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Abstract
Objective
To identify the class of evidence for aducanumab use for the treatment of Alzheimer disease and
present clinical considerations regarding use.

Methods
The author panel systematically reviewed available clinical trial data detailing aducanumab use
in individuals with early symptomatic Alzheimer disease. Level of evidence statements were
assigned in accordance with the American Academy of Neurology’s 2017 therapeutic classifi-
cation of evidence scheme. Safety information, regulatory decisions, and clinical context were
also reviewed.

Results
Data were identified from 4 clinical trials, 1 rated Class I and 3 rated Class II. The Class I study
showed that single doses of aducanumab up to 30 mg/kg were safe and well tolerated. All 3
Class II studies provided evidence that aducanumab (3–10 mg/kg) decreased amyloid de-
position on brain PET at 1 year vs placebo. Efficacy data in the Class II studies varied by dose
and outcome, but aducanumab either had no effect on mean change on the Clinical Dementia
Rating Sum of Boxes scores or resulted in less worsening (vs placebo) that was of uncertain
clinical importance. Adverse amyloid-related imaging abnormalities occurred in approximately
40% of individuals treated with aducanumab vs 10% receiving placebo.

Clinical Context
Administration of aducanumab will require expanded clinical infrastructure. Evidence-based
guidance is needed to address key questions (e.g., safety in populations not enrolled in phase 3
studies, expected benefits on daily function, treatment duration) and critical issues relating to
access to aducanumab (e.g., coverage, costs, burden of monthly infusions) that will inform
shared decision making between patients and providers.
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Alzheimer disease (AD) is a relentlessly progressive neuro-
degenerative disorder and the leading cause of mild cognitive
impairment (MCI) and dementia, affecting an estimated 6.2
million Americans aged 65 years and older, and as many as
200,000 younger individuals.1,2 Although the primary initia-
tors of AD continue to be debated,3 confluent lines of evi-
dence implicate dysregulation of β-amyloid (Aβ) metabolism
in early AD pathogenesis, leading to the formation of Aβ
plaques, tau-containing neurofibrillary tangles, synaptic dys-
function, neurodegeneration, and ultimately cognitive
impairment.4,5 Several large-scale clinical trials have been
conducted to evaluate the safety and efficacy of investigational
agents that modulate Aβ production, aggregation, and clear-
ance in patients with symptomatic AD.6-9 These trials include
amyloid PET measurements as a surrogate outcome (in ad-
dition to clinical outcome measures), asserting that a re-
duction in amyloid plaques will convey clinical benefit,
although convincing evidence of this is lacking.10

Aducanumab is a recombinant human immunoglobulin G1
(IgG1) monoclonal antibody designed to promote the clearance
of cerebral amyloid aggregates and insoluble forms of Aβ.11-13

On June 7, 2021, the Food and Drug Administration (FDA)
granted provisional approval of aducanumab (Aduhelm) for the
treatment of patients with symptomatic AD.12 Approval of
this first-in-class antiamyloid therapy was met with consid-
erable controversy, centered upon the interpretation and
application of the evidence supporting the safety and efficacy
of aducanumab,13-16 and the decision to approve this medi-
cation “based on reduction in Aβ plaques observed in patients
treated with Aduhelm” rather than compelling evidence of a
change in clinical measures.12 In response, the American
Academy ofNeurology (AAN) created a number of resources,18

published a viewpoint regarding the ethics of the approval pro-
cess,19 and undertook a systematic review of available evidence.
This Evidence in Focus represents the evidence review process.
The accompanying discussion is intended to aid the practicing
neurologist, other medical professionals, patients, and families in
interpreting published data concerning aducanumab to inform
clinical decision making.

Description of the Analytic Process
Evidence in Focus articles advance the Guidelines Subcommittee
mission (eAppendix 1, links.lww.com/WNL/B831) by providing

timely evidence-based discussions of focused topics of high rele-
vance for neurologists and patients. This type of systematic review
uses an abbreviated version of the AAN guideline methodology20

to highlight the strength of evidence underlying new therapies and
facilitate discussion concerning appropriate use. This process does
not generate specific recommendations for care.

In June 2021, the AAN initiated this Evidence in Focus
document and appointed a guidelines subcommittee member
with content expertise (N.S.), a former guidelines sub-
committee member with content expertise (G.S.D.), a patient
representative (A.M.), a care partner representative (B.W.), a
solo/small practice neurologist also representing the AAN
Coding and Payment Policy Subcommittee (K.C.), a guide-
line dissemination manager (S.R.W.), a guideline methodol-
ogist (R.D.), and a former guideline methodologist with
expertise with the Evidence in Focus product (M.J.A.) to
develop this document. Guidelines Subcommittee leadership
and an AAN staff person reviewed potential authors’ conflict
of interest forms and their curricula vitae and approved panel
composition. Panel members did not have relevant financial
or intellectual conflicts of interest.

A pragmatic PubMed literature search for clinical trials using
aducanumab was conducted on July 8, 2021, using the term
“aducanumab” in the Clinical Queries PubMed section,21 and
the validated therapy (filter menu) and narrow (scope menu)
options.22 The search was repeated on November 29, 2021.
Clinicaltrials.gov was also searched for “aducanumab” and
“BIIB037” (July 8, 2021); data from the FDA were included.
Conference abstracts were not included in the formal evi-
dence review. As this process focused on aducanumab, pub-
lications involving other antiamyloid therapies were not
included. Two panel members independently reviewed titles
and abstracts for inclusion. Articles and study data were
classified by 2 independent raters following the 2017 AAN
therapeutic classification scheme.20 Use of surrogate out-
comes (e.g., amyloid PET) is discouraged in the AAN
guideline development process, but this does not affect the
classification of evidence, which is based on study design and
conduct.20 Level of evidence statements were developed
according to the process used forNeurology® level of evidence
reviews. This document does not involve a critique of statis-
tical analyses performed as part of the FDA review or the FDA
process for aducanumab approval and confirmatory trial

Glossary
AAN = American Academy of Neurology; Aβ = β-amyloid; AD = Alzheimer disease; ADAS-Cog 13 = Alzheimer’s Disease
Assessment Scale–Cognitive Subscale; ADCS-ADL-MCI = Alzheimer’s Disease Cooperative Study–Activities of Daily Living
scale adapted for Mild Cognitive Impairment; AE = adverse event; ARIA = amyloid-related imaging abnormalities; ARIA-E =
amyloid-related imaging abnormalities with edema/effusion; ARIA-H = amyloid-related imaging abnormalities with edema/
effusion with microhemorrhage/hemosiderosis; CDR-SB = Clinical Dementia Rating Sum of Boxes; FDA = Food and Drug
Administration; IgG1 = immunoglobulin G1; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination;
SUVR = standardized uptake value ratio.
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requirements. This article was reviewed and approved by the
AAN Guidelines Subcommittee (eAppendix 2, links.lww.
com/WNL/B831) and Quality Committee before sub-
mission to Neurology.

