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Abstract
BACKGROUND: Alzheimer ’s disease is a progressive, 
irreversible, and fatal disease for which accumulation of 
amyloid beta is thought to play a key role in pathogenesis. 
Aducanumab is a human monoclonal antibody directed against 
aggregated soluble and insoluble forms of amyloid beta.
OBJECTIVES: We evaluated the efficacy and safety of 
aducanumab in early Alzheimer’s disease. 
DESIGN: EMERGE and ENGAGE were two randomized, 
double-blind, placebo-controlled, global, phase 3 studies of 
aducanumab in patients with early Alzheimer’s disease. 
SETTING: These studies involved 348 sites in 20 countries.
PARTICIPANTS: Participants included 1638 (EMERGE) 
and 1647 (ENGAGE) patients (aged 50–85 years, confirmed 
amyloid pathology) who met clinical criteria for mild cognitive 
impairment due to Alzheimer's disease or mild Alzheimer's 
disease dementia, of which 1812 (55.2%) completed the study. 
INTERVENTION: Participants were randomly assigned 1:1:1 to 
receive aducanumab low dose (3 or 6 mg/kg target dose), high 
dose (10 mg/kg target dose), or placebo via IV infusion once 
every 4 weeks over 76 weeks.
MEASUREMENTS: The primary outcome measure was change 
from baseline to week 78 on the Clinical Dementia Rating 
Sum of Boxes (CDR-SB), an integrated scale that assesses 
both function and cognition. Other measures included safety 
assessments; secondary and tertiary clinical outcomes that 
assessed cognition, function, and behavior; and biomarker 
endpoints. 
RESULTS: EMERGE and ENGAGE were halted based on 
futility analysis of data pooled from the first approximately 
50% of enrolled patients; subsequent efficacy analyses included 
data from a larger data set collected up to futility declaration 
and followed prespecified statistical analyses. The primary 
endpoint was met in EMERGE (difference of −0.39 for high-
dose aducanumab vs placebo [95% CI, −0.69 to −0.09; P=.012; 
22% decrease]) but not in ENGAGE (difference of 0.03, [95% 
CI, −0.26 to 0.33; P=.833; 2% increase]). Results of biomarker 
substudies  confirmed target engagement and dose-dependent 
reduction in markers of Alzheimer's disease pathophysiology. 
The most common adverse event was amyloid-related imaging 

abnormalities-edema.
CONCLUSIONS: Data from EMERGE demonstrated a 
statistically significant change across all four primary and 
secondary clinical endpoints. ENGAGE did not meet its primary 
or secondary endpoints. A dose- and time-dependent reduction 
in pathophysiological markers of Alzheimer’s disease was 
observed in both trials.
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Introduction

Alzheimer ’s disease (AD) is a progressive, 
irreversible, and fatal neurological disorder. 
Accumulation of amyloid beta (Aβ) species 

in the brain is a primary pathological feature of 
Alzheimer’s disease and can occur decades prior to the 
onset of clinical symptoms. While Aβ is known to exert 
neuronal toxicity, it is also postulated to be responsible 
for downstream pathologies, such as tau phosphorylation 
and aggregation, that lead to neuronal death in AD (1-3).  

Targeting the amyloid cascade has been a key focus 
for many clinical development programs in AD over 
the last 25 years (3, 4). These efforts have been reviewed 
extensively (3). Earlier phase 3 trials of investigational 
anti-Aβ monoclonal antibodies did not demonstrate 
efficacy and failed to reduce Aβ plaque levels in a clinical 
trial setting (5-7). These studies also recruited patients 
at later stages of disease and included individuals 
without evidence of Aβ pathology (i.e., patients without 
Alzheimer’s disease). In contrast, emerging data from 
second-generation anti-Aβ antibodies demonstrates a 
robust reduction in the levels of Aβ plaques in patients in 
the earlier stages of AD (8-10).
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Aducanumab is a human monoclonal antibody that 
selectively targets aggregated forms of Aβ, including 
soluble oligomers and insoluble fibrils (8). In a prior 
phase 1b study (PRIME), aducanumab treatment resulted 
in dose- and time-dependent reduction in Aβ plaques, 
accompanied by slowed clinical decline (exploratory 
endpoint) (8).

Two identically designed phase 3 trials, EMERGE 
and ENGAGE, assessed the efficacy and safety of 
aducanumab in patients with early AD (mild cognitive 
impairment [MCI] due to AD and mild AD dementia). 
Both trials were halted early based on results from a 
futility analysis of interim data. Although the prespecified 
futility criteria were met, suggesting treatment was 
unlikely to demonstrate clinical benefit, it was later 
determined that two assumptions on which the futility 
analysis was based were violated. These assumptions 
were 1) that the treatment effect in the two studies 
would be similar and 2) constancy of effect (i.e., that 
later enrolled patients would have the same effect as 
earlier enrolled patients. Therefore, results of the futility 
analysis yielded inaccurate predictions for the final 
outcomes. Data collected per protocol and under double- 
blind conditions up until futility announcement were 
subsequently analyzed based on the prespecified analysis 
plan.

Here, we describe the primary efficacy and safety 
results from these studies, and findings from the 
biomarker substudies. 

Methods

Clinical study patients

E M E R G E  ( N C T 0 2 4 8 4 5 4 7 )  a n d  E N G A G E 
(NCT02477800) included patients aged 50 to 85 years 
who met clinical criteria for MCI due to AD (13) or mild 
AD dementia (14), with amyloid pathology confirmed 
by visual assessment of amyloid positron emission 
tomography (PET; 18F-florbetapir, 18F-flutemetamol, or 
18F-florbetaben). This patient population is consistent 
with stage 3 and 4 patients as described in the FDA 
2018 Guidance for Industry Early Alzheimer’s Disease: 
Developing Drugs for Treatment (15). Among the 
inclusion criteria (Supplement 1) were a Mini-Mental 
State Examination (MMSE) (16) score of 24 to 30 and a 
Clinical Dementia Rating Scale (CDR) (17) global score 
of 0.5. Brain magnetic resonance imaging (MRI) was 
used to exclude patients with confounding pathologies, 
including acute or sub-acute hemorrhage, more than four 
microhemorrhages, cortical infarcts, >1 lacunar infarct, 
superficial siderosis, or a history of white matter disease 
as defined per protocol, or conditions that posed a risk to 
the patient or prevented MRI monitoring (full exclusion 
criteria are listed in Supplement 1). Patients with 
medical conditions possibly contributing to cognitive 
impairment were also excluded. Stable use of concomitant 
medications for chronic conditions was permitted during 

the study, except as defined in the protocol. Use of aspirin 
at a prophylactic dose (≤325 mg daily) was permitted, but 
use of any other medications with anti-platelet or anti-
coagulant properties was exclusionary. For cholinesterase 
inhibitors and memantine, patients were required to be on 
a stable dose before screening, with no dose adjustment 
during the study. Vaccinations with live or attenuated 
vaccines were allowed during the study.

