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ABSTRACT

Objective To develop and validate a novel,
microsimulation model that accounts for the prevalence
and incidence of age-associated dementias (AAD), disease
progression and associated mortality.

Design, data sources and outcome measures We
developed the AAD policy (AgeD-Pol) model, a
microsimulation model to simulate the natural history,
morbidity and mortality associated with AAD. We populated
the model with age-stratified and sex-stratified data on
AAD prevalence, AAD incidence and mortality among
people with AAD. We first performed internal validation
using data from the Adult Changes in Thought (ACT)
cohort study. We then performed external validation of

the model using data from the Framingham Heart Study,
the Rotterdam Study and Kaiser Permanente Northern
California (KPNC). We compared model-projected AAD
cumulative incidence and mortality with published cohort
data using mean absolute percentage error (MAPE) and
root-mean-square error (RMSE).

Results In internal validation, the AgeD-Pol model
provided a good fit to the ACT cohort for cumulative AAD
incidence, 10.4% (MAPE, 0.2%) and survival, 66.5%
(MAPE, 8.8%), after 16 years of follow-up among those
initially aged 65—69 years. In the external validations, the
model-projected lifetime cumulative incidence of AAD was
30.5%—-32.4% (females) and 16.7%—23.0% (males), using
data from the Framingham and Rotterdam cohorts, and
AAD cumulative incidence was 21.5% over 14 years using
KPNC data. Model projections demonstrated a good fit to
all three cohorts (MAPE, 0.9%—9.0%). Similarly, model-
projected survival provided good fit to the Rotterdam
(RMSE, 1.9-3.6 among those with and without AAD) and
KPNC cohorts (RMSE, 7.6—18.0 among those with AAD).
Conclusions The AgeD-Pol model performed well when
validated to published data for AAD cumulative incidence
and mortality and provides a useful tool to project the AAD
disease burden for health systems planning in the USA.

INTRODUCTION

Advances in healthcare and public health
prevention strategies have led to increased
life expectancy in the USA over recent

STRENGTHS AND LIMITATIONS OF THIS STUDY

= The age-associated dementia (AAD) policy (AgeD-
Pol) microsimulation model includes the model
structure to account for the monthly prevalence
and incidence of AAD, disease progression, quality
of life, associated mortality and healthcare costs, as
well as competing risks of death.

= We derived multiple input parameters, including
mortality and AAD incidence, to multisite USA and
international studies.

= The calibration and validation methods highlight
the comprehensive features of the AgeD-Pol model
used to evaluate the clinical outcomes of policies
regarding the screening and treatment of dementia
in the USA and other country-specific settings.

= Limitations include the relatively homogeneous pop-
ulations used to parameterise the AgeD-Pol model
in both internal and external validations and the
absence of preclinical stages of AAD in the model.

decades." Although the annual incidence of
dementia has declined,” longer lifetimes have
led to an increased overall lifetime risk of
age-associated dementias (AAD) 2 AAD refers
to all dementias that develop in people 65
years or older, including Alzheimer’s disease,
the most common form of dementia world-
wide, and other dementias (eg, vascular
dementia).*™ As of 2015, 14% of people over
the age of 70 in the USA have been diag-
nosed with AAD, with average annual health-
care costs estimated at US$43 700/ person.9
AAD incidence doubles approximately every
Byears for people aged 65-90 years,'’ and the
prevalence of Alzheimer’s disease, in partic-
ular, is projected to grow from 6million in
2017 to 15million by 2060.""" Because the
number of people older than 65 years is esti-
mated to nearly double from 55million in
2019 to 98million by 2060, a substantially
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increased burden of AAD is likely for individuals, care-
givers and society."* Faced with an ageing population,
national estimates of the future prevalence of AAD are
essential for health systems planning, including caregiver
burden, demand for home care personnel and skilled
nursing facilities. While cohort studies provide an esti-
mate of current AAD incidence and prevalence, simula-
tion models present an effective method to project the
future burden of AAD. However, existing simulation
models are limited in their ability to examine multiple
facets of dementia.

Several simulation models have been used to project
the long-term clinical and economic outcomes neces-
sary to inform clinical, economic and policy decisions,
using estimates from observational studies.””® Although
dementia in the elderly is most frequently multifactorial,
most of the previously published dementia modelling
studies only focus on Alzheimer’s disease; few simulation
model studies focus on all types of AAD.'"** Addition-
ally, except for one model that used a post hoc calcu-
lation of dementia to capture an association between
multiple comorbidities and dementia,'” most published
dementia models do not include all elements necessary
to address questions regarding cost-effectiveness: quality
of life (QoL), the implications of comorbidities on AAD
(eg, tobacco use, cardiovascular disease, depression),
incidence of AAD in different subpopulations (eg, socio-
economic status) and healthcare costs.”’** Our objective
was to develop a novel, microsimulation model that could
account for the prevalence and incidence of AAD, AAD
disease progression, QoL, AAD-associated mortality and
costs, as well as competing risks of death, to inform health
systems planning. To our knowledge, the AAD policy
(AgeD-Pol) microsimulation model will be the first model
to project dementia prevalence, incidence and QoL, with
a model structure that could incorporate comorbidities
and costs.

