal cognition to mild cognitive impairment (MCI) due to AD, followed by
increasing severity of AD dementia. Prior research has measured transition probabilities among
later stages of AD, but not for the complete spectrum.

Obijective: To estimate annual progression rates across the AD continuum and evaluate the
impact of a delay in MCI due to AD on the trajectory of AD dementia and clinical outcomes.

Methods: Patient-level longitudinal data from the National Alzheimer’s Coordinating Center for
n=18,103 patients with multiple visits over the age of 65 were used to estimate annual, age-
specific transitional probabilities between normal cognition, MCI due to AD, and AD severity
states (defined by Clinical Dementia Rating score). Multivariate models predicted the likelihood of
death and institutionalization for each health state, conditional on age and time from the previous
evaluation. These probabilities were used to populate a transition matrix describing the likelihood
of progressing to a particular disease state or death for any given current state and age. Finally, a
health state model was developed to estimate the expected effect of a reduction in the risk of
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transitioning from normal cognition to MCI due to AD on disease progression rates for a cohort of
65-year-old patients over a 35-year time horizon.

Results: Annual transition probabilities to more severe states were 8%, 22%, 25%, 36%, and
16% for normal cognition, MCI due to AD, and mild/moderate/severe AD, respectively, at age 65,
and increased as a function of age. Progression rates from normal cognition to MCI due to AD
ranged from 4% to 10% annually. Severity of cognitive impairment and age both increased the
likelihood of institutionalization and death. For a cohort of 100 patients with normal cognition at
age 65, a 20% reduction in the annual progression rate to MCI due to AD avoided 5.7 and 5.6
cases of MCI due to AD and AD, respectively. This reduction led to less time spent in severe AD
dementia health states and institutionalized, and increased life expectancy.

Conclusion: Transition probabilities from normal cognition through AD severity states are
important for understanding patient progression across the AD spectrum. These estimates can be
used to evaluate the clinical benefits of reducing progression from normal cognition to MCI due to
AD on lifetime health outcomes.
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INTRODUCTION

Alzheimer’s Disease (AD) is an irreversible and degenerative brain disorder, in which
symptoms progress from short-term memory lapses to loss of bodily function and death [1].
Both the underlying pathophysiological process of AD and its clinical symptomatology are
best conceptualized as a continuum: patients progress from normal cognition to Mild
Cognitive Impairment (MCI) due to AD, followed by increasing severity of AD dementia
(mild, moderate, and severe) [2]. AD dementia is the most common form of dementia,
accounting for approximately 60-80% of cases [1]. AD is estimated to affect >5 million
individuals in the United States (US), and is currently the sixth leading cause of death in the
US, with survival times averaging 8.3 years for patients diagnosed with AD at age 65 years
[1, 3]. The incidence and prevalence of AD are expected to increase dramatically over the
next several decades with the growth of the elderly population and extended life spans [4].
While progression in the AD continuum is not fully understood, it is believed that the
pathophysiological processes of the illness begin a decade or more before the clinical signs
of dementia are detectable [5].

MCI due to AD is a pre-dementia phase of AD, characterized by the development of
noticeable memory problems (amnestic) or impaired judgment or decision-making
(nonamnestic), which does not affect independence of functional abilities, does not meet the
criteria for dementia, and has AD as a suspected etiology [6, 7]. A meta-analysis of 41
cohort studies found annual conversion rates from MCI to AD of 8.1% and 6.8% in
specialist and community settings, respectively [8].

The failure of currently available therapies to prevent AD or to slow disease progression has
re-focused research on interventions aimed at preventing progression in pre-symptomatic,
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high-risk individuals. Therapies that delay the onset of MCI due to AD could have
significant implications regarding reducing the number of patients with AD who require
institutionalization. However, the impact of a delay in MCI due to AD on the trajectory of
AD dementia incidence and prevalence has not been established.

The primary objective of this study was to estimate transitional progression rates from
normal cognition to MCI due to AD and to mild/moderate/severe AD dementia, including
the age-specific likelihood of institutionalization and death from each health state using a
well-defined US population. Prior research has examined transition rates within AD
dementia states or from normal cognition to MCI and AD without severity differentiation,
but not across the full AD continuum [9-13]. To understand the impact of transitioning from
normal cognition to MCI due to AD on progression to AD dementia, institutionalization, and
death, the secondary objective was to develop a health state model, using the estimated
progression rates, to predict the expected effect of a hypothetical disease-modifying
treatment that delays onset of MCI due to AD on lifetime outcomes for a US patient cohort.
The results illustrate how the progression rates could be used to direct discussions on the
benefits that may be expected from new therapies, inform investment decisions related to the
development of therapies that work to delay MCI due to AD, and advise medical services
planning efforts to meet the needs of the expanding AD population.

2. MATERIALS AND METHODS
2.1. Study Design

2.2. Data

This study was conducted in two phases. Phase | used longitudinal, cognitive evaluation data
in multivariate models to estimate transition probabilities between normal cognition, MCI
due to AD, various AD dementia severity levels, and non-AD cognitive impairment. The
age- and state-specific likelihood of institutionalization (defined as a skilled nursing facility
or nursing home) and death for each health state was estimated from the same data. Phase Il
used the estimated probabilities in a health state transition model to evaluate disease
progression along the AD continuum and the clinical outcomes of a closed cohort over a
fixed time horizon, assessing disease incidence and prevalence by health state, as well as
rates of institutionalization and death.