Clinical study design

EMERGE and ENGAGE were randomized, double-
blind, placebo-controlled trials conducted at 348 sites 
in 20 countries. The number of patients enrolled in 
ENGAGE remained ahead of EMERGE throughout 
the study enrollment period (Supplemental Data Fig. 
1a). Patients were randomized (1:1:1) to receive low-
dose aducanumab, high-dose aducanumab, or placebo 
(Supplemental Data Fig. 1b) via intravenous infusion 
following dilution into saline every 4 weeks over 76 
weeks (20 doses total). The randomization was stratified 
by site and apolipoprotein E (ApoE) ε4 carrier status. The 
dose in the low-dose group was titrated to a target dose 
of 3 mg/kg (ApoE ε4+) or 6 mg/kg (ApoE ε4−). The dose 
in the high-dose group was titrated to a target dose of  
6 mg/kg (ApoE ε4+) or 10 mg/kg (ApoE ε4−) prior to 
protocol amendments. Based on findings from a prior 
study with aducanumab (PRIME) (8), two protocol 
amendments were implemented that aimed to enable 
more participants in the high-dose arms to achieve the 
target dose of 10 mg/kg. In protocol version 3 (PV3; 
approved July 21, 2016), participants who suspended 
dosing due to amyloid-related imaging abnormalities 
(ARIA) could, after resolution of ARIA, resume dosing 
at the same dose and continue titration to the target 
dose (rather than resume at the next lower dose, with 
no further increases in dose permitted). This protocol 
amendment applied to all participants who consented. 
To maximize the dose-dependent effect of aducanumab 
(8), the target dose for ApoE ε4+ carriers in the high-
dose regimen was increased from 6 to 10 mg/kg in 
protocol version 4 (PV4; approved March 24, 2017, and 
implemented over approximately 18 months across sites). 
Of note, although all patients were also asked for consent 
to PV4, the amendment had changes within it that 
impacted selectively the ApoE ε4 carriers. Approximately 
two-thirds of the trial participants were ApoE ε4+ 
carriers. While each of these amendments impacted 
the opportunities for receiving 10 mg/kg, PV4 had the 
greater potential to impact a larger number of patients 
in the trial. Due to differences in the rates of enrollment, 
these two protocol amendments influenced more patients 
in EMERGE than ENGAGE because EMERGE started 
later and enrolled more patients after each amendment 
(Supplemental Data Fig. 1a). At the time of the PV4 
amendment, ENGAGE had enrolled approximately 200 
more participants than EMERGE (Supplemental Data Fig. 
1a).
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Safety monitoring

Safety monitoring comprised reports of adverse events, 
including ARIA; assessment of vital signs; physical 
and neurological examinations; electrocardiography; 
hematologic and serum chemical testing; urinalysis; 
and brain MRI scans reviewed locally and by a 
central radiologist with expertise in ARIA. ARIA can 
manifest as brain edema or sulcal effusion (ARIA-E) 
or as hemosiderin deposits in the brain parenchyma 
(ARIA-H microhemorrhage) or on the pial surface 
(ARIA-H superficial siderosis) (18), with each reported 
instance classified as such in the trials. The presence 
of vasogenic edema or effusion was evaluated using 
T2 fluid-attenuated inversion recovery (FLAIR) as the 
primary diagnostic imaging sequence (18). ARIA-E 
severity was classified based on the number and size 
of any edematous regions. A single region <5 cm was 
considered of mild radiographic severity, a single region 
5 to 10 cm or multiple regions all <10 cm were considered 
moderate, and any region >10 cm was considered severe. 
The presence of any new incident brain microhemorrhage 
or localized superficial siderosis events was also 
evaluated using gradient echo sequences (GRE). Greater 
or equal to 1 and ≤4 new incident microhemorrhages 
were considered mild, ≥5 and ≤9 moderate, and ≥10 
severe. One new incident area of superficial siderosis was 
considered mild, 2 moderate, and >2 severe.

Brain MRI was conducted at screening and in weeks 14, 
22, 30, 42, 54, 66, and 78. All brain MRI findings of ARIA 
were required to be reported as adverse events, even in 
the absence of clinical symptoms. For radiographically 
mild ARIA that were clinically asymptomatic, dosing 
continued without interruption; if symptoms were 
present, dosing was suspended. Detection of moderate 
or severe ARIA-E or of moderate ARIA-H led to dosing 
suspension until resolution of ARIA-E or stabilization of 
ARIA-H. Symptomatic ARIA-H (microhemorrhages or 
superficial siderosis) with serious clinical symptoms were 
required to permanently discontinue study treatment 
(Supplement 2). Radiographically severe ARIA-H 
or brain hemorrhage of >1 cm in diameter resulted in 
discontinuation of dosing permanently. Detection of an 
ARIA episode was followed by MRI scans conducted 
approximately every 4 weeks to document resolution of 
ARIA-E or stabilization of ARIA-H. The investigator was 
responsible for evaluating patients for any symptoms 
observed in the setting of ARIA.

Clinical assessments and biomarker substudies

The primary outcome measure was the CDR-sum of 
boxes (CDR-SB) (17), an assessment of both cognition and 
function in AD. Secondary clinical outcome measures also 
assessed cognitive decline (MMSE [16] and Alzheimer’s 
Disease Assessment Scale–Cognitive Subscale–13 items 
[ADAS-Cog13] [19]) and ability to perform daily activities 
(Alzheimer’s Disease Cooperative Study Activities of 

Daily Living Inventory–Mild Cognitive Impairment 
[ADCS-ADL-MCI])  (20) .  The Neuropsychiatric 
Inventory-10 (NPI-10) (21), a caregiver-based assessment 
of neuropsychiatric symptoms, was the lone tertiary 
efficacy endpoint. These clinical outcome measures were 
assessed during screening and at weeks 26, 50, and 78. 
Three health care professionals were required for each 
efficacy visit: 1) the treating physician was responsible 
for the management of ARIA, routine neurological care, 
and assessment and treatment of adverse events; PIs 
could not serve as rating HCPs and did not have access 
to the post-baseline efficacy data; 2) an independent rater 
administered the primary efficacy endpoint; 3) a second 
independent rater administered the secondary efficacy 
endpoints. The two independent raters were not involved 
in participant care and management and were blinded 
to ARIA and other medical information to minimize the 
potential for functional unblinding. Unblinded pharmacy 
staff managed study treatment receipt, dispensing, and 
preparation. Treatment assignments were not shared 
with the participants, their families, or any member of the 
blinded study team. To ensure consistency across sites, 
efficacy raters completed the standardized study-specific 
qualification process on clinical efficacy assessment 
scoring, and all sites attempted to maintain the same 
raters throughout the study for specific assessments 
and for each participant. A qualified approved back-up 
rater conducted the assessments only in extenuating 
circumstances resulting in unavailability. 

Longi tudina l  amylo id  PET imaging  us ing 
18F-florbetapir was performed in a subset of patients 
(n=488 in EMERGE; n=585 in ENGAGE) at screening, 
week 26, and week 78. The cortical composite 
standardized uptake value ratio (SUVR) was derived 
according to methods previously described and further 
detailed in Supplement 3 (8, 22). The composite SUVR 
was also transformed to centiloid (CL) units (23). 

Longitudinal tau PET imaging using 18F-MK-6240 was 
performed in a subset of patients (n=37, pooled across 
studies) at both screening and week 78. SUVR composite 
regions and normalization are detailed in Supplement 
3. Due to early termination of the studies, the median 
postbaseline visit occurred at 13.6 months (range, 9.5 to 
19.6 months).

Cerebrospinal  f luid (CSF)  was col lected at 
both baseline and week 78 in a subset of patients 
(n=78 in EMERGE; n=53 in ENGAGE). CSF levels of  
Aβ1-42, phosphorylated tau181 (p-tau), and total tau (t-tau) 
were measured using the Lumipulse G immunoassays 
(Fujirebio). 