METHODS

Analytical overview

We developed the novel AAD policy (AgeD-Pol) micro-
simulation model with distinct health states and transi-
tion probabilities between health states. It is structured
similarly to the previously published Cost-effectiveness
of Preventing AIDS Complications and Simulation of
Tobacco and Nicotine Outcomes and Policy models.*?’
The AgeD-Pol model incorporates age-specific and sex-
specific AAD prevalence and incidence, with increased
mortality among those who develop severe AAD, to simu-
late the natural history, morbidity, and mortality associated
with AAD in the USA following the International Society
for Pharmacoeconomics and Outcomes Research and
Society for Medical Decision Making guidelines.” Using
data from multisite USA and international studies,29_31 we
derived AAD prevalence, AAD incidence, and mortality
input parameters. We assessed the face validity of input
parameters and verified the AgeD-Pol model structure and

outputs using data from the Adult Changes in Thought
(ACT) study.g2 We next performed external model vali-
dation by comparing model-generated results to the AAD
cumulative incidence and mortality observed in two of
the best-described longitudinal cohorts of dementia (ie,
Framingham Heart Study™ and Rotterdam Study®*) and
one longitudinal open observational clinical cohort (ie,
Kaiser Permanente Northern California, KPNC).35 Each
external validation used specific cohort characteristics
and inputs from an observational cohort (online supple-
mental table S1) and evaluated model outcomes over the
follow-up period reported for each cohort in the corre-
sponding study.

Model structure

The AgeD-Pol model is an individual-level, Monte Carlo
microsimulation model with a monthly time step (online
supplemental figure S1). At model start, simulated indi-
viduals randomly draw for age and sex from user-defined
distributions and then draw for AAD based on age-
stratified and sex-stratified AAD prevalence. Individuals
without AAD at model start have an age-stratified and
sex-stratified probability of AAD incidence each month.
The AgeD-Pol model uses a state-transition approach.
To capture AAD progression among individuals with
incident AAD, we applied a mean time (with SD) until
progression to a more advanced stage of AAD (ie, mild
to moderate). Each month, all individuals are at risk for
non-AAD-associated death (ie, death due to all other
causes), and individuals with severe AAD are at additional
risk for AAD-associated death. We assumed that individ-
uals with mild and moderate AAD had the same mortality
risk as individuals without AAD. Additional model details
are in online supplemental methods.

Model input parameters

AAD prevalence and incidence

We estimated age-stratified and sex-stratified AAD prev-
alence from a meta-analysis of 16 studies that defined
AAD based on International Classification of Diseases,
10th Revision diagnostic codes and the Diagnostic and
Statistical Manual of Mental Disorders IV criteria.”*® We
derived age-stratified and sex-stratified mild AAD inci-
dence from the ACT study, a prospective cohort (1994-
2010) of 3605 adults in Washington state without AAD at
enrolment who had at least one follow-up examination.
Participants were prospectively screened every 2years
for AAD based on the Cognitive Abilities Screening
Instrument, Informant Questionnaire on Cognitive
in the Elderly, and the Blessed Dementia Rating Scale,
with neurological assessments from neurologists and
neuropsychologists.”

Transitions in AAD severity

Adults with mild AAD transition to moderate AAD
(mean, 44 months (SD, 37 months)) and from moderate
to severe AAD (mean, 24 months (SD, 17 months)).* *
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Table 1 AgeD-Pol model input parameters

Input parameter* Base case value Reference
AAD incidence, per 1000 PY Males Females
Age, years 32
60-64 4.5 3.2
65-69 7.4 3.8
70-74 11.4 7.9
75-79 21.1 18.1
80-84 49.2 44.7
>85 80.8 94.1
QoL Males Females
Baseline, range by age 0.86-0.89 0.84-0.87 41
Mild AAD -0.09 -0.09
Moderate AAD -0.18 -0.18
Severe AAD -0.26 -0.26
AAD stage transitions, months, mean (SD) Males Females
Mild to moderate AAD 43.6 (37.0) 43.6 (37.0) 39 40
Moderate to severe AAD 24.0 (16.7) 24.0 (16.7) 39 40
AAD-associated mortality,T % monthly Males Females
Age, years 43 44
60-64 0.0017 0.0013
65-69 0.0044 0.0036
70-74 0.013 0.011
75-79 0.036 0.034
80-84 0.092 0.093
>85 0.28 0.35
Non-AAD-associated mortality,f % monthly Males Females
Age, years 42 43
60-64 0.10-0.12 0.06-0.07
65-69 0.13-0.18 0.08-0.11
70-74 0.18-0.26 0.12-0.17
75-79 0.28-0.38 0.19-0.26
80-84 0.43-0.60 0.29-0.41
>85 0.66-3.04 0.45-2.27

*Additional inputs for the Framingham and Rotterdam validations are shown in online supplemental table S3 .
TAAD-associated mortality is excess mortality used to modify the baseline non-AAD-associated mortality.
FNon-AAD-associated mortality is in 1-year increments shown as a range for each 5-year age category.
AAD, age-associated dementia; F, female; M, male; PY, person-years; QolL, quality of life.

Quality of life

We used the marginal disutility approach to incorpo-
rate health utilities that account for age-associated and
dementia-associated QoL (table 1). This approach incor-
porated the marginal decrement in EQ-5D index scores
from a regression model adjusted for age, sex, ethnicity,
race, comorbidity, education and income." In addi-
tion to the sex-stratified baseline QoL, we incorporated
reductions in QoL due to age and dementia, stratified
by AAD stage (ie, mild, moderate, and severe), using the
QoL disutility values from the results of the regression
using EQ-5D values from the Medical Expenditure Panel
Survey.!!

AAD-associated and non-AAD-associated mortality

To derive age-stratified and sex-stratified AAD-associated
and non-AAD-associated mortality, we used the US age-
stratified population from the Human Mortality Database
2015 and the Multiple Cause-of-Death Mortality Data from
the National Bureau of Economic Research.** ** Prior
studies have suggested that AAD-associated mortality is
experienced only among individuals with severe AAD;" **
mortality rates among individuals with mild to moderate
AAD are similar to those without AAD but increase
among those who develop severe AAD.* * Therefore,
we included AAD-associated mortality for people with
severe AAD and non-AAD-associated mortality for all
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other simulated people. We stratified mortality events by
whether they occurred among people with or without diag-
nosed AAD and created age-stratified and sex-stratified
AAD-associated and non-AAD-associated mortality rates
(online supplemental figure S1). We performed sensi-
tivity analysis on the AAD-associated mortality (online
supplemental methods [S2 Table]).

