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Abstract 

Background:  Lecanemab, a humanized IgG1 monoclonal antibody that targets soluble aggregated Aβ species 
(protofibrils), has demonstrated robust brain fibrillar amyloid reduction and slowing of clinical decline in early AD. The 
objective of this analysis is to report results from study 201 blinded period (core), the open-label extension (OLE), and 
gap period (between core and OLE) supporting the effectiveness of lecanemab.

Methods:  The lecanemab study 201 core was a double-blind, randomized, placebo-controlled study of 856 patients 
randomized to one of five dose regimens or placebo. An OLE of study 201 was initiated to allow patients to receive 
open-label lecanemab 10mg/kg biweekly for up to 24 months, with an intervening off-treatment period (gap period) 
ranging from 9 to 59 months (mean 24 months).

Results:  At 12 and 18 months of treatment in the core, lecanemab 10 mg/kg biweekly demonstrated dose-depend-
ent reductions of brain amyloid measured PET and corresponding changes in plasma biomarkers and slowing of 
cognitive decline. The rates of clinical progression during the gap were similar in lecanemab and placebo subjects, 
with clinical treatment differences maintained after discontinued dosing over an average of 24 months in the gap 
period. During the gap, plasma Aβ42/40 ratio and p-tau181 levels began to return towards pre-randomization levels 
more quickly than amyloid PET. At OLE baseline, treatment differences vs placebo at 18 months in the randomized 
period were maintained across 3 clinical assessments. In the OLE, lecanemab 10 mg/kg biweekly treatment produced 
dose-dependent reductions in amyloid PET SUVr, improvements in plasma Aβ42/40 ratio, and reductions in plasma 
p-tau181.

Conclusions:  Lecanemab treatment resulted in significant reduction in amyloid plaques and a slowing of clinical 
decline. Data indicate that rapid and pronounced amyloid reduction correlates with clinical benefit and potential 
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disease-modifying effects, as well as the potential to use plasma biomarkers to monitor for lecanemab treatment 
effects.

Trial registration:  ClinicalTrials.gov NCT01​767311.

Introduction
Alzheimer’s disease (AD) is a major health problem of 
aging with tremendous burden on healthcare systems 
globally [1–4]. Although there are symptomatic thera-
pies approved, they provide modest clinical benefit and 
have no impact on disease progression. One anti-amy-
loid antibody (aducanumab) has accelerated approval 
from the FDA; it does not fulfill the unmet need for AD 
therapy. Therefore, disease-modifying therapies are criti-
cally needed to improve the lives of those with AD and to 
decrease the global burden of the disease.

Amyloid beta (Aβ) pathology has been identified as a 
target for intervention based on the evidence that it likely 
plays an important role in the development and progres-
sion of the disease. However, nearly all symptomatic AD 
trials targeting Aβ-pathology have been unsuccessful in 
demonstrating a clinical benefit [5–7]. Only recently have 
specific therapies that effectively target Aβ-pathology 
been developed and include those that substantially 
reduce aggregated Aβ plaques, decrease soluble Aβ, 
or reduce the production of aggregation prone Aβ spe-
cies [8–11]. Although it remains uncertain which form 
of aggregated Aβ is likely to be most pathologic, soluble 
aggregates (e.g., large, soluble protofibrils) are a rational 
target based on evidence that these may be the most toxic 
forms [12–14]. Lecanemab (BAN2401) is a humanized 
IgG1 monoclonal antibody that binds to large soluble Aβ 
aggregates (protofibrils) with high selectivity over mon-
omers (>1000-fold) and insoluble fibrils (at least 10-15-
fold) [15–18].

In a phase 2 randomized study (study 201 core), 
lecanemab treatment led to a robust, dose-dependent 
reduction in brain amyloid, slower decline on clinical 
outcome measures, and directionally consistent bio-
marker changes at 18 months [19]. An open-label exten-
sion (OLE) was initiated following analysis of core data, 
resulting in a gap period (no study drug treatment) 
between the end of the core and the beginning of the 
OLE. Here, we report detailed results from study 201 
core, gap period, and OLE phase supporting the effec-
tiveness of lecanemab, including plasma biomarker out-
comes, clinical efficacy, and exposure response (ER) data 
as well as correlations among positron emission tomog-
raphy (PET) measures, plasma biomarker assessments, 
and clinical efficacy evaluations. This study addressed 
efficacy only and does not present data on safety or toler-
ability which are addressed elsewhere [19].

Patients and methods
Study design
The lecanemab 201 trial (ClinicalTrials.gov Identi-
fier: NCT01767311) was a multinational, multicenter, 
double-blind, placebo-controlled, parallel-group study 
(core) employing Bayesian design with response-adaptive 
randomization with an OLE (Figure  S1). Methods and 
primary results for the study 201 core phase have been 
published [19]. Briefly, at entry into the core study, sub-
jects were required to have early AD (amyloid positive) 
with global Clinical Dementia Rating (CDR) global score 
of 0.5 or 1. Subjects were randomized to either placebo or 
one of 5 active arms of lecanemab (2.5 mg/kg biweekly, 
5 mg/kg monthly, 5 mg/kg biweekly, 10 mg/kg monthly, 
10 mg/kg biweekly) without titration. Treatment dura-
tion of the study was 18 months with a 3-month follow-
up and a target enrollment of approximately 800 subjects. 
The primary outcome was based on a Bayesian analysis 
at 12 months; the study continued per protocol with no 
unblinding to month 18. To maintain the blind during 
the double-blind portion of the trial, all subjects received 
biweekly infusions of either placebo or lecanemab.

