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1. Introduction

Knowledge of the pathogenesis of pre-clinical Alzheimer’s disease (AD) has grown
enormously. Several National Institute on Aging and the Alzheimer’s Association (NIA-AA)
joint working groups have developed guidelines for the stages of preclinical Alzheimer’s
disease and revised criteria for diagnoses [1-3]. The pre-clinical period begins years before
onset of clinical disease [4, 5]. The diagnosis of persons with preclinical disease is
potentially important because persons may be more likely to benefit from disease modifying
treatments if interventions occur before the occurrence of significant brain damage [6]. We
use the terms primary prevention to refer to interventions designed to be implemented before
the occurrence of brain pathology, and secondary preventions to refer to interventions
designed to slow progression to clinical disease (e.g., mild cognitive impairment or
Alzheimer disease) among persons who already have some brain pathology [7]. A recent
consensus report that reviewed the current state of evidence on interventions to prevent
cognitive decline and onset of dementia concluded that while at present no specific
prevention interventions are strongly supported by the available scientific evidence,
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cognitive training, blood pressure management and increased physical activity may provide
some prevention benefit [8]. Recently a number of promising drugs failed to show clinical
benefit in double blind placebo controlled trials in persons with mild to moderate dementia
due to AD, and one hypothesis for those disappointing findings is that the drugs were
administered too late in the disease course [9]. The development of prevention interventions
is a rapidly evolving field especially with increased understanding of biomarkers and the
preclinical course of Alzheimer’s disease.

Forecasts of pre-clinical and clinical disease stages are important from a number of
perspectives. First, the resources needed to care for patients vary considerably by clinical
stage. Second, prevalence estimates by disease stage are important for planning as they
provide information about the numbers of persons who could benefit from potential primary
and secondary preventions.

Two approaches have been described for estimating national AD prevalence [10]. The first
approach is based on probability based nationally representative prevalence surveys such as
the Aging, Demographics and Memory Study (ADAMS) [11]. The second approach, called
forward calculation, uses AD incidence rates from epidemiological cohort (longitudinal)
studies, mortality rates, and population projections in a multistate model to forecast AD
prevalence and incidence numbers [12-14]. An advantage of the forward calculation method
is that it can be used to evaluate the potential impact of preventive and therapeutic advances
that delay progression of disease. Here, we generalize the forward calculation method to
incorporate preclinical disease and mild cognitive impairment states into a multistate model.
We use the model to forecast U.S. prevalence of preclinical and clinical disease and to
evaluate the potential impact of primary and secondary preventions on those forecasts.

2. Methods
2.1 Multistate Model

A National Institute on Aging-Alzheimer’s Association (NIA-AA) workgroup proposed a
framework for the preclinical stages of AD [1]. The framework posits that the Alzheimer’s
disease process typically begins with asymptomatic amyloidosis which refers to Amyloid
(AP) deposition which can be detected by specific biomarkers for AR accumulation such as
positron emission tomography (PET) amyloid imaging or low AR 42 in the cerebrospinal
fluid (CSF). The framework postulates that sometime after the onset of amyloidosis, the
disease process advances to neurodegeneration which can be detected by biomarkers
including elevated CSF tau, neuronal dysfunction based on fluorodeoxyglucose (FDG) PET,
or hippocampal atrophy/cortical thinning on volumetric magnetic resonance imaging (MRI).
Neurodegeneration is followed by subtle cognitive decline, onset of mild cognitive
impairment due to AD [2], and ultimately clinical AD [3].