Evidence Summary
The initial PubMed search yielded 4 articles (eAppendix 3,
links.lww.com/WNL/B831), 2 of which were deemed rele-
vant. One additional article was identified within the refer-
ences of PubMed articles and included. The clinicaltrials.gov
search yielded 9 trials. The updated PubMed search yielded 2
new articles (eAppendix 3); 1 was deemed relevant.

Level of Evidence
Table 1 summarizes studies investigating aducanumab and
level of evidence statements. The first study (Single Ascend-
ing Dose Study of BIIB037 in Participants With Alzheimer’s
Disease; Unique Identifier: NCT01397539) was a Class I,
phase 1 randomized, double-blind, placebo-controlled single
ascending-dose study in individuals with mild to moderate
AD dementia.23 Primary outcomes were safety and tolera-
bility. Eight participants were planned for enrollment into
each of 7 sequential cohorts randomized 6:2 to receive a single
dose of aducanumab (0.3, 1, 3, 10, 20, 30, or 60 mg/kg) or
placebo. Enrollment within the 60 mg/kg cohort was stopped
early after all 3 individuals developed symptomatic amyloid-
related imaging abnormalities (ARIA) with edema/effusion
(ARIA-E) or ARIA-E with microhemorrhage/hemosiderosis
(ARIA-H) (n = 1). Imaging abnormalities resolved 8–15
weeks following treatment cessation in all participants. The
13-item Alzheimer’s Disease Assessment Scale–Cognitive
Subscale (ADAS-Cog 13) was used as an exploratory efficacy
outcome measure. Mean change in ADAS-Cog 13 scores 3
and 24 weeks after administration of aducanumab did not
significantly differ among groups (n = 39 on treatment, n = 14
on placebo). Doses of aducanumab up to 30 mg/kg were
tolerated without serious adverse events (AEs).23

The second study (PRIME [Multiple Dose Study of Aduca-
numab (BIIB037) (Recombinant, Fully Human Anti-Aβ
IgG1 mAb) in Participants With Prodromal or Mild Alz-
heimer’s Disease]; Unique Identifier: NCT01677572;
221AD103) was a Class II (due to <80% completion), phase 1
randomized, double-blind, placebo-controlled study of mul-
tiple doses of aducanumab (BIIB037) in participants with
prodromal (very mild) or mild AD. Results were published in
2 articles,24,25 one of which was a secondary analysis of am-
yloid PET data.25 PRIME randomized 165 individuals with
prodromal or mild symptomatic AD and a visually positive
amyloid PET to monthly infusions of aducanumab (1, 3, 6, or
10 mg/kg) or placebo for 1 year. Forty (24.2%) participants
discontinued treatment: 20 due to AEs (9 from the 10 mg/kg
group; 11 spread across other groups), 14 withdrew consent,
and 6 for other reasons.24 The primary outcome was the
number of participants with AEs. Secondary outcomes were

change in amyloid PET imaging, pharmacokinetic serum
concentrations, and development of antibodies against adu-
canumab. Amyloid PET standardized uptake value ratio
(SUVR) values at 1 year decreased more in the 3 mg/kg
(mean ± SE −0.135 ± 0.022), 6 mg/kg (−0.210 ± 0.024), and
10 mg/kg (−0.268 ± 0.025) groups vs placebo (0.003 ± 0.021;
all p < 0.001), but not in the 1 mg/kg group (−0.055 ± 0.024;
p > 0.05). Subsequent analyses confirmed a dose-dependent
reduction in amyloid (p < 0.0001). This study was not pow-
ered to detect clinical change; thus, analyses considering the
effect of aducanumab on clinical outcome measures were
exploratory. The mean (±SE) change in Clinical Dementia
Rating Sum of Boxes (CDR-SB) scores between baseline and
week 54 were significantly different only between the 10 mg/
kg group (0.63 ± 0.47) and placebo (1.87 ± 0.41; p < 0.05).
There were no significant differences between placebo and
the 1 mg/kg (1.72 ± 0.46), 3 mg/kg (1.37 ± 0.43), or 6 mg/kg
(1.11 ± 0.44) groups.24 For reference, a 1- to 2-point change
in the CDR-SB may indicate a clinically important change.26

Change in theMini-Mental State Examination (MMSE) score
between baseline and week 52 was significantly different for
the 3 mg/kg (−0.70 ± 0.75) and 10 mg/kg groups (−0.56 ±
0.76) vs placebo (−2.81 ± 0.67; both p < 0.05), but not the 1
mg/kg (−2.18 ± 0.75) or 6 mg/kg (−1.96 ± 0.75) groups. The
p value for the dose–response analyses was <0.05 for both
clinical outcomes.24

Two identically designed Class II phase 3 randomized double-
blind placebo-controlled studies evaluated the efficacy and
safety of aducanumab in patients with prodromal or mild
symptomatic AD: ENGAGE (221AD301 Phase 3 Study of
Aducanumab (BIIB037) in Early Alzheimer’s Disease;
Unique Identifier: NCT02477800; 221AD301) and
EMERGE (221AD302 Phase 3 Study of Aducanumab
(BIIB037) in Early Alzheimer’s Disease; Unique Identifier:
NCT02484547; 221AD302).27 At the time of the original
review, data for these trials were available only through FDA
documentation.27 In the updated literature search, ARIA-
related results were published ahead of print.28 Participants
were randomized 1:1:1 to aducanumab low dose (3mg/kg for
APOE e4 carriers and 6 mg/kg for noncarriers), aducanumab
high dose (initially 6 mg/kg for APOE e4 carriers and 10 mg/
kg for noncarriers, later increasing to 10 mg/kg for both
groups), or placebo. Participants were followed for 78 weeks
(20 doses), which included 8–24 weeks of titration, and for an
additional 18 weeks after the final dose for safety.