The 201 OLE was initiated following analysis of the 
core phase 2b study 201 to allow subjects to receive open-
label lecanemab 10 mg/kg biweekly (initiated without 
titration) for up to 24 months to assess long-term safety 
and tolerability. All subjects who fulfilled OLE inclusion/
exclusion criteria and entered the OLE received 10 mg/kg 
biweekly during the OLE period. There was a gap period 
between the end of the study 201 core and OLE baseline 
when no treatment was provided. The gap period lasted 
for an average of 24 months (range 9–59 months) for all 
subjects who entered the OLE. Core treatment assign-
ments remained blinded to study sites and study partici-
pants throughout the OLE.

Study assessments
Study assessments for the study 201 core and OLE included 
the Alzheimer’s Disease Composite Score (ADCOMS); 
Clinical Dementia Rating Sum-of-Boxes (CDR-SB); Alz-
heimer’s Disease Assessment Scale-Cognitive Subscale 
(ADAS-Cog14); changes in plasma biomarkers; and brain 
amyloid by PET Standardized Uptake Value ratio (SUVr) 
(in an optional substudy of consenting participants). The 
core amyloid PET substudy assessed baseline, 12-month, 
and 18-month SUVr with florbetapir; the OLE amyloid 
PET substudy assessments were at baseline, 3 or 6 months, 

https://clinicaltrials.gov/ct2/show/NCT01767311
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12 and 24 months. Plasma samples were collected at the 
same timepoints as the PET studies. Imaging (PET with 
florbetapir tracer) and plasma (amyloid-β (Aβ)42/40 ratio, 
phospho-tau (p-tau)181) biomarkers were evaluated. The 
amyloid PET SUVr normalized to whole cerebellum mask, 
measured using [18]F florbetapir as a PET ligand, was 
used to determine brain amyloid levels [20]. Plasma con-
centrations of Aβ42 and Aβ40 were measured using the 
immunoprecipitation/liquid chromatography-mass spec-
trometry/mass spectrometry (IP/LC-MS/MS) technology 
platform (Precivity AD assay, C2N), and the ratio of plasma 
Aβ42/40 was calculated from the output. Plasma concen-
trations of p-tau181 were measured using a commercially 
validated single molecule array (Simoa) assay developed by 
Quanterix. Information related to drug interference with 
plasma Aβ42/40 and p-tau181 assays can be found in the 
supplement.

Exposure response (ER) analyses for PET SUVr
The relationship between serum lecanemab concentration 
and the PET SUVr reduction time course in study 201 core 
and OLE phase was characterized by an indirect response 
model for the lecanemab concentration inducing the 
reduction of brain amyloid. Estimated parameters included 
baseline SUVr(t) at time=0 (BSUVr0), indirect response 
rate constant parameters (Kin and Kout [estimated as 
Kout = Kin/SUVr(0)]), maximum drug effect (Emax), and 
lecanemab concentration resulting in half of the maximum 
drug effect (EC50).

Inter-individual variability was estimated for baseline and 
Emax and could not be estimated for Kin and EC50. Resid-
ual variability was modeled using a proportional model. 
Covariates tested were sex (women vs men), age, neutral-
izing anti-drug antibodies (ADA) (positive vs negative), and 
apolipoprotein E4 (ApoE4) carrier status (positive vs nega-
tive only for Emax).

Exposure response analyses for efficacy
Longitudinal pharmacokinetic/pharmacodynamic (PK/PD) 
models were developed for efficacy endpoints (ADCOMS, 
CDR-SB, and ADAS-Cog) using data from the phase 2 
study. A disease progression model was developed using 
data from placebo-treated subjects. Effect of model-pre-
dicted lecanemab exposure (maximum concentration at 
steady state [Css,max] and average concentration at steady 
state [Css,av]) on disease progression was investigated from 
data in all subjects as follows:

dSUVr

dt
= Kin − SUVr(t) ∗ Kout ∗

[

1 +
Emax ∗ BAN2401 Conc.

EC50 + BAN2401 Conc.

]

EFF− INT+ SLP ∗ (1− DESLOPE ∗ (lecanemab Exposure)) ∗ Time

where EFF, INT, SLP and DESLOPE are clinical 
scores of efficacy endpoints at each assessment time 
(EFF), baseline clinical score (INT), disease progres-
sion rate (SLP), and lecanemab effect on disease pro-
gression rate (DESLOPE), respectively.

Evaluated covariates were age, sex, ApoE4 carrier sta-
tus (positive or negative), ongoing treatment with ace-
tylcholinesterase inhibitors (AChEIs) and/or memantine 
(yes or no), and clinical subgroup (mild cognitive 
impairment (MCI) due to AD or mild AD dementia).

Relationship between PET SUVr and clinical efficacy
Relationships for change from baseline (CFB) of SUVr 
whole cerebellum (SUVrWC) versus CFB of clinical end-
points (ADCOMS, CDR-SB, and ADAS-Cog) at 12 and 
18 months were explored in a subset of subjects who had 
post-baseline assessments for both endpoints. The rela-
tionships were modeled using a nonlinear effects model. 
A linear model (CFB of Clinical Endpoint = Intercept + 
Slope * CFB of PET SUVr) was explored for key clinical 
endpoints (ADCOMS, CDR-SB, and ADAS-Cog). For 
all endpoints, inter-individual variability (IIV) was esti-
mated for intercept, and residual variability was modeled 
using an additive model. Effects of age, sex, ApoE4 carrier 
status, ongoing treatment with AChEIs and/or meman-
tine (yes or no), and clinical subgroup (MCI due to AD 
or mild AD dementia) were evaluated as covariates. ER 
analyses for PET SUV efficacy were performed using 
nonlinear mixed-effect modeling in NONMEM® version 
7.3. Where applicable, the final ER models were evaluated 
for performance using graphical assessment, non-para-
metric bootstrapping, and visual predictive checks.