We use a multi-state model largely based on the NIA-AA framework for the preclinical
stages of AD [1]. Our model includes 9 states: 8 preclinical or clinical disease states plus the
death state (Figure 1). Persons can die in any state. The model allows several pathways to
AD. One pathway (red pathway in Figure 1) assumes persons progress sequentially through
the following: normal (state 1), preclinical amyloidosis (state 2), amyloidosis with
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neurodegeneration (state 4), mild cognitive impairment due to AD with both amyloidosis
and neurodegeneration (state 5), early clinical AD (state 7) and late (or advanced) clinical
AD (state 8). Persons in states 7 and 8 have reached the threshold for a clinical diagnosis of
AD, that is, dementia due to AD. While the red pathway is the primary pathway posited by
the NIA-AA working group and most consistent with the amyloid hypothesis of AD [15],
evidence supporting the occurrence of Alzheimer’s disease in the absence of amyloidosis
have also been described [16]. While such pathways have been termed suspected non-
Alzheimer’s disease pathophysiology (SNAP), there is controversy as to whether such
pathways should or should not be considered part of the AD pathological processes [17, 18].
Here we allow for such alternative pathways including occurrence of neurodegeneration
before amyloidosis, and occurrence of MCI due to AD in the presence of neurodegeneration
but not amyloidosis (blue pathways in Figure 1).

The model in Figure 1 differs from the NIA framework in that we do not include a stage of
amyloidosis and neurodegeneration with subtle cognitive decline (called stage 3 in [1])
because we do not believe there is adequate data at this time to provide reliable estimates of
transition rates to and from that stage. Instead, this stage is subsumed into state 4 in Figure
1. The model in Figure 1 differs from the model of Jack and colleagues [19] in that we
include mild cognitive impairment states due to AD; specifically, an MCI state with both
amyloidosis and neurodegeneration (state 5) and an MCI state with only neurodegeneration
(state 6). We refer to the states before the onset of MCI (states 1-4) as preclinical although
we recognize that subtle cognitive impairment may be present in some of these states.

We use a Markov model that allows the transition rates from one state to another state to
depend on person’s current age, and calendar year. The dependence on calendar year is to
allow for the introduction of prevention interventions. The Markov model does not allow the
transition rate to depend on the duration of time the person has already spent in a state, but
rates are allowed to depend on chronological age. The model is implemented as a discrete —
time model in which transitions occur at the end of calendar years. Discrete time models
rather than continuous time models are adequate approximations to Alzheimer’s
pathogenesis because of difficulties in establishing exact ages of state transitions and AD
diagnoses.

Here we provide an overview of the model inputs and methods. The Supplementary Material
gives the technical details including the transition rates used in the model and their sources,
definitions of biomarker defined states, sensitivity analysis methods, and the underlying
forecasting equations.

2.2 Transition Rates

Preclinical and Clinical Transition Rates—The Mayo Clinic Study of Aging is a
longitudinal population-based cohort study of cognitive aging in Olmstead County,
Minnesota [20]. Using data from 1541 participants from the Mayo Clinic Study of Aging,
Jack and colleagues provided a thorough analysis of the preclinical transition rates into
states 2, 3 and 4 in Figure 1 [19]. We used the study by Vos and colleagues [21] to estimate
transition rates from MCI to AD (i.e., transitions from states 5 to 7, and from states 6 to 7).
The Vos study recruited subjects from 13 cohorts in Europe and the United States and is the
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largest published study of progression (i.e., transition) rates from MCI to clinical AD that
measured neurodegeneration and amyloidosis at baseline with at least 3 years of follow-up
that performed time to event (survival) analyses. The study included follow-up of 353
persons in the MCI state 5 and 222 persons in the MCI state 6.

The Mayo Clinic Study of Aging did not separate out MCI in their analyses of transition
rates in [19] but did report transition rates from the combined states 4 and 5 to AD (state 7),
and transition rates from the combined states 3 and 6 to AD (state 7). We used those
estimates in combination with the progression rates from MCI to AD from the Vos study
[21] to determine transition rates into the MCI states using statistical analyses described in
Supplementary Material.

The clinical course of Alzheimer’s disease is generally progressive. Over the course of
illness, the level of care required for a patient can range from adult day care in the early
stage of the clinical illness to intensive nursing home care in late stage of illness. We divided
the clinical period of disease into two states: the early clinical and late clinical stages of AD
(states 7 and 8 in Figure 1). We used an annual transition rate of 1/6=0.167 years of
progressing from early to late clinical AD based on studies that suggested AD patients
require an intensive level of care similar to that of a nursing home after an average of
approximately 6 years from clinical diagnosis [22, 23]. While the clinical progression rates
from early clinical AD (state 7) to late clinical AD (state 8) may depend on age and gender,
we do not believe at this point in time there is adequate clinical data to more precisely
characterize rates of progression for our modeling, however we do report a sensitivity
analysis to this parameter.