Although the studies were blinded, the occurrence of ARIA
resulted in functional unblinding and necessitated dose
modification following a standard protocol. The primary ef-
ficacy endpoint was the change in the CDR-SB between
baseline and week 78. Secondary clinical endpoints included
the MMSE, ADAS-Cog 13, and the Alzheimer’s Disease
Cooperative Study–Activities of Daily Living scale adapted for
Mild Cognitive Impairment (ADCS-ADL-MCI).12,13,27 An
interim futility analysis was planned after half of participants
completed the week 78 visit, with futility presumed if
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conditional power for the primary efficacy analysis was <20%
in treatment groups in both studies (i.e., if there was a low
probability that additional trials would result in conclusive

evidence). An independent, unblinded statistician conducted
the futility analysis in spring 2019, after which Biogen made
the decision to terminate ongoing studies of aducanumab.27

Table 1 Clinical Trials of Aducanumab in Patients With Alzheimer Disease Listed on Clinicaltrials.gova

Study name (NCT
number; other
identifier)

Statusb (study
dates)

Number
enrolled

Population studied (key
inclusion criteria)

Aducanumab
doses studied

Level of
evidence
(explanation)

Level of evidence
statementc

Single Ascending Dose
Study of BIIB037 in
Participants With
Alzheimer’s Disease
(NCT01397539)22

Completed
(6/2011–8/2013)

53 Clinical diagnosis of AD,
55–85 years of age, MMSE
14–26, ambulatory, good
health, reliable informant
or caregiver

0.3, 1, 3, 10, 20,
30, and 60
mg/kg (single
doses)

Class I This study provides Class I
evidence that single doses of
aducanumab up to 30 mg/kg
were safe and tolerable

PRIME (Multiple Dose
Study of Aducanumab
[BIIB037] [Recombinant,
Fully Human Anti-Aβ
IgG1 mAb] in
Participants With
Prodromal or Mild
Alzheimer’s Disease)
(NCT01677572;
221AD103)10

Terminated
(10/2012–7/2019)

197 Prodromal or mild AD,
50–90 years of age, MMSE
24–30 (prodromal) or
20–26 (mild AD), good
health, reliable informant
or caregiver

1, 3, 6, and 10
mg/kg

Class II (<80%
completion)

This study provides Class II
evidence that aducanumab
(3–10 mg/kg) decreases
amyloid PET SUVR values at 1
year vs placebo; on exploratory
measures, aducanumab 10mg/
kg was associated with less
worsening on the CDR-SB vs
placebo at 1 year

ENGAGE (221AD301
Phase 3 Study of
Aducanumab [BIIB037] in
Early Alzheimer’s
Disease) (NCT02477800;
221AD301)

Terminated (8/
2015–8/2019)

1,647 MCI due to AD or mild AD,
50–85 years of age, MMSE
24–30, positive amyloid
PET scan, stable doses on
drugs treating AD
symptoms, reliable
informant or caregiver

Low dose (3 or
6 mg/kg after
titration), high
dose (10
mg/kg after
titration)

Class II (<80%
completion)

This study provides Class II
evidence that aducanumab
(3–10 mg/kg) does not
significantly affect mean
change in CDR-SB scores vs
placebo over 78 weeks;
aducanumab (3–10 mg/kg)
decreases amyloid PET SUVR at
78 weeks vs placebo

EMERGE (221AD302
Phase 3 Study of
Aducanumab [BIIB037] in
Early Alzheimer’s
Disease) (NCT02484547;
221AD302)

Terminated
(8/2015–8/2019)

1,638 MCI due to AD or mild AD,
50–85 years of age, MMSE
24–30, positive amyloid
PET scan, stable doses on
drugs treating AD
symptoms, reliable
informant or caregiver

Low dose (3 or
6 mg/kg after
titration), high
dose (10
mg/kg after
titration)

Class II (<80%
completion)

This study provides Class II
evidence that aducanumab 10
mg/kg results in less worsening
on the CDR-SB vs placebo at 78
weeks, but to a degree less than
a clinically relevant change;
aducanumab (3–10 mg/kg)
decreases amyloid PET SUVR at
78 weeks vs placebo

EVOLVE (A Study of
Aducanumab in
Participants With Mild
Cognitive Impairment
due to Alzheimer’s
Disease or With Mild
Alzheimer’s Disease
Dementia to Evaluate the
Safety of Continued
Dosing in Participants
With Asymptomatic
Amyloid-Related Imaging
Abnormalities)
(NCT03639987; 221AD205)

Terminated
(12/2018–7/2019)

52 MCI due to AD or mild AD,
50–85 years of age, MMSE
24–30, positive amyloid
PET scan

“The dose will
be titrated to a
desirable
dose.”

NA NA

PROPEL (Single and
Multiple Ascending Dose
Study of Aducanumab
[BIIB037] in Japanese
Participants With
Alzheimer’s Disease)
(NCT02434718)

Completed
(6/2015–12/2016)

21 Clinical diagnosis of
mild–moderate AD, 55–85
years of age, ambulatory,
good health, reliable
informant or caregiver

Two “low”

doses, one
“mid” dose,
one “high”
dose (numbers
not provided)

NA NA

Abbreviations: AD = Alzheimer disease; CDR-SB = Clinical Dementia Rating Sum of Boxes; mAb = monoclonal antibody; MCI = mild cognitive impairment;
MMSE = Mini-Mental State Examination; NA = not available; SUVR = standardized uptake value ratio.
a Additional studies of aducanumab on clinicaltrials.gov include Absolute Bioavailability of a Single, Fixed Subcutaneous Dose of Aducanumab in Healthy
Participants (NCT02782975; completed; studied bioavailability in health volunteers), A Study to Assess Absolute Bioavailability of Aducanumab in Healthy
Volunteers (NCT04924140; not yet recruiting; will study bioavailability in healthy volunteers), and A Study to Evaluate Safety and Tolerability of Aducanumab in
Participants With Alzheimer’s Disease Who Had Previously Participated in the Aducanumab Studies 221AD103, 221AD301, 221AD302 and 221AD205
(NCT04241068; enrolling by invitation only; study to follow up safety and tolerability in participants of prior studies).
b Status on clinicaltrials.gov as of July 1, 2021.
c Level of evidence statements reflect PET-SUVR values and CDR-SB scores as these were the primary outcomes used in the studies. Secondary outcome
results are described in the text.
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FDA documents included additional analyses informing pri-
mary and secondary study outcomes, which were reviewed
and incorporated within this document.27 Post hoc analyses
limited to subgroups (e.g., participants with rapidly pro-
gressive courses and participants exposed to the target 10 mg/
kg dose for varying lengths of time) were outside of the scope
of this Evidence in Focus document.