Statistics
Statistical analyses for study 201 core have been pre-
viously published (Swanson 2021). In the study 201 
OLE analyses, the focus is on de novo subjects (core 
placebo-treated) and those on 10mg/kg biweekly from 
beginning of study (delay start and early start design 
on most effective dosing regimen). Analyses were con-
ducted in 2 cohorts based on their treatment alloca-
tion during study 201 core: (1) subjects who received 
prior placebo and (2) subjects with prior lecanemab 
10 mg/kg biweekly. The change from OLE baseline in 
change in clinical endpoints (CDR-SB, ADCOMS, 
ADAS-Cog14) were analyzed using the mixed model 
repeated measures (MMRM) approach, incorporating 
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key covariates into the model, ApoE4 status, clini-
cal subgroup (MCI due to AD or mild AD dementia), 
ongoing treatment with AChEIs and/or memantine, 
and baseline value. Analyses of amyloid PET (SUVr and 
Centiloid approaches), plasma Aβ42/40, and plasma 
p-tau181 were also performed. Plasma biomarkers were 
measured for subjects with available samples. The cor-
relations among the 3 biomarkers and their correlations 
with clinical endpoints were evaluated using popula-
tion-level and subject-level correlation analysis. The 
OLE protocol was drafted and initiated after comple-
tion of the core study.

Results
Subjects
A total of 856 subjects were randomized into the study 
to receive either placebo (247 subjects) or lecanemab 
(609 subjects). Of these, 552 subjects (177 placebo, 375 
lecanemab) completed study 201 core. Of the 856 sub-
jects randomized in study 201 core, 180 subjects entered 
the OLE phase to receive lecanemab 10 mg/kg biweekly, 
with 45, 38, and 97 having received placebo, lecanemab 
10 mg/kg biweekly, or a different lecanemab dose in 
the core, respectively. The PET substudy included 315 
subjects in core and 91 in OLE (22, 21, and 48 having 
received placebo, lecanemab 10 mg/kg biweekly, or a dif-
ferent lecanemab dose in the core, respectively). A sum-
mary of baseline characteristic for subjects in study 201 
core and OLE are shown in Table 1.

Core phase
The results from the primary analysis of the study 201 
core phase, including clinical efficacy and biomarkers, 
have previously been published [19]. Briefly, lecanemab 
treatment resulted in reduction in brain amyloid accom-
panied by a consistent reduction of clinical decline across 
several clinical and biomarker endpoints. The least 
squares (LS) mean change from baseline in brain amyloid 
levels as measured by amyloid PET SUVr and in Centi-
loid scales are shown in Fig.  1 (Centiloid data have not 
been previously published). Lecanemab demonstrated 
a dose-dependent and time-dependent brain amyloid 
reduction across all doses versus placebo. Overall, 65% of 
subjects at 12 months and 81% of subjects at 18 months 
converted from amyloid positive to amyloid negative by 
visual read.

The reduction in brain amyloid with lecanemab treat-
ment as measured by amyloid PET Centiloids was asso-
ciated with a slowing in clinical decline measured on 
the CDR-SB at the population level (Pearson correla-
tion coefficient=0.802, P=0.103; Fig. 2) and subject level 
(Pearson correlation coefficient=0.119, P=0.059). Similar 
PET SUVr relationships were seen for ADCOMS at the 

population level (Pearson correlation coefficient=0.835, 
P=0.079; Fig.  2) and subject level (Pearson correlation 
coefficient=0.128, Pearson correlation coefficient=0.695, 
P=0.192) and subject level (Pearson correlation coeffi-
cient=0.057, P=0.373).

In the PK/PD analysis correlating lecanemab exposure 
with PET SUVr, ApoE4 carrier status was identified to be 
a significant covariate on baseline SUVr, where ApoE4 
carrier subjects had higher baseline SUVr. This analysis 
also found that ApoE4 status had no effect on maximum 
plaque removal (Emax), older subjects had higher maxi-
mum plaque removal (Emax) by lecanemab, and subjects 
with higher baseline SUVr had greatest SUVr reduc-
tion. Change from baseline (CFB) in amyloid PET SUVr 
vs CFB in CDR-SB, ADCOMS, and ADAS-Cog were all 
successfully modeled with a linear model, and all signifi-
cantly correlated, indicating reduction in PET SUVr from 
baseline over 18 months treatment is a significant predic-
tor of slower disease progression (Figure S2). The effect 
of ApoE4 status, sex, age, and body weight were not sig-
nificant in this model.

The relationship between change of amyloid PET 
SUVr and clinical efficacy endpoints was explored with 
model-predicted CFB of PET SUVr evaluated as a pre-
dictor of the efficacy endpoints (Fig. 3). Disease progres-
sion rates for CdR-SB, ADCOMS, and ADAS-Cog14 
were reduced by 11.6, 10.1, and 10.3% for every 20 CL 
reduction from baseline PET. Model predicted reduc-
tion from baseline PET over 18 months of lecanemab 10 
mg/kg biweekly was 60.1 CL; the corresponding model-
predicted reductions of disease progression rates in 
CDR-SB, ADCOMS, and ADAS-Cog14 were 34.8, 30.2, 
and 31.0%, respectively.