A counterfactual, delayed onset scenario was also modeled using a slower progression rate
from normal cognition to MCI due to AD.

Patient-level, longitudinal data used to estimate transition probabilities between health
states, institutionalization, and death were obtained from the National Alzheimer’s
Coordinating Center (NACC) Uniform Data Set (UDS). The UDS contains prospectively
gathered data on all patients enrolled in Alzheimer’s Disease Centers across the US,
including annual cognitive evaluations and interviews with subjects and caregivers [14]. The
UDS was created to provide longitudinal data on aging across the continuum of normal
cognition, MCI, and AD dementia [15]. Information was available on over 30,000
individuals with varying degrees of cognitive impairment from 2005 through 2014. Data are
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gathered prospectively by clinicians, neuropsychologists, and other research personnel, and
include information on demographics, dementia history, neurological exam findings,
functional status, neuropsychological test results, clinical diagnosis, and apolipoprotein E
(APOE). The NACC database is funded by National Institute on Aging/National Institutes of
Health Grant U01 AG016976.

2.3. Analyses

2.3.1. Phase I: Estimation of Transition Probabilities—This phase of the analysis
included all patients in the NACC UDS with more than one visit while aged =65 years, so
that transitions could be evaluated. Baseline characteristics, including demographics (age,
gender, race, ethnicity, education, marital status), living situation (lives alone, able to live
independently, residence type), health history (family history of dementia, comorbidities),
behavioral issues (agitation, irritability, nighttime behaviors), and clinical measures (APOE
genotype), were assessed for all patients at their initial visit in the study.

Each patient-visit was categorized to a health state based on clinical diagnosis (normal
cognition, non-dementia Cognitive Impairment (Cl), dementia), the global Clinical
Dementia Rating (CDR) scale (a composite index of cognitive function designed to measure
dementia severity), and history of primary etiologic diagnosis of cognitive impairment (e.g.,
AD, dementia with Lewy bodies, vascular dementia) (Table 1). Patient counts and
characteristics were compared across starting health states in the model, using chi-squared
tests for categorical variables. Age-specific transition probabilities to each health state were
estimated using a multivariate ordered probit model, controlling for the patient’s health state
at the prior visit and their current age. A covariate for days elapsed since the prior visit was
included to adjust for variation in visit frequency. This approach assumes that a latent,
continuous metric (e.g., Cl) underlies the ordinal observations (¢e.g., clinical diagnosis of
disease severity).

Separate multivariate regression models were used to assess the likelihood of
institutionalization and death, conditional on patient health state and age. This approach
models the likelihood of the binary outcome conditional on individual risk factors to
estimate age-state specific probabilities of institutionalization and death. Institutionalization
was not considered a distinct health state, but was modeled separately to predict the
likelihood of institutionalization for patients within each health state, as has been done in
prior studies [9, 11, 13]. Age- and state-specific likelihood of progressing to death was
estimated separately from the health state transitions, given the non-ordinal nature of
transitioning from CI severity levels to death. For patients who did not progress to AD, a
multivariate model of transitioning to non-AD CI (MCI not due to AD or non-AD dementia)
was estimated conditional on age to produce age-specific probabilities.

Transition matrices were developed for each age and state. Predicted probabilities from the
regression coefficient estimates were generated for each row of the age-specific transition
matrices using Stata software (version 13.1, Stata-Corp LP, College Station, TX 77845, US),
with rates proportionally adjusted to sum to 100%. To account for diagnostic or
measurement error, patients observed to transition from CI back to normal cognition and
from AD-related dementia back to normal cognition or MCI due to AD were assumed to
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remain in their prior health state. Studies suggest that observed reversion in cognitive decline
based on tests of cognitive performance is likely due to measurement error, and is not
reflective of changes to the neurodegenerative process [16]. Patients who appear to improve
from MCI to normal cognition remain at increased risk of transitioning to dementia [17], and
patients with a previous CDR of 0.5 (which has been used to define MCI) often have AD
pathology at autopsy [5]. Reversion or improvement within AD dementia (e.g., from severe
to moderate AD dementia) was estimated based on the results of prior studies of AD
progression [9,11].

2.3.2. Phase II: Simulation of Delayed Onset of MCI due to AD—In Phase I, a
health state transition model based on the age-specific transition probabilities estimated in
Phase | was used to assess disease progression and lifetime outcomes for a hypothetical
cohort of patients with and without a reduction in the annual risk of AD progression from
normal cognition. The structure of the health state transition model is shown in (Fig. 1).
Patients begin the model at age 65 in the state of normal cognition, and are assumed to have
characteristics and risk factors of the average patient in the NACC UDS data. In each year,
they have a probability of transitioning along the AD continuum, developing non-AD ClI, or
remaining in the same state, based on their current state and age. All health states have an
age-specific probability of transitioning to death. Patients also have a risk of requiring
institutionalization, conditional on their health state and age.

The annual incidence and prevalence of MCI due to AD and AD dementia were estimated,
and the number of patient-years spent in each health state were totaled over the time horizon
of 35 years. Time spent in institutionalized settings and dead, as well as years of survival,
were evaluated. To simulate a delay in the onset of MCI due to AD, counterfactual
progression was modeled assuming a 20% reduction in the annual risk of transitioning from
normal cognition to MCI due to AD. Differences in incidence, prevalence, mortality, and
institutionalization between the two scenarios represent the effect of delays in the onset of
MCI due to AD. A sensitivity analysis was also conducted assuming a 2-year fixed delay in
the risk of progressing from normal cognition to MCI due to AD, rather than a reduction in
the annual transition probability.