ENGAGE (Class II due to <80% completion) randomized
1,647 participants (547 to low-dose aducanumab, 555 to high-
dose aducanumab, and 545 to placebo). Of these, 720
(43.7%) participants discontinued treatment, most due to
study termination after the interim analysis. There was no
significant difference in change on the CDR-SB between
baseline and week 78 in either group (difference between low-
dose aducanumab and placebo was −0.18; 95% CI, −0.469 to
0.110; difference between high-dose aducanumab and pla-
cebo was 0.03; 95% CI, −0.262 to 0.326). There was no
significant difference in mean change on the MMSE between
baseline and week 78 in the low-dose (0.2; 95% CI, −0.35 to
0.74) or high-dose groups (−0.1; 95% CI, −0.62 to 0.49) vs
placebo. There was no significant difference in the mean
change on the ADAS-Cog 13 between baseline and week 78 in
the low-dose (−0.58; 95% CI, −1.58 to 0.42) or high-dose
groups (−0.59; 95% CI, −1.61 to 0.43) vs placebo. There was
also no significant difference in the mean change on the
ADCS-ADL-MCI between baseline and week 78 in the low-
dose (0.7; 95% CI, −0.19 to 1.64) or high-dose groups (0.7;
95% CI, −0.25 to 1.61) vs placebo. Mean change from base-
line brain amyloid signal to week 78 was measured using
SUVR. The adjusted mean change vs placebo (124 partici-
pants) was −0.167 for the low-dose group (138 participants)
and −0.232 for the high-dose group (112 participants; SE not
explicitly reported), indicating a reduction in cerebral amyloid
in treated individuals (p < 0.0001). There was no correlation
between change from baseline SUVR at week 78 and change
from baseline CDR-SB at week 78 (numbers not provided).27

EMERGE (Class II due to <80% completion) randomized
1,643 participants (547 to low-dose aducanumab, 547 to high-
dose aducanumab, and 549 to placebo). Of these, 783 par-
ticipants (47.7%) discontinued treatment, most due to study
termination after the interim analysis. There was no difference
in change in mean CDR-SB between baseline and week 78 in
the low-dose group vs placebo (−0.26; 95% CI, −0.569 to
0.041). The high-dose group experienced less worsening than
the placebo group (−0.39; 95% CI, −0.694 to −0.086), which
was statistically significant but less than the suggested clini-
cally important change on the CDR-SB (1–2 points).26 There
was no difference in mean change on the MMSE between
baseline and week 78 in the low-dose (−0.1; 95% CI, −0.65 to
0.48) or high-dose groups (0.6; 95% CI, 0.00–1.13) vs pla-
cebo. In the low-dose group vs placebo, there was no differ-
ence in the mean change on the ADAS-Cog 13 between
baseline and week 78 (−0.70; 95% CI, −1.76 to 0.36) or the
ADCS-ADL-MCI (0.7; 95% CI, −0.27 to 1.73). The high-
dose group showed less worsening vs placebo on the same

measures (ADAS-Cog 13: −1.40; 95% CI, −2.46 to −0.34;
ADCS-ADL-MCI: 1.7; 95% CI, 0.75–2.74). Mean change
from baseline brain amyloid signal to week 78 was measured
by the SUVR. The adjusted mean change vs placebo (93
participants) was −0.179 for the low-dose group (100 par-
ticipants) and −0.278 for the high-dose group (109 partici-
pants; SE not explicitly reported), indicating a reduction in
cerebral amyloid in treated individuals (p < 0.0001). In a
subanalysis of 329 participants, there was a weak relationship
between change in the amyloid PET composite SUVR and
change in CDR-SB between baseline and week 78 (Spearman
correlation 0.19; 95% CI, 0.048–0.327).27

An inverse variance meta-analysis was performed using a
random effects model that incorporated data from EMERGE
and ENGAGE primary outcomes (CDR-SB). Although the
study designs were identical, a random effects model was
chosen to account for potential differences between study
cohorts. According to this model, low-dose aducanumab
resulted in less worsening on the CDR-SB at 78 weeks (−0.22;
95% CI, −0.43 to −0.01; I2 0%) compared with placebo. The
effect of high-dose aducanumab was not statistically signifi-
cant (−0.18; 95% CI, −0.59 to 0.23; I2 74%), with substantial
heterogeneity in the results. None of the measured effects
surpassed thresholds for CDR-SB change associated with
clinically important effects.26

Post hoc FDA analyses performed on the subset of patients
with amyloid PET scans showed a decrease in amyloid burden
(EMERGE: placebo = no change [n = 93]; low-dose aduca-
numab = 0.179 reduction in mean SUVR [n = 100]; high-dose
aducanumab = 0.278 reduction in mean SUVR [n = 109]).27

Tau PET was added to the EMERGE and ENGAGE studies
late in their course and pooled analysis was performed. Early
study termination and the low number of enrolled partici-
pants precluded meaningful analysis.27