Internal validation

We performed internal model validation using input
parameters from the ACT cohort and compared model
output with published AAD cumulative incidence
and survival in the cohort over 16 years, which was the
maximum follow-up time in the ACT cohort.”

External validation

We performed three distinct, dependent external vali-
dations. We used both formal data sources (ie, studies
intended for research purposes that include explicit
study planning and design) and informal data sources
(ie, data intended for other purposes, such as electronic
health records or claims data). The AAD prevalence, inci-
dence and mortality probabilities used for each validation
scenario reflect the cohort of interest (online supple-
mental table S3); other input parameters were from the
ACT study (table 1).

Formal sources

The Framingham heart study

The Framingham Heart Study is a community-based,
longitudinal, prospective cohort study. Participants were
screened for AAD every 6months based on the Kaplan-
Albert neuropsychological test battery, the Mini-Mental
State Examination (MMSE), and neurological assess-
ment from neurologists and neuropsychologists.*® We
simulated a cohort of females and males without AAD
at model start (mean age (SD): 72.1 years (10.0 years);
females 59.2%) who were subject to monthly age-stratified
and sex-stratified probabilities of AAD incidence derived
from Framingham data and followed for 25 years (online
supplemental table $3).* " To reflect the natural history
of the two Framingham cohorts (ie, the Original Cohort
and the Offspring Cohort), we estimated mortality using
1975 and 2009 life tables. We then weighted model
outcomes, based on the proportion of the Framingham
cohort from each period,"* and compared the AgeD-Pol
model projections for AAD cumulative incidence with
published Framingham data. We did not validate the
model to survival for the Framingham cohort because
these data were not reported from the specific cohort
with AAD incidence rates.

The Rotterdam study

The Rotterdam Study is a longitudinal, community-
based, prospective cohort study focused on the chronic
diseases of the elderly, including dementia.** On entry to
the cohort, participants were screened for AAD based on
the MMSE, Geriatric Mental State Schedule, Cambridge
Examination for Mental Disorders of the Elderly and

laboratory testing by trained neurologists and neuropsy-
chologists. After the initial assessment, participants were
screened prospectively every 4years and continuously
monitored for clinically evident AAD, as per community
standards.”*

We simulated one cohort of b5-year-old males and
another of 55-year-old females without AAD at model start
(mean age (SD): 69.5 years (9.1 years); females: 59.9%)
who: (1) never develop AAD; and (2) who develop inci-
dent AAD given monthly age-stratified and sex-stratified
AAD incidence derived from the Rotterdam study
(online supplemental table $3).** We calculated non-
AAD-associated mortality based on 1990-1995 Nether-
lands life tables. Given that the Rotterdam study has been
shown to represent a lower risk population compared
with the general population in the Netherlands,” we cali-
brated the non-AAD-associated mortality to the observed
mortality from the Rotterdam study by adjusting the
mortality rates among males and females by 0.80x and
0.75x, respectively.”

We validated model-generated outcomes for: (1) AAD
cumulative incidence; (2) survival among simulated indi-
viduals who develop incident AAD and (3) survival among
simulated individuals who remain AAD-free at the end
of the simulation, compared with published Rotterdam
cohort data.™

Informal sources

The KPNC study

The KPNC study is a cohort study of KPNC health plan
members older than 60 years without AAD at study
enrolment who were followed until death or left the
KPNC network.” We compared three model-generated
outcomes with published cohort data: (1) AAD cumula-
tive incidence, (2) mortality among people who never
develop AAD and people who develop incident AAD, and
(8) survival following AAD diagnosis.

To evaluate these outcomes, we projected cumulative
AAD incidence and mortality among people without AAD
at model start but who eventually develop incident AAD
(mean age (SD): 76.7 years (6.6 years); female: 54.6%).
We also projected mortality for people who never develop
AAD throughout the simulation (mean age (SD): 72.5y
(6.3 years); female: 53.4%). Finally, we projected survival
following AAD diagnosis among people with AAD at
model start (AAD prevalence 100%; mean age (SD): 83.4
y (3.0 years); female: 54.6%).

Given that AAD diagnoses were abstracted from the
electronic health record after a clinician-documented
diagnosis, KPNC data likely only capture the natural
history of AAD following the moderate or severe stage of
AAD.” " Under this assumption, we performed analyses
in which we varied the stage of AAD at diagnosis from
mild to moderate or severe among people with AAD at
model start. We, therefore, examined three scenarios in
which incident AAD was diagnosed at different disease
stages: (1) 25% moderate, 75% severe; (2) 50% moderate,
50% severe and (3) 75% moderate, 256% severe. We
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hypothesised that the AgeD-Pol model would best fit the
KPNC data when AAD was diagnosed 50% of the time
among people in the moderate stage of AAD and 50% of
the time among people with severe AAD. Further infor-
mation regarding AAD diagnosis in the KPNC study is
provided in online supplemental methods.

Goodness-of-fit

We evaluated the goodness-offit between AgeD-Pol
model-generated results and data sources using mean
absolute percentage error (MAPE) for cumulative inci-
dence and mortality rates and root-mean-square error
(RMSE) for survival curves, as in previously published
validation models.?” > *° We applied the coefficient of
variation of RMSE (CV-RMSE) as a relative measure of
error to assess the goodness-of-fit for the survival curves.
We calculated MAPE as the mean absolute percent
difference between the AgeD-Pol model-projected and
observed cumulative incidence or mortality from each
data source. We calculated RMSE as the square root of
the average of the squared difference between AgeD-Pol
model-projected survival and observed survival from each
data source. Then, we calculated CV-RMSE by dividing
RMSE by mean observed survival, representing the rela-
tive error. We considered MAPE and RMSE values less
than 10% to be evidence of good fit for the model.?”

Patient and public involvement
Patients or the public were not involved in the design,
conduct, reporting or dissemination plans of our research.