3. RESULTS
3.1. Study population

This study included 18,103 patients from the NACC UDS with >1 visit while =65 years old.
Baseline characteristics of the patients included in Phase | of the study are shown in Table 2.
Overall, patients had a mean age of 75.7 years (standard deviation=7.3, median=75), 57.1%
were female, 81.3% were White, 12.3% were Black, and 6.9% were Hispanic/Latino
ethnicity. Based on initial visit, 42.0% of patients had normal cognition, 18.6% had MCI due
to AD, and 20.9%, 3.8%, and 1.6% had mild, moderate, and severe AD dementia,
respectively.

Relative to normal cognition, patients with MCI due to AD were older (p<0.0001), married
(0p<0.0001), displayed behavioral disturbances (p<0.0001), took medication for AD
symptoms (0<0.0001), and possessed APOE e4 alleles (p<0.0001). In addition, they had an
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elevated prevalence of diabetes (p<0.01), hypercholesterolemia (p<0.0001), and
hypertension (p<0.0001), as well as nearly double the frequency of depression (£<0.0001).
Finally, males accounted for a higher proportion of patients with MCI due to AD versus
those with normal cognition (p<0.0001). These trends were generally similar across the AD
dementia spectrum (Table 3).

3.2. Phase |I: Estimation of Transition Probabilities

In the estimation of health state transitions, all prior health states and age were significant
predictors of future health states (all p<0.001). The estimated transition matrices indicated
that a normal-cognition age 65 patient has a 92% likelihood of remaining in normal
cognition at age 66 years, a 4% chance of transitioning to MCI due to AD, a 3% probability
of being diagnosed with non-AD cognitive impairment, and a 1% chance of death. These
risks increased with age, so that at age 75 years, a normal-cognition patient had a 5% chance
of developing MCI due to AD ( Table 4).

The estimated risk of institutionalization and death increased with age and severity state.
Rates of institutionalization at age 65 years ranged from 0% for normal cognition through
mild AD to 1% for moderate AD, and 30% for severe AD patients. Mortality rates at age 65
were 1% for normal cognition, 1% for MCI due to AD, and 4%, 9%, and 16% for mild,
moderate, and severe AD, respectively.

3.3. Phase Il: Simulation of Delayed Onset of MCI due to AD

For a person with normal cognition at age 65, the estimated transition probabilities predict
an average age of onset of MCI due to AD of 74.0 years and of AD dementia of 77.1 years,
with an average lifespan of 81.6 years. A 20% reduction in the onset risk of MCI due to AD
slowed the progression to AD-related dementia and extended time to death (Fig.2). For a
cohort of 100 normal cognition patients at age 65 years, reducing annual progression to MCI
due to AD by 20% avoided 5.73 cases of MCI due to AD and 5.60 cases of AD dementia
over the 35-year time horizon. In addition, the reduction increased time with normal
cognition by 0.91 years, delayed average time to AD onset by 0.57 years, reduced time spent
institutionalized by 0.03 years, and increased survival by 0.42 years. Overall, relative to the
base case, the reduction increased time spent in normal cognition (+9% cumulative years)
and reduced time spent in more severe AD states (-13%, —14%, —14%, and —15% for MCI
due to AD and mild, moderate, and severe AD, respectively) or dead (-2.3%).

A sensitivity analysis was conducted assuming a 2-year fixed delay in the onset of MCI due
to AD instead of a 20% annual risk reduction (/.e., patients faced a risk of transitioning
beginning at age 67). The impact on patient outcomes was similar, with the delay slowing
progression to AD-related dementia and extending time to death (Fig. S1). For a cohort of
100 normal cognition patients at age 65 years, a 2-year fixed delay in the risk of
transitioning from normal cognition to MCI due to AD increased time with normal cognition
by 0.83 years, avoided 4.00 cases of AD dementia, delayed average time to AD onset by
1.47 years, reduced time spent institutionalized by 0.03 years, and increased survival by 0.42
years.
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4. DISCUSSION

This study used real-world longitudinal data to estimate age-specific disease progression
rates for the full AD continuum, from normal cognition to MCI due to AD to mild,
moderate, and severe AD dementia. Annual transition probabilities to more severe states at
age 65 were 8% for normal cognition, 22% for MCI due to AD, and 25%, 36%, and 16% for
mild, moderate, and severe AD, respectively. The likelihood of progression increased with
age for each health state. In addition, rates of institutionalization and death increased with
age and AD severity. Given the estimated progression rates, a health state transition model
was developed to simulate outcomes for a cohort of 100 patients at age 65 with normal
cognition who face a risk of eventually developing AD-related or non-AD CI. To
demonstrate how the model and underlying transition probabilities could be used to evaluate
the impact of a hypothetical disease-modifying treatment that slows CI progression and
improves on the current standard of care, a simulation was conducted assuming a 20%
reduction in progression from normal cognition to MCI due to AD to assess the impact of
delaying the onset of MCI due to AD on time spent in severe AD disease states, life
expectancy, and AD dementia-related institutionalization and death in the US.