For the plasma biomarker analysis, plasma Aβ42/40 
ratio increased and plasma p-tau181 levels decreased 
in the combined lecanemab 10 mg/kg dose groups 
relative to placebo at 12 and 18 months (Fig. 4). Lon-
gitudinal changes in brain amyloid levels track with 
the inverse changes in plasma Aβ42/40 ratio dur-
ing study 201 core. The reduction in brain amyloid 
with lecanemab treatment as measured by amyloid 
PET SUVr was associated with an increase in plasma 
Aβ42/40 ratio at the population level (Pearson cor-
relation coefficient=-0.793, P=0.109; Fig.  5). Longi-
tudinal changes in brain amyloid levels are paralleled 
by changes in plasma p-tau181 levels during study 201 
core, with reductions in brain amyloid with lecanemab 
treatment associated with a decrease in plasma 
p-tau181 at the population level (Pearson correlation 
coefficient=0.845, P=0.071; Fig. 5).

To explore the relationship between CFB of plasma bio-
markers (Aβ42/40 ratio and p-tau181) and clinical effi-
cacy endpoints (CDR-SB, ADCOMS, and ADAS-Cog14), 
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model-predicted CFB of the individual plasma biomarker 
changes were evaluated as predictors of the efficacy end-
points. For all efficacy endpoints with one exception, 
increase in plasma Aβ42/40 ratio or decrease in p-tau181 
levels from baseline over a treatment period of 18 months 
was a significant predictor (P<0.001) of slowing of cogni-
tive decline. The one exception was for Aβ42/40 ratio and 
ADAS-Cog14, where the data showed the same trend as 
other endpoints but did not reach statistical significance. 
APOE status, age, sex, and AD diagnosis (MCI, mild 
AD dementia) had no significant effect on relationship 
between plasma biomarkers (Aβ42/40 ratio, p-tau181), 
amyloid PET, and clinical endpoints. Time courses of 
predicted CFB in CDR-SB and ADCOMS by plasma 
Aβ42/40 ratio CFB and p-tau181 are shown in Fig.  6. 
Model predicted disease progression rates for CDR-
SB and ADCOMS were reduced by 6.92% and 6.12%, 
respectively, for every 0.25 unit increase from baseline 
in plasma Aβ42/40 ratio. Model-predicted increase from 
baseline in plasma Aβ42/40 ratio over 18 months with 

lecanemab was 0.794 units; the corresponding model-
predicted reduction of disease progression rates in CDR-
SB and ADCOMS were 22.0 and 19.4%, respectively. For 
p-tau181, model-predicted disease progression rates for 
CDR-SB, ADCOMS, and ADAS-Cog14 were reduced by 
5.71, 4.29 and 5.78%, respectively, for every 0.1 pg/mL 
reduction from baseline in plasma p-tau181. The model 
predicted reduction in plasma p-tau181 over 18 months 
with lecanemab 10mg/kg biweekly was 0.414 pg/mL; the 
corresponding model-predicted reduction of disease pro-
gression rates in CDR-SB, ADCOMS, and ADAS-Cog14 
were 23.6, 17.7, and 23.9%, respectively.

Gap period
Lecanemab was administered for 18 months and then 
discontinued for an average of 24 months (range 9–59 
months). During the core treatment period, substan-
tial normalization occurred in amyloid PET, plasma 
Aβ42/40, and p-tau181, while the highest dose group 
(10 mg/kg biweekly) was partially protected from 

A

B

Fig. 1  Results for A amyloid PET SUVr and B Centiloid scale assessments from study 201 core
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cognitive decline (i.e., ADCOMS, CDR-SB, and ADAS-
Cog14) compared to placebo (Fig.  7). After the drug 
was stopped, lecanemab treatment differences rela-
tive to placebo observed after 18 months of treatment 
in subjects with global CDR 0.5 or 1 at OLE baseline 
were maintained on all 3 clinical assessments at a 
protocol-defined 3-month follow-up (off drug) visit 
and over the course of the off-drug gap period (OLE 

baseline; Fig.  7). The treated group continued to pro-
gress at the same rate as placebo over the gap period 
to the OLE baseline. While brain amyloid reaccumu-
lated slightly as measured by PET during the gap period 
(by a mean of approximately 6 Centiloids), the soluble 
Aβ42/40 decreased (reaccumulated) by 47% and plasma 
p-tau181 levels increased (reaccumulated) by 24%. 
Over the gap period, the rates of clinical progression 

Fig. 2  Correlation between adjusted mean differences (+/− standard error) from placebo in amyloid PET and clinical efficacy endpoints (A CDR-SB; 
B ADCOMS; C ADAS-Cog) at 18 months
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were similar between those treated with lecanemab and 
placebo in the core period, keeping the same absolute 
separation obtained at the end of treatment, but with-
out further added benefit while off treatment.