RESULTS
We present the results of the internal validation of the
AgeD-Pol model, as well as the three distinct external
validations, in which we compared model-projected
AAD cumulative incidence and mortality with published
cohort data using MAPE and RMSE.

Eighteen of 21 model-projected outcomes fell within
the 10% tolerance threshold for MAPE and RMSE.

AgeD-Pol Model Internal Validation

Cumulative incidence of AAD

Compared with the AAD cumulative incidence reported
during 16 years of follow-up in the ACT study (10.5%
among those aged 65-69 years), the AgeD-Pol model
projected similar AAD cumulative incidence at 10.4%
(figure 1, Panel A, MAPE 0.2%). Among those aged 85
years and older in the ACT study, AAD cumulative inci-
dence was 36.9% compared with the AgeD-Pol model-
projected AAD cumulative incidence of 37.2% (figure 1,
Panel A, MAPE 0.8%). For the remaining individuals
aged 70-84, the ACT study reported AAD cumulative inci-
dence ranging from 18.3% to 33.9% compared with the
AgeD-Pol model-projected AAD cumulative incidence
ranging from 17.3% to 34.3% (figure 1, Panel A, MAPE
0.9%-9.8%).

Survival

The observed survival at 16 years in the ACT study was
72.9% among those aged 65-69 years compared with
the AgeD-Pol model-projected overall survival of 66.5%
(figure 1, Panel B (left), MAPE 8.8%). Among those
aged 90 years and older, the observed overall survival
in the ACT study was 14.7% compared with 16.3%
projected by the AgeD-Pol model (figure 1, Panel B
(right), MAPE 10.7%). Sensitivity analysis regarding
AAD-associated mortality is displayed in online supple-
mental figure S2.

Quality-adjusted life-years

We projected 10.7 quality-adjusted life-years (QALYs)
among males and females aged 65-69 years and 3.4
QALYs among males and 3.8 QALYs among females aged
90 years and older, using the AgeD-Pol model.

Framingham study

Cumulative incidence of AAD

Compared with the lifetime AAD cumulative inci-
dence observed in the Framingham Heart Study of
24.0% (males) and 33.6% (females), we projected
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Figure 1 Internal validation of (A) AAD cumulative incidence among those at risk for AAD and (B) survival among those at risk

for AAD: observed results for the ACT Study and projected results for the AgeD-Pol model. (A) represents the observed AAD
cumulative incidence in the internal validation among those 65-69 years, 70-74 years, 75-79 years, 80-84 years and 85 years
and older. (B) represents observed survival rates in the internal validation among those 65-69 years (left) and 90 years and older
(right). The black bars represent the AgeD-Pol model-projected results using the ACT input parameters. The blue bars represent
the observed results from the ACT Study. AAD, age-associated dementia; ACT, Adults Changes in Thought Study.
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year-old females compared with the projected results for the AgeD-Pol model. (A) represents the observed AAD cumulative
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(right). The black bars represent AgeD-Pol model-projected cumulative incidence, adjusted for competing mortality, using the
Framingham incidence data for males (left) and females (right). (B) represents the observed AAD cumulative incidence from the
Rotterdam Study and projected results for the AgeD-Pol model. The red bars represent observed AAD cumulative incidence in
the Rotterdam cohort based on Kaplan-Meier analysis, beginning at 55 years of age. The black bars represent AgeD-Pol model-
projected cumulative incidence using the Rotterdam incidence data. AAD, age-associated dementia.

lifetime AAD cumulative incidence of 23.0% for
males and 30.5% for females, using the AgeD-Pol
model (figure 2, Panel A, MAPE 4.1% and 9.0% for
males and females).

Rotterdam study

Cumulative incidence of AAD

The lifetime cumulative incidence observed in the
Rotterdam cohort was 15.9% for males and 32.6%
for females. The AgeD-Pol model projections were
16.7% for males and 32.4% for females (MAPE,
3.7% and 3.1% for males and females). When we
populated the AgeD-Pol model with Rotterdam inci-
dence data and projected AAD cumulative incidence
among bb-year-old males and females, we noted a
close approximation to AAD cumulative incidence
reported in the Rotterdam cohort (figure 2, Panels B
and C, red vs black bars).

Survival among those who develop AAD

Compared with the median survival observed in the
Rotterdam cohort of 25.2 years for males and 30.0 years
for females, we projected the median survival to be 25.5
years (males) and 32.1 years (females) with the AgeD-Pol
model. The model-projected survival among 55-year-olds

who develop AAD fit the observed Rotterdam survival
closely for both males and females (figure 3, Panels A and
B, RMSE 2.3 and 3.6, CV-RMSE 4.2% and 5.6% for males
and females, respectively).

Survival among people who never develop AAD

Compared with the median survival observed in the
Rotterdam cohort of 25.8 years (males) and 33.9 years
(females), the AgeD-Pol model-projected median survival
among 55-year-olds who never develop AAD was 25.7 years
and 33.8 years, respectively. We found that the AgeD-Pol
model-projected survival among 55-yearolds who
never develop AAD was well calibrated to the observed
Rotterdam survival for both males and females (figure 3,
Panels C and D, RMSE 1.9/3.6, CV-RMSE 3.4%/5.3% for
males/females).

KPNC study

Cumulative incidence of AAD

The AAD cumulative incidence observed in the KPNC
cohort was 21.7% over 14 years, whereas we projected
an AAD cumulative incidence of 21.5% with the
AgeD-Pol model, assuming the diagnosis occurred
during the moderate stage of AAD (figure 4, Panel A,
MAPE: 0.9%).
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Figure 3 External validation of survival beginning at 55 years of age among (A) males and (B) females at risk for AAD and
among (C) males and (D) females who never develop AAD: observed survival from the Rotterdam Study and projected results
for the AgeD-Pol model. (A, B) depict survival among males and females, respectively, who are at risk for AAD; (C, D) depict
survival among males and females, respectively, who never develop AAD. The solid red lines represent observed survival in the
Rotterdam cohort based on Kaplan-Meier analysis, beginning at 55 years of age. The dashed black lines represent AgeD-Pol
model-projected survival after age 55. AAD, age-associated dementia.