Lumbar puncture was used to collect CSF samples 
from living clinical trial CSF substudy participants 
with early AD via a 22g Sprotte atraumatic needle 
inserted between the L3/L4 or L4/L5 interspace. Time 
of collection was recorded. Samples were collected at 
room temperature following usual and customary sterile 
techniques and stored in polypropylene tubes at −70°C 
for 7 to 52 months until analysis.
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At week 78, the effects of aducanumab treatment 
on plasma-tau181 levels were assessed in clinical trial 
participants with early AD. A 6-mL tube of whole blood 
was collected using a K2EDTA tube and processed 
according to standard procedures with centrifugation at 
room temperature to separate cells and plasma within 
1 hour of sample collection. Following centrifugation, 
samples were aliquoted into 2-mL polypropylene tubes 
and frozen immediately at ‒70°C until shipment (except 
where unavailable, in which case samples were stored at 
-20°C). Samples were stored buffer-free between -70°C 
and -80°C until analysis for approximately 6 years. Only 
the intent-to-treat (ITT) patients with plasma samples 
available at both screening and week 78 were selected 
for further analyses. Available samples at screening, 
week 56 (week 48 if under PV1–3), and week 78 were 
tested. A total of 6684 plasma samples (n=3474 from 
EMERGE and n=3210 from ENGAGE) were analyzed 
using the Quanterix Simoa p-tau181 Advantage V2 kit at 
Frontage Laboratories’ (Exton, PA) CLIA laboratory. Data 
were captured by the Quanterix Simoa HD-X Analyzer. 
Watson LIMS Version 7.6 was used for data regression. 
The standard curve was fitted with a four-parameter 
logistic (Marquardt) regression model with a weighting 
factor of 1/Y2. Concentration was presented in pg/mL, 
and coefficient of variation (CV) and relative error (RE) as 
percentages. The inter-assay CV was 6.49–8.15%, and the 
intra-assay CV was 8.30–9.21%.

Statistical analyses

A sample size of 450 per study treatment group (1350 
total per study) was calculated based on a 90% power to 
detect a mean difference of 0.5 in change from baseline 
in CDR-SB score at week 78, based on a two-sided .05 
test, assuming an SD of 1.92 and a 30% dropout rate. An 
assumed true mean difference of 0.5 between the two 
treatment groups would represent an approximately 
25% reduction in the placebo mean change from baseline 
at week 78, using an estimated placebo mean change 
of 2.0 on the CDR-SB score. As prespecified in the 
protocol, sample size was reassessed based on assessment 
of variance approximately 3 months before enrollment 
completion. Sample size was adjusted to 535 per arm 
to maintain 90% power with the observed higher than 
anticipated variance. Data analysis was performed by SW 
and TC.

The primary analysis assessed the mean difference 
between treatments in change from baseline CDR-
SB score at week 78 in the randomized and dosed 
population (all randomized patients who had received 
≥1 dose of study treatment). Data collected on or after 
the futility declaration on March 21, 2019, were excluded 
to minimize the potential for bias introduced by the 
futility declaration. A mixed model for repeated measures 
(MMRM) was used to assess CDR-SB, MMSE, ADAS-
Cog13, ADCS-ADL-MCI, and NPI-10, with fixed effects of 

treatment, categorical visit, treatment-by-visit interaction, 
baseline score, baseline score-by-visit interaction, baseline 
MMSE score (same as baseline score in the MMSE model), 
AD symptomatic medication use at baseline, region, 
and ApoE ε4 status (carrier and noncarrier). Other than 
the primary analysis for the primary and secondary 
endpoints, P values were all nominal.

Analyses related to biomarkers were performed 
in a subset of participants in each study (baseline 
disease characteristics for substudies are provided as 
Supplemental Data Table 1), due to data availability 
(e.g., biomarkers were not collected in all patients, per 
protocol). The safety MRI population consisted of fewer 
participants than that of the randomized and dosed 
population, as this requires a post-baseline MRI.

The primary analysis of the efficacy endpoints assumed 
that missing data were missing at random. Different 
assumptions for missing data were explored as part 
of prespecified sensitivity analyses (Supplement 4). A 
sequential testing procedure, prespecified in the study 
protocols, was used to control the type I error rate due 
to multiple endpoints and multiple comparisons. The 
clinical principle underpinning the testing strategy was 
that high dose (10 mg/kg) was the target dose. Therefore, 
failure of the low dose at any endpoint should not 
preclude testing of the high dose. The multiplicity testing 
procedure for the primary and secondary endpoints was 
as follows: 
•	 Sequential testing was rank prioritized: CDR-SB, 

MMSE, ADAS-Cog13, ADCS-ADL-MCI 
•	 If the high dose was significant for endpoint x, test the 

high dose for endpoint x+1 and low dose for endpoint 
x   

•	 If the low dose was not significant for endpoint x, all 
endpoints of lower rank for low dose are not significant

•	 If the high dose was not significant for endpoint x, 
endpoint x for low dose and all endpoints of lower 
rank for the high and low doses are not significant.

As part of the sensitivity analysis of the primary 
endpoint, data were analyzed for normality, and non-
normally distributed variables were transformed 
or analyzed with appropriate nonparametric tests, as 
described in the legend of Supplemental Data Table 2.

Change from baseline in amyloid PET composite SUVR 
was analyzed using an MMRM with fixed effects of 
treatment, categorical visit, treatment-by-visit interaction, 
baseline SUVR, baseline SUVR-by-visit interaction, 
baseline MMSE score, ApoE ε4 status (carrier and 
noncarrier), and baseline age. 

MMRM analyses were also conducted to assess the 
effect of aducanumab on change from baseline in plasma 
p-tau181 levels (using data from the placebo-controlled 
period; fixed effects included visit, treatment group and 
its interaction with visit, baseline value and its interaction 
with visit, age, and ApoE ε4 status. Correlation analyses 
were conducted to assess the following: 1) relationship 
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between change from baseline in plasma p-tau181 levels 
and amyloid PET composite SUVR (assessed in three 
pooled treatment arms); 2) relationship between change 
from baseline in plasma p-tau181 levels and clinical decline 
(assessed in pooled low- and high-dose arms). Data were 
presented using partial Spearman correlation coefficients 
adjusting for baseline plasma p-tau181 levels, baseline 
amyloid PET SUVR (for 1) or baseline clinical scores (for 
2), and age. 

Tau PET SUVR and CSF biomarkers were analyzed 
using analysis of covariance models (Supplement 3). 

All biomarker analyses were exploratory; amyloid PET 
was the only biomarker outcome for which a sample size 
calculation was performed.

All statistical tests were two-sided tests. The statistical 
software, SAS®, was used for all summaries and analyses.

Futility analysis

An interim analysis for futility was prespecified in 
the study protocols and statistical analysis plan to allow 
for early termination of the studies in the event that the 
analysis predicted the drug to be ineffective. To maintain 
the integrity of the study, blinded data were provided 
to an external vendor (IQVIA). A group of statisticians 
and programmers at IQVIA conducted the unblinded 
analyses for the futility analysis. An independent data 
monitoring committee of experienced clinical (expert 
academic neurologists and AD clinical trialists) 
and statistical experts reviewed the analysis. Futility 
analysis methodology was pre-specified in the analysis 
table shells and specifications that were provided to 
the IQVIA team and the independent data monitoring 
committee for review in advance of the futility analysis.
This interim analysis was performed, per protocol, after 
approximately 50% of the participants (whose data were 
used) had the opportunity to complete week 78. The 
prespecified criteria for futility were primarily based on 
conditional power for CDR-SB, which is the probability 
calculated on the data at the interim analysis that the 
final analysis would show statistical significance in 
favor of aducanumab. The studies were to be considered 
futile if the conditional power was < 20% for each arm 
of both studies. The conditional power for each study 
was calculated, with a future estimate calculated based 
on pooled data from EMERGE and ENGAGE. The use 
of pooled data for the future estimate was based on 
the assumption that the pooling approach had better 
operating characteristics than the approach based on 
single-trial data, in the event that small to moderate 
heterogeneity with regard to treatment effects existed 
between the two studies (24). As the two phase 3 studies 
were identically designed, large heterogeneity was not 
anticipated. 