Death rates—Mortality rates among persons with Alzheimer’s disease are higher than that
among the general population. Previous analyses indicated that excess mortality associated
with Alzheimer’s disease can be described by an additive model whereby death rates for
patients with late stage clinical AD (state 8) are the background age-gender specific
mortality rates plus an additional excess mortality of 7.8% per year but there is no excess in
mortality rates during early stage clinical disease (state 7) [24]. The mortality rates predicted
by this model are in good agreement with empirical studies [25-26]. We used that model in
conjunction with United States background death rates by age, gender, and calendar year
[26]. We also report a sensitivity analysis to evaluate the impact of excess mortality over
background rates in the MCI states and early clinical AD state (i.e., states 5, 6 and 7) as well
as the late clinical AD state (state 8).

2.3 Modeling Prevention Interventions

We considered potential impacts of disease modifying prevention interventions on
prevalence of preclinical and clinical AD. Transition rates prior to the introduction of the
intervention which are called the baseline rates 7;; (4), refer to the annual rate of transitioning
from state /7at age ato state j(see Supplementary Material). After introduction of the
intervention, the model assumes that the baseline rates are multiplied by proportionality
constants (i.e., the relative risks): specifically, transition rates become 6;;; (). The
proportionality constants (or the relative risks) 6j;characterize the effectiveness of the

Alzheimers Dement. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brookmeyer et al.

Page 5

interventions and specify which transition rates are altered by the interventions. We
considered the three scenarios described below.

First, we considered a primary prevention (1) that lowered risks of amyloidosis. We modeled
the effects of such an intervention by choosing values for 8, (transition from state 1 to state
2) and B4 (transition from state 3 to state 4) that are less than 1 (namely, 61 = 634 =
0.25,0.50,0.75,0.90) and setting other values for 6j;equal to 1. For example, 1, = 634 =0.25
corresponds to a primary prevention that reduces the annual risk of transitioning to
amyloidosis from either state 1 or state 3 by 75% (i.e., risk with intervention for
transitioning to amyloidosis from state 1 or state 3, relative to no intervention is 0.25).

Second, we considered a secondary prevention (I1) that delays progression to MCI from a
preclinical state of neurodegeneration without or with amyloidosis (state 3 or state 4). We
modeled the effects of such an intervention by choosing values for the parameters 6,5 and
s that are less than 1 and setting other values for 6j;equal to 1 (namely, 65 = 636 =
0.25,0.50,0.75,0.90).

Third, we considered a secondary prevention (111) that decreases the progression from MCI
to clinical AD. We modeled effects of such an intervention by choosing values for
parameters 657 and 657 that are less than 1 and setting other values for 6j7equal to 1
(namely, 657 = 657 = 0.50,0.75,0.90,0.95). For this scenario, we considered a modest relative
risk (0.95) because the intervention is acting late in the disease course.

2.4 Forecasting Prevalence of Preclinical and Clinical Disease

We used the multistate model to forecast the age and gender specific prevalence rates by
disease state through calendar year 2060. Persons are assumed in the healthy state before age
30. We calculated prevalence rates by matrix multiplication of the one step transition
matrices (see Supplementary Material). We forecast numbers of individuals living in each
disease state by multiplying age and gender specific prevalence rates by U.S Census
population projections [28]. Our calculations also stratified on gender because U.S. death
rates and census population projections depend on gender.

2.5 Sensitivity Analyses and Corroboration

To address uncertainties in transition rates, we performed sensitivity analyses. We calculated
ranges for prevalences by using a high and low series of transition rates. The high and low
series of transition rates were based on 95% confidence intervals for each transition rate..