Mortality among those who develop and never develop incident The KPNC study censored individuals with a lapse in
AAD their KPNC health plan (eg, change in insurance status
Among those who develop incident AAD, the observed  or death) and observed 37.0% mortality over 14 years of
mortality was 64.1% at 14 years, compared with the  follow-up among those who never develop incident AAD.
AgeD-Pol model-projected, 65.3% (MAPE: 1.8%). This It is unknown what proportion of the censored popula-
mortality over 14 years was similar between observed tion died during the 14-year follow-up; to be conserva-
KPNC data and AgeD-Pol model projections (figure 4, tive, we assumed that the reported KPNC mortality had

Panel B (left)). an upper bound of 37.0%+21.6%, which includes the
100
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90 %0
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Figure 4 External validation of (A) AAD cumulative incidence among people who develop AAD and (B) mortality among those
who develop and never develop AAD: observed results for the KPNC Study and projected results for the AgeD-Pol model. (A)
depicts the AAD cumulative incidence among those who develop AAD; (B) depicts the mortality among those who develop

(left) or never develop AAD (right). The purple bars represent observed results from the KPNC Study. The black bars represent
the AgeD-Pol model-projected results using the Adult Changes in Thought (base case) data. The black error bars show the
additional percentage of individuals who were censored due to lapse in their KPNC health plan during the study; it is unknown if
these individuals died or changed insurance. AAD, age-associated dementia; KPNC, Kaiser Permanente Northern California.
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percent of population censored. The AgeD-Pol model-
projected 14-year mortality of 45.5% fell within this range
for mortality observed in KPNC (MAPE: 23.0%; figure 4,
Panel B (right)).

Survival following AAD diagnosis among those with AAD at model
start

The AgeD-Pol model-projected survival over 10 years
provided a good fit with the observed KPNC survival,
depending on the stage of AAD at the time of routine clin-
ical diagnosis. The median survival observed in the KPNC
cohort following AAD diagnosis was 3.3 years. Assuming
75% of people with AAD were diagnosed with moderate
AAD and 25% with severe AAD, we projected median
survival of 3.3 years with the AgeD-Pol model (online
supplemental figure S3, Panel D, RMSE 7.6; CV-RMSE
18.9%). Other combinations of disease stage at which
AAD was diagnosed offered a less good fit (online supple-
mental figure S3, Panels A, B, C, respectively, RMSE 18.0,
8.6, 11.8, CV-RMSE 44.8%, 21.5%—29.4%, respectively).

DISCUSSION
We developed and validated the AgeD-Pol model, a novel,
microsimulation model of AAD among adults. We demon-
strated the face validity of the input parameters and model
structure, as well as the verification of model outcomes
using internal validation. Based on recommended best
practices, we also detailed the results of our external vali-
dation of the model to three distinct populations.®

The ACT study observed an AAD cumulative inci-
dence of 10.4% and survival of 66.5% after 16 years of
follow-up among those aged 65-69 years. In an internal
validation analysis that used parameters from the ACT
study, these AgeD-Pol model projections of AAD cumu-
lative incidence and overall mortality fit ACT data well
(MAPE, 0.2%-9.8%and MAPE, 8.8%-10.7%, respec-
tively). Overall, these results show that the AgeD-Pol
model projects consistent outcomes observed for the
standard input parameters. Because the model incorpo-
rates QoL in a manner that accounts for age and chronic
comorbidities,”” we are able to assess the implications of
dementia on QoL across dementia severity and decades
of life, which is not available in most dementia models.?

In external validation analyses for AAD cumulative
incidence, the AgeD-Pol model projections fit the data
closely for all three external validations. Using specific
incidence parameters from the Framingham, Rotterdam
and KPNC cohorts, the AgeD-Pol model projections of
cumulative incidence resulted in the MAPE between
model-generated and observed results ranging between
0.9% and 9.0%, within the criterion accepted as a ‘good
fit’ in prior studies.?” *° Importantly, the AgeD-Pol model
projections highlight that the cumulative incidence of
dementia will vary widely depending on the population
characteristics.”® Model outcomes using different cohort
characteristics from ACT, Framingham, and Rotterdam
resulted in a range of different cumulative incidence

of dementia, reflecting the different educational attain-
ment, vascular risk factors and family history.

In external validation analyses on mortality, the
AgeD-Pol model projections among those atrisk for
AAD and those who never develop AAD closely matched
data from the Rotterdam Study and KPNC cohort.
When model-projected survival curves were compared
with observed data from both studies, the RMSE ranged
between 1.9 and 18.0. The least good fit was the compar-
ison of model projections with KPNC outcomes of
survival among people with AAD, assuming that AAD
diagnoses were among people with mild AAD (RMSE
18.0); however, AAD diagnoses in KPNC were taken
from the electronic health record and likely capture only
AAD cases in the moderate or severe stage. Additionally,
the KPNC population may be healthier or more health-
seeking than the general population.” It may be more
appropriate to assume the KPNC data represent AAD
diagnosis among people with moderate and severe AAD.
Under this assumption, the AgeD-Pol model fits the
KPNC data well (RMSE 7.6). Overall, the AgeD-Pol model
established a good fit to observed survival data among
individuals with and without AAD in both national and
international settings.