Results showed that higher AD severity states were associated with elevated risks of
institutionalization and death. Delaying the onset of MCI due to AD delayed the progression
to AD dementia, increased life expectancy, and reduced time spent in severe AD dementia
health states and in a nursing home setting. These data suggest that delays in the onset of
MCI due to AD change the trajectory of AD dementia, increasing time spent with normal
cognition. Importantly, the study demonstrates that even modest delays in the onset of MCI
due to AD have beneficial outcomes. To the authors’ knowledge this is the first study to
address the full cognitive decline continuum in AD. Such research is in accordance with The
National Institute on Aging/Alzheimer’s Association Diagnostic Guidelines for Alzheimer’s
disease, which were updated in 2011 in recognition of the need to address the full spectrum
of AD rather than only the later stages when symptoms of dementia were already apparent
[2, 6, 18,19].

The transition probabilities estimated here update and expand on previous studies assessing
progression between stages of AD, institutionalization, and death. Several studies used an
earlier version of the NACC UDS data to evaluate AD progression across more limited sets
of cognitive states, with differences primarily driven by mortality rate estimates. Spackman
et al. [9] estimated comparable progression rates at age 77 for mild and moderate AD (77%
vs. 71% likelihood of remaining in mild AD and 50% vs. 45% for moderate AD), but much
higher mortality for severe AD (48% vs. 22%), and did not include patients with normal
cognition or MCI. Bloudek et a/. [13] also estimated a much higher transition probability to
death for severe AD (90%) in a study restricted to AD dementia patients. Both studies
evaluated the odds of death in a multinomial regression along with the other health state
transitions, which may have increased their mortality estimates. The mortality rates found
here are very similar to those from studies relying on survival analyses to produce death
transition probabilities. Neumann et a/. [11] evaluated progression among AD patients using
data from the Consortium to Establish a Registry for Alzheimer’s Disease, finding annual
transition probabilities to death of 15% for severe AD, compared with 16% at baseline in
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this study. Using the NACC UDS, Olchanski et a/. [10] similarly estimated age-specific
mortality rates for MCI (3% vs. 2% in this study), mild AD (6% vs. 6%), moderate AD
(15% vs. 12%), and severe AD (23% vs. 21%) at age 75 in a study of patients with AD-
related CI. Finally, Hubbard and Zhou [12] assessed risk factors in transitioning from normal
cognition to MClI and AD, but did not separate AD severity levels, nor produce annual
progression rate estimates. Thus, the current study is the most comprehensive in estimating
the full transition matrix across the AD spectrum (including normal cognition, MCI due to
AD, mild AD, moderate AD, and severe AD), the likelihood of institutionalization and death
for each disease state, and modeling age-related progression.

The modeled cohort outcomes are supported by observations from previous reports. Using a
stochastic, multistate model in conjunction with the United Nations’ worldwide population
forecasts and data from epidemiological studies of the risks of AD, Brookmeyer et al. [4]
showed that even small delays in the onset and progression of AD could sig nificantly
reduce the global burden of AD. A delay in both disease onset and progression by one year
was predicted to reduce the number of AD cases in 2050 by 9.2 million, with nearly the
entire decline attributable to decreases in persons needing a high level of care [4]. A report
by the Alzheimer’s Association concluded that a hypothetical treatment introduced in 2025
that delays AD onset by five years could reduce the proportion of the US population aged
>65 years living with AD to 8% versus 11% under the current trajectory in 2030, and to 9%
versus 16% under the current trajectory in 2050 [1]. Budd et a/. [20] used Markov models to
simulate transitions of AD patient cohorts beginning in predementia, and followed for ten
years. Treatment with hypothetical disease-modifying therapies that reduced the annual risk
of progression by 25% increased life-years in predementia/mild states from 3.2 to 4.2 and
decreased life-years spent in moderate/severe AD from 2.6 to 2.2. Average time in the
community increased from 4.4 to 5.4 years, and time in long-term care decreased from 1.3 to
0.9 years [20].

A clearer understanding of the relationship between a delay in MCI onset due to AD and AD
disease trajectory will have important implications for payers. In 2015, the cost of care for
people living with AD and other dementias in the US is expected to total $226 billion [1].
Based on the current trajectory of AD, costs are projected to increase to over $1.1 trillion in
2050 [1]. A hypothetical treatment in 2025 that delays the onset of AD by five years could
reduce the total costs of AD care in 2030 from $451 billion under the current trajectory to
$368 billion. In 2050, total costs could decrease from $1.101 trillion under the current
trajectory to $734 billion, a savings of $367 billion [21]. Further research is required to
substantiate these predictions and to quantity the benefits of delaying entry into more severe
AD states and long-term care, as well as reducing time spent in the more severe and costly
AD health states.

This study had several limitations. First, because patients voluntarily enter the data or are
referral-based, they do not necessarily comprise a representative sample of the US
population. As such, transitional probability estimates may not be generalizable outside of
the NACC UDS. Second, progression/staging was modeled based on CDR and does not
consider changes to specific symptoms or mechanisms of the disease. Third, data are
collected annually, which introduces measurement error in the timing of transitions, and
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multiple transitions between visits will not be observed. Fourth, the NACC UDS has
potentially incomplete institutionalization and death data; both are expected to be under-
reported, which may downwardly bias the estimated benefits of delaying disease progression
to more severe health states. Finally, estimates are for a closed cohort, and do not account for
dynamics such as incidence, diagnosis, treatment, and mortality rates, which would be
included in an open cohort epidemiological model.