Two assumptions on which the futility analysis was 
based were violated: the assumption that the treatment 
effect would be similar in the two studies and that the 

treatment effect would not substantially change during 
the study). Therefore, results of the futility analysis 
yielded inaccurate predictions for the final outcomes.

Availability of data and materials

The data described in this article are not publicly 
available. The authors and Biogen are fully supportive 
of data sharing. Biogen has established processes to 
share protocols, clinical study reports, study-level data, 
and de-identified patient-level data. These data and 
materials will be made available to qualified scientific 
researchers to achieve the objective(s) in their approved, 
methodologically sound research proposal following 
US and EU marketing approval of aducanumab for the 
treatment of AD, with no end date. Proposals should 
be submitted through Vivli (https://vivli.org). To gain 
access, data requestors will need to sign a data sharing 
agreement. Data are made available for 1 year on a 
secure platform. For general inquiries, please contact 
datasharing@biogen.com. Biogen’s data-sharing policies 
and processes are detailed on the website http://
clinicalresearch.biogen.com.

 
Results

Disposition and baseline characteristics

ENGAGE (first treatment: August 13, 2015) started 1 
month earlier than EMERGE (first treatment: September 
15, 2015); recruitment for both ended in July 2018. The 
randomized and dosed population (all randomized 
patients who received at least one dose of study 
treatment) included 1638 patients in EMERGE and 1647 in 
ENGAGE (Figure 1). No obvious imbalances in baseline 
demographics were noted across treatment arms (Table 1). 

Futility analysis

Futility analysis included data from 49% patients in 
EMERGE and 57% patients in ENGAGE who had the 
opportunity to complete the week 78 visit by December 
26, 2018. The prespecified futility criteria were met (see 
Methods section). An independent data monitoring 
committee reviewed the unblinded results of the interim 
analysis and made the recommendation to the sponsor 
to terminate the studies. Both studies were terminated 
on March 21, 2019. Following the futility announcement 
(March 21, 2019), all dosing stopped at the study sites, 
and data collection and data cleaning continued. 

The prespecified futility methodology used pooled 
data from EMERGE and ENGAGE to predict the future 
unobserved treatment effect. However, the individual 
study results using the prespecified primary efficacy 
analysis methods on the futility data set showed a −18% 
treatment difference on the CDR-SB, favoring high-dose 
aducanumab in EMERGE, and a 15% treatment difference 
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on CDR-SB, favoring placebo in ENGAGE. This outcome 
violated an assumption on which the estimation of 
conditional power was based—namely, that the treatment 
effect in the two studies would be similar. Consequently, 
conditional power was subsequently recalculated using 
the data from each of the two studies to predict the future 
unobserved treatment effect, and this nonpooled analysis 
yielded estimates of 59% and 0% on the primary endpoint 
for the high-dose groups in EMERGE and ENGAGE, 
respectively. With this analysis, the futility criteria would 

have not been met. 
Final database lock was on November 13, 2019, 

for EMERGE and November 15, 2019, for ENGAGE. 
However, the final data set for primary efficacy analysis 
included efficacy data collected, under double-blind 
conditions, up to March 20, 2019—the day prior to the 
futility announcement, and this final data set included 
65.2% more data observations than the futility data 
set (Supplemental Data Table 3). We present the final 
analyses for these studies.

Table 1. Demographic and baseline disease characteristics
Characteristic EMERGE ENGAGE

Placebo
(n=548)

Low dose
(n=543)

High dose
(n=547)

Placebo
(n=545)

Low dose
(n=547)

High dose
(n=555)

Age, mean ± SD, years 70.8±7.4 70.6±7.4 70.6±7.5 69.8±7.7 70.4±7.0 70.0±7.7

Female, n (%) 290 (53) 269 (50) 284 (52) 287 (53) 284 (52) 292 (53)

Race, n (%)

  American Indian or Alaska 1 (0.2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

  Asian 47 (9) 39 (7) 42 (8) 55 (10) 55 (10) 65 (12)

  Black or African American 1 (0.2) 6 (1) 4 (1) 5 (1) 1 (0.2) 2 (0.4)

  Native Hawaiian or other Pacific Islander 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.2) 0 (0)

  White 431 (79) 432 (80) 422 (77) 413 (76) 412 (75) 413 (74)

  Not reported due to confidentiality regulations 67 (12) 65 (12) 75 (14) 69 (13) 74 (14) 72 (13)

  Other 1 (0.2) 1 (0.2) 3 (1) 3 (1) 4 (0.7) 3 (1)

Ethnicity, n (%)

  Hispanic or Latino 22 (4) 22 (4) 23 (4) 13 (2) 11 (2) 13 (2)

  Not Hispanic or Latino 470 (86) 470 (87) 461 (84) 489 (90) 492 (90) 499 (90)

  Not reported due to confidentiality regulations 56 (10) 51 (9) 62 (11) 43 (8) 44 (8) 43 (8)

Education, mean ± SD, years 14.5±3.7 14.5±3.6 14.5±3.6 14.7±3.7 14.6±3.8 14.6±3.7

Alzheimer’s disease medications used, n (%) 282 (51) 281 (52) 285 (52) 299 (55) 317 (58) 313 (56)

ApoE ε4, n (%)

  Carriers 368 (67) 362 (67) 365 (67) 376 (69) 391 (71) 378 (68)

  Noncarriers 178 (32) 178 (33) 181 (33) 167 (31) 156 (29) 176 (32)

Clinical stage, n (%)

  MCI due to Alzheimer’s disease 446 (81) 452 (83) 438 (80) 443 (81) 440 (80) 442 (80)

  Mild Alzheimer’s disease 102 (19) 91 (17) 109 (20) 102 (19) 107 (20) 113 (20)

RBANS delayed memory score, mean ± SD 60.5±14.2 60.0±14.0 60.7±14.2 60.0±13.6 59.5±14.2 60.6±14.1

MMSE score, mean ± SD 26.4±1.8 26.3±1.7 26.3±1.7 26.4±1.7 26.4±1.8 26.4±1.8

CDR global score, n (%)

  0.5 545 (99) 543 (100) 546 (100) 544 (100) 546 (100) 554 (100)

  1 3 (1) 0 (0) 1 (0) 1 (0) 1 (0) 0 (0)

CDR-SB score, mean ± SD 2.47±1.00 2.46±1.01 2.51±1.05 2.40±1.01 2.43±1.01 2.40±1.01

ADAS-Cog13 score, mean ± SD 21.87±6.73 22.49±6.76 22.25±7.07 22.48±6.56 22.52±6.30 22.40±6.54

ADCS-ADL-MCI score, mean ± SD 42.6±5.7 42.8±5.5 42.5±5.8 43.0±5.6 42.9±5.7 42.9±5.7

PET substudy population n=159 n=159 n=170 n=204 n=198 n=183

  Amyloid PET SUVR, mean composite ± SD 1.375±0.175 1.394±0.184 1.383±0.183 1.376±0.199 1.385±0.186 1.407±0.179

Randomized and dosed population; ADAS-Cog13, Alzheimer’s Disease Assessment Scale–cognitive subscale (13 items); ADCS-ADL-MCI, Alzheimer’s Disease 
Cooperative Study–Activities of Daily Living Inventory (mild cognitive impairment version); ApoE, apolipoprotein E; CDR-SB, Clinical Dementia Rating–sum of 
boxes; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; PET, positron emission tomography; RBANS, Repeatable Battery for Assessment of 
Neuropsychological Status; SUVR, standardized uptake value ratio.
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Efficacy

The primary endpoint was met in EMERGE. High-
dose aducanumab demonstrated a difference of −0.39 
vs placebo in the mean change from baseline in CDR-SB 
score at week 78 (95% CI, −0.69 to −0.09; P=.012), a 22% 
reduction in decline (Table 2, Supplemental Data Fig. 2a).

