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ABSTRACT

Introduction: Alzheimer’s disease (AD) is a
chronic and progressive neurodegenerative dis-
ease that places a substantial burden on patients
and caregivers. Aducanumab is the first AD
therapy approved by the US Food and Drug
Administration to reduce a defining patho-
physiological feature of the disease, brain amy-
loid plaques. In the phase 3 clinical trial

EMERGE (NCT02484547), aducanumab reduced
clinical decline in patients with mild cognitive
impairment (MCI) due to AD and mild AD
dementia and confirmed amyloid pathology.
Methods: We used a Markov modeling
approach to predict the long-term clinical ben-
efits of aducanumab for patients with early AD
based on EMERGE efficacy data. In the model,
patients could transition between AD severity
levels (MCI due to AD; mild, moderate, and
severe AD dementia) and care settings (com-
munity vs. institution) or transition to death.
The intervention was aducanumab added to
standard of care (SOC), and the comparator was
SOC alone. Data sources for base-case and sce-
nario analyses included EMERGE, published
National Alzheimer’s Coordinating Center
analyses, and other published literature.
Results: Per patient over a lifetime horizon,
aducanumab treatment corresponded to 0.65
incremental patient quality-adjusted life-years
(QALYs) and 0.09 fewer caregiver QALYs lost
compared with patients treated with SOC.
Aducanumab treatment translated to a lower
lifetime probability of transitioning to AD
dementia, a lower lifetime probability of tran-
sitioning to institutionalization (25.2% vs.
29.4%), delays in the median time to transition
to AD dementia (7.50 vs. 4.92 years from MCI to
moderate AD dementia or worse), and an
incremental median time in the community of
1.32 years compared with SOC.
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Conclusion: The model predicted long-term
benefits of aducanumab treatment in patients
with MCI due to AD and mild AD dementia and
their caregivers. The predicted outcomes pro-
vide a foundation for healthcare decision-mak-
ers and policymakers to understand the
potential clinical and socioeconomic value of
aducanumab.
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Key Summary Points

Alzheimer’s disease (AD) is a chronic and
progressive neurodegenerative disease
that is estimated to cause 60–80% of all
dementia cases.

Aducanumab, the first US Food and Drug
Administration-approved AD treatment to
reduce a defining pathophysiological
feature of the disease, brain amyloid
plaques, reduced clinical decline in
patients with early AD in the phase 3 trial
EMERGE.

Our objective was to predict the long-term
clinical benefits of aducanumab for
patients with early AD when the EMERGE
efficacy data are extrapolated over
patients’ remaining lifetimes.

Aducanumab treatment was predicted to
translate to a lower probability of patients
transitioning to an AD dementia health
state and an institutionalized care setting
and delays in the median time to
transition to AD dementia and
institutionalization.

Predicted health outcomes provide a
foundation for healthcare decision-
makers and policymakers to understand
the potential clinical and socioeconomic
value of aducanumab.

INTRODUCTION

Approximately 54 million people are living with
dementia in the world today [1], with a pro-
jected rise to 152 million by 2050 [2]. Alzhei-
mer’s disease (AD) is a chronic and progressive
neurodegenerative disease that is estimated to
cause 60–80% of all dementia cases [3]. Clinical
AD is associated with shortened life expectancy
[3], and represents the fifth leading cause of
death in the United States (US) in those older
than 65 years of age [4]. The pathological hall-
marks of AD include extracellular amyloid beta
(Ab) deposition, intracellular pathologic tau,
and neurodegeneration [5]; some of these
pathophysiological changes precede the onset
of clinical symptoms by up to 20 years [6–9]. AD
lies on a continuum, which progresses from
mild cognitive impairment (MCI) to mild,
moderate, and severe stages of dementia [3, 9].

In the US, an estimated 9–10 million people
aged 50 years or older have MCI that would
clinically be attributed to AD; this corresponds
to approximately 1 in 12 people who are
50 years of age or older, considering the
increasing prevalence of MCI with age and
excluding the approximately 25% of MCI cases
that are clinically determined to result from
causes other than AD [10–13]. Further applying
data on AD biomarker status, approximately 1
in 25 individuals (4%) aged 50 years or older are
estimated to have MCI with sufficient amyloid
load for amyloid positivity to be confirmed
using biomarker tests [14].

Individuals with MCI due to AD can still
perform adequately and independently in daily
life activities; however, as AD severity increases,
neurobehavioral symptoms and cognitive
function worsen [9]. As patients transition from
mild to moderate AD dementia, they require
increasing levels of assistance with daily life
activities. In earlier stage AD, they begin to
require occasional assistance with complex
activities, later progressing to needing frequent
help with basic needs [9]. Patients with severe
AD dementia require full-time care with the
most basic feeding, toileting, and ambulating
needs [9]. The progressive reduction in both
independence and quality of life that patients
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with AD experience renders caregivers at
increased risk of emotional distress, negative
mental and physical well-being, reduced work-
place productivity, and loss of earnings
[3, 15, 16].

Beyond the emotional toll, AD imposes a
significant financial burden for people living
with the disease and their caregivers [4, 15–18].
Even though direct medical costs paid by the
healthcare system may represent only 16% of
total AD costs [19], the substantial socioeco-
nomic costs resulting from AD are not tradi-
tionally included in health technology
assessments [17, 20–22]. Patients with AD
eventually require multidisciplinary care from
family and friends, caregiving professionals,
and the medical community [17]. Approxi-
mately 80% of patients with AD and related
dementias in the US live at home, with family
and community caregivers contributing an
estimated 18.5 billion hours of unpaid care in
2019 [4].

Pharmacological therapies are available to
address the symptoms associated with the dis-
ease, and are considered standard of care (SOC)
for AD dementia management; these symp-
tomatic therapies are not approved for patients
with MCI due to AD [23]. Symptomatic thera-
pies approved in the US include the cholines-
terase inhibitors donepezil, rivastigmine, and
galantamine in addition to memantine, an N-
methyl-D-aspartate receptor antagonist [24]. A
combination therapy, memantine and donepe-
zil, is also approved in the US [24].

Aducanumab is the first AD therapy
approved by the US Food and Drug Adminis-
tration (FDA) to reduce a defining pathophysi-
ological feature of the disease: brain amyloid
beta plaques [25]. Aducanumab is a human,
immunoglobulin gamma 1 (IgG1) monoclonal
antibody directed against aggregated soluble
and insoluble forms of Ab [26], a defining
pathophysiological feature of AD [25]. Adu-
canumab was approved under accelerated
approval based on reduction in Ab plaques
observed in patients treated with aducanumab;
continued approval for this indication may be
contingent upon verification of clinical benefit
in confirmatory trial(s) [25].