The AgeD-Pol model has several features and poten-
tial future applications. It has the capability to estimate
QALYs from age-associated and dementia-associated QoL
parameters. The model projected 10.7 QALYs among
people aged 65—69 years and 3.4-3.8 QALYs among males
and females aged 90 years and older. In addition to AAD
prevalence, incidence, and QoL, the model structure
can incorporate AAD-associated healthcare costs, strati-
fied by age, sex and disease severity; the AgeD-Pol model
can, therefore, be used in the future to calculate the cost-
effectiveness of interventions for AAD screening and treat-
ment. Many previously published models describe disease
progression in discrete steps, constraining the relation-
ship between disease progression and other factors, such
as QoL and AAD-associated mortality”’; the AgeD-Pol
model allows for a range of outcomes. The AgeD-Pol
model’s flexibility also allows for international analyses,
where life expectancy and AAD risk factors differ from
those in the USA.”" * The features in the AgeD-Pol model
could then be used to evaluate the clinical outcomes, costs,
and cost-effectiveness of policies in the USA and other
country-specific settings. To our knowledge, previously
published dementia models do not incorporate QoL,
costs and the implications of other comorbidities on AAD
incidence and mortality. With a goal to provide evidence
that can inform public health officials and policy-makers
about future disease burden and the potential impact of
interventions, future studies with the AgeD-Pol model
could account for patient-level risk factors, comorbidities
and competing risks of mortality with other diseases such
as cardiovascular disease, diabetes and HIV.!718

This analysis has several limitations. The cohort data
used to parametrise the AgeD-Pol model in both internal
and external validations were disproportionately white,
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and racial differences in AAD incidence and survival
are well described.”®” In the absence of a meta-analysis
that reports US-specific AAD incidence rates strati-
fied by age and sex, we used incidence data from the
largest observational cohorts. Reported AAD incidence
rates and outcomes were averaged over the entire study
peri0d532_35; therefore, we were not able to examine the
effects of declining incidence rates for different birth
cohorts over longer follow-up periods in this validation
analysis. We have evaluated model validation in four
distinct cohorts, which demonstrates the flexibility and
reproducibility of the model. We do not account for
the impact of non-pharmacological or pharmacological
interventions, such as therapeutic lifestyle changes or
treatment of other related diseases on AAD progression,
which may have been implemented via routine clinical
care for the ACT, Framingham, Rotterdam or KPNC
cohorts.” Although we do not account for the preclin-
ical stages of AAD as outlined by the National Institute
on Ageing and Alzheimer’s Association Workgroup,®
we focus on the clinical stages of AAD with the greatest
impact on health systems planning. Future expansion
of the model will include the preclinical stages of AAD,
screening and treatment.

In summary, the AgeD-Pol model is a novel, microsimu-
lation model of AAD that incorporates age-stratified and
sex-stratified AAD prevalence, incidence, and mortality
among adults. We successfully validated the model to
three of the largest, longitudinal, observational cohorts
of AAD in the world. The AgeD-Pol model is one of the
first dementia models with the capability to specify age-
stratified and sex-stratified AAD prevalence, incidence,
QoL, and additional features that could incorporate rates
of disease progression, and healthcare costs. It can be
leveraged to perform policy-relevant analyses and inform
decision-makers—including clinicians and public health
officials—about questions related to health systems plan-
ning as their populations age.
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SUPPORTING INFORMATION

Supplementary methods

AAD diagnosis

AAD refers to dementia that develops in people 65 years or older and includes Alzheimer’s
disease and vascular dementia. Studies have suggested that Alzheimer’s disease in
isolation is rare and frequently co-occurs with other types of dementia.[1] In the different
studies for validation, diagnosis of AAD was defined by neurological assessments from
clinicians using the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-1V) or coded using the International Classification of Diseases, Ninth Revision (ICD-9)
for Alzheimer’s disease, vascular dementia, and generalized dementia (331.0, 290.4X,
294.2X).[2—-4] Although different dementia assessment scales were used to diagnose all-
cause dementia in the observational cohorts that we used for internal and external
validation, they are all well-described for this purpose[5—-8] and we did not validate them

again in this model-based analysis.

Study characteristics for internal and external validations

Adults in Thought (ACT) Study

From 1994 to 2010, 3,605 participants were followed for up to 16 years, totaling 24,052
person-years, and dementia diagnoses were based on the Cognitive Abilities Screening
Instrument, Informant Questionnaire on Cognitive in the Elderly (IQCODE), the Blessed

Dementia Rating Scale, and neurological assessments using the DSM-1V.[3,9]
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24 Framingham Heart Study
25  From 1975 to 2009, 2,596 participants were followed for up to 25 years, totaling 29,906
26  person-years, and dementia diagnoses were based on the Kaplan-Albert
27  neuropsychological test battery, the Mini-Mental State Examination (MMSE), and
28 neurological assessment from neurologists and neuropsychologists using the DSM-IV.[3]
29  Prospectively ascertained dementia and cause-specific mortality were used to generate 25-
30 year follow-up risk of dementia in participants 65-85 years o0ld.[6,10]
31
32  Rotterdam Study
33 From 1990-1994, 7,046 participants were followed for up to 4 years, totaling 15,135 person-
34  years, and dementia diagnoses were determined based on the MMSE, Geriatric Mental
35 State Schedule, Cambridge Examination for Mental Disorders of the Elderly, and laboratory
36  testing by trained neurologists and neuropsychologists.[7]
37
38  KPNC Study
39  From 2000 to 2014, 273,843 participants were followed for up to 14 years, totaling
40 2,153,092 person-years,[8] and dementia diagnoses were based on ICD-9 diagnostic codes
41  via chart review.[4] These codes identified Alzheimer’s disease (331.0), vascular dementia
42 (290.4x), and nonspecific dementia (290.0, 290.1x, 290.2x, 290.3, 294.2x, 294.8).
43
44
45
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46  Additional model details
47  The age-associated dementia policy (AgeD-Pol) model was coded using C++ and does not
48  rely on any closed source software. It has a GUI for the generalist user, and the code is
49 available upon request. In the following section, we also provide sample calculations and
50 additional details on implementation of model inputs.
51
52 AAD stage transitions
53 The monthly probability of transitioning to a more advanced stage of AAD (i.e., from mild to
54  moderate and from moderate to severe) is informed by the user-defined mean and standard
55 deviation. The model takes these values and computes a normal distribution. Each month,
56  the model will randomly draw for the patient’s probability of transitioning from a less
57 advanced stage of AAD to more advanced stage of AAD, based on this distribution.
58
59 AAD-associated and non-AAD-associated mortality
60  We first derived hon-AAD mortality from US life tables that were stratified by sex and by age
61 in 1-year increments.[11,12] We removed any deaths with AAD listed as a primary or
62 secondary cause of death [13] to create 1-year increment AAD-deleted life tables. We then
63  grouped these estimates of non-AAD-associated deaths in 5-year age strata for males and
64 females by showing the lower and upper bound values of the rates. Therefore, the non-AAD-
65 associated mortality rates are in 1-year age increments, which we show in Table 1 as 5-year
66 age strata that relate linearly.
67
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68  Mortality is incorporated in the model by taking the monthly probability, P(i), for each
69  mortality risk (either AAD-associated or non-AAD-associated mortality), /, and calculating the
70  probability of ‘No Death’ during a specific month as follows:
71
72 P(No Death) =1 (1 - P(i)
73
74  The probability of mortality during the month is then calculated from the ‘No Death’
75  probability:
76
77  P(Death) = 1 — P(No Death)
78
79  Each simulated patient faces a monthly probability of death, P(Death). If the patient draws
80 for death, then the model calculates the monthly rate of each cause of death (either AAD-
81 associated or non-AAD-associated mortality) occurring:
82
83  R(i) =-In(1- P(i))
84
85  The model will then normalize the individual mortality rates by dividing each by their sum
86 and randomly draw from the normalized distribution of rates:
87
88  R_normalized(i) = R(i)/(> R(i))
89
90 AAD incidence probabilities
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91 The AAD incidence rates, R(AAD incidence), are converted to monthly AAD probabilities,