The high-dose aducanumab arm also showed less 
decline vs placebo on each of the three prespecified 
secondary endpoints (Table 2, Supplemental Data Fig. 
2b-d):  MMSE (difference of 0.6 vs placebo in mean 
change from baseline; −18%; P=.049), ADAS-Cog13 
(difference of −1.40 vs placebo in mean change from 
baseline; −27%; P=.010), and ADCS-ADL-MCI (difference 
of 1.7 vs placebo in mean change from baseline; −40%; 
P<.001) at week 78. Results from three out of four 
endpoints from the low-dose aducanumab arm were 

numerically intermediate between those of the high-
dose and placebo arms but not statistically significant vs 
placebo on any primary or secondary endpoint (Table 2, 
Supplemental Data Fig. 2a-d). Change from baseline on 
the tertiary efficacy endpoint, NPI-10, at week 78 was −1.3 
vs placebo in mean change from baseline with high-dose 
aducanumab (−87%; P=.022) (Supplemental Data Fig. 2e). 
Sensitivity analyses were conducted, and each confirmed 
the statistically significant high-dose aducanumab results 
in EMERGE (Supplemental Data Table 2).

High-dose aducanumab showed a numerical 
advantage over placebo in all prespecified subgroups 
for the primary endpoint, and 47 of 48 prespecified 
subgroups for the secondary endpoints in EMERGE 
(Supplemental Data Fig. 3a-d). Low-dose aducanumab 
results are presented in Supplemental Data Fig. 3i-l.

The primary endpoint was not met in ENGAGE. The 

Figure 1. Patient disposition

Intent-to-treat population; a. Other reasons for not meeting inclusion/exclusion criteria include inability to adhere to study requirements; presence of diabetes that, in 
the judgment of the investigator, cannot be controlled or adequately managed; inability to understand the purpose and risks of the study and provide signed and dated 
informed consent and authorization to use protected health information in accordance with national and local privacy regulations; other unspecified reasons that, in the 
opinion of the investigator or sponsor, make the participant unsuitable for enrollment; history of or positive test result at screening for hepatitis C virus antibody or hepatitis 
B virus (defined as positive for both hepatitis B surface antigen and hepatitis B core antibody); use of allowed chronic medications at doses that have not been stable for 
≥4 weeks prior to screening visit 1 and screening up to day 1, or use of medications for AD at doses that have not been stable for ≥ 8 weeks; and unknown/unclear; b. By 
week 16, which reflects the opportunity at which the patients can receive the full dose range; c. Some categories with <1% patients are not displayed, including loss of 
capacity, pregnancy, and protocol amendment; d. Completed the primary endpoint prior to futility declaration on March 21, 2019; IV, intravenous; PET, positron emission 
tomography.
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Table 2. Primary and secondary endpoints at week 78
Endpoint EMERGE ENGAGE

Placebo 
decline ± SE
(n=548)

Difference vs placebo (%)||
95% CI
P

Placebo 
decline ± SE
(n=545)

Difference vs placebo (%)||
95% CI
P

Low dose
(n=543)

High dose
(n=547)

Low dose
(n=547)

High dose
(n=555)

Primary

CDR-SB* 1.74±0.11 −0.26 (−15%) −0.39 (−22%) 1.56±0.11 −0.18 (−12%) 0.03 (2%)

−0.57, 0.04 −0.69, −0.09 −0.47, 0.11 −0.26, 0.33

.090 .012 .225 .833

Secondary

MMSE† −3.3±0.2 −0.1 (3%) 0.6 (−18%) −3.5±0.2 0.2 (−6%) −0.1 (3%)

−0.7, 0.5 0.0, 1.1 −0.3, 0.7 −0.6, 0.5

.758 .049 .479 .811

ADAS-Cog 13‡ 5.16±0.40 −0.70 (−14%) −1.40 (−27%) 5.14±0.38 −0.58 (−11%) −0.59 (−11%)

−1.76, 0.36 −2.46, −0.34 −1.58, 0.42 −1.61, 0.43

.196 .010 .254 .258

ADCS-ADL-MCI§ −4.3±0.4 0.7 (−16%) 1.7 (−40%) −3.8±0.3 0.7 (−18%) 0.7 (−18%)

−0.3, 1.7 0.7, 2.7 −0.2, 1.6 −0.2, 1.6

.151 <.001 .123 .151
Randomized and dosed population; A mixed model for repeated measure model was used to assess CDR-SB, MMSE, ADAS-Cog13, and ADCS-ADL-MCI scores, with 
fixed effects of treatment, categorical visit, treatment-by-visit interaction, baseline score, baseline score-by-visit interaction, baseline MMSE score (same as baseline score 
in the MMSE model), Alzheimer’s disease symptomatic medication use at baseline, region, and ApoE ε4 status (carrier and noncarrier). Data collected after March 
20, 2019, were excluded; * CDR-SB scores range from 0 to 18, with higher scores indicating greater impairment; † MMSE scores range from 0 to 30, with lower scores 
indicating greater impairment; ‡ ADAS-Cog13 scores range from 0 to 85, with higher scores indicating greater impairment; § ADCS-ADL-MCI scores range from 0 to 
53, with lower scores indicating greater impairment; || Difference vs placebo at week 78. Negative percentage means less progression in the treated arm; ADAS-Cog13, 
Alzheimer’s Disease Assessment Scale–cognitive subscale (13 items); ADCS-ADL-MCI, Alzheimer’s Disease Cooperative Study–Activities of Daily Living Inventory, 
mild cognitive impairment version; ApoE, apolipoprotein E; CDR-SB, Clinical Dementia Rating Scale–sum of boxes; MMSE, Mini-Mental State Examination.

Table 3. Summary of adverse events
Event, n (%)

EMERGE ENGAGE

Placebo Low dose High dose Placebo Low dose High dose

Safety MRI population n=544 n=537 n=541 n=532 n=545 n=554

ARIA-E 13 (2) 140 (26) 188 (35) 16 (3) 141 (26) 199 (36)

  ApoE ε4 carriers 7/371 (2) 109/366 (30) 156/362 (43) 9/371 (2) 114/390 (29) 159/378 (42)

  ApoE ε4 noncarriers 6/173 (4) 31/171 (18) 32/179 (18) 7/161 (4) 27/155 (17) 40/176 (23)

Brain microhemorrhage 37 (7) 87 (16) 108 (20) 34 (6) 89 (16) 104 (19)

  Brain microhemorrhage in participants without ARIA-E 35 (7) 30 (8) 32 (9) 32 (6) 24 (6) 21 (6)

Localized superficial siderosis 14 (3) 52 (10) 73 (13) 10 (2) 51 (9) 89 (16)

  Localized superficial siderosis in participants without ARIA-E 9 (2) 9 (2) 7 (2) 6 (1) 7 (2) 5 (1)

Safety population n=547 n=544 n=547 n=540 n=549 n=558

  Headache 84 (15) 110 (20) 107 (20) 81 (15) 99 (18) 115 (21)

  Fall 71 (13) 68 (13) 76 (14) 57 (11) 80 (15) 86 (15)