Safety
Aducanumab, like most antiamyloid agents, can cause ARIA
(Figure 1 and Table 2).29 In this context, ARIA refers to
imaging findings attributable to vasogenic edema (ARIA-E),
including patients with mild asymptomatic parenchymal
edema and those with sulcal effacement and localizing signs or
blood-degradation products (ARIA-H).30 In PRIME, ARIA-E
occurred in 1 (3%), 2 (6%), 11 (37%), and 13 (41%) par-
ticipants receiving aducanumab 1, 3, 6, and 10 mg/kg, re-
spectively (no occurrences in the placebo group). ARIA
typically occurred early during treatment and resolved within
4–12 weeks. Approximately half (15/27, 56%) of participants
experiencing ARIA continued treatment. There were no
hospitalizations or deaths reported in the initial publication.24

One subsequent fatal intracranial hemorrhage was assessed as
treatment-related.27 The other most common AEs were
headache, urinary tract infection, and upper respiratory tract
infection.24
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In ENGAGE and EMERGE, ARIA occurred more frequently
in participants treated with aducanumab vs placebo (Table 3),
particularly in APOE e4 carriers. This effect was most pro-
nounced in the 10 mg/kg dose group (APOE e4 carriers:
43.0%; noncarriers: 20.3%).27,28 Although ARIA can occur at
any time following treatment with aducanumab, most events
occurred within the first 8 doses (7 months of initiation).
Aducanumab-related ARIA-H usually occurred within the
setting of coexisting ARIA-E. Almost all (98%) ARIA-E cases in
the high-dose aducanumab group resolved (i.e., no residual brain
edema) during the study, with 69% resolving within 3 months
and 83% within 4 months.28 In the 10 mg/kg group, ARIA-H
microhemorrhages stabilized within 2 months in 69% of par-
ticipants with ARIA-H and 93% with superficial siderosis.28

Of the 425 patients receiving 10 mg/kg who experienced
ARIA during the placebo-controlled period, 103 (24.2%) had
associated symptoms, including headache (47%), confusion
(15%), dizziness (11%), and nausea (8%). In the 10 mg/kg
group, ARIA-related symptoms resolved in a median 5 weeks
(interquartile range, 1–13 weeks).28

Approximately 9% of individuals enrolled in ENGAGE/
EMERGE who received the recommended 10 mg/kg

aducanumab dose discontinued due to AEs (vs ;4% of pa-
tients receiving placebo). ARIA was the most common reason
for drug discontinuation.27 There was no overall imbalance in
mortality in aducanumab- vs placebo-treated participants.27 A
November 2021 publication31 mentioned the death of a
participant receiving aducanumab through an extension trial,
but formal determination of whether this death was poten-
tially related to aducanumab is pending. Other severe AEs in
ENGAGE/EMERGE were rare, with angioedema and urti-
caria (hypersensitivity reaction) reported in a single patient
during aducanumab infusion.12,13

Regulatory Decisions
The FDA provided the following approval on June 7, 2021:

Aduhelm is an Aβ-directed antibody indicated for the treatment of AD.
This indication is approved under accelerated approval based on
reduction in Aβ plaques observed in patients treated with Aduhelm.
Continued approval for this indication may be contingent upon
verification of clinical benefit in confirmatory trial(s).12

Prescribing indications were modified on July 8, 2021, to
stipulate that aducanumab “should be initiated in patients

Figure 1 Severe Amyloid-Related Imaging Abnormalities

Magnetic resonance (3T) neuroimaging performed in a 75-
year-old woman with early symptomatic Alzheimer disease
who presented with increasing headache, confusion, and
left-sided weakness. Symptoms developed 4 months fol-
lowing randomization within a phase 3 study of aducanu-
mab. (A, B) T2 fluid-attenuated inversion recovery sequences
depicting right frontal and temporoparietal edema with lo-
calized mass effect amyloid-related imaging abnormalities
with edema/effusion (ARIA-E). (C, D) Susceptibility-weighted
images depicting multiple areas of signal change within
areas of edema, corresponding to microhemorrhage (amy-
loid-related imaging abnormalities with edema/effusion
with concurrent microhemorrhage/hemosiderosis [ARIA-
H]). Images displayed in radiologic convention. Images
courtesy of Dr. T.L.S. Benzinger (Washington University in St.
Louis, Missouri).
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with MCI or mild dementia stage of the disease, the pop-
ulation in which treatment was initiated in clinical trials.”13

Other international drug regulatory agencies have refused
marketing authorization or not approved aducanumab.32

Aducanumab is administered every 4 weeks via a weight-based
IV infusion, titrated to 10 mg/kg over a 6-month period.

Clinical Context
The approval of aducanumab marks a shift in AD therapeutics
from medications targeting symptoms (e.g., acetylcholines-
terase inhibitors) to those targeting neuropathology associ-
ated with AD. Whether aducanumab will result in a clinically
meaningful slowing of AD symptoms remains to be de-
termined, as does the safety of aducanumab in clinical
populations.

Populations for Use
The phase 3 aducanumab trials (ENGAGE and EMERGE)
enrolled patients aged 50–85 years with MCI or mild de-
mentia due to AD, corresponding to a global Clinical De-
mentia Rating score of 0.5 and an MMSE score between 24
and 30, and abnormal cerebral amyloid deposition de-
termined via amyloid PET. Whereas initial FDA indications

did not specify AD stage,12 prescribing recommendations
were updated in July 2021 to clarify that aducanumab is in-
dicated for use in patients with early symptomatic AD and
acknowledge that “there are no safety or effectiveness data on
initiating treatment at earlier or later stages of the disease.“13

Contrary to the clinical trials, neither the original nor revised
recommendations require objective demonstration of amy-
loid deposition prior to use of aducanumab.12,13 A substantial
proportion of patients with suspected early symptomatic AD
evaluated in clinical and research settings (20%–40%) do not
have abnormal amyloid on testing.33-35 Logically, therapies
approved for the reduction of cerebral amyloid deposits
should be reserved for patients with elevated cerebral amyloid.
Amyloid PET and CSF measures of AD biomarkers (e.g.,
Aβ42, Aβ40, total tau, and phosphorylated tau181) are validated
for this purpose, with comparable diagnostic accuracy in pa-
tients with early symptomatic AD36 and well-defined appro-
priate use criteria.37,38