To provide some independent corroboration for our model, we compared age specific AD
incidence rates derived from the multistate model to age specific AD incidence rates from a
worldwide systematic review of cohort studies [14]. The systematic review of AD incidence
rates was based only on direct empirical observations of ages of AD diagnoses among
members of 27 cohorts from around the world and were not based on any biomarker
assessments or multistate modeling.
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Table 1 shows prevalence estimates of pre-clinical and clinical AD in the United States. In
2017 there were 3.65 million cases of clinical AD in the United States (range, 1.70-7.62
million). We estimate that approximately 1.54 million (42%) of the 3.65 million cases living
today have late stage clinical Alzheimer’s disease who need level of care equivalent to
nursing homes. We predict by 2060, U.S prevalence of clinical AD will grow to 9.30 million
(range, 4.60-17.82 million). We estimate in 2017 there were 2.43 million Americans
afflicted with mild cognitive impairment due to AD (range, 1.41-4.02 million), which will
grow to 5.70 million by 2060 (range, 3.61-8.34 million). Approximately 73% of those MCI
cases in 2017 have both neurodegeneration and amyloidosis while the remaining 27% have
only neurodegeneration. In 2017, 6.08 million Americans were in one of the clinical disease
states (MCI due to AD, early clinical AD or late clinical AD) (range, 3.11-11.64 million)
and that will grow to 15.0 million by 2060. In 2017, 46.7 million Americans were in one of
the preclinical Alzheimer’s disease states (range, 36.23-57.79 million): 22.14 million
persons had amyloidosis, 8.33 million persons had only neurodegeneration, and 16.23
million persons had both amyloidosis and neurodegeneration. The number of persons with
preclinical AD will increase to 75.68 million by 2060. We estimate the annual incidence of
new cases of clinical AD in 2017 was 540,000 (range, 280,000-973,000) of whom
approximately 89% arose from a state of MCI with both amyloidosis and neurodegeneration
(range, 82%-93%) while 11% arose from an MCI state with only neurodegeneration.

Figure 2 shows the prevalence (in millions) in 2017 by single year of chronological age for
each preclinical and clinical disease state. More than half of those persons currently living
with only amyloidosis are under age 70. The modes of the prevalence curves in Figure 2
increase in the following order: amyloidosis only, neurodegeneration only, amyloidosis and
neurodegeneration, mild cognitive impairment due to AD (states 5 and 6 combined), early
stage clinical AD, and late stage clinical AD. Figure 2 illustrates that the vast majority of
persons who are living with some AD pathophysiology (amyloidosis or neurodegeneration
or both) are in one of the preclinical states (states 2—4 in Figure 1), while only a small
percentage (6.9 %) are in one of the clinical state (states 5-8).

Table 2 shows impacts of potential primary and secondary prevention interventions on the
prevalence of MCI and clinical AD by 2060 (ranges based on the upper and lower series of
transition rates are presented in the Supplementary Material). A primary prevention that
reduces annual risks of onset of amyloidosis by 50% would in 2060 decrease the prevalence
of MCI by 0.69 million (from 5.70 to 5.01) and the prevalence of AD by 2.35 million
persons (from 9.3 to 6.95). A secondary prevention aimed at reducing annual risk of
progression to MCI by 50% would in 2060 decrease the prevalence of MCI by 2.14 million
(from 5.70 to 3.56) and the prevalence of AD by 3.84 million persons (from 9.3 to 5.46). A
secondary prevention aimed at reducing the annual risk of progression from MCI to AD by
50% would in 2060 actually increase the prevalence of MCI by 2.85 million persons (from
5.70 to 8.55) but would decrease the prevalence of AD by 2.54 million (from 9.30 to 6.76).

Figure 3 illustrates the impact of three prevention interventions in Table 2 on Alzheimer’s
disease prevalence for the years 2017-2060: (1) highly effective primary prevention (red
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curve) that lowers annual risks of onset of amyloidosis by 75% (i.e., 61,=634=0.25); (I1)
moderately effective secondary prevention (green curve) that lowers annual risks of
progression to MCI by 50% (i.e., 645=655=0.50) ; (111) modestly effective secondary
prevention (blue curve) that lowers annual risks of progression from MCI to Alzheimer’s
disease by 25% (i.e., G57=657=0.75). Figure 3 also illustrates no intervention (black curve).
We find that the highly effective primary prevention strategy (1) resulted in the lowest AD
prevalence by the year 2060. However, that primary prevention (I) was associated with the
largest AD prevalence in the 15 years immediately following its introduction compared to
interventions 11 or I11. The explanation for this finding is that the full benefits of delaying
amyloidosis in terms of reduced AD prevalence is not realized for many years because of the
long lag time between amyloidosis and clinical AD. A take home message of Figure 3 is that
the full impact on disease burden of primary prevention that targets the early stages of the
pathogenesis of AD on clinical disease burden may not be realized for decades.