The first predictive computer-based disease
models for AD were developed to evaluate
symptomatic therapies, whereas subsequent
models have been used to predict the long-term
benefits of hypothetical treatments that modify
the course of AD [21]. These models, some of
which include the MCI due to AD stage of the
disease, reflect a broad range of approaches (e.g.,
patient-level simulation, simple and multi-
dimensional Markov model structures) that rely
on diverse data sources. Many of these models
of AD rely on data from only one symptom
domain and rarely account for the critical role
of biomarkers to accurately stage AD or the
impact of biomarkers on AD-related health
outcomes [21]. A breakthrough treatment that
delays the onset or slows the progression of AD
is likely to be more successful if diagnosis occurs
at the early AD stage to reduce the probability of
patients transitioning to a more severe AD
health state. Such a therapy would reduce
indirect and social care costs and delay direct
medical costs [21], and may necessitate a revised
framework for value assessments in AD [22].

The identically designed, randomized, dou-
ble-blind, placebo-controlled, global phase 3
trials EMERGE (NCT02484547) and ENGAGE
(NCT02477800) assessed the efficacy and safety
of low-dose and high-dose aducanumab in
patients with MCI due to AD and mild AD
dementia, and confirmed amyloid pathology
[25]. The primary endpoint was a change from
baseline in the Clinical Dementia Rating Sum of
Boxes (CDR-SB) at week 78. Patients received an
intravenous dose of aducanumab every 4 weeks
in addition to SOC; participants receiving pla-
cebo were managed by SOC only, which per-
mitted a stable, concomitant use of
symptomatic therapies that were prescribed
prior to baseline at the discretion of physicians.
The EMERGE and ENGAGE trials were halted
based on an interim futility analysis of the data
pooled from both studies. Subsequent efficacy
analyses from a larger dataset, collected up to
futility declaration, and that followed prespeci-
fied statistical analyses, showed that the pri-
mary, secondary, and tertiary efficacy endpoints
were met in the high-dose group of EMERGE,
though not in ENGAGE [25].

Neurol Ther (2021) 10:919–940 921



Our objective was to develop and use an
evidence-based modeling approach to predict
potential long-term health outcomes, including
delays for transitions to more advanced AD
severity health states and institutionalization,
and survival in the community (as opposed to
institutionalization) in aducanumab-treated
populations. Using high-dose aducanumab data
from EMERGE, we present the first model to
include efficacy data from a randomized con-
trolled trial of an agent that reduces Ab plaques
in a population of MCI due to AD and mild AD
dementia with confirmed amyloid pathology.
Data from ENGAGE were not used in the cur-
rent model because fewer patients in the
ENGAGE trial had sustained and consistent
dosing at 10 mg/kg dose compared with those
in EMERGE. The decision to choose the trial
with sufficient exposure to high-dose treatment
was made in light of the importance of the
strong association between treatment exposure
and clinical outcomes [25].

METHODS

Modeling Approach

A Markov-based cohort model with health
states for AD severity levels, care settings, and
death was programmed in Microsoft Excel (Mi-
crosoft, Redmond, WA, USA). The AD severity
levels used in the model were MCI due to AD,
mild AD dementia, moderate AD dementia, and
severe AD dementia. At each severity level,
patients could be cared for in community or
institutional settings. The model structure
aligns with previously published Markov mod-
els for AD in which MCI due to AD was included
as a health state [27–30]. Health state defini-
tions for the model were defined by CDR-SB
ranges [31] to align with the efficacy analyses
for aducanumab from the EMERGE clinical trial.
The CDR-SB ranges were as follows: MCI due to
AD (0.5–4.0), mild AD (4.5–9.0), moderate AD
(9.5–15.5), and severe AD (16.0–18.0) [31].
Because some of the data used in the model
referenced severity levels defined by global CDR
or Mini-Mental State Examination (MMSE)
scores, a crosswalk of AD severity definitions

considered in this study is shown in Table S1 in
the electronic supplementary material.

To accommodate the diversity of available
sources with AD progression data, the model
was designed to simulate transitions between
any pair of non-death health states, as shown in
a simplified schematic in Fig. 1. In addition to
transitions to the next severity level (e.g., MCI
due to AD to mild AD dementia), the model
allowed transitions between non-sequential
severity levels (e.g., from MCI due to AD to
moderate AD dementia) and to less severe
health states (e.g., from moderate AD dementia
to mild AD dementia). Health states at each
severity level of AD dementia were considered
separately for individuals in community versus
institutionalized (i.e., long-term care facilities)
settings. Transitions from community to insti-
tutionalization and vice versa were permitted in
accordance with available data sources. The
model permitted transitions to death from any
health state. In alignment with previously
published Markov models for AD, transitions
were modeled on an annual cycle, and a half-
cycle correction was applied to model outcomes
in accordance with best practices for state-
transition modeling [32].

For the model, the intervention was high-
dose aducanumab in addition to SOC
(Adu ? SOC), and the comparator was SOC
alone. Non-pharmacological interventions,
such as care delivery coordination, nutrition
programs, and exercise, were considered to be
reflected in the outcomes (progression, utilities)
for the SOC.

Model Parameters

The EMERGE trial was conducted in accordance
with Declaration of Helsinki and the Interna-
tional Conference on Harmonization and Good
Clinical Practice guidelines and was approved
by ethics committees or institutional review
boards at each site. All patients provided written
informed consent. An independent data moni-
toring committee was responsible for monitor-
ing the conduct of the trials, assessing safety
routinely, and reviewing futility analysis results.

922 Neurol Ther (2021) 10:919–940



This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

Baseline Population Characteristics
The baseline population characteristics for the
model were established using pooled data from
the high-dose aducanumab and placebo arms of
the EMERGE trial [25]. The EMERGE trial
included patients with MCI due to AD [33] and
mild AD dementia [34] at baseline. The mean
age of the participants was 70.7 years (Table 1).
It is anticipated that patients in real-world set-
tings would receive a diagnosis of AD and ini-
tiate treatment at a younger age than in
contemporary clinical trial settings; therefore,
the baseline cohort used in the base-case anal-
ysis was designated as individuals aged
65.0 years with MCI due to AD (Table 1).
Alternative populations defined by age and
baseline health-state distributions (e.g., a cohort
of individuals with a baseline mix of MCI due to

AD and mild AD dementia) were considered in
scenario analyses.

Natural History
Disease Progression Model parameters for the
natural history progression of AD reflected the
expected experiences of patients managed
according to the SOC. Where available, datasets
with sufficient numbers of biomarker-positive
individuals were chosen to more closely align
with the EMERGE trial design and aducanumab
eligibility criteria. The National Alzheimer’s
Coordinating Center (NACC) Uniform Data Set
analysis by Potashman et al. [35] was selected as
the primary source to model disease progression
in the base case, because the analysis included
an amyloid-confirmed population and used
CDR-SB to define health states. Using the NACC
data, Potashman et al. [35] calculated transition
probabilities in ‘‘incident’’ patients for whom
entry into a new AD health state was observed
in the data, thereby increasing the reliability of
the transition probability estimates by captur-
ing the full time spent in a health state.