CONCLUSION

In conclusion, this study produced age-specific disease progression rates across the full AD
continuum, including normal cognition through MCI due to AD and severity levels of AD
dementia. A model based on these rates demonstrated that delaying the onset of MCI due to
AD delayed in turn the progression to AD dementia, reduced time spent in severe AD
dementia health states and long-term care, and increased life expectancy. This study suggests
that therapies with the potential to delay the onset of MCI due to AD could have significant
implications for rates of AD dementia and AD-associated institutionalization and death.
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Normal Mild AD Mod. AD
cognition dementia dementia

Fig. ().
Schematic of health state transition model. Patients begin the model at age 65 years in the

state of normal cognition. Patients are at risk of transitioning along the indicated paths if
they have a primary etiologic diagnosis of AD at any visit. Patients are at risk of
transitioning to the non-AD CI state, which includes MCI not due to AD and non-AD
dementia if they do not receive a primary etiologic diagnosis of AD. All health states have a
probability of transitioning to death and institutionalization.

AD, Alzheimer’s disease; Cl, cognitive impairment; MCI, mild cognitive impairment.
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MCI Mild AD Moderate AD e Severe AD
= = e Delayed == == == Delayed Delayed = == e Delayed
15.0% A
10.0%
5.0% -
0.0% -
Percentage transitioned to MCI due to AD Percentage transitioned to AD dementia Percentage transitioned to death
e=Base progression === Delayed progression e=Base progression e====Delayed progression e=Base progression e===Delayed progression
50.0% - 50.0% - 100.0% -
40.0% - 40.0% - 80.0% -
30.0% - 30.0% - 60.0% -
20.0% - 20.0% - 40.0% -
10.0% - 10.0% - 20.0% -
0.0% e 0.0% e 0.0%
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Years since age 65 Years since age 65 Years since age 65
For a cohort of size: 100

For a 20% reduction in risk of MCl due to AD:

Cases of MCl due to AD avoided: 5.73
Cases of AD dementia avoided: 5.60
Average delay in onset of AD (years): 0.57
Average increase in patient survival (years): 0.42
Average increase in time with normal cognition (years): 0.91
Average reduction of time in long-term care (years): 0.03
Fig. (2).

Modeling the effects of a 20% reduction in the onset of MCI due to AD in a cohort of 100
normal cognition patients at age 65 years. A: Progression with and without a 20% risk
reduction in onset of MCI due to AD; B: Transitions with and without a 20% risk reduction
in onset of MCI due to AD; C: Epidemiology results for 20% risk reduction in onset of MCI
due to AD.
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AD, Alzheimer’s disease; MCI, mild cognitive impairment.
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Table 1.
Definition of health states.
Health State Definition
Normal cognition Diagnosis of normal cognition at visit
MCI due to AD Diagnosis of non-dementia CI AND diagnosis of MCI due to AD at visit or primary etiologic diagnosis of AD
at any time

Mild AD dementia Diagnosis of dementia at visit AND primary etiologic diagnosis of AD at any time AND CDR<2

Moderate AD dementia Diagnosis of dementia at visit AND primary etiologic diagnosis of AD at any time AND CDR=2

Severe AD dementia Diagnosis of dementia at visit AND primary etiologic diagnosis of AD at any time AND CDR=3

Non-AD cognitive impairment  Diagnosis of Cl or dementia at visit AND no primary etiologic diagnosis of AD at any time

AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; CI, cognitive impairment; MCI, mild cognitive impairment.
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Table 2.

Baseline characteristics of study population.

Characteristic, n (%)

All Patients (n=18,103)

Age in years, mean (SD) [median]
65-74

75-84

85-94

95+

Female

Race/ethnicity

White

Black

Other/unknown

Hispanic *

Education Level

High school or less

College

Graduate school

Unknown

Marital status

Married
Widowed/divorced/separated
Never married
Other/unknown

Living situation

Lives alone

Able to live independently
Residence

Single family residence
Retirement community
Assisted living boarding home
Skilled nursing facility /nursing home
Other/unknown

Health history

First-degree family member with dementia
Congestive heart failure
Cerebrovascular disease
Depression

Diabetes
Hypercholesterolemia
Hypertension

Incontinence

Curr Alzheimer Res. Author manuscript; available in PMC 2018 September 26.

75.7 (7.3) [75]
8,383 (46.3%)
7,382 (40.8%)
2,236 (12.4%)
102 (0.6%)
10,336 (57.1%)
14,713 (81.3%)
2,221 (12.3%)
1,169 (6.5%)
1,251 (6.9%)
4,955 (27.4%)
7,273 (40.2%)
5,793 (32.0%)
82 (0.5%)
11,327 (62.6%)
5,876 (32.5%)
758 (4.2%)

142 (0.8%)
4,856 (26.8%)
12,255 (67.7%)
15,669 (86.6%)
1,328 (7.3%)
381 (2.1%)

189 (1.0%)
536 (3.0%)
9,484 (52.4%)
328 (1.8%)
2,981 (16.5%)
4,913 (27.1%)
2,246 (12.4%)
8,981 (49.6%)
11,378 (62.9%)
3,002 (16.6%)
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Characteristic, n (%0)

All Patients (n=18,103)