92  P(AAD incidence), for each distinct age and sex category using the following formula:

93

94  P(AAD incidence, 65 years) = 1 — e”(-R(AAD incidence, 65 years) * (1/12))

95

96  Each month, the AgeD-Pol model will evaluate whether or not a patient develops AAD using
97  the AAD probability informed by the simulated person’s age and sex.

98

99  Sensitivity analysis
100 AAD-associated mortality

101  We performed a sensitivity analysis in which AAD-associated mortality was not only incurred
102 by persons with severe AAD but also experienced by persons with mild or moderate AAD.
103 To derive age- and sex-stratified AAD-associated mortality for mild, moderate, and severe
104  AAD, we calculated the overall monthly mortality rate among persons with AAD (i.e., a Mini-
105 Mental Status Exam [MMSE] score of 0-24), 0.0106 deaths/month (S2 Table).[14] Then, we
106  used the reported hazard ratios (HR) of mortality stratified by AAD severity (mild AAD

107 [MMSE, 21-24], HR 1.55; moderate AAD [MMSE, 16-20], HR, 1.92; severe AAD [MMSE, 0-
108  15], 2.68) compared with people without AAD (MMSE, 28-30)[14] and then recalculated an
109  HR that compares each mortality in each MMSE strata to the strata of MMSE 21-24. We

110  used these derived HRs to calculate a mortality rate multiplier (i.e., the mortality rate for

111 each MMSE strata compared with the non-AAD mortality rate), which we applied to the age-
112 and sex-stratified mortality of persons in the mild, moderate, or severe AAD state. Results of
113 the sensitivity analysis are shown in S3 Figure.
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Supplementary tables and figures

S1 Table. Internal and External Validation Cohort Characteristics and Outcomes

Cohort characteristics Outcomes* Ref.
Inci- Non-AAD-
Base-
dence associated
line Race, % Cumulative
Year rate, per mortality, Survival
age, incidence
1,000 PY % monthly
years
White Asian Black Latino Other
Internal validation
ACT 1994-2010 =65 90.8 3.4 4.1 N/A 1.6 3.2-94 1 0.06-3.04 Available Available  [5,11,13]
External validation
Framingham 1975-2009 65 100 0 0 0 0 1.7-73.6  0.09-11.21 Available N/A [6,15,16]
Rotterdam 1990-1994 55 98.6 0 0 0 1.4 0.9-57.6 0.07-1.60 Available Available [7,17]
KPNC 2000-2014 73-83 75.4 8.4 6.9 7.7 1.6 3.2-94.1 0.06-3.04 Available Available [5,8,11,13]
6
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AAD: age-associated dementia; ACT: Adult Changes in Thought Study; KPNC: Kaiser Permanente Northern California; PY: person-year; N/A: not
available
*Outcome data reported in the corresponding study for internal and external validation are denoted as ‘Available;’ data are denoted as

‘N/A,’ if not available in the study.
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S2 Table. Calculations for sensitivity analysis on AAD-associated mortality in the ACT Study

Dementia Mortality HR HR

Mortality
severity rate, deaths compared compared

rate Reference
per person-  with MMSE with MMSE
multiplier
month 28-30 21-24

Mild 0.0082 1.55 1.00 0.78 [14]
Moderate 0.010 1.92 1.24 0.96
Severe 0.014 2.68 1.73 1.34
All 0.011 - 1.29 1.00

AAD: age-associated dementia; ACT: Adult Changes in Thought Study; HR: Hazard ratio;

MMSE: Mini-Mental Status Exam
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S3 Table. Additional input parameters for the sensitivity analysis of the ACT Study and external

validation of the Framingham Heart Study (US) and Rotterdam Study (Netherlands)