The FDA did not list contraindications to administration of
aducanumab.12,13 However, phase 3 studies of aducanumab
excluded individuals with concurrent medical, neurologic, or
psychiatric conditions that might contribute to cognitive im-
pairment (including suspected dementia with Lewy bodies,
vascular cognitive impairment, or clinically significant un-
stable psychiatric illness). Patients with a history of bleeding
disorders, prior brain hemorrhage, or cerebrovascular ab-
normalities, including stroke, and those taking antiplatelets
other than daily aspirin (≤325 mg/d) were also excluded from
participation.27 Strict extrapolation of clinical trial criteria to
real-world populations would dramatically limit the number
of eligible patients. A recent analysis of 2,870,023 Medicare
beneficiaries with symptomatic AD and related disorders
identified that 91% of patients diagnosed with AD dementia
and 86% of patients with MCI met at least 1 exclusion crite-
rion for the aducanumab trials (e.g., cardiovascular disease,
anticoagulation, chronic kidney disease, age >85 years). Most
of these individuals met multiple exclusion criteria (77% with
AD dementia, 64% with MCI).39 In lieu of clear directions
from the FDA, expert consensus suggests avoiding aducanu-
mab use in patients at the highest risk of serious AEs,

Table 2 ARIA Radiographic (Brain MRI) Classification Used in Clinical Studies of Aducanumab11

ARIA type

Radiographic severity

Mild Moderate Severe

ARIA-E FLAIR hyperintensity confined to
sulcus or cortex/subcortical white
matter in 1 location <5 cm

FLAIR hyperintensity 5–10 cm, or
more than 1 site of involvement,
each measuring <10 cm

FLAIR hyperintensity measuring >10 cm, often with
significant subcortical white matter or sulcal involvement; 1
or more separate sites of involvement may be noted

ARIA-H
microhemorrhage

≤4 new incident microhemorrhages 5 to 9 new incident
microhemorrhages

10 or more new incident microhemorrhages

ARIA-H superficial
siderosis

1 focal area of superficial siderosis 2 focal areas of superficial
siderosis

>2 focal areas of superficial siderosis

Abbreviations: ARIA = amyloid-related imaging abnormalities; ARIA-E = amyloid-related imaging abnormalities with edema/effusion; ARIA-H = amyloid-
related imaging abnormalities with edema/effusion with concurrent microhemorrhage/hemosiderosis; FLAIR = fluid-attenuated inversion recovery.

Table 3 ProportionsofParticipantsWithARIA-EandARIA-H
in the EMERGE and ENGAGE Phase 3 Studies

ARIA subtype Aducanumab 10 mg/kg Placebo

ARIA-E 362 (35.2) 29 (2.7)

ARIA-H microhemorrhage 197 (19.1) 71 (6.6)

ARIA-H superficial siderosis 151 (14.7) 24 (2.2)

ARIA (-E or -H) 425 (41.3) 111 (10.3)

Abbreviations: ARIA = amyloid-related imaging abnormalities; ARIA-E =
amyloid-related imaging abnormalities with edema/effusion; ARIA-H = am-
yloid-related imaging abnormalities with edema/effusion with concurrent
microhemorrhage/hemosiderosis.
Values are n (%).
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including individuals taking anticoagulants and those with a
history of symptomatic hemorrhage.40

Participants from traditionally underrepresented minority
groups were not well represented in phase 3 studies of
aducanumab.12,13,27,41 ENGAGE (study 301, n = 1,647) en-
rolled only 8 Black or African American individuals (5
assigned to placebo, 1 assigned to low-dose aducanumab, 2
assigned to high-dose aducanumab) and 37 Hispanic or
Latino individuals (13 assigned to placebo, 11 assigned to
low-dose aducanumab, and 13 assigned to high-dose aduca-
numab). EMERGE (study 302, n = 1,638) enrolled only 11
Black or African American individuals (1 assigned to placebo,
6 assigned to low-dose aducanumab, and 4 assigned to high-
dose aducanumab) and 67 Hispanic or Latino individuals (22
assigned to placebo, 22 assigned to low-dose aducanumab,
and 23 assigned to high-dose aducanumab).27 In the recently
published secondary analysis of ARIA data, only race (not
ethnicity) was reported in the baseline characteristics table.
These data, reflecting a subset of both ENGAGE and
EMERGE cohorts (n = 1,087), included 19 Black or African
American participants (6 assigned to placebo, 6 assigned to
aducanumab 3 mg/kg, 1 assigned to aducanumab 6 mg/kg,
and 6 assigned to aducanumab 10 mg/kg).28 It is not known
whether available efficacy and safety data can be directly
translated to patients who were not well represented within
clinical trial populations.

Infrastructure Demands
The safe prescription of aducanumab will require substantial
investment in human and physical infrastructure. The ap-
proval of therapies for patients with early symptomatic AD are
expected to markedly increase demand for clinicians with
appropriate training in the assessment and staging of patients
with AD and interpretation of AD biomarker results. Clinics
may need to increase capacity for lumbar punctures to assess
CSF-based measures of Aβ, particularly in rural communities
where PET imaging is less available. Clinical capacity will also
need to grow to accommodate follow-up visits to assess
treatment response and evaluate potential AEs. This increase
in demand will further strain the neurology workforce, poten-
tially compromising access to care, patient outcomes, and career
satisfaction.42 Demands will likewise increase for outpatient
infusion center space, specialized nursing services to ensure safe
administration of aducanumab and patient monitoring, and
radiologists and neurologists trained to diagnose ARIA.30

Coverage Considerations
The Institute for Clinical and Economic Review assigned a
rating of “insufficient” for whether aducanumab provides a net
health benefit for patients. Results of the cost-effectiveness
analysis suggested small overall health gains, justifying drug
prices of $2,950–$8,360 per year if traditional cost-
effectiveness thresholds were applied.43 This figure contrasts
with the manufacturer-established price of aducanumab. Al-
though aducanumab was originally marketed at $4,312 per
infusion ($56,000 per year for a person who weighs 74 kg),44

the price was reduced by 50% 6 months after launch ($28,000
per year).45 Even with this price adjustment, the average an-
nual cost of treatment is likely to exceed $75,000 when costs
associated with clinical assessments, investigations, and
medication administration are incorporated.