  Nasopharyngitis 91 (17) 71 (13) 89 (16) 64 (12) 65 (12) 68 (12)

  Dizziness 44 (8) 42 (8) 55 (10) 54 (10) 49 (9) 54 (10)

SAE 81 (15) 72 (13) 73 (13) 70 (13) 76 (14) 79 (14)

The safety MRI population denotes all randomized participants who received at least one dose of study treatment and had at least one postbaseline MRI assessment. 
The safety population denotes all randomized participants who received at least one dose of study treatment; ApoE, apolipoprotein E; ARIA-E, amyloid related imaging 
abnormalities-edema; MRI, magnetic resonance imaging, SAE, serious adverse event. 
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difference in mean change from baseline in CDR-SB 
scores at week 78 was 0.03 with high-dose aducanumab 
vs placebo (95% CI, −0.26 to 0.33; P=.833), an increase 
of 2% (Table 2, Supplemental Data Fig. 2a). In the high-
dose aducanumab arm, the three prespecified secondary 
endpoints were also not met. The differences in mean 
change from baseline at week 78 vs placebo on the MMSE 
(−0.1; 3%; P=.811), ADAS-Cog13 (−0.59; −11%; P=.258), 
ADCS-ADL-MCI (0.7; −18%; P=.151), and NPI-10 (0.1; 
8%; P=.907) (Supplemental Data Fig. 2b-e) were also 
not statistically significant. Results from the low-dose 
aducanumab arm were not statistically significant vs 
placebo on any primary or secondary endpoint (Table 2, 
Supplemental Data Fig. 2a-d), and were consistent with 
those from EMERGE.

Results from the aducanumab low-dose arm of 
ENGAGE were generally consistent across prespecified 

subgroups (Supplemental Data Fig. 3m-p). High-dose 
aducanumab subgroup results in ENGAGE were more 
variable (Supplemental Data Fig. 3e-h).

Amyloid PET substudies assessed n=488 and n=585 
patients in EMERGE and ENGAGE, respectively. These 
substudies showed a dose- and time-dependent reduction 
in amyloid PET SUVR in both EMERGE and ENGAGE. 
At week 78, the difference in adjusted mean change 
from baseline between high-dose aducanumab and 
placebo was −0.278 (95% CI, −0.306 to −0.250; P<.0001) 
for EMERGE (Fig. 2a) and −0.232 (95% CI, −0.256 to 
−0.208; P<.0001) for ENGAGE (Fig. 2b). For the high-dose 
aducanumab arm, the reduction in adjusted mean change 
from baseline in amyloid PET SUVR in ENGAGE was 
16.5% less than that in EMERGE at week 78.

The adjusted mean changes from baseline in amyloid 
PET SUVR for low-dose aducanumab arms were similar 

Figure 2. Longitudinal change from baseline in amyloid PET (composite SUVR and centiloid) and plasma p-tau181

Longitudinal change from baseline in amyloid PET composite SUVR (and centiloid) assessed by 18F-florbetapir in the amyloid PET substudies of EMERGE (a) and ENGAGE 
(b). In panels (a) and (b), percentages from baseline are based on the centiloid scale. The composite SUVR was computed from the frontal, parietal, lateral temporal, 
sensorimotor, anterior, and posterior cingulate cortices and normalized using the cerebellum as the reference region. Longitudinal change from baseline in plasma p-tau181 

levels in the plasma p-tau181 analysis populations from EMERGE (c) and ENGAGE (d); **P<.01 *** P<.001. Error bars denote SE; adu, aducanumab; PET, positron emission 
tomography; SUVR, standardized uptake value ratio.
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between EMERGE and ENGAGE at week 78. 
After 78 weeks, 48% of patients from EMERGE and 

31% of patients from ENGAGE treated with high-dose 
aducanumab had a PET composite SUVR score of 
≤1.10, a proposed threshold that distinguishes between 
Aβ-negative and -positive patients (Supplemental Data 
Table 4) (25).

Plasma p-tau was assayed in 870 and 945 patients 
in EMERGE and ENGAGE, respectively. An increase 
over time in plasma p-tau181 levels, was observed in the 
placebo groups of both EMERGE (Fig. 2c) and ENGAGE 
(Fig. 2d). In the treatment arms, reductions in plasma 
p-tau181 levels were observed over time. The difference in 
adjusted mean change from baseline between high-dose 
aducanumab and placebo was −0.667 (95% CI, −0.860 to 
−0.474; P<.0001) for EMERGE and −0.777 (95% CI, −0.931 
to −0.623; P<.0001) for ENGAGE. More modest decreases 
were observed in the low-dose aducanumab groups. 
In both EMERGE and ENGAGE, reductions in plasma 
p-tau181 levels were positively correlated with reductions 
in amyloid PET SUVR at week 78 (Supplemental Data Fig. 
4a).

Group-level correlation analyses based on data from 
aducanumab studies demonstrated a correlation in the 
hypothesized direction between treatment effects on Aβ 
PET and CDR-SB, indicating that a greater treatment 
effect on brain Aβ plaque levels was associated with a 
greater clinical benefit (Supplemental Data Fig. 4b).

Results of patient-level correlation analyses between 
change from baseline to week 78 amyloid PET composite 
SUVR and each of the four clinical measures (the primary 
endpoint and three secondary endpoints) in the combined 
low- and high-dose aducanumab–treated patients from 
each study are shown in Supplemental Data Fig. 4c. In 
EMERGE, modest correlations between amyloid PET 
SUVR and clinical endpoints were observed. In ENGAGE, 
in which a clinical treatment effect was not observed, 
correlations were not apparent. 

The relationship between the aducanumab-induced 
treatment effect on plasma p-tau181 levels and clinical 
decline was also examined (Supplemental Data Fig. 4c). 
Correlations in the hypothesized direction were observed 
in the aducanumab-treated groups in both EMERGE and 
ENGAGE, indicating that a greater reduction in plasma 
p-tau181 levels was associated with less clinical decline.

In the EMERGE and ENGAGE CSF substudies 
(Supplemental Data Fig. 5a,b), a dose-dependent increase 
in CSF Aβ1-42 levels was observed along with a dose-
dependent decrease in CSF p-tau and t-tau levels in 
EMERGE; in ENGAGE, CSF Aβ1-42 level was increased 
in the high-dose group, while a numerical decrease 
was observed in the high-dose group for CSF p-tau and 
t-tau levels. Although sample sizes were small, pooled 
results from EMERGE and ENGAGE demonstrated 
a reduction in tau PET signal in the medial temporal, 
temporal, and frontal lobes with high-dose aducanumab 
treatment (Supplemental Data Fig. 5c). A numerical trend 

of treatment effect favoring aducanumab was observed 
in the cingulate composite (low dose, −0.033; high dose, 
−0.015) and parietal composite (low dose, −0.046; high 
dose, −0.048); a numerical trend favoring placebo was 
observed in the occipital composite (low dose, 0.004; high 
dose, 0.018).

The effect of aducanumab on structural MRI, a measure 
of neurodegeneration, was also assessed (Supplemental 
Data Fig. 5d,e). A significant increase in the change from 
baseline to week 30 and week 78 in MRI lateral ventricle 
volume was observed in all aducanumab treatment 
groups (low- and high-dose groups in both EMERGE and 
ENGAGE) relative to placebo (P<.0001); no effects related 
to treatment were observed in measures for hippocampus 
and whole brain).

Safety 

The incidence of adverse events was similar across 
dose groups in both studies (Table 3). Except for 
ARIA, the incidence and type of adverse events were 
consistent with those expected in an AD population (18). 
Sixteen deaths occurred across the two studies (n=5 in 
placebo; n=3 in low-dose aducanumab; n=8 in high-dose 
aducanumab), none of which were attributed by the 
investigator to study treatment.