The moderately effective secondary prevention in Figure 3 (green curve, 1) resulted in the
greatest reduction in AD prevalence for most of the years illustrated in the figure but was
ultimately surpassed by the primary prevention (red curve, 1) beginning in 2054. The
modestly effective secondary prevention (blue curve, 11) resulted in the greatest AD
prevalence by year 2060 compared to interventions | and Il. Intervention I11 yielded a
slightly lower AD prevalence for 3 years immediately following its introduction compared to
interventions | and Il. The explanation for that finding is that MCI is proximate to clinical
AD diagnosis, and thus the impact of delaying progression of MCI will be seen relatively
quickly on AD prevalence compared to interventions that delay onset of amyloidosis or
MCI.

We sought to determine if AD incidence rates derived from the multistate model are
consistent with worldwide literature. A systematic review of the worldwide literature of AD
incidence found that annual age specific incidence rates grow exponentially and is given by
0.117e127(2-60) o4 per year at age a (for ages = 60) [12]. The systematic review was based
only on direct observations of ages of diagnoses of AD in cohorts and not on any biomarker
assessments or multistate modeling. Figure 4 compares age specific incidence rates of AD
from the systematic review (red curve) with that from the multistate model (black curve).
Annual age specific incidence rates (in % per year) from the multistate model at ages 70, 75,
80, 85, 90 and 95 were 0.31, 0.77, 1.77, 3.54, 6.65 and 10.33 respectively. Annual incidence
rates (in % per year) from the systematic review at the same ages were 0.42, 0.79, 1.48, 2.80,
5.28, and 9.96 respectively. The incidence rates produced by the multistate model are in
good agreement with that from the systematic review. Figure 4 also shows AD incidence
rates produced by the multistate model based on low and high series of transition rates used
in the sensitivity analyses (black dotted lines). Estimates from the systematic review are well
within the bounds produced by the high and low series of transition rates. We recognize that
these comparisons should not be construed to validate each individual transition rate used in
the model; nevertheless they provide some corroborating evidence that transition rated used
in the multistate model produce AD incidence rates consistent with worldwide literature.

We also performed a sensitivity analysis to the progression rate from early clinical AD (state
7) to late clinical AD (state 8). We find that if the mean durations of early clinical AD were

Alzheimers Dement. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brookmeyer et al.

Page 8

4, 6 and 8 years, then the percentage of prevalent clinical AD cases in 2017 (states 7 or 8)
with late clinical AD (state 8) are 53%, 42% and 35%, respectively; however, the total
prevalence of clinical AD (states 7 plus 8 combined) changes by no more than 5%. The
prevalence estimates of the preclinical and MCI states (i.e., states 1 through 6) are
unaffected by changing the progression rate from state 7 to state 8. In addition, we
performed a sensitivity analysis to evaluate the impact of excess mortality over the
background rates in the MCI states (states 5 and 6) and the early clinical AD state (state 7).
To obtain mortality rates in states 5, 6 and 7, we added half of the excess over background
mortality that was used in state 8 (that is, we added 7.8%/2= 3.9% per year to the
background mortality). We found with that adjustment that the estimated 2017 prevalence of
the clinical states (MCI due to AD, early clinical AD and late clinical AD; i.e., states 5-8
combined) is decreased by approximately 11%.

4. Discussion

We find that the majority of persons currently living with AD brain pathology (i.e.,
amyloidosis or neurodegeneration or both) are preclinical. Many of these persons may never
progress to either MCI or AD during their lifetimes because of the increasing risks of death
with age and long pre-clinical periods.