OLE
In the OLE, brain amyloid is statistically significantly 
reduced relative to OLE phase baseline after as little 
as 3 months of treatment as measured by amyloid PET 
SUVr and Centiloid scales, with continued brain amy-
loid reduction through 24 months of treatment, in sub-
jects who received prior placebo and those who were 

treated with lecanemab 10 mg/kg biweekly in study 201 
core (Fig. 8). In subjects on placebo in the core study who 
began lecanemab therapy at the start of the OLE, amyloid 
status by visual read converted from positive to nega-
tive in 43% (3/7) by 3 months (week 13), 75% (6/8) by the 
6-month visit (week 27), 83% (10/12) by the 12-month 
visit (week 53) and 80% (4/5) by the 24-month visit (week 
105). The findings for conversion to amyloid negative 
were similar when assessed by amyloid PET SUVr and 
Centiloid scales

In the OLE, ADCOMS, CDR-SB, and ADAS-Cog14 
scores continued to increase in both newly treated core 
placebo subjects and in those retreated with lecanemab 
(Fig.  9). Greater reduction in brain amyloid as meas-
ured by amyloid PET SUVr was associated with greater 
slowing of clinical decline across clinical efficacy scores. 
Correlation between amyloid PET SUVr and clinical 
assessments are provided in Figure S3.

In the OLE plasma biomarker analyses, both newly 
treated core placebo subjects and retreated lecanemab 
10 mg/kg dosing groups showed an increase in plasma 
Aβ42/40 ratio and decrease in p-tau181 following treat-
ment with lecanemab 10 mg/kg biweekly (Fig. 8). There 
is a strong inverse correlation between change from 
OLE phase baseline in plasma Aβ42/40 ratio and change 
from OLE phase baseline in amyloid PET SUVr at the 
population level (Pearson correlation coefficient=-0.744, 
P=0.022; Figure  S4). There is a correlation between 
change from OLE phase baseline in plasma p-tau181 level 
and change from OLE phase baseline in amyloid PET 
SUVr at the population level (Pearson correlation coef-
ficient=0.624, P=0.073; Figure S4). An increased reduc-
tion in brain amyloid as measured by plasma Aβ42/40 
ratio was associated with greater slowing of clinical 
decline across clinical endpoints (Figure S5). The strong-
est correlation was between plasma Aβ42/40 ratio and 
ADAS-Cog14 (Pearson correlation coefficient=0.351; 
P=0.495); this was not statistically significant. Results for 
an adjusted analyses of OLE assessments can be found in 
the supplement (Figures S6-S8).

Biomarker and clinical efficacy across the study 201 core, 
gap period, and OLE phase
To show the performance of the subset of subjects that 
enrolled into the OLE, we evaluated the efficacy and 
biomarker assessment of these subjects across the study 
phases. Among the subjects that participated in both 
study 201 core and the OLE phase, those treated with 
lecanemab 10 mg/kg biweekly during the core phase 
showed slower progression relative to placebo by the 
end of study 201 core, consistent with the overall core 
study results, although differences were not statistically 

Fig. 3  Time courses of predicted change from baseline in A CDR-SB, 
B ADCOMS, and C ADAS-Cog14 by PET SUVr change from baseline
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significant (Fig.  9). Clinical treatment effect relative to 
placebo at the end of study 201 core was maintained off 
treatment during the gap period up to the OLE base-
line, while the overall rate of progression (slope) in 
the gap period was similar in both groups. These dif-
ferences between newly treated core placebo subjects 
and retreated lecanemab 10 mg/kg biweekly subjects 
were maintained with initiation of lecanemab 10 mg/
kg biweekly in the OLE phase, although progression 
appeared to plateau in both groups.

Among the subjects that participated in both study 201 
core and the OLE phase, change from core baseline in 
brain amyloid levels as measured by amyloid PET SUVr 
increased slightly in the placebo group during study 201 
core and was markedly decreased with lecanemab 10 
mg/kg biweekly, consistent with the overall core study 
results (Fig.  8). Amyloid PET SUVr data indicate that 

amyloid levels reaccumulated slightly in all subjects 
while off treatment over the gap period, consistent with 
expected natural history of amyloid accumulation rates 
in AD [21]. Thus, treatment discontinuation resulted in 
return towards pre-treatment in plasma Aβ42/40 ratio, 
p-tau181, and amyloid PET SUVr, recapitulating the pro-
gression of the amyloid cascade.

Discussion
This report describes the detailed results for the 
lecanemab study 201 core, gap, and OLE clinical and bio-
marker results. In addition, the relationships between 
clinical measures and amyloid PET imaging and soluble 
biomarkers were explored with correlations analyses. 
Lecanemab 10 mg/kg biweekly demonstrated the largest 
effect among tested doses on key biomarkers and clini-
cal endpoints, reducing brain PET amyloid (measured 

Fig. 4  Change in A plasma Aβ42/40 ratio and B p-tau181 by treatment group in study 201 core based on standardized value
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by visual read, PET SUVr & Centiloid scale) with corre-
sponding changes in plasma biomarkers, while slowing 
of clinical decline as measured by CDR-SB, ADCOMS, 
and ADAS-Cog14 was observed. There were consist-
ent parallel directional relationships between biomarker 
changes and changes on clinical measures. Treatment 
with lecanemab 10 mg/kg biweekly results in a larger and 
faster decrease in amyloid PET SUVr, increase in plasma 
Aβ42/40 ratio (a more sensitive biomarker of amyloid 
cascade relative to PET SUVr in this study), and decrease 
in plasma p-tau181 as compared to lecanemab 10 mg/kg 
monthly dosing.