Fig. 1 Markov-based model. aNot all transitions shown in
the model structure were included in the base-case analysis.
The included transitions were based on the selected natural
history data. Transitions between AD severity levels were

assumed to be independent of the care setting (i.e.,
community vs. institutional). bTransitions to death could
occur from all other health states. AD Alzheimer’s disease,
MCI mild cognitive impairment
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Institutionalization and Number of Care-
givers The latest available institutionalization
estimates leveraging NACC data and including
patients with MCI due to AD [36] were used to
model institutionalization; many of the consid-
ered publications reporting institutionalization

rates did not include a distinct MCI population
[37–39]. In the base case, prevalence-based
institutionalization data were used that reflect
the proportion of patients institutionalized at
each AD severity level [36] (Table 1). In a scenario
analysis, incidence-based institutionalization

Table 1 Baseline population characteristics and natural history parameters

Baseline population characteristics Values Source
MCI due to AD only cohort (base case)
Age, years 65.0 Assumption (age and health 

state); EMERGE (female)Female, % 52.4
Health-state distribution, %

MCI due to AD 100.00
Mild AD dementia 0.00

MCI due to AD and mild AD dementia cohort 
(scenario)
Age, years 70.7 EMERGE
Female, % 52.4
Health-state distribution, %

MCI due to AD 80.7
Mild AD dementia 19.3

Annual transition probabilities
From MCI due to AD to AD dementia
Annual probability, % 23.2 Potashman et al. 2020 (35)
Landing spot distribution in AD dementia, %

Mild AD dementia 72.7
Moderate AD dementia 27.3
Severe AD dementia 0.0

From mild AD dementia to, %
MCI due to AD 3.3 Potashman et al. 2020 (35)
Moderate AD dementia 35.2
Severe AD dementia 4.4

From moderate AD dementia to, %
MCI due to AD 0.0 Potashman et al. 2020 (35)
Mild AD dementia 2.9
Severe AD dementia 42.0

From severe AD dementia to, %
MCI due to AD 0.0 Potashman et al. 2020 (35)
Mild AD dementia 0.0
Moderate AD dementia 1.9

Institutionalization
Proportion institutionalized, %

MCI due to AD 1.7 Davis et al. 2018 (36)
Mild AD dementia 4.3
Moderate AD dementia 11.6
Severe AD dementia 43.2

Mortality 
HRs for mortality (vs. general population)

MCI due to AD 1.48 Wilson et al. 2009 (41)
Mild AD dementia 2.84
Moderate AD dementia 2.84
Severe AD dementia 2.84

AD Alzheimer’s disease, HR hazard ratio, MCI mild cognitive impairment
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data were used from a study reporting annual
transition probabilities from the community to
institutionalization by AD severity level [40].
Patients with AD commonly require more than
one caregiver [15]; however, an assumption of
one caregiver per patient throughout the AD
continuum was used in the current model to
align with available data on patient–caregiver
dyads [15].

Mortality The base-case analysis used hazard
ratio (HR) estimates reported by Wilson et al.
[41] to model excess mortality in patients with
AD (Table 1). The multiplicative approach sug-
gested by Wilson et al. [41], i.e., HRs applied to
age-specific general mortality estimates from
Arias and Xu [42], was preferred for the model,
because this approach naturally increases the
probability of death across all health states as
patients age. Notably, the Wilson et al. [41]
study did not differentiate between AD
dementia severity levels; therefore, the
increased mortality risk associated with AD
dementia was assumed to be the same across AD
dementia severity levels. This study was selected
for the base case because it included a distinct
MCI population. Other potential data sources
[30, 43] include a very mild AD dementia cate-
gory, but it is unclear how comparable this is to
MCI due to AD. In a scenario analysis, the HRs
from Wimo et al. [30] were considered.

Aducanumab Attributes

Dosing
Patients in the aducanumab arms of EMERGE
received an intravenous dose of either low-dose
(3–6 mg/kg) or high-dose (6–10 mg/kg) adu-
canumab every 4 weeks, up to a maximum of 20
doses. Per the original EMERGE trial protocol
(protocol version 1), the target dose in the high-
dose aducanumab group initially differed
according to the apolipoprotein (ApoE) e4 car-
rier status of the patients: 6 mg/kg for carriers
(titrated from 1 to 3 to 6 mg/kg over 24 weeks)
and 10 mg/kg (titrated from 1 to 3 to 6 to
10 mg/kg over 24 weeks) for non-carriers. Based
on the results of the phase 1b PRIME clinical
trial of aducanumab (NCT01677572) [26], two

protocol amendments were implemented so
that more patients could achieve the target dose
of 10 mg/kg. An amendment in protocol ver-
sion 3 enabled patients who had suspended
aducanumab dosing due to amyloid-related
imaging abnormalities (ARIA) to resume dosing
after resolution of the ARIA event. Dosing was
resumed at the same dose prior to suspension
and titration to the target dose continued.
Because of the protocol version 3 amendment,
ApoE e4 non-carriers who had an ARIA event
had the opportunity to receive more 10 mg/kg
target doses. An amendment in protocol version
4 enabled all patients in the high-dose group to
receive 10 mg/kg aducanumab regardless of
ApoE e4 carrier status [25].

Treatment Effect
Treatment effect estimates for aducanumab
were based on a comparison between high-dose
aducanumab (6 or 10 mg/kg) and placebo in the
EMERGE trial using the intention-to-treat (ITT)
population as the base case. Although combin-
ing data from EMERGE and ENGAGE trials
could add to the statistical power of the analy-
sis, a compromise to focus only on the EMERGE
trial was scientifically justified given the
heterogeneity in exposure to aducanumab
across the two studies for the ITT population.
The ITT population in the EMERGE trial (pla-
cebo, n = 548; high-dose aducanumab, n = 547)
was defined as all randomized patients who
received at least one dose of study treatment.
An alternative opportunity-to-complete (OTC)
population was designated to replicate treat-
ment effect estimates for aducanumab in sce-
nario analyses. The OTC population was
defined as all patients who had an opportunity
to complete week 78 of the trial prior to March
20, 2019, when the trial was prematurely
terminated.