The prevention intervention scenarios we considered in Table 2 were disease modifying
interventions and by that we mean they delayed the onset of clinical AD. For example, the
primary prevention we considered reduced the transition rates to amyloidosis but did not
alter any of the other transition rates. However, suppose an intervention simply masked or
removed amyloid without changing the underlying disease process. In that case, 6;5 and 634
would be less than 1 but conceivably 6y3, 635 and 657 would be greater than 1. We could
find that there would be a decrease in numbers of persons following the red pathway to AD
in Figure 1, a corresponding increase in numbers of persons following the lower blue
pathway to AD in Figure 1 (SNAP), and no net delay in ages of onset of clinical AD. Table 2
considered the potential public health impact under hypothetical intervention scenarios. As
the field of AD prevention develops and new candidate prevention interventions become
available, the multistate modeling framework can be utilized to evaluate their potential
public health impact.

The main sources of uncertainty in our results are transition rates. We based transition rates
on two of the largest studies of their kind published to date. The ranges we cited on
prevalence numbers were based on sensitivity analyses using confidence limits of transition
rates. Nevertheless, there are other systematic sources of potential bias in our results. We
recognize that the participants in the studies may not be representative of the underlying
populations. However, the Mayo Clinic Study of Aging did not report any significant
difference between participants who were imaged and those who were not or with regard to
demographic characteristics or dementia rates [19]. The transition rates based on the Mayo
Clinic Study of Aging [19] did not distinguish Alzheimer’s dementia from other dementia
types, although the investigators of that study noted most of their cases of incident dementia
were AD. If the transition rates in [19] were based solely on incident AD, presumably the
transition rates would decrease which would decrease our AD prevalence estimates.
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An additional complication is the impact of vascular pathology on our results. For example,
consider the possibility that vascular pathology in the presence of AD pathology accelerates
progression to clinical AD. If the study populations in references [19] and [21] adequately
represented the prevalence of such mixed pathologies, then the transition rates we used
would account for that possible complication. However, for populations with higher
prevalence of vascular pathology than those in the study populations in references [19] and
[21], it is possible the transition rates could be higher than those used here. Furthermore,
vascular pathology could affect our results on the impact of interventions. For example,
interventions that are designed to target both AD and vascular pathology could have a
synergistic effect on decreasing transition rates to clinical AD, and as such, the efficacy of
such interventions would depend on the prevalence of mixed pathologies in populations.

We also recognize that preclinical transition rates depend on the specific biomarkers and cut-
points used to define preclinical states, although one study suggested that different
definitions of the states of amyloidosis or neurodegeneration (cut points and biomarkers)
yield similar findings [29]. In spite of these concerns about systematic biases in the
transition rates used in the multistate model, we find that AD incidence rates produced by
the multistate model were consistent with a worldwide systematic review of clinical AD
incidence. Our prevalence estimates also rely on the accuracy of U.S Census population
projections of the aging of the U.S. population.

Ongoing studies will provide improved and more detailed estimates of the transition rates
allowing future refinements to the multistate model. For example, multistate models that
subdivide states by quantitative levels of biomarkers (e.g. high, medium, low, and negative)
rather than dichotomize (e.g., biomarker positive vs. negative) may prove useful. Future
studies of transition rates from ethnically diverse populations are important.

Primary preventions offer the greatest potential for reducing AD prevalence. However, the
benefits of primary prevention for reducing disease burden would not be fully realized for
decades because of the long preclinical period. Because large numbers of persons are
currently living with preclinical disease, our results highlight the public health importance of
the development of secondary interventions targeted at persons most likely to progress to
clinical disease during their lifetimes, the need for improved diagnostics for identifying such
persons, as well as development of primary interventions for persons who do not yet have
any AD brain pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Forecasted preclinical and clinical AD in the U.S. using multistate model
. Most persons living with AD brain pathology do not have clinical disease

. 15 million persons in U.S. will be living with MCI due to AD or clinical AD
by 2060

. Primary and secondary preventions have differential impacts on future disease
burden
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RESEARCH IN CONTEXT
SYSTEMATIC REVIEW

The authors searched PubMed for articles on forecasting prevalence of preclinical and
clinical Alzheimer’s disease. No previous study has provided population forecasts of
preclinical disease or evaluated potential impacts of primary and secondary prevention on
disease burden.