Adverse events with an incidence >10% in any dose 
group were ARIA-E, headache, brain microhemorrhages 
(ARIA-H microhemorrhage), nasopharyngitis, fall, 
localized superficial siderosis (ARIA-H superficial 
siderosis), and dizziness (Table 3). The incidence of 
ARIA-E was higher in the high-dose groups compared 
with low-dose groups (35% vs 26%, respectively, in 
EMERGE and 36% vs 26% in ENGAGE) and higher in 
ApoE ε4 carrier levels compared with those of noncarriers 
(43% vs 18%, respectively, in the EMERGE high-dose 
group and 42% vs 23% in the ENGAGE high-dose group). 
In the combined high-dose groups, the incidence of 
ARIA-E was 65% in homozygous carriers and 35% in 
heterozygous carriers.

The majority of first ARIA-E events occurred early in 
treatment, during the first eight doses (EMERGE: 69.1%; 
ENGAGE: 77.4%). Of ARIA-E events , 98% resolved on 
study: EMERGE high-dose groups: 65% resolved within 
12 weeks and 79% resolved within 16 weeks; ENGAGE 
high-dose groups: 72% resolved within 12 weeks and 
85% resolved within 16 weeks. 10% of all patients had 
recurrent ARIA in the combined high-dose arms during 
the studies.

The incidences  of  brain  microhemorrhages 
and localized superficial siderosis were higher in 
aducanumab-treated participants with ARIA-E 
compared with study participants without ARIA-E 
(brain microhemorrhages: 20% vs 9%, respectively, in 
the EMERGE high-dose group and 19% vs 6% in the 
ENGAGE high-dose group; localized superficial siderosis: 
13% vs 2%, respectively, in the EMERGE high-dose group 
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and 16% vs 1% in the ENGAGE high-dose group). The 
incidences of brain microhemorrhages and localized 
superficial siderosis in aducanumab-treated participants 
without ARIA-E were similar to the respective incidences 
in the placebo group (Table 3).

A minority of study participants with ARIA reported 
symptoms in the setting of an ARIA episode (EMERGE: 
20% high dose, 21% low dose, 4% placebo; ENGAGE: 
29% high dose, 16% low dose, 5% placebo). Symptoms 
reported during ARIA among participants in the high-
dose groups of each study were typically transient and 
included headache (44% in EMERGE, 49% in ENGAGE), 
confusion (13% in EMERGE, 15% in ENGAGE), dizziness 
(11% in EMERGE, 12% in ENGAGE), and nausea (2% in 
EMERGE, 12% in ENGAGE). 

Serious ARIA events were uncommon (EMERGE: 1.5% 
high dose, 0.9% low dose, and 0.2% placebo; ENGAGE: 
1.4% high dose, 0.4% low dose, and 0.2% placebo); in 
the high-dose group, such events were observed in both 
ApoE ε4 carriers (EMERGE: 1.1%; ENGAGE 1.3%) and 
noncarriers (EMERGE: 2.2%; ENGAGE 1.4%). Serious 
events reported as symptoms of ARIA were confusional 
state, delirium, gait disturbance, generalized tonic-
clonic seizure, memory impairment, seizure, and 
headache (Supplemental Data Table 5). Severe AEs that 
investigators reported as ARIA symptoms included 
headache, confusional state, seizure, and muscle 
weakness due to cerebral hemorrhage. The most common 
severe symptom among aducanumab-treated patients 
was headache (n=4); all other symptoms occurred in one 
patient each (Supplemental Data Table 6). There were no 
fatal events due to ARIA in either study.

Discussion

The EMERGE and ENGAGE trials were terminated 
early due to the outcome of a futility analysis. Futility 
analyses are included in clinical studies to prevent 
participants from receiving ineffective treatments. These 
analyses can, however, have important limitations. In 
this case, two key assumptions were violated: 1) the 
assumption that the treatment effect in the two studies 
would be similar and 2) the assumption that the treatment 
effect would not change substantially over time. In fact, 
the treatment difference vs. placebo differed between 
studies, and both studies showed a larger magnitude 
of treatment effect in the final data compared with the 
futility interim data. The second assumption, constancy 
of effect, was further challenged by protocol amendments 
(see Methods) that changed target dose for approximately 
two-thirds of the high-dose aducanumab group partway 
through the studies. Unfortunately, at the time of futility, 
these assumptions were not assessed and should have 
been verified in hindsight. In general, conducting a 
futility analysis lowers the chance of detecting a positive 
result at final analysis.

Given early termination of the studies, it is reasonable 

to question the validity of the study results. However, 
no evidence has shown that the early termination of the 
studies affected the integrity or validity of the results 
or conclusions from either study.  All data collected up 
until the futility announcement was collected under 
unchanged, protocol-specified, double-blind conditions, 
as the studies continued to be conducted per clinical 
study protocols. The final data were analyzed based 
on the prespecified analysis plan except for one 
change: to exclude data collected on or after the futility 
announcement on March 21, 2019. The rationale for 
this change was a conservative approach to minimize 
potential bias by excluding any data that might be 
impacted at the time of collection by the announcement 
of futility. Conclusions related to the primary and 
secondary efficacy outcomes were based on prespecified 
analyses with hierarchical testing and not on post hoc 
analyses. Furthermore, because no superiority analysis 
was conducted, there was no alpha spent because of 
the interim futility analysis. Early termination of the 
studies did, however, result in fewer data on which to 
perform the analyses than was initially planned. Several 
sensitivity and supplementary analyses were conducted 
to evaluate the impact of the missing data caused by early 
study termination (Supplemental Data Table 2). These 
analyses yielded similar results to the primary analysis, 
demonstrating the robustness of the study results.

The results from the prespecified primary and 
secondary clinical endpoints in EMERGE and ENGAGE 
were partially discordant. In ENGAGE, the primary 
and secondary endpoints were not met. In EMERGE, a 
statistically significant slowing of clinical decline was 
seen in the high-dose arm for the primary endpoint 
(CDR-SB) and three secondary endpoints (MMSE, 
ADAS-Cog13, and ADCS-ADL-MCI), demonstrating a 
consistent benefit of high-dose aducanumab over placebo. 
The findings from the low-dose groups in both studies 
were similar in magnitude and numerically favored 
aducanumab. 

It is highly unlikely and unexpected to have two 
studies show contradictory clinical outcomes: one with 
negative, and one with statistically significant and 
internally consistent results. The EMERGE findings 
are unlikely to be false-positive; results are highly 
internally consistent across diverse clinical endpoints 
and subgroups. The aducanumab high-dose arm 
demonstrated a statistically significant effect on the 
primary and all three secondary endpoints, with all tests 
satisfying the prespecified multiple testing procedure 
and a nominally statistically significant effect on the 
tertiary clinical efficacy endpoint (NPI-10). Furthermore, 
results were robust to departures from assumptions 
regarding missing data and non-normality, and 79 of 80 
subgroup comparisons showed a numerical advantage of 
aducanumab over placebo (Supplemental Data Fig. 3a-d). 
These findings are consistent with emerging clinical data 
seen in the phase 2 trials of two other anti-Aβ mAbs (10, 
28).
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ENGAGE is a negative study, with the primary 
endpoint not met. Consequently, per the statistical 
analysis plan, all testing of endpoints ceases there. 
However, to understand ENGAGE results, it is essential 
to look at data from all endpoints. In ENGAGE, across 
high- and low- dose arms, three of 10 clinical endpoints 
did not directionally favor an aducanumab treatment 
effect. The high-dose group in ENGAGE performed 
numerically worse than the low-dose group on the 
primary outcome (2%); this was also observed on the 
MMSE (3%). Across the EMERGE and ENGAGE studies 
and across low and high-dose groups, 16 of 20 largely 
independent clinical results directionally favor an 
aducanumab treatment effect. Thus, the clinical results of 
the two trials were partially discordant.