Aducanumab demonstrated statistical sig-
nificance on the prespecified primary and sec-
ondary clinical endpoints in the EMERGE trial.
The primary endpoint was change from baseline
in CDR-SB at week 78. The difference between
high-dose aducanumab (1.35) versus placebo
(1.74) was - 0.39 (p = 0.01), representing a 22%
reduction in clinical decline in favor of adu-
canumab [25]. However, the current model
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requires the treatment effect of aducanumab to
be expressed as a reduction in transition prob-
abilities between discrete health states, defined
using CDR-SB thresholds (Table S1 in the elec-
tronic supplementary material). This analysis
was not predefined in the EMERGE Statistical
Analysis Plan. A post hoc time-to-event analysis
was conducted on the transition from MCI due
to AD to AD dementia in the EMERGE trial.
Only patients with MCI due to AD and mild AD
dementia were enrolled in the EMERGE trial.
Transition probabilities from mild AD dementia
to more severe health states were not calculated
due to the small sample size.

The typical approach to testing the equality
of two survival curves is by using the log-rank
test statistic. The log-rank test has maximum
power under the proportional hazards assump-
tion. When the hazard functions are not pro-
portional, the power of the log-rank test is
reduced, and the HR from Cox regression may
be difficult to interpret. One type of nonpro-
portionality is delayed clinical effect, in which
the treatment does not immediately show an
advantage, and a lag time is observed prior to
the hazard functions diverging later in the fol-
low-up period. This is expected based on the
mechanism of action of aducanumab and the
titration period. Alternative approaches to sur-
vival analysis are required when the assumption
of proportional hazards does not hold, such as
the Fleming–Harrington weighted log-rank statis-

tic, defined as: FH(p,q) = bS tj�1

� �

h ip
1 � bS tj�1

� �

h iq
;

p�0; q�0. When a nonproportional hazards
pattern can be determined a priori, weighted log-
rank tests can be used to test early or late differ-
ences. However, these analyses were performed
post hoc; therefore, it was not possible to predefine
the weights, and all p values presented were con-
sidered nominal. The pvalue from the log-rank test
was 0.0150. When performing the Fleming–Har-
rington weighted log-rank test to test late differ-
ences (p= 0, q= 1; i.e., giving more weight to later
timepoints), the p value was 0.0008. Both tests
show a nominally statistically significant treat-
ment effect. However, considering the mechanism
of action of aducanumab and the titration period,
the weighted log-rank test to test late differences
was the most appropriate.

Because CDR-SB was only assessed post-
baseline at three timepoints, a piecewise pro-
portional hazards model was not viable because
one section would be based on a single time-
point. Therefore, the HR from the overall Cox
model was presented. However, because the HR
over the first 26 weeks appeared to be close to 1,
this increased the overall HR and therefore was
considered a conservative estimate for later
timepoints.

The Cox model estimated an HR of 0.690
(95% CI 0.552–0.863) for aducanumab relative
to placebo in the base-case ITT population. In
the current model, this HR was assumed to
equate to a 31.0% reduction in the annual
probability of progression from MCI due to AD
to AD dementia for patients treated with adu-
canumab. An assumption of a 31.0% reduction
in annual transition probability was also
applied to patients with mild AD treated with
aducanumab, because the EMERGE trial con-
tained an insufficient number of patients to
perform a separate survival analysis for this
group. For the OTC population, the HR was
0.646 (95% CI 0.495–0.844), which was
assumed to equate to a 35.4% reduction in
progression for patients treated with
aducanumab.

Duration of Effect and Discontinuation
The long-term effect of aducanumab treatment
in the model was informed by EMERGE data,
including treatment efficacy, the durability of
the treatment effect over time, clinical stopping
rules, and treatment discontinuation. For the
model, an assumption was made that the
treatment effect of aducanumab derived from
the EMERGE trial would last as long as patients
remained on the treatment. This assumption is
supported by the PRIME clinical trial, in which a
clinical benefit of aducanumab was observed
over 48 months of treatment [44].

In the model, treatment with aducanumab
was stopped upon transition to moderate AD
dementia or worse with no maximum time on
treatment imposed; if patients subsequently
transitioned to a less severe health state after
stopping treatment due to progression (e.g.,
moderate AD dementia back to mild AD
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dementia), aducanumab treatment was not
restarted.

In the base-case analysis, a discontinuation
rate of 0.0% was assumed to reflect the experi-
ence of patients who were stable on treatment
with aducanumab. Of the participants in the
EMERGE trial treated with high-dose adu-
canumab, 11.0% discontinued treatment by the
end of the 78-week trial period for reasons
considered related to treatment (i.e., AEs, con-
sent withdrawn, and other reasons). This
translated to the 7.5% annual discontinuation
rate used in the scenario analyses. Study-related
reasons for discontinuation including the early
termination of the study, study visit burden,
and investigator decision were not included.
Discontinuation rates in the model did not
include temporary aducanumab dosing delays
or interruptions (e.g., due to ARIA events).

Adverse Events
Adverse events (AEs) were eligible to be inclu-
ded in the model if they occurred in C 10% of
patients in either the high-dose aducanumab or
placebo arm of EMERGE, or were at least two
percentage points more common for partici-
pants treated with high-dose aducanumab than
for those who received placebo. AEs that met
the inclusion criteria for the model were fall,
headache, nasopharyngitis, dizziness, diarrhea,
and ARIA events, including superficial siderosis.
The model did not differentiate between ARIA-E
(ARIA-edema) and ARIA-H (ARIA-H microhem-
orrhage, ARIA-H superficial siderosis, or ARIA-H
macrohemorrhage); while ARIA-E, ARIA-H
microhemorrhage, and ARIA-H superficial
siderosis met the eligibility criteria, they were
only included in the model under the overall
term of ARIA. In EMERGE, ARIA events were
predominantly asymptomatic (75.0% of incre-
mental ARIA events) and resolved within
months; aducanumab treatment was perma-
nently discontinued in cases of severe ARIA
[25]. Using the 78-week EMERGE trial safety
data, incidence rates for all AEs, except ARIA
events, were annualized and incorporated in the
model for each year of treatment with adu-
canumab (Table S2 in the electronic supple-
mentary material). ARIA incidence was not
annualized, because ARIA events were assumed

to occur only once, and were assigned to the
first year of treatment with aducanumab only.
Incremental AE rates for aducanumab were
included in the analysis, because AEs that
occurred in the placebo arm are reflected in AD
management with SOC. This resulted in the
exclusion of nasopharyngitis, because it was
more common for patients in EMERGE treated
with placebo than with high-dose aducanumab.

Utilities

Patient utilities for individuals with MCI due to
AD and AD dementia were selected from a sys-
tematic literature review and meta-analysis by
Landeiro et al. [45], which included self-
reported and proxy-reported utilities for
individuals at each AD severity health state
(Table S3 in the electronic supplementary
material). In the model, the proxy-reported
European Quality of Life-5 Dimensions (EQ-5D)
estimates were used because patients in later
stages of AD dementia may provide less reliable
self-rated assessments [46]. Landeiro et al. [45]
included studies of patients in both community
and institutionalized care settings, but the
meta-analysis did not analyze the care settings
separately. Therefore, for each level of AD
severity, the same utility values were used for
patients living in the community or institution-
alized settings, although it is known from the
base-case data source for institutionalization used
in the model that more patients are institution-
alized as AD severity progresses [36].