Ischemic attack
Parkinson’s disease
Psychiatric disorders
Seizures

Smoking

Stroke

Thyroid disease
Behavioral disturbances
Agitation

Irritability

Nighttime behaviors

Drug use

Anxiolytic, sedative, or hypnotic agent
Antidepressant
Medication for AD symptoms
Antiparkinson agent
Antipsychotic agent
Number of APOE e4 alleles
Zero

One

Two

Unknown

Cognitive state

Normal cognition

MCI due to AD

Mild AD dementia
Moderate AD dementia
Severe AD dementia
Non-AD CI

329 (1.8%)
366 (2.0%)
644 (3.6%)
124 (0.7%)
652 (3.6%)
709 (3.9%)
2,887 (15.9%)
3,373 (18.6%)
4,889 (27.0%)
3,316 (18.3%)
1,854 (10.2%)
4,500 (24.9%)
4,924 (27.2%)
684 (3.8%)
620 (3.4%)
8,514 (47.0%)
4,758 (26.3%)
861 (4.8%)
3,970 (21.9%)
7,612 (42.0%)
3,370 (18.6%)
3,775 (20.9%)
681 (3.8%)
292 (1.6%)
2,373 (13.1%)

*
Ethnicity assessed separately from race, thus does not add to 100%.

AD, Alzheimer’s disease; APOE, apolipoprotein E; CI; cognitive impairment; MCI, mild cognitive impairment; SD. standard deviation.

Curr Alzheimer Res. Author manuscript; available in PMC 2018 September 26.

Page 16



Page 17

Davis et al.

wxx (WLV) 2T xxx (L0) 2 sxx (LE) ST sxx (%8G  6TC  xxx  (%6'9) €8T (%L'6) Ll Anunwiwoo juswainey
(%T°28)  190T wxx  (%8FS) 09T sxx  (%528) 295 (%8'28) gIg'e (%898) 9z6'c (%zL8) 6€9'9 aouapisal Ajiuey a16uls
3ouapIsey
sxx (%0°98)  6ZET  xxx  (%E0) T sxx (W6T) €T sxx  (%6'VC) 8E6  xxx  (%E9L) 05T (%E'L6) Yov'L Anuapuadaput anl| 03 3|9y
wex (%V02) 987  wxx  (WFT) ¥ wxx (%90T) 2L wwx  (WELT) €59  wxx  (%992) G68  (%T9€) Ll'e auo[e SaAI]
uoirenis Buinl
(%01) 2 (w200 ¢ (%e1) 6 e (%€0) TT (%80) /2 (%6°0) 69 umouNun/1aYIO
wxx (WEE) 6L (%re) 0T < (%827 6T  sxx  (%97) 66 w (wzy)  ovT  (%bS) 14117 paLLIewW JanaN
xxx (%6'G2)  ¥T9 (%088) TIT <., (%6TY) S8 xxx (%G62) EIT'T xxx (%162 086  (%¥'9€) €11'T palesedas/paoloNIp/paMOPIA
sxx (%8'69) 999'T (%6'28) 69T (%07S) 898  wxx  (%9°29) TSG'T xxx  (%0'99) €22C (%ELS) 6SE'Y paLUeN
snels |ellueiN
(%90 1 wex (W2 L (%60 9 (%s0) L1 * (%20 9 (%v°0) I43 umoudun
sxx (%E6Z) 969  xxx  (%GBT) LS wxx  (%86T)  GET  wxx  (LVZ) €66 xx  (%L€E) GET'T  (%E'LE) L£8'C [ooyos srenpel
(%E0F) 956 (%52€)  G6  wxx  (WB'TE)  LTT  wxx  (%ELE) 6OV'T (w80or) 9T (%eTH) ocz'e afa|00
xxx (%862) L0L  wxx  (%9SK) €T sxx  (%VLV) €€ sxx  (WGLE) OTH'T wxx  (%EST) €S8 (%002) €28'T $59] J0 [00y2s YBIH
|3A8] uoledINP3
sxx (%T'8)  TOT  wxxe  (%8IT) 67  xxx  (%T9T)  OTT  wwxe (WL  T62 = (%v'9) stz (%eS) ¥6€ oluedsiH
wxx (WGL)  BLT  xx (%e6) L2 sxx  (WEOT) VL sxx (W€D VLT« (%r9) vz (%es) 107 UMOUNUN/IBYIO
«x (%ETT) 892 (%911)  ¥E  « (%2°9T)  ¥TT  wxxe  (%OTT) 9TV  xxx  (%V0T) TSE  (%9'€ET) 8€0'T Yoe|g
(%z'18) 926'T (%16  T€Z  wxx  (WbTL) €6V (%.'18) G80'C xx  (%T'€8) S08C (%I'18) eLT'9 aUUM
?dey
«xx (%6'GY) 880'T (%L29) €8T « (%7'T9) 8TV xxx  (%0'€S) TO0T xxx (%005 ¥89'T (%2'S9) 296'7 alewad
e (%T0) € x (w12 9 * (wzT) 8 (%90) €z (%20) 2z (%5°0) o +56
wxx (OT°9)  GFVT  wxx  (%602) T9  sxx  (%C€Z)  8ST  xx  (WYYT)  GFS (wren) v (%o2n) 016 76-G8
(%6'€€) V08  xx (%9°97)  9ET  wxx  (%L'OV)  8TE  xxx (%T6Y) GG8'T wxx (%E9Y) 09G'T  (%9°GE) 60L'C ¥8-GL
sxx (%6'65)  TZW'T  wxx  (%G0E) 68  xxx  (%6'82)  L6T  wxx  (%8GE) TSE'T smx (WLOV) TLET (%6T9) €56'€ 7.-G9
s1eak ul aby
solydesbowsq