INTERPRETATION

While primary prevention offer the greatest potential in the long run for reducing AD
prevalence, its full impact on reducing disease burden would not be realized for decades
because of the long preclinical period of disease and large numbers of people currently
living with AD brain pathology.

FUTURE DIRECTIONS

Because large numbers of persons are currently living with preclinical disease, our results
highlight the public health importance of development of secondary interventions
targeted at those persons with preclinical disease most likely to progress to clinical
disease during their lifetimes together with improved diagnostics for identifying them as
well as primary interventions for persons who have not yet developed preclinical disease.
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Multistate model of the progression of Alzheimer’s disease through preclinical and clinical

disease states.
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Figure 2.
Prevalence (in millions) of Alzheimer’s disease preclinical and clinical disease states in the

United States in 2017 by single year of age. Note: The prevalence of MCI (due to AD)
includes persons with MCI who have both amyloidosis and neurodegeneration, and also
persons with MCI who have only neurodegeneration.
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Figure 3.
Forecasts of the numbers of persons (in millions) living with Alzheimer’s disease (early or

late stage clinical disease) in the United States from 2017-2060 for three prevention
intervention scenarios. Note: Primary prevention scenario | reduces the transition rates to
amyloidosis by 75% (6,,=654=0.25); Secondary prevention scenario Il reduces the
transition rates to MCI by 50% (645=655=0.50); Secondary prevention scenario 111 reduces
the transition rates from MCI to Alzheimer’s disease by 25% (657=657=0.75).
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Figure 4.
Comparison of age-specific Alzheimer’s disease incidence rates expressed as percent per

year from a worldwide systematic review [12] (red curve) and from the multistate model
(black curve) on a log scale. Also shown are the AD incidence rates from the multistate
model based on the series of high and low transition rates that were used in the sensitivity
analysis (black dotted curves).
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Table 1

Prevalence (in millions) of pre-clinical and clinical disease states of Alzheimer’s disease in the United States
in 2017 and 2060 based on multistate model [ranges generated by high and low series of transition rates]

CALENDAR YEAR
DISEASE STATE 2017 2060
Amyloidosis only [state 2] 22.14 [18.70-26.70]  31.90 [28.04-36.75]
Neurodegeneration only [state 3] 8.33 [5.68-9.16]- 13.60 [8.47-16.11]-
Amyloidosis & Neurodegeneration [state 4] 16.23[11.85-21.93]  30.18 [23.49-37.78]
MCI due to Alzheimer’s disease [states 5+6] 2.43[1.41-4.02] 5.70 [3.61-8.34]
With neurodegeneration 0.66 [0.28-1.51] 1.23 [0.56-2.49]
With Amyloidosis and neurodegeneration 1.77[1.13-2.51] 4.47 [3.05-5.85]
Clinical Alzheimer’s Disease [states 7+8] 3.65[1.70-7.62] 9.30 [4.58-17.82]
Early Stage 2.11[1.03-4.12] 5.29 [2.73-9.40]
Late Stage 1.54 [0.67-3.50] 4.01[1.85-8.42]
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Prevalence (in millions) of Alzheimer’s clinical disease states in the United States in 2060 with various

Table 2

primary and secondary prevention interventions. Interventions are assumed to begin in 2017.

Relative Risks (8)

No Intervention
Primary Prevention: Delay Amyloidosis onset

612 = O3
0.25
0.50
0.75
0.90

Secondary Prevention: Delay progression to MCI

615 = Osg
0.25
0.50
0.75
0.90

Secondary Prevention Delay progression from MCI to AD

657 = Gz
0.50
0.75
0.90
0.95

MCI due to AD
[States 5+6]

5.70

434
5.01
5.43
5.60

2.04
3.56
4.74
5.34

8.55
6.85
6.11
591

Early stage
[state 7]

5.29

2.92
3.98
474
5.09

1.78
3.20
4.34
4.93

3.91
473
5.09
5.19

Clinical AD

Late stage
[state 8]

4.01

2.22
297
3.56
3.84

1.21
2.26
3.19
3.70

2.85
3.54
3.84
3.93

Total
[states 7+8]

9.30

5.14
6.95
8.30
8.93

3.00
5.46
7.53
8.63

6.76
8.27
8.93
9.12
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