Caregiver disutility values (Table S3 in the
electronic supplementary material) were used in
the model to account for the effects of AD on
caregiver quality of life. Caregiver disutility
values were estimated by subtracting EQ-5D-
rated caregiver utility values published by
Mesterton et al. [47] from general population,
age-adjusted utility values published by Janssen
and Szende [48]. Because the study by Mester-
ton et al. [47] did not include caregivers of
patients with MCI due to AD, the caregiver
disutilities for patients with MCI due to AD were
assumed to be zero. While there is evidence that
caregiver burden, as measured by hours of
caregiving, persists after patients are
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institutionalized [15, 18], data on utility values
for caregivers of institutionalized patients are
limited. As such, we assumed caregiver disutili-
ties were the same across both patient care
settings.

Utility decrements were combined with the
duration of AE impact to estimate the quality-
adjusted life-years (QALYs) lost for each AE per
year of aducanumab treatment, with separate
values for year 1 (reflecting ARIA events and
chronic AEs) and years 2 and beyond (reflecting
chronic AEs only). Values for years 2 and
beyond were applied for as long as patients
continued treatment with aducanumab.

Model Outcomes

The model was used to estimate potential
health outcomes for patients with AD and the
impact on quality of life for patients and their
caregivers. The base-case analysis was con-
ducted over the patients’ remaining lifetimes,
with shorter horizons considered in scenario
analyses. In addition to estimating outcomes
separately for Adu ? SOC and SOC, the model
also estimated incremental outcomes. Event-
based health outcomes (undiscounted) inclu-
ded estimations of the proportions of patients
progressing to more advanced health states
(e.g., moderate AD dementia or worse), the
median time to progression to these health
states (the time when 50% of those alive had
progressed), and the median time to institu-
tionalization. Time-based health outcomes
included estimations of total life-years (LYs) of
survival (undiscounted) by AD severity level in
both the community and institution settings.
Quality-adjusted survival outcome estimates
(discounted) included patient QALYs and care-
giver QALYs lost. In alignment with Institute for
Clinical and Economic Review recommenda-
tions [49], the equal value of LYs gained was
estimated by applying age-specific general pop-
ulation utility values [48] to time periods cor-
responding to survival gains for aducanumab.
For clinical outcomes that were discounted, an
annual rate of 3.0% was used [49, 50].

Model Validation

The model was validated by comparing the
predicted outcomes for the SOC with outcomes
reported in recently published models for MCI
due to AD. The published models included in
the comparison were selected to reflect the
diversity of modeling approaches and data
sources used to model the AD continuum. In
particular, the selected models included a Mar-
kov model with a structure similar to that of the
current model using Swedish Dementia (Sve-
Dem) registry data [30], an open-source Markov
model (v.1.1) from the International Pharmaco-
Economic Collaboration on Alzheimer’s Disease
(IPECAD) with multi-dimensional symptom
health states for dementia using NACC data
[51, 52], a multi-state statistical model using
combined data from six longitudinal cohort
studies [53], and the Alzheimer’s Dis-
ease–Archimedes Condition Event (AD-ACE)
simulation model with continuous biomarker
and symptom trajectories using data from the
Alzheimer’s Disease Neuroimaging Initiative
and the Assessment of Health Economics in
Alzheimer’s Disease project [54]. The model
comparisons were adjusted to account for
baseline age. Other adjustments to model set-
tings or data sources were not considered. The
model comparison details are presented in the
electronic supplementary materials, and the
results are discussed below.

RESULTS

Base-Case Analysis

The extrapolation of the clinical benefits of
aducanumab treatment from EMERGE were
predicted across the patients’ remaining life-
times (Table 2) and over intermediate 5- and
10-year horizons (Table S4 in the electronic
supplementary material).

Over a lifetime horizon, patients treated with
aducanumab were estimated to have a lower
lifetime probability of transitioning to AD
dementia (i.e., mild, moderate, or severe AD
dementia) compared with patients treated with
SOC (Table 2; Fig. 2a). The estimated number of

928 Neurol Ther (2021) 10:919–940



transitions to a more severe AD health state was
lower with Adu ? SOC than with SOC for all
severity levels: to AD dementia (82.8% vs.
89.4%), to moderate AD dementia or worse
(69.5% vs. 80.0%), and to severe AD dementia
(57.1% vs. 67.2%). The model also predicted a
lower lifetime probability of transitioning to
institutionalization for patients treated with
Adu ? SOC than for those who received SOC
(25.2% vs. 29.4%; Table 2; Fig. 2b). Longer
median times to transitions to AD dementia and
moderate AD dementia were also predicted for
patients in the Adu ? SOC group compared
with the SOC group (Table 2). Specifically, the

median time to AD dementia (the time when
50% of those alive had progressed) was esti-
mated to be 1.53 years longer in the Adu ? SOC
group than in the SOC group (4.30 vs.
2.77 years). The median time to moderate AD
dementia (the time when 50% of those alive
had progressed) was 2.58 years longer for adu-
canumab-treated patients than for SOC-treated
patients (7.50 vs. 4.92 years). Of the baseline
cohort, aducanumab treatment was estimated
to result in an incremental median survival in
the MCI due to AD health state of 1.16 years
compared with patients who received SOC (3.70
vs. 2.54 years). The model also predicted an

Table 2 Base-case model outcomes over lifetime horizon

Event-based model outcomes (undiscounted) SOC Adu + SOC Incremental
Number of transitions (net of return transitions), %

To AD dementia (i.e. mild AD dementia or worse) 89.4 82.8 –6.5
To moderate AD dementia or worse 80.0 69.5 –10.6
To severe AD dementia 67.2 57.1 –10.1
To institutionalization 29.4 25.2 –4.1

Progression to AD dementia (i.e. mild AD dementia or worse), 
years

Median survival in MCI due to AD (of baseline cohort) 2.54 3.70 1.16
Median time to AD dementia (of those alive) 2.77 4.30 1.53

Progression to moderate AD dementia or worse, years
Median survival in mild AD dementia or better (of baseline cohort) 4.29 5.95 1.66
Median time to moderate AD dementia (of those alive) 4.92 7.50 2.58

Progression to severe AD dementia, years
Median survival in moderate AD dementia or better (of baseline 
cohort)

6.12 7.63 1.51

Median time to severe AD dementia (of those alive) 7.44 10.26 2.82
Time to institutionalization, years

Median survival in community (of baseline cohort) 8.85 10.17 1.32
Median time to institutionalization (of those alive) NR NR NA