Lecanemab concentration was a significant predictor 
of brain amyloid removal in PK/PD (exposure –PET) 
modeling expressed as a maximum effect function 
(Emax) [22]. Subjects with lower PET SUVr baseline 
achieved amyloid negativity faster than subjects with 
higher PET baseline values, but a higher baseline SUVr 
was associated with a greater magnitude of amyloid 
reduction. ApoE4 carrier status was identified as a sig-
nificant covariate on baseline PET SUVr. ApoE4 carriers 
had higher baseline PET SUVr than ApoE4 noncarriers 
(1.39 vs 1.34). Age influenced maximum plaque removal 
independent of baseline PET SUVr level. For example, 

Fig. 5  Population correlations between amyloid PET using Centiloids and plasma A Aβ42/40 ratio and B p-tau181 based on standardized value
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relative to a 72-year-old subject (median analysis set), 
an 84-year-old subject (95 percentile of analysis set) 
had 24% higher SUVr reduction, whereas a 57-year-old 
subject (5 percentile of analysis set) had 29% lower PET 
SUVr reduction. The half-life of brain amyloid re-accu-
mulation as measured by amyloid PET was estimated 
to be approximately 4 years suggesting that it will take 
approximately 16 to 20 years (4–5 half-lives with an 
approximate half-life of 1.9 years for Aβ42/40 ratio deg-
radation) for brain amyloid to reaccumulate and return 
to its value before lecanemab treatment.

Observed changes in plasma Aβ42/40 ratio during 
treatment discontinuation in the gap period suggest that 
stopping treatment leads to a reversal of the positive 
effects and at faster rate than Ab aggregation measured 
by PET. The plasma Aβ42/40 ratio begins decreasing 
again and plasma p-tau181 and amyloid PET SUVr to 
reverse their trajectory and start increasing, which are 
early indicators of brain amyloid accumulation [23, 24], 
associated with clinical decline during the gap period. 
Parallel decline in the gap period between the treated 
group and the placebo group may suggest that contin-
ued treatment is needed to achieve a continuing ther-
apeutic benefit. Initiation of lecanemab in the OLE 
reversed these negative biomarker trends. Continued 

treatment with lecanemab in the OLE showed contin-
ued improvement on multiple biomarkers used to track 
AD processes and considered signals reflecting the biol-
ogy of AD. These findings suggest that continued tar-
geting of protofibrils with lecanemab may be beneficial 
for patients while still in the early AD stage, even after 
brain amyloid clearance as measured by amyloid PET, 
because other forms of amyloid may exist that are not 
detected by amyloid PET. Therefore, continued dos-
ing with lecanemab to a point of normalization of the 
plasma Aβ42/40 and p-tau181 levels may be necessary 
to better determine the disease-modifying effects of 
normalizing Aβ.

Clinical and cognitive outcomes during the gap and 
OLE periods were limited by low numbers and power 
in this analysis, and the benefits of the drug at later 
stages of disease are uncertain. Data from the ongo-
ing phase 3 CLARITY OLE study will provide a bet-
ter evaluation of the effect of high-dose lecanemab 
on cognitive and clinical outcomes at later stages of 
disease.

The results presented herein lead to several note-
worthy conclusions. First, rapid and thorough amyloid 
reduction correlates with slowing of clinical decline. 
Lecanemab treatment can be initiated without titration 

Fig. 6  Time course of predicted change from baseline in clinical endpoints by plasma A Ab42/40 ratio and B p-tau181 change from baseline
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with acceptable safety (Swanson 2021). Amyloid reduc-
tion is achieved within 3 months of treatment and 
clinical efficacy within 6 months of treatment, with 
>80% of subjects amyloid negative (by visual read) by 
12–18 months. Finally, there may be potential to use 
plasma biomarkers to monitor lecanemab treatment 
effects. Correlations are observed among amyloid 
PET SUVr, clinical endpoints, and plasma biomark-
ers (Aβ42/40 ratio and p-tau181) following treat-
ment with lecanemab. Monitoring of treatment effects 
using plasma biomarkers may allow dose modification 
as needed following rapid and pronounced amyloid 
removal (e.g., less frequent and/or lower dose). This 
may obviate the need for repeat of PET scans to deter-
mine amyloid status, a current limitation in the deliv-
ery of this class of therapies to a broader population. 
However, the data on the effects of longer-term dos-
ing with lecanemab on plasma biomarkers is needed to 
better determine the true potential of these biomark-
ers in monitoring therapeutic response over the long 
term. The more rapid return towards disease levels of 
plasma biomarkers relative to amyloid PET during the 
gap period suggests that the plasma measures may be 
a more dynamic measure of disease state to determine 
chronic dosing strategies after amyloid PET levels are 
normalized.

Anti-amyloid monoclonal antibodies were developed 
based on the central role of amyloid in AD and the 
hypothesis that decreasing fibrillar and protofibrillar 
amyloid would lead to disease modification and slow-
ing of cognitive decline. There is not a consensus on 
the data needed to conclude that an agent is disease-
modifying. However, three features consistent with 
disease modification were observed in this trial: (1) no 
return to the placebo level of the treated participants 
with cessation of therapy; (2) effects on biomarkers 
(Aβ, p-tau) considered important features of funda-
mental AD biology; and (3) persistent change in the 
trajectory of the illness that, generally, correlate with 
disease biomarkers and that supports modification of 
the underlying pathophysiology of the disease [25–27]. 
These features will contribute to the data accumulat-
ing to support the potential disease-modifying effects 
of lecanemab. Moreover, the temporal relationship 
between the soluble biomarkers and aggregated amy-
loid PET during the core, gap, and OLE phase provides 
unique information on the effects of amyloid reduction 

with anti-Aβ monoclonal antibodies, specifically reca-
pitulating the sequence of events reported in observa-
tional studies. Although there have been a number of 
recent reports to suggest amyloid plaques are associ-
ated with the initial rise in soluble p-tau and that the 
reduction of amyloid plaques with anti-Aβ monoclo-
nal antibodies results in a reduction of soluble p-tau 
biomarkers, the gap period in this study suggests that 
when anti-Aβ monoclonal antibodies are discontinued 
soluble amyloid (in the form of the plasma Aβ42/40 
ratio) begins to return towards baseline levels, fol-
lowed by plasma p-tau and both clearly precede the 
slow re-accumulation of amyloid PET, similar to what 
has been observed in observational studies [28–30]. 
This indicates that at the cessation of treatment, even 
with very low amyloid PET values, there is likely a 
reaccumulating of Aβ aggregates leading to the rise of 
both soluble Aβ and p-tau.