Input parameter Value Reference
Framingham and Rotterdam AAD prevalence at Males Females
model start
0 0 Assumption
Framingham AAD incidence, per 1,000 PY Males Females
N=1,059 N=1,537
Age, years [6]
65-69 3.4 1.7
70-74 7.8 9.2
75-79 22.6 17.8
80-84 25.0 41.0
=85 73.6 67.9
Rotterdam AAD incidence, per 1,000 PY Males Females
N=2,825 N=4,221
Age, years [7]
60-64 0.9 1.2
65-69 0.8 1.9
70-74 4.5 3.6
75-79 14.8 17.8
80-84 25.1 25.2
=85 26.1 57.6
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S3 Table (continued). Additional input parameters for the sensitivity analysis of the ACT Study
and external validation of the Framingham Heart Study (US) and Rotterdam Study (Netherlands)
Input parameter Value Reference
US: Non-AAD-associated mortality, 1975, % monthly Males Females
Age, years [15]

60-64 0.18-0.24  0.09-0.12

65-69 0.26-0.50 0.12-0.18

70-74 0.39-0.55  0.20-0.30

75-79 0.59-0.81 0.34-0.49

80-84 0.87-1.07  0.54-0.77

285 1.07-11.21 0.66-9.20
US: Non-AAD-associated mortality, 2009, % monthly Males Females

Age, years [16]

60-64 0.09-0.13  0.06-0.08

65-69 0.14-0.19 0.09-0.12

70-74 0.21-0.29  0.14-0.20

75-79 0.32-0.47 0.22-0.33

80-84 0.52-0.78  0.36-0.57

> 85 0.89-3.33  0.64-2.82
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S3 Table (continued). Additional input parameters for the sensitivity analysis of the ACT

Study and external validation of the Framingham Heart Study (US) and Rotterdam Study

(Netherlands)
Input parameter Value Reference
Netherlands: Non-AAD-associated mortality, 1990- Males Females

1995, % monthly

Age, years [17]
60-64 0.13 0.07
65-69 0.22 0.10
70-74 0.35 0.17
75-79 0.54 0.30
80-84 0.79 0.52
85-99 1.09-1.60 0.85-1.54
US: AAD-associated mortality, % monthly Males Females
Mild AAD, by age, years [11,14]
60-64 0.0013 0.0010
65-69 0.0034 0.0028
70-74 0.010 0.0089
75-79 0.028 0.026
80-84 0.072 0.072
=85 0.22 0.27
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S3 Table (continued). Additional input parameters for the sensitivity analysis of the ACT Study

and external validations of the Framingham Heart Study (US) and Rotterdam Study (Netherlands)

Input parameter Value Reference

US: AAD-associated mortality, % monthly Males Females

(continued)

Moderate AAD, by age, years [11,14]
60-64 0.0016 0.0013

65-69 0.0042 0.0034

70-74 0.013 0.011

75-79 0.034 0.033

80-84 0.089 0.089

=85 0.27 0.34

Severe AAD, by age, years [11,14]
60-64 0.0023 0.0018

65-69 0.0059 0.0048

70-74 0.017 0.015

75-79 0.048 0.046

80-84 0.12 0.12

=85 0.38 0.47

AAD: age-associated dementia; PY: person-years
*If parameters are not included in this Table, then they are the same as in Table 1.
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119  S1 Figure. Schematic of the health states and transitions in the AgeD-Pol model.
120  This figure represents a simplified depiction of AAD states and transitions. The ovals
121  represent health states: no AAD; mild, moderate, or severe AAD; and death. The arrows
122 represent monthly transitions by which individuals can progress to a different state or
123 remain in the same health state at each monthly time step. AAD: age-associated
124 dementia.

125

126  S2 Figure. Sensitivity analysis: The effect of AAD-associated mortality stratified
127 by AAD severity on (A) AAD cumulative incidence and (B) survival among those
128  atrisk for AAD

129  Panel A displays the comparison of the AAD cumulative incidence over the 16-year
130  follow-up period from the ACT Study (blue bars) with the model-projected AAD

131  cumulative incidence in the base case (black bars), which assumed that mortality

132 occurred only among those with severe AAD, and in a sensitivity analysis (gray bars),
133 which included AAD-associated mortality for simulated persons with mild and moderate
134 AAD. Panel B shows the comparison of observed survival from the ACT Study (blue
135  bars) with model-projected survival among those at risk for AAD with the model-

136 projected AAD survival in the base case (black bars) and in sensitivity analysis (gray
137  bars). Minimal changes occurred in model-projected AAD cumulative incidence and
138  overall survival when AAD-associated mortality was stratified by severity.

139

140  S3 Figure. Observed survival from the KPNC Study compared with projected
141  results for the AgeD-Pol model among people with AAD at model start.
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142 Panels A-D depict the comparison of observed survival from the KPNC Study with

143 model-projected survival under different assumptions regarding the stage at which AAD
144 was diagnosed: A) mild AAD, B) moderate AAD, C) severe AAD, D) a mixture of

145  moderate or severe AAD. The purple lines represent observed survival among people
146  following a clinical AAD diagnosis in the KPNC cohort based on Kaplan-Meier analysis.
147  The black lines represent AgeD-Pol model-projected survival among those following
148  AAD diagnosis, depending on stage of disease severity. We found the best fit of model
149  projections to KPNC survival data was when 75% of simulated people were diagnosed
150  when they had progressed to severe AAD and 25% were diagnosed when they had
151  moderate AAD (solid black line, Panel D). KPNC: Kaiser Permanente Northern

152  California; AAD: age-associated dementia.

153
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154  S1 Figure. Schematic of the health states and transitions in the AgeD-Pol model.
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155  AAD: age-associated dementia
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156  S2 Figure. Sensitivity analysis: AAD mortality risk by severity on (A) AAD cumulative incidence and (B) survival among

157 those at risk for AAD: observed results for the ACT Study and projected results for the AgeD-Pol model.
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160  AAD: age-associated dementia; ACT: Adult Changes in Thought; BC: base case; SA: sensitivity analysis
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161  S3 Figure. Observed survival from the KPNC Study compared with projected results for the AgeD-Pol model among

162  people with AAD at model start.
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163  AAD: age-associated dementia; KPNC: Kaiser Permanente Northern California
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