Time-based model outcomes SOC Adu + SOC Incremental
Total LYs (survival; undiscounted) 12.92 13.31 0.38
Years on treatment NA 7.03 NA
Community, total 10.06 10.95 0.89

MCI due to AD 3.62 5.13 1.51
AD dementia 6.44 5.82 –0.62

Institution, total 2.87 2.35 –0.51
MCI due to AD 0.06 0.09 0.03
AD dementia 2.80 2.27 –0.54

Total LYs (discounted) 10.45 10.70 0.26
Total QALYs (discounted) 5.59 6.34 0.75
Patient QALYs, total 6.11 6.76 0.65

Community, total 5.27 6.06 0.80
MCI due to AD 2.65 3.63 0.98
AD dementia 2.62 2.43 –0.18

Institution, total 0.84 0.71 –0.14
MCI due to AD 0.05 0.06 0.02
AD dementia 0.80 0.64 –0.16

Lost to ARIA AEs 0.000 0.003 0.003
Lost to other AEs 0.000 0.002 0.002

Caregiver QALYs lost 0.52 0.42 –0.09
Total evLYG (discounted) 5.59 6.42 0.83

AD Alzheimer’s disease, Adu aducanumab, AE adverse event, ARIA amyloid-related imaging abnormalities, evLYG equal
value of life-years gained, LY life-year, MCI mild cognitive impairment, NA not applicable, NR not reached, QALY quality-
adjusted life-year, SOC standard of care
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incremental median survival in the community
(of the baseline cohort) of 1.32 years with
Adu ? SOC compared with SOC (10.17 vs.
8.85 years).

The extrapolation of the clinical benefits
observed in EMERGE also translated to potential
improvements in time-based outcomes over a
lifetime horizon (Table 2). Aducanumab treat-
ment was predicted to increase the expected
time per patient in the MCI due to AD health
state while reducing the expected time per
patient in the AD dementia health states in
both the community and institutionalized set-
tings (Table 2). For patients treated with adu-
canumab, the incremental change in expected
time in MCI due to AD and AD dementia in the
community setting was 1.51 and – 0.62 years,
respectively, compared with patients treated
with SOC. The model predicted that the slowing
of disease progression would be associated with
an indirect survival benefit of 0.38 incremental
total undiscounted LYs resulting from treat-
ment with aducanumab compared with
patients managed with SOC (13.31 vs. 12.92).
Aducanumab treatment was projected to corre-
spond to 0.26 incremental discounted LYs
(10.70 vs. 10.45) and 0.75 incremental total
QALYs (6.34 vs. 5.59) per patient compared
with SOC. Incremental QALYs were estimated at
0.65 for aducanumab-treated patients compared
with SOC-managed patients (6.76 vs. 6.11),
while incremental caregiver QALYs lost were
– 0.09 for patients treated with aducanumab
compared with SOC, respectively (0.42 vs. 0.52)
(Table 2). The QALYs lost due to ARIA and other
AEs were estimated to be 0.005 for Adu ? SOC
vs. SOC (Table 2).

Scenario Analyses

Uncertainty in a model of health outcomes can
arise from alternative model settings (popula-
tion, time horizon, discounting), data sources
(selections of natural history transition proba-
bilities), treatment effectiveness assumptions
and settings (durability and stopping rules), and
structural assumptions (institutionalization and
mortality approaches). Therefore, the likely
impact of such alternative settings, data sources,

and assumptions was assessed via a series of
selected scenario analyses that represent plau-
sible variations that may exist in the real world.
For the scenario analyses, incremental values
for the Adu ? SOC versus SOC groups of
EMERGE are presented in Table 3, whereas non-
incremental values are presented separately for
Adu ? SOC and SOC in Table S5 in the elec-
tronic supplementary material.

When using time horizons of 10 and
20 years, shorter time horizons did not affect
the predicted incremental median transition
times to AD dementia or moderate AD dementia
or incremental median time in the community
(Table 3). Furthermore, adjusting the discount
rate from 3.0% in the base case to 0.0% or 5.0%
in the scenario analyses did not affect incre-
mental median transition time to AD dementia
or moderate AD dementia or median survival in
the community (Table 3). When older baseline
ages (70.0 or 75.0 years) were considered, the
incremental median time for transitions to AD
dementia and moderate AD dementia was
increased compared with the base case
(65.0 years) (Table 3). Increasing the baseline
age also lowered the median time of survival in
the community compared with the base case
(Table 3). In scenario analyses that changed the
baseline health state from MCI due to AD to a
mixed population of MCI due to AD and mild
AD dementia (age 70.7 years), a reduction in the
incremental median transition time to moder-
ate AD dementia and median survival in the
community was estimated (Table 3).

Scenario analyses were also conducted using
alternative data sources for the natural history
transition probabilities, for transitions to insti-
tutionalization, and for AD-related mortality
(Table 3). In the base case, the incremental
median times from MCI due to AD to AD
dementia and moderate AD dementia were 1.53
and 2.58 years, respectively. In general, most of
the scenarios with alternative AD progression,
institutionalization, and mortality data sources
showed a limited impact on health outcomes. A
scenario analysis using an alternative data
source for natural history [55], estimated a
slower progression from MCI due to AD to AD
dementia (13.3% per year) compared with the
base-case analysis (23.2% per year). The data
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from Iaccarino et al. [55] translated to an
increase in incremental median time to AD
dementia (3.14 vs. 1.53 years) and moderate AD
dementia (5.32 vs. 2.58 years). A scenario anal-
ysis using an alternative data source for

progression among mild, moderate, and severe
AD health states [30], increased the incremental
median time to moderate AD dementia and
reduced the incremental survival in the com-
munity, compared with the base case (Table 3).

Fig. 2 Markov traces of base-case results. AD Alzheimer’s disease, Adu aducanumab, MCI mild cognitive impairment, SOC
standard of care
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Additional scenarios were conducted to
acknowledge the possible impact of treatment
stopping rules and discontinuation on the
potential long-term clinical benefit of adu-
canumab (Table 3). Compared with the base
case in which aducanumab treatment was
stopped at moderate AD dementia, enforcing a

stopping rule of 3 or 5 years shortened the pre-
dicted incremental delays in median time to AD
dementia and to moderate AD dementia and
reduced the median survival in the community
(Table 3). Discontinuation of aducanumab
treatment at a rate of 7.5% per year, compared
with 0% in the base case, also shortened the