In addition to lecanemab, several anti-Aβ monoclo-
nal antibodies with distinct Aβ binding profiles (e.g., 
aducanumab, bapineuzumab, gantenerumab, and 
solanezumab) have emerged and are in various stages 
of clinical development [27, 31, 32]. All these poten-
tial therapies are based on disease models which sug-
gest that tau pathology is triggered by Aβ, leading to 
AD progression [33]. Although most previously pub-
lished studies using other putative disease-modifying 
agents for AD did not show appreciable clinical effi-
cacy in phase 3 [27], several recent studies have shown 
promising effects on reducing brain amyloid levels and 
slowing clinical decline [19, 34, 35]. The lecanemab 
mechanism of action is distinct among other anti-
amyloid agents. Lecanemab has high selectivity for 
soluble aggregated species of Aβ compared to mono-
meric amyloid, with moderate selectivity over fibrillar 
amyloid, a profile thought to convey an advantage in 
selectively targeting the most toxic pathologic amyloid 
species [12, 15, 19].

There are several limitations of this analysis. Of the 
856 randomized subjects, 180 voluntarily enrolled into 
the OLE. Thus, subjects were not randomized by treat-
ment and key disease characteristics into the OLE. In 
addition, the OLE was started after a delay, resulting 
in a variable length gap period ranging from 9 to 59 
months. If the OLE had started immediately after the 
core phase of study 201, more information on contin-
uous dosing could have been obtained. However, the 

Fig. 7  Imaging, biomarker, and cognitive effects during and after treatment with lecanemab in the study 201 core and gap period for A amyloid 
PET SUVr, B amyloid Centiloid, C plasma Aβ42/40 ratio (standardized value), D p-tau181 (standardized value), E CDR-SB, F ADCOMS, and G 
ADAS-cog. F/up = 90-day follow-up period following study 201 core

(See figure on next page.)
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A B

C D
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G

Fig. 7  (See legend on previous page.)
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gap period presented the opportunity to observe sub-
jects when anti-amyloid therapy was interrupted (i.e., 
the gap between the core and OLE) and then restarted 
in the OLE.

Conclusions
In summary, an increase in exposure to lecanemab 
resulted in significant and clinically relevant reductions 
in PET SUVr and slowing of clinical decline. Our data 
suggest rapid and comprehensive amyloid reduction cor-
relates with clinical benefit, potential disease-modifying 
effects, and the potential to use plasma biomarkers to 
monitor for lecanemab treatment effects. The potential 
for disease modification with lecanemab is supported 
by an increasing drug-placebo difference over time on 
clinical measures, a durable drug effect during the gap in 
dosing with the placebo group not catching up to the treat-
ment group during the OLE, and an impact on biological 
measures that reflect key pathophysiological changes in 
AD. Clinical progression and gradual re-accumulation of 
pathological biomarkers supports the need for continued 
dosing, even after the observed clearance of brain amyloid. 
Our findings also suggest the potential to use plasma bio-
markers to monitor for lecanemab treatment effects and 
potentially track individual patient responses to treatment. 

These results are hypothesis-generating and the potential 
for disease modification will be further explored in ongo-
ing phase 3 lecanemab clinical trials in early AD and pre-
clinical AD (Clarity AD and AHEAD 3-45, respectively).

Study highlights
Topline efficacy and biomarker results from the rand-
omized phase 2 lecanemab study (core) demonstrated 
a robust brain fibrillar amyloid reduction and slowing 
of clinical decline in early AD [19]. However, whether 
these topline efficacy and biomarker data positively cor-
relate had not yet been addressed. In addition, OLE and 
gap period data that may shed additional insight into the 
lecanemab clinical profile had yet to be published.

We show the results from the core were maintained 
during a gap period and were reproduced in the OLE 
study. For the first time, we showed that lecanemab 
treatment was associated with a consistent relationship 
between biomarker and clinical changes and that plasma 
biomarkers may help guide chronic therapy. Insight from 
this study can be utilized to support future research and 
potential clinical use on dosing, monitoring of treatment 
effects, and the design and interpretation of future stud-
ies of anti-amyloid therapies.

A B

C D

Fig. 8  Observed mean change from baseline in A amyloid PET SUVr, B amyloid Centiloid, C plasma Aβ42/40 ratio (standardized value), and D 
Plasma p-tau181 (standardized value) during study 201 core, gap period, and OLE phase (OLE enrolled set). F/up = 90-day follow-up period 
following study 201 core
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Fig. 9  Adjusted mean change from baseline in A CDR-SB, B ADCOMS, and C ADAS-Cog14 during study 201 core, gap period, and OLE phase (OLE 
enrolled set excluding those who progressed beyond early AD). F/up = 90-day follow-up period following study 201 core



Page 16 of 17McDade et al. Alzheimer’s Research & Therapy          (2022) 14:191 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13195-​022-​01124-2.

Additional file 1. 