Aducanumab selectively targets aggregated forms of 
Aβ and has previously shown dose- and time-dependent 
reduction in Aβ plaques (8). In Aβ PET substudies, 
significant dose- and time-dependent reductions in 
amyloid PET SUVR were associated with aducanumab 
treatment in both EMERGE and ENGAGE. However, the 
magnitude of these changes differed in the high-dose 
arms: reductions in brain amyloid levels were 16.5% 
lower at week 78 in ENGAGE (−0.232) compared with 
EMERGE (−0.278). 

Effects on downstream biomarkers specific to AD (tau 
PET, CSF p-tau, and plasma p-tau181) were also observed 
in both studies. Dose-related decreases in CSF p-tau 
levels were observed in both trials; the differences vs 
placebo were significant in EMERGE and numerical in 
ENGAGE. Reductions in the levels of plasma p-tau181, a 
newly established marker of soluble p-tau in the brain 
and AD progression (26), were observed over time in 
both studies. Additionally, pooled results from a small 
sample size of EMERGE and ENGAGE participants also 
demonstrated dose-dependent reductions of tau PET 
SUVR in the medial temporal, temporal, and frontal lobes.

Biomarker changes indicative of AD are ordered 
temporally over the course of disease, with recent data 
suggesting that an increase in Aβ plaques precedes an 
increase in the levels of soluble p-tau, which in turn may 
drive the accumulation of neurofibrillary tangles (NFTs) 
and subsequent cognitive decline (29). These findings 
from EMERGE and ENGAGE demonstrate that treatment 
with aducanumab, an anti-Aβ monoclonal antibody, 
directly affects both an upstream biomarker of AD (Aβ 
plaque) as well as an intermediate biomarker of AD 
(soluble p-tau). In both studies, reductions in amyloid 
PET SUVR were correlated with a reduction in plasma 
p-tau181 levels. Additionally, a reduction in the levels of 
each of these biomarkers was generally associated with 
less clinical decline across aducanumab studies (27). In 
group-level correlation between amyloid PET SUVR and 
clinical decline, the high-dose arm in ENGAGE was the 
only group that deviated from the overall trend. Together, 
these results support the hypothesis that Aβ accumulation 
triggers downstream tau pathology and subsequent 

clinical decline and that targeting aggregated Aβ in the 
brain via aducanumab treatment could result in clinical 
benefit. Emerging clinical trial data from several new anti-
Aβ mAbs provide additional support for this mechanistic 
hypothesis (10, 27, 28, 30).

Rates of change in several structural measures, 
including whole brain and hippocampus, as well 
as ventricular enlargement, correlate with changes in 
cognitive performance, supporting their validity as 
markers of disease progression (31). In EMERGE and 
ENGAGE, progression of atrophy was seen by MRI; 
however, no effects related to treatment were observed in 
hippocampus or whole brain. A significant but very small 
increase, a difference of < 0.2% of the total intracranial 
space, in ventricular volume was observed in both low- 
and high-dose aducanumab treatment groups in both 
EMERGE and ENGAGE) relative to placebo (P<.0001). An 
increase in lateral ventricular volume has also been noted 
with other anti-amyloid therapies and is thought to be 
due to factors other than neurodegeneration (32).

Collectively, the biomarker results from EMERGE 
and ENGAGE demonstrate a consistent modification 
of underlying pathophysiology of disease with 
aducanumab treatment, whereas the clinical results were 
discordant for the high-dose arms of the two studies. It 
is not unexpected that effects on upstream biomarkers 
of disease pathophysiology may be detectable within a 
shorter treatment window as compared with downstream 
measures of disease, such as clinical symptomology.

The safety profiles of aducanumab in EMERGE 
and ENGAGE were consistent with each other and 
consistent with those of previous aducanumab studies 
(8, 11). The most common adverse event associated with 
aducanumab was ARIA-E (12), an imaging abnormality 
detected via brain MRI in both studies. Serious and 
severe symptoms did occur in the setting of ARIA-E, 
including seizures, which on rare occasions required 
hospitalization. ARIA-E is an important adverse event of 
amyloid-lowering therapies that is important to monitor 
and manage during treatment (33). 

While EMERGE and ENGAGE were identical 
in design, the implementation of the studies was 
not. Many elements, such as demographic and 
disease characteristics, as well as frequency, severity, 
and management of ARIA, were similar between the 
studies and did not appear to account for the partially 
discordant clinical results between the two studies. 
Although ARIA has the potential to functionally unblind 
patients and caregivers, no systematic bias caused by 
ARIA could be detected in either study. However, as 
described in the Methods, two protocol amendments 
(PV3 and PV4) allowed more participants in the high-
dose groups to achieve the target dose of 10 mg/kg 
(29% of patients in EMERGE and 22% of patients in 
ENGAGE received the full possible 14 doses of 10 mg/
kg aducanumab). Due to differences in the rates of 
enrollment, ENGAGE had enrolled approximately 200 
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more participants than EMERGE at the time of the PV4 
amendment (Supplemental Data Fig. 1a). Given that 
previous clinical and nonclinical studies of aducanumab 
showed a clear dose-exposure response (8, 11), it is of 
high interest to determine the extent to which differential 
dosing contributed to the discordant findings in the high-
dose arms of EMERGE and ENGAGE. This, as well as 
further analyses of other potential key factors that may 
have contributed to the discordant clinical findings in 
the high-dose groups will be the focus of a forthcoming 
manuscript.

Among the limitations of these studies are the invalid 
assumptions underpinning the futility decision, which 
resulted in early termination based on an inaccurate 
prediction of the final outcomes. An additional limitation 
of these studies is that some of the biomarker results 
should be interpreted with caution; the CSF and tau 
PET biomarker substudies had relatively small sample 
sizes from a nonrandom subset of trial participants (i.e., 
those who chose to opt in to each substudy). Overall, 
the populations in these studies lack diversity, including 
racial/ethnic diversity, patients with co-morbid 
conditions, and those on some concomitant medications. 
The sponsor, Biogen, recognizes that the Black/African 
American and Hispanic populations in the EMERGE and 
ENGAGE trials are not representative of the community. 
This limits the generalizability of the data and additional 
data generation is required. An enrollment target of 18% 
Black and Hispanic Americans has been set for planned 
trials. Collection of additional data within controlled 
clinical studies and in the real-world setting using 
registry-based studies is on-going (https://clinicaltrials.
gov/ct2/show/NCT0509713). 

In summary, ENGAGE did not meet its primary 
or secondary endpoints, and the EMERGE high-dose 
aducanumab group met all primary and secondary 
endpoints. EMERGE is the first phase 3 trial to 
demonstrate an association between reduction of 
biomarkers of AD pathology and a statistically significant 
slowing of clinical decline, supporting the possibility that 
removal of Aβ from the brain (together with modification 
of downstream biomarkers of disease) may be associated 
with a clinical benefit in patients with early AD. The 
safety profile of aducanumab in EMERGE and ENGAGE 
was consistent with that of previous aducanumab studies, 
and a detailed investigation of ARIA has been published 
(12). Clinical efficacy of aducanumab will be further 
evaluated in a forthcoming clinical trial.   
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