Table 3 Incremental health outcomes for selected scenario analyses

Scenario

Incremental outcomes for Adu + SOC vs. SOC

Median time to AD 
dementia, years

Median time to 
moderate AD

dementia, years

Median survival in 
community, years QALYs

Base-case analysis 1.53 2.58 1.32 0.75

Model settings
Time horizon 
base case = lifetime

10 years 1.53 2.58 NA 0.45
20 years 1.53 2.58 1.32 0.72

Discount rates
base case = 3.0% per year

0.0% 1.53 2.58 1.32 0.98
5.0% 1.53 2.58 1.32 0.63

Model population
Baseline age 
base case = 65 years

70 years 1.58 2.74 0.99 0.64
75 years 1.68 3.09 0.70 0.50

Baseline health states 
base case = MCI due to AD only

MCI due to AD and mild AD dementia
(Table 1) NA 2.33 0.90 0.58

Mild AD dementia only (age = 70.7 years) NA 0.86 0.57 0.32
Natural history
MCI due to AD to AD dementia 
base case = Potashman et al. 2020 (35) (23.2% per 
year)

Iaccarino et al. 2019 (55) (13.3% per year) 3.14 5.32 1.33 0.79
Vos et al. 2015 (56) (26.9% per year) 1.32 2.76 1.37 0.77

Within AD dementia 
base case = Potashman et al. 2020 (35)

Wimo et al. 2020 (30) data not shown 1.40 3.42 0.79 0.53
Institutionalization 
base case = Davis et al. 2018 (36)

Neumann et al. 1999 (40) data not shown 1.53 2.58 1.22 0.75
Mortality 
base case = Wilson et al. 2009 (41)

Wimo et al. 2020 (30) data not shown 1.51 2.78 1.62 0.94
Aducanumab attributes
Efficacy 
base case = ITT Cox PH model

OTC Cox PH model 1.88 3.16 1.55 0.88
Stopping rules 
base case = stop at moderate AD dementia

Maximum of 3 years 1.05 1.02 0.51 0.33
Maximum of 5 years 1.53 1.72 0.81 0.48

Discontinuation 
base case = 0% per year

7.5% per yeara 1.28 1.92 1.00 0.57

AD Alzheimer’s disease, Adu aducanumab, ITT intention to treat, MCI mild cognitive impairment, NA not applicable,
OTC opportunity to complete, PH proportional hazards, QALY quality-adjusted life-year, SOC standard of care
a Discontinuation estimate based on EMERGE trial data
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predicted incremental delays in median time to
AD dementia and to moderate AD dementia
and lowered the median survival in the
community.

All scenario analyses were also examined for
impacts on predicted incremental QALYs per
patient. Compared with the base case, lower
QALYs were observed with 10- and 20-year
horizons, an increase in age of the population at
baseline, and alternative baseline health states
of MCI due to AD and mild AD dementia or
mild AD dementia only (Table 3). Incremental
QALYs increased when the discount rate was
lowered to 0.0%. Alternative populations or
sources that were used for natural history
[55, 56] and mortality [30] had different impacts
on QALYs. Higher incremental QALYs were
estimated in scenario analyses that used alter-
native sources for progression from MCI due to
AD to AD dementia [55, 56] and mortality [30].
Lower incremental QALYs were predicted with
an alternative data source for progression
among mild, moderate, and severe AD health
states [30] and no change in incremental QALYs
was estimated when an alternative source for
institutionalization was used [40] (Table 3).
Implementation of clinical stopping rules and a
treatment discontinuation scenario reduced
incremental QALYs compared with the base
case (Table 3).

Model Validation

Model validation was conducted by comparing
the predicted outcomes for the SOC with out-
comes reported in recently published models
for MCI due to AD over 10-year and lifetime
modeling horizons (Fig. 3 and Table S6 in the
electronic supplementary material). The models
generally predicted shorter overall survival (i.e.,
undiscounted total LYs) and less time at each
AD severity level as the baseline cohort age
increased (ranging from 60 to 80 years),
reflecting the role of increasing age-dependent
mortality risk across the varying approaches.
After baseline cohort age was adjusted for, dif-
ferences in the model predictions for mean time
in state and overall survival could be attributed
in most instances to differences in natural

history disease progression data (from MCI due
to AD to AD dementia and within AD dementia)
or mortality data.

The comparison of our model with the Sve-
Dem model [30] showed an expected similarity
in the time in MCI due to AD owing to com-
parable amyloid-positive MCI due to AD pro-
gression data; differences in other time in state
predictions and in overall survival reflected the
slower overall AD dementia progression seen in
the SveDem analysis and potential differences
in the underlying general mortality data
between the US and Sweden. While our model
and the IPECAD model [51, 52] both used data
from NACC, our model predicted less time in
MCI due to AD, more time in AD dementia, and
comparable overall survival; these differences
were likely attributable to the IPECAD analysis
not enforcing an amyloid restriction in their
MCI progression estimates. While our model
and the Vermunt et al. [53] analysis both con-
sidered amyloid-confirmed cohorts, our model
consistently predicted less time in all health
states. These differences may be partially
attributable to the Vermunt et al. [53] analysis
allowing transitions from MCI due to AD to a
cognitively normal health state and their reli-
ance on study-observed mortality instead of
HRs applied to age-specific general mortality
data. Comparisons between our model and the
AD-ACE model [54] were feasible only for dis-
counted (3% annually) total LYs over a 10-year
horizon (results not shown in Fig. 3). Our model
predicted higher LYs than the AD-ACE analysis,
potentially owing to differences between the
late MCI cohort from the Alzheimer’s Disease
Neuroimaging Initiative considered in the AD-
ACE model and the broader, amyloid-confirmed
MCI due to AD cohort from NACC considered
in our analysis.

DISCUSSION

The objective of this study was to develop and
use an evidence-based modeling approach to
predict the potential long-term health out-
comes of aducanumab for the treatment of
patients with MCI due to AD or mild AD
dementia. The analysis presented in this study
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was the first to use efficacy data from a phase 3
clinical trial in a model to estimate possible
long-term health outcomes for patients with
early AD who were treated with an intervention
that reduces Ab plaques, a biomarker that is
reasonably likely to predict clinical benefit
[25, 57]. The population in the current study
was restricted to amyloid-confirmed individuals
with AD to align with the EMERGE trial. The
high dose of aducanumab used in EMERGE
corresponds to the FDA-approved target dose of

aducanumab for treatment in real-world clinical
practice. This analysis leveraged the best-avail-
able published evidence on AD natural history
and quality of life and considered scenarios to
reflect the uncertainty of extrapolating clinical
trial data to long-term, real-world settings.
Thus, this modeling methodology and the pre-
dicted health outcomes provide a foundation
for healthcare decision-makers and policymak-
ers to understand the potential clinical,

Fig. 3 Comparison with published models of life-years by
AD severity level over a lifetime horizon. aThe IPECAD
model considers up to a 20-year horizon only, which was
assumed to approximate a lifetime horizon. For cohorts
aged 60, 65, 70, 75, and 80 years, the IPECAD model
predicted that 80.5%, 89.1%, 94.8%, 98.1%, and 99.6% of
patients, respectively, had died at 20 years. bThe multi-state
model used in the Vermunt et al. [53] analysis allowed for
transitions from MCI due to AD back to a preclinical AD
(i.e., no cognitive impairment) health state. For the
purposes of reporting, we combined the predicted time

in preclinical AD with the predicted time in MCI due to
AD. Their analysis also combined moderate AD dementia
and severe AD dementia, shown here as moderate AD
dementia. AD Alzheimer’s disease, IPECAD International
Pharmaco-Economic Collaboration on Alzheimer’s Dis-
ease, LY life-year, MCI mild cognitive impairment,
SveDem Swedish Dementia registry. Sources: Kansal
et al. [54]; Green et al. [51]; Vermunt et al. [53]; Wimo
et al. [30]; IPECAD Modeling Group [52]
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economic, and societal value of aducanumab
for the treatment of patients with early AD.