Acknowledgements
The authors would like to thank all of the individuals who enrolled in 
lecanemab study 201 as well as their family, caregivers, and friends who sup-
ported them. These analyses would not be possible without all of the hard 
work and contributions from the dedicated Site Investigators, Study Coordina-
tors, Raters, and other personnel who contributed to this trial. The authors 
acknowledge the manuscript writing, preparation, and editorial efforts of J. 
David Cox, PhD (Mayville Medical Communications) and Lisa Yarenis (Eisai Inc.).

Authors’ contributions
All authors contributed to the analysis, data interpretation, and writing of this 
manuscript. The authors read and approved the final manuscript.

Funding
This study was funded by Eisai Inc.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The trial as conducted in accordance with the Declaration of Helsinki was 
approved by the institutional review board or independent ethics committee 
at each center, and all subjects provided informed consent.

Consent for publication
Not applicable

Competing interests
EM is the Associate Director of the DIAN–TU. He reports serving on a Data 
Safety Committee for Eli Lilly and Company and Alector. He is scientific con-
sultant for Eisai and Eli Lilly and Company and has received institutional grant 
support from Eli Lilly and Company, F. Hoffmann-La Roche Ltd. and Janssen. 
JC has provided consultation to Acadia, Actinogen, Alkahest, AlphaCognition, 
AriBio, Biogen, Cassava, Cerecin, Cortexyme, Diadem, EIP Pharma, Eisai, eqt, 
GemVax, Genentech, Green Valley, GAP Innovations, Grifols, Janssen, Karuna, 
Lilly, Lundbeck, Merck, NervGen, Novo Nordisk, Oligomerix, Optoceutics, Ono, 
Otsuka, PRODEO, Prothena, ReMYND, Resverlogix, Roche, Sage Therapeutics, 
Signant Health, Suven, TrueBinding, and Vaxxinity pharmaceutical, assessment, 
and investment companies. JC is supported by NIGMS grant P20GM109025; 
NINDS grant U01NS093334; NIA grant R01AG053798; NIA grant P20AG068053; 
NIA grant P30AG072959; NIA grant R35AG71476; Alzheimer’s Disease Drug 
Discovery Foundation (ADDF); Ted and Maria Quirk Endowment; and the Joy 
Chambers-Grundy Endowment. SD, CS, LR, MK, AK, MI, and LK are employees 
of Eisai. RJB is Director of DIAN–TU and Principal Investigator of DIAN–TU-001. 
He receives research support from the NIA of the NIH, DIAN–TU trial pharma-
ceutical partners (Eli Lilly and Company, F. Hoffman-La Roche Ltd and Avid 
Radiopharmaceuticals), Alzheimer’s Association, GHR Foundation, Anonymous 
Organization, DIAN–TU Pharma Consortium (active: Biogen, Eisai, Eli Lilly and 
Company, Janssen, F. Hoffmann-La Roche Ltd/Genentech; previous: AbbVie, 
Amgen, AstraZeneca, Forum, Mithridion, Novartis, Pfizer, Sanofi, United Neu-
roscience). He has been an invited speaker and consultant for AC Immune, F. 
Hoffman-La Roche Ltd and Janssen and a consultant for Amgen and Eisai. The 
author(s) read and approved the final manuscript

Author details
1 The DIAN–TU, Department of Neurology, Washington University School 
of Medicine, St. Louis, MO, USA. 2 Chambers‑Grundy Center for Transforma-
tive Neuroscience, Quirk Brain Health and Biomarker Laboratory, Department 

of Brain Health, School of Integrated Health Sciences, University of Nevada Las 
Vegas, Las Vegas, NV, USA. 3 Eisai Inc., Nutley, NJ, USA. 

Received: 3 September 2022   Accepted: 17 November 2022

References
	1.	 Scheltens P, De Strooper B, Kivipelto M, et al. Alzheimer’s disease. Lancet. 

2021;397(10284):1577–90.
	2.	 Burns A, Iliffe S. Alzheimer’s disease. BMJ. 2009;338:b158.
	3.	 Dubois B, Feldman HH, Jacova C, et al. Revising the definition of Alzhei-

mer’s disease: a new lexicon. Lancet Neurol. 2010;9:1118–27.
	4.	 Masters C, Bateman R, Blennow K, et al. Alzheimer’s disease. Nature 

Reviews. 2015;1:15056.
	5.	 Huang LK, Chao SP, Hu CJ. Clinical trials of new drugs for Alzheimer 

disease. J Biomed Sci. 2020;6(27):18.
	6.	 Marasco RA. Current and evolving treatment strategies for the Alzheimer 

disease continuum. Am J Manag Care. 2020;26(8 Suppl):S167–76.
	7.	 Long JM, Holtzman DM. Alzheimer disease: an update on pathobiology 

and treatment strategies. Cell. 2019;179:312–39.
	8.	 Kennedy ME, Stamford AW, Chen X, et al. The BACE1 inhibitor verubeces-

tat (MK-8931) reduces CNS β-amyloid in animal models and in Alzhei-
mer’s disease patients. Sci Transl Med. 2016;8:363ra150.

	9.	 Doraiswamy PM, Leon J, Cummings JL, Marin D, Neumann PJ. Prevalence 
and impact of medical comorbidity in Alzheimer’s disease. J Gerontol A 
Biol Sci Med Sci. 2002;57:M173–7.

	10.	 Dodart JC, Marr RA, Koistinaho M, et al. Gene delivery of human apoli-
poprotein E alters brain Abeta burden in a