(eLeT=U) (c6z =) (Tgo= (GLL'e =) (0Lg'g=u) (219'2=U) UOIUBOD [EULION (%) U "9ns1eIRIRYD

1D Qv-UoN BUBWSP QY 819A3S  U) BRUSWSP AV "POIN enusWap av PN av 01 8np IO

Author Manuscript

‘€ 9lqeL

Author Manuscript

"31e1Ss aAIIuboo Aq SaNs1Ia1oRIRYD auljaseq

Author Manuscript

Author Manuscript

Curr Alzheimer Res. Author manuscript; available in PMC 2018 September 26.



Page 18

Davis et al.

sxx (%GL)  BLT  wxx (%LLE)  OTT  wxx  (%OVT)  G6  wxx  (%E€V)  TIT  sxxe  (%2T)  OF (%50) g 1uabe anoydhsdnuy

xxx (WGET)  TeE (%Te) 6 * (%01) L (e v8 (wT2) oL (%s72) €61 1uabe uosupiredinuy

sxx (%E6C) V69  wxx  (%GL9)  L6T  wxx  (%OLL) V2GS  wxx  (%9°29) TSS'T  sxx  (W¥'GZ) GS8  (%V'T) €0T swodwAs Qv 10} UoEIIP3IN

sxx (%TLE) 788 wxx  (LBY)  GUT  wxx  (%G6E) 69T  mxx  (WNGEE) €9T'T  smxx (WGVE) 28 (%LVT) LTT'T uessaadapnuy

o O6VST) 998 e (WTUT) 08 %18 S5 . (%T8)  woe %zor) e (%L%6) seL 1o o e

asn bnuQg

wxx (WLOE)  62L  wxx  (%CTE) V6 wxx  (%CTE)  6TC  xxx  (WGGT) €96 wxx  (%S6T) 859  (%9'8) €59 sloineyad swmybIN

sxx (%T'8E) €06  xxx  (%8VG) 09T  wxx  (%6VS)  VLE  wxx  (%9EV) AT sxx  (%OTE) YYO'T  (%00T) 29 Aunaeya

sxx (%GLT) TG wxx  (%L79) €8T wxx  (%TO0S)  TWE  wxx  (%9TE)  TETT  amxx  (%9LT) €65 (%6'V) T.€ uoneby

S8oURQgINISIP [edoIneYsg

xx  (%EVT)  Ove (%0ovT)  Tv (%2'8T)  ¥ZT  xxx (%6€T) 925  « (%26T) 628 (%¥'LT) Lee'T aseasip ploJAy L

srx (%G'9)  GGT  wxx  (WTL) TC wxx (WTL) 6V wxx (%0'Q) 28T smxx  (W2€) 92T (%E€Q) 1.7 oS

(%Tv) 86 * (%01) € (%vy) o (wse) et (wee) 80T  (%L€) 08¢ Burows

e (WCTT) 82 wxx (%8YV) VT xx (wzT) 8 « (W20) L2 (%90) 02 (%t0) L2 saunzies

sx (%9°G)  EET (%b'€) 0T  xx (ry) 08 xxe (L€ OVT  sxx  (WEV)  WWT  (%ST) 18T s13pJosip oLITelydAsd

«xx (%L6) O£ (%L1) S (%90 v (%60 € xex (WE0) 6 (%T1) 98 aseas|p s,uosuiied

(%e2)  vs (L2 8 (wz2) st (%e2) 88 (%LT) LS (%¥'1) L0T >oe1re d1Ways|

sxx (2T L2S wxx (WBTL)  0TC  wxx  (%CTE)  6TC  wxx  (%69T) 6€9  smxx (WLYD) G6F  (%072T) 216 80UBUNUOdU]

(%ce9) 66V'T xxx  (%69V)  LET (%0€9) 62V xx  (WEVI) LTV'T wxx  (%099) GZCT (%CT9) 199'% uoisuajradAH

(%028)  VECT xxx  (%STE) 6 (%9Ly)  wee (%6'08) 226'T (%1€S) 06T  (%S'Lv) 6T9'C elWws|0481s3|0y218dAH

wxx (%6'YT)  ¥GE (%€2T) 98  wxx  (%0LT)  9TT (%12T) 8GF  xx  (%62T) 98v  (%T'TT) o8 seleqeld

wxx (%96E) BE6  wxx  (%06E)  PIT  swx  (%WTOV) €12  sxx  (%0°LE) L6E'T (%6'62) L00T (%S'ST) €8T'T uoissaada@

* (%5'L1) vy (%e2T) 9 (%9L1) 02T (%8'9T)  €£9 (%z'L1) 085 (%L'ST) 86T'T 8seasIp Je|NIseA0IgaIad

(%.1)  ov (w2 2 (wre) 12 (%6'1) 1L (%81T) 09 (%L7) 62T aan|re 1eay annsabuod

o 6T 0T ax (%9T9) 08T (%EV) O wmx (%699 OVTT xe  (%TVS) 28T (%509 org' JoquIaLw A{1Lue; ba10ap 11

Klos1y yeaH

(wee) L (wre) L (%s2) Lt (weo) 28 e (L) IST  (%977) 96T UMOUNUN/IBYIO

wx O6T2) 6V e (4ZTE) V6 wwx (T TC s (690)  TC %00 T (%00 £ BUISINU 19 BUSING Pl

xxx (%67) 89 wrx (%6'6) 62  wxx  (%28) 9SG sxx  (%LE)  BET  wxx  (%9T) €S (%5°0) L€ auwoy Buipseoq/Buini] palsissy
e o m_ucw&wwNn_l% - u) m_ucmmmw av pow m_ucmwmmnmm% w__E oqmqumm o (@192 vonuBoo rusion (%) u ohsuare eyd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Alzheimer Res. Author manuscript; available in PMC 2018 September 26.