The extrapolation of the clinical benefits
observed in EMERGE was predicted to translate
to improvements in health outcomes over a
lifetime horizon. In a cohort of 65-year-old
adults with MCI due to AD, treatment with
aducanumab was estimated to delay the median
time of transition to AD dementia and moder-
ate AD dementia by 1.53 and 2.58 years,
respectively, compared with SOC. The incre-
mental median survival in the MCI due to AD
health state was estimated at 1.16 for patients
treated with aducanumab compared with
patients managed with SOC (3.70 vs.
2.54 years). The base-case analysis also pre-
dicted 0.75 incremental QALYs per patient for
aducanumab compared with the SOC (6.34 vs.
5.59). The scenario analyses around model set-
tings, data sources, and assumptions showed
how the magnitude of these clinical benefits
varies with alternative baseline cohort charac-
teristics, natural history progression data, adu-
canumab effectiveness, and settings for
stopping treatment with aducanumab. The
validation comparisons between the current
model and other published models further
support the importance of age, natural history
progression data, and mortality approach to
long-term clinical predictions for patients with
MCI due to AD.

Similar potential health outcomes for
patients treated with aducanumab in real-world
settings would have a profound effect on the
informal costs (time spent by caregivers valued
in monetary terms) associated with AD. For
example, a treatment that could yield a clini-
cally meaningful delay in the onset of AD has
been predicted to result in immediate signifi-
cant savings in informal costs for patients with
AD and their families [58]. Reducing the num-
ber of patients with advancing disease severity
as well as the number of LYs spent with
dementia is critical to patient and caregiver
quality of life [58]. These long-term estimates of
the clinical benefits of aducanumab may trans-
late to reduced resource utilization and
improved time-based outcomes for patients
with AD and their caregivers.

The estimated median time to AD dementia
and to moderate AD dementia was dependent
on the natural history data source. In the base
case, the incremental median times from MCI
due to AD to AD dementia and moderate AD
dementia were 1.53 and 2.58 years, respectively.
When an alternative data source with a slower
progression from MCI due to AD to AD
dementia [55] was used, the incremental med-
ian time to AD dementia and moderate AD
dementia increased. The alternative data source
for AD-related mortality [30] increased the
incremental median time to moderate AD
dementia and the incremental median survival
in the community. These findings highlight the
importance of recognizing that incremental
outcomes may vary based on underlying AD
progression rates. Discontinuation and stop-
ping rules may also affect the potential clinical
benefits of aducanumab in real-world settings.
For example, results from the DOMINO clinical
trial (NCT00866060) showed that, for patients
with moderate or severe AD, continuation of
treatment with donepezil resulted in clinically
meaningful cognitive benefits [59]. Future
analyses should address the importance of
maintaining an enduring treatment effect by
investigating how stopping or discontinuing
aducanumab treatment could affect long-term
health outcomes and quality of life.

The analyses presented here are limited by
the availability, accuracy, and robustness of the
input data and assumptions. Despite the
extensive published literature on AD, key
uncertainties (e.g., natural history disease pro-
gression, especially in patients with confirmed
amyloid pathology) and data gaps (e.g., mor-
tality and utility studies spanning the full AD
continuum, caregiver quality of life for institu-
tionalized patients) remain. For example, pro-
gression rates along the AD continuum are
highly variable between patients and depend on
several factors, such as age, sex, baseline disease
stage, cognitive and functional abilities, and
levels of Ab accumulation in the brain [60–62].
Uncertainty in the extrapolation of the treat-
ment effect of aducanumab data from the
EMERGE trial is inherent due to the relatively
short duration of the trial compared with the
lifetime horizon considered in the current
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model. The reliability of the connection
between short-term reductions in the CDR-SB
rate of decline, as observed in EMERGE, and
long-term reductions in AD progression transi-
tion probabilities requires additional follow-up
of aducanumab-treated patients. Notably, whe-
ther patients treated with aducanumab in the
real-world setting will have characteristics and
experience levels of treatment efficacy similar to
those of EMERGE trial participants is unknown,
because AD is a heterogenous condition in
terms of pathophysiological damage and clini-
cal diagnosis.

Studies that will help support the real-world
economic impact of aducanumab or other
inventions for AD will be instrumental to per-
forming value assessments now that an inter-
vention that targets underlying AD pathology
has been approved by the FDA. Linking data from
national health claims data such as Medicare
medical claims through the Research Data
Assistance Center program could facilitate the
collection of real-world claims data. Medical
claims data may also be used to gather health
economic data for several years after the end date
of a clinical trial [63].

Families of patients with AD, and society at
large, shoulder an enormous burden that
increases as the neurodegeneration associated
with AD worsens and an individual’s symptoms
progress [17]. The cognitive decline and behav-
ioral disturbances that characterize AD invari-
ably result in functional impairment and the
inability to perform daily tasks [9]. In our model,
an assumption of one caregiver was used due to a
paucity of data outside of patient–caregiver
dyads. While a small percentage of patients with
dementia (8%) do not receive help from informal
care providers, 30% of patients with dementia are
dependent on three or more unpaid caregivers
[3]. Interventions that target the underlying
pathology of AD have the potential to lower this
burden and provide immediate as well as long-
term value to patients and their families [22].

CONCLUSIONS

Our analysis predicted that, compared with
SOC, treatment with aducanumab would

translate to a lower lifetime probability of
transitioning to AD dementia, a lower annual
probability of transitioning to institutionaliza-
tion, delays in the median time to transition to
AD dementia, and an increased median survival
in the community. Longer-term data are needed
both through clinical trial follow-up and lon-
gitudinal real-world data. The long-term effects
of aducanumab on exploratory clinical and
biomarker endpoints are being evaluated in the
ongoing phase 3b Safety and Tolerability study
EMBARK (NCT04241068). A future phase 4
confirmatory study will be conducted to further
evaluate, verify, and describe the clinical benefit
of aducanumab as part of the post-marketing
requirements associated with the FDA’s accel-
erated approval pathway under which adu-
canumab was approved.
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