It is unclear what proportion of costs will be covered by payers.
After the announcement that the FDA will investigate the ac-
celerated approval process,46 several large academic centers as
well as the Department of Veterans Affairs publicly stated they
will not add aducanumab to their formularies.47 The Centers for
Medicare & Medicaid Services initiated a national coverage
determination analysis to determine whether Medicare will es-
tablish a national Medicare coverage policy for monoclonal
antibodies targeting amyloid for the treatment of AD. Draft
recommendations were published in early 2022, indicating the
intent not to cover aducanumab outside of a randomized con-
trolled trial approved by the Centers for Medicare & Medicaid
Services; final recommendations are expected by April 2022.48

Patient Preferences
Patients living with AD and their families have varying views
on aducanumab. Patients who pursue treatment may do so
while balancing the controversy surrounding efficacy, safety,
and cost of aducanumab against the reality of a living with an
incurable, relentlessly progressive neurodegenerative dis-
ease.40 Those who choose not to pursue treatment may weigh
uncertain benefit against the possibility of AEs and certainty of
high direct and indirect costs measured in dollars, time, and
inconvenience associated with frequent infusions, clinic visits,
and ancillary tests. Many patients fall somewhere in the
middle, seeking additional information and provider input to
guide decision making. The principles of shared decision
making emphasize the importance of soliciting patient and
caregiver perspectives surrounding treatment and the in-
corporation of these values and goals in treatment decisions.49

A focused understanding of available data is key to this pro-
cess, including recognition of limitations in study design or
trial conduct that influence extrapolation of study findings to
specific patients or patient groups (Table 4).

Other Considerations

Safety-Related Follow-up
The FDA recommends “enhanced clinical vigilance for
ARIA…during the first 8 doses of treatment.”13 If symptoms
or signs suggestive of ARIA are detected, clinical evaluation
and brain MRI are indicated. Prescribing indications recom-
mend that brain MRI be performed at baseline (within 1 year
of initiating aducanumab) and prior to the 7th and 12th
monthly infusions of aducanumab.13 Optimal MRI parame-
ters include serial completion in the same scanner with the
same imaging protocols, inclusion of sequences to detect
microhemorrhages, and review by clinicians or radiologists
trained in ARIA detection. Susceptibility-weighted imaging
sequences (or equivalent) are preferred over gradient-echo
T2*-weighted imaging (or similar) sequences, given increased
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sensitivity for microhemorrhages.50 The detection of cerebral
microbleeds also increases withMRI field strength (Figure 2).51

Multiple microhemorrhages or localized superficial siderosis
on baseline MRI suggest underlying cerebral amyloid angi-
opathy,52 whichmay intimate an increased ARIA risk. Patients
with localized superficial siderosis, >4 microhemorrhages, or
brain hemorrhage >1 cm on pretreatment brain MRI were
excluded from clinical trials of aducanumab.27 Aducanumab
safety is not established in these patients.

In aducanumab-treated patients, the emergence of micro- or
macrohemorrhages or superficial siderosis may indicate ARIA.
In lieu of specific studies on the topic, experience and protocols
successfully applied in phase 3 studies of aducanumab may be
extrapolated to inform management of symptomatic or
asymptomatic ARIA (Table 5). Although no established
pharmacologic therapy exists for symptomatic ARIA, response
to pulse steroids has been documented in severe cases (Class
IV, case studies)53; corticosteroids were the most commonly
administered medications for ARIA in ENGAGE/EMERGE.28

APOE Genotype
APOE e4 carriers treated with aducanumab 10 mg/kg in
ENGAGE/EMERGE were more likely to experience clinically

significant ARIA in phase 3 studies.12,13,27 When known (from
clinical or direct-to-consumer testing), this information may
influence risk stratification, although prescribing instructions
do not mandate APOE genotyping.13

Treatment Cessation
The optimal duration of treatment with aducanumab is un-
known. Primary outcomes in ENGAGE/EMERGE were
assessed after 78 weeks of treatment, but the FDA did not
include treatment duration in the prescribing instructions.13

Pending new data, decisions on treatment duration will likely
be guided by coverage considerations, access (e.g., related to
cost, ability to attend monthly infusions over long periods),
side effects, perceptions of efficacy, and shared decision
making.40 In the absence of AEs, clinical- or biomarker-based
criteria may also inform decisions concerning treatment
cessation.

Approach to Dementia Care
Patients in community-based cohorts commonly receive a
diagnosis of “unspecified dementia,”with a minority accessing
dementia specialists within 5 years of diagnosis of dementia.54

The approval of a first-in-class antiamyloid therapy for pa-
tients with early symptomatic AD (and prospect of future
approvals55) is expected to change this, establishing the

Table 4 Selected Topics to Include When Facilitating Shared Decision-making Discussions Concerning Aducanumab

Topic Examples of items to discuss

Expected benefit Aducanumab reduces cerebral amyloid plaques measured by amyloid PET.
It is not knownwhether this will result in improvements in function, cognition, quality of life, maintenance of independence, or survival.

Risks At the target dose, ARIA-E was observed in 41% of patients.
Approximately a quarter of people with ARIA had symptoms (approximately 10% overall); most resolved with drug cessation.
Other common risks include headache, confusion, dizziness, and nausea.
AE-associated decreases in cognition, quality of life, independence, and survival are possible.

Commitment/
burden

The patient will likely need to see a specialist to be assessed for treatment.
Experts recommend confirmation of elevated amyloid via a specialized brain scan (amyloid PET, which is not currently covered by
Medicare or most insurers) or lumbar puncture with CSF testing (currently covered).
Treatment requires infusions every 4 weeks at specialized centers.
BrainMRIs need to be performed prior to initiation and then twicewithin the next year (potentiallymore if symptoms emerge or if other
health risks are present).
Patients and care partners should expect to commit at least 16 days/year to complete evaluations, investigations, and infusions. The
emergence of suspected AEs may require substantially greater commitment.

Cost Estimated drug cost is $28,000/year (for a person who weighs 74 kg).
There will be additional costs associated with pretreatment evaluations, follow-up visits, investigations, and drug infusions.