Page 19

Davis et al.

“uawredwil aARIuBod pliw ‘[N uswaredwi aAubod ‘19 (3 uislosdodijode ‘3OdY ‘aseasip S.Jawidyz|y ‘av

'S9|qelLIeA [e0110681.d 10} 1581 10BX® S, Jaysi4 Buisn uoiiubod [ewou o} aAle[al palenofes souediiubis jeansiels [9]

"awn Aue 1e Qv Jo sisoubelp a160jons Arewid ou pue enuawap 1o Juswiredwi aAiubod Jo sisoubelp e se pauap | Av-UoN [s]

"9JaA8S 10} € pUR ‘a]eJ8poW 10} Z ‘PJIW 10} Z> :8100S

Had [eqolb Aq pauiwiaiap A11aAsS “awil Aue e Qv 4o sisoubelp a160jo11a Atewid e pue elIUsWap Jo sisoubelp e se paulyap enuawap av []

‘awn Aue 1e Qv Jo sisoubeip

21601018 Arewnid e 10 3sned ay Se Qv JO UOREIIUSPI pue Juawlredwi aARIuBOD erUBWap-UoU 4o sisoubelp e se pauysp gy 03 anp 1O [€]

‘(erauawiap pue Jusw.redwi 4o aouasqe “g7) uonubod fewlou Jo sisoubelp e se paulyap uoniuboo jewlop [z]

*18p|0 10 G9 abe B|IYM SHSIA ZZ Yim sjuaired [[e sepnjou| “Iapjo 10 G9 8Bk UaUM MSIA 1811y 8] Je Passasse solstisloeleyd auljaseq [1]

:S310N

uoniuBod [ewou 01 aANR8I SUOSLIEAWO (8 ‘T000 0>U=xxx ‘T0'0>0=xx :G0'0>0=x

wx (%L7L2) 1S9

e (%0€) 0L
(%b'12) 805

wxx (%087) 8ET'T

F¥¥

F¥¥

F¥¥

FH¥

(%e've) 00T
(wz8) e
(%50g) 68
(%T'22) 6L

e (WY'TE)  ¥IC
sxx (%T8) G

e (%928) 222
sxx (%622) 06T

e (%6'T2) 128
wxx (%L°0T) €OV
wxx (%T°GE)  92€'T
wxx (%ETE)  BTCT

XK

FH¥

FHK

(%5'02) 269
(%5'G) 98T
(%z'0g) L10'T
(%8'er) GLY'T

(%t'6T) 08v'T
(%9'1) eetT

(%0'12) 965'T
(%0°89) eIv'y

umouun
oML

Elile}

(EY4

Sop|e 0 30dV40 BquinN

(eL87=u)
1D @v-UoN

(z62 = U)

eIIUBWAP AV 343A3S

(189 =
U) euswap Qv ‘PoN

(SL2'€=u)
enuswep av PIIA

(0L€'c=u)
av 01anp IO

(219‘2=U) uoniubos rew.ioN

(%) u ‘anstivRIRYD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Alzheimer Res. Author manuscript; available in PMC 2018 September 26.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Davis et al.

Table 4.

Estimated transition matrices. A: Age 65; B: Age 75.

A
Age 66
Normal | MCI | Mild AD | Mod. AD | Severe AD | Non-AD CI | Death
Normal 92% 4% 0% 0% 0% 3% 1%
MCI - 78% 21% 0% 0% - 1%
Mild AD - - 75% 19% 1% - 4%
Age 65 | Mod. AD - - 15% 49% 27% - 9%
Severe AD - - 0% 5% 79% - 16%
Non-AD CI - - - - - 93% 7%
Death - - - - - - 100%
B.
Age 76
Normal | MCI | Mild AD | Mod. AD | Severe AD | Non-AD ClI | Death
Normal 90% 5% 0% 0% 0% 3% 1%
MCI - 75% 23% 0% 0% - 2%
Mild AD - - 2% 21% 1% - 6%
Age 75 | Mod. AD - - 13% 46% 29% - 12%
Severe AD - - 0% 4% 76% - 20%
Non-AD CI - - - - - 90% 10%
Death - - - - - - 100%

AD, Alzheimer’s disease; CI, cognitive impairment; MCI, mild cognitive impairment

Page 20

Estimated using a multivariate ordered probit of health state conditional on age and health state in the prior year; transitions from normal cognition
to non-AD ClI estimated in a separate probit controlling for age and age-squared; death may be underreported in the NACC data. Rates adjusted to

sum to 100%.

AD, Alzheimer’s disease; ClI, cognitive impairment; MCI, mild cognitive impairment.
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