Questions
remaining

Will aducanumab lead to benefits in day-to-day life (function, cognition, quality of life, maintenance of independence, and survival)?
What are the long-term complications of ARIA?
Does ARIA have cognitive consequences or increase vulnerability to future insults?
Does aducanumab help individuals with more severe AD?
Is treatment safe and efficacious in patients who were excluded from the trials (e.g., patients younger than 50 or older than 85 years;
patients with prior hemorrhage or stroke; patients on anticoagulation; patients with autosomal dominant AD, Trisomy 21 [i.e., Down
syndrome], or atypical AD presentations), or patients with symptoms or imaging suggestive of Lewy body disease, vascular cognitive
impairment, or other pathology?
In patients electing to stop anticoagulation despite risks (degree of risk based on indication for anticoagulation), when would
aducanumab be safe to start?
Is treatment safe and efficacious in minority populations who were underrepresented in phase 3 studies?
Which payers will cover costs associated with treatment, and how much coverage will be provided?
How long should treatment be continued?
How should medication effectiveness be measured in individual patients?

Abbreviations: AD = Alzheimer disease; AE = adverse event; ARIA = amyloid-related imaging abnormalities; ARIA-E = amyloid-related imaging abnormalities
with edema/effusion.
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importance of early recognition of symptomatic AD. This
shift aligns with patient and caregiver expressed preference
for dementia disclosure,56 but will come at the cost of in-
creased demand for clinical evaluations and AD-specific
biomarkers.

A team-based approach will be required to meet the demands for
clinical evaluations, testing, and treatment. Community-based
practitioners will play an important role in screening patients with
mild memory complaints and identifying those who may be
considered for treatment with approved antiamyloid agents.

Figure 2 Detection of Microhemorrhages Varies by Magnet Strength and Imaging Technique

(A, B) Gradient-echo MRI obtained on a 1.5T scanner dis-
closes 3 microhemorrhages. (C, D) Susceptibility-weighted
imaging on a 3T scanner discloses multiple additional areas
of increased susceptibility consistent with micro-
hemorrhages in the anterior and posterior fossae (arrow-
heads). Scans completed on the same day in the same
patient. Images displayed in radiologic convention. Images
courtesy of Dr. T.L.S. Benzinger (Washington University in St.
Louis, Missouri).

Table 5 Strategies to Manage Symptomatic and Asymptomatic ARIA Extrapolated From Phase 3 Clinical Trials26

Radiographic
ARIA severitya

Recommended management

Asymptomatic Symptomatic

Mild Continue treatment; reassess in 1 monthb Suspend dose and reassess in 1 month or sooner as dictated by
symptoms;b consider restarting aducanumab if symptoms resolve and
ARIA-E resolves or ARIA-H stabilizesModerate

Suspend dose and reassess in 1 month;b consider restarting
aducanumab if ARIA-E resolves or ARIA-H stabilizesSevere ARIA-E Suspend dose and reassess in 1 month; may consider restarting

aducanumab if ARIA-E resolvesc

Severe ARIA-H Permanently discontinue aducanumab; reassess in 1 month or sooner as dictated by symptomsb

Abbreviations: ARIA = amyloid-related imaging abnormalities; ARIA-E = amyloid-related imaging abnormalities with edema/effusion; ARIA-H = amyloid-
related imaging abnormalities with edema/effusion with concurrent microhemorrhage/hemosiderosis.
a Radiographic severity defined in Table 2.
b Reassessment should include clinical assessment and brain MRI.
c Aducanumab should be permanently discontinued in patients with ARIA associated with life-threatening complications, requirement for hospitalization, or
persistent clinically meaningful disability.
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Formalized partnerships between community-based providers
and subspecialty centers may allow interested patients to receive
an expedited evaluation that includes review of eligibility criteria
for treatment, individualized risk stratification, and counseling
concerning the potential risks, benefits, and practical implications
associated with specific treatment plans. Community-based
practitioners will also be essential to support the longitudinal
follow-up of treated patients, including urgent/emergent assess-
ment for potential drug-related AEs, and to ensure that patients
can access dementia care in their local neighborhoods. This point
is especially important when discussing therapies that must be
administered every 4 weeks to patients who may depend on
caregivers for wayfinding and transportation. Although coverage
decisions and special access programs have been touted as
strategies to ensure access to diagnostics and treatments for
qualified patients, including underserved populations,57 even the
best designed program is likely to exacerbate the financial burden
borne by patients and families and to divert scarce resources that
could have been applied to other programs aiming to improve the
quality of life for people living with dementia.

Suggestions for Future Research
The FDA stated that continued approval of aducanumab may be
contingent upon verification of clinical benefit in confirmatory
trials.13 Biogen plans to conduct a phase 4 (postmarket) trial to
demonstrate the clinical benefit of aducanumab in patients with
early symptomatic AD, including patients from diverse ethnicities
(ICARE AD-US [International Collaboration for Real-World
Evidence in Alzheimer’s Disease: A Prospective Real-World
Observational Study of Aducanumab-avwa in Patients With
Alzheimer’s Disease in the US]).58 Expanded clinical experience
with aducanumab may also prompt other studies leveraging
pragmatic trial designs to inform the safety and efficacy of adu-
canumab in broader populations. Until these data are available,
clinicians, patients, and payers are likely to grapple with questions
including whether aducanumab should be provided, to whom,
and for how long. These questions and others (Table 4) should
be incorporated within shared decision-making discussions.

Future research is needed to determine whether aducanumab-
related reductions in cerebral amyloid burden translate to
clinically meaningful outcomes. Additional studies are required
to inform the safety and efficacy of aducanumab in patients
excluded from EMERGE/ENGAGE who are likely to also be
underrepresented in phase 4 studies. These include individuals
with autosomal dominant AD-causing mutations (e.g., variants
in APP, PSEN1, PSEN2), trisomy 21 (Down syndrome),
atypical clinical presentations (e.g., posterior cortical atrophy,
primary progressive aphasia), or concurrent pathology (e.g.,
Lewy body disease, TDP-43, vascular disease). The trans-
latability of trial-ready efficacy measures (e.g., CDR-SB, ADAS-
Cog 13) represents another priority area, acknowledging the
need for efficacy data that inform outcomes prioritized by pa-
tients and caregivers, including maintenance of independence
(including driving), quality of life, and survival. Absent high-

quality data to inform these questions, uncertainty surrounding
the optimal use of aducanumab in clinical practice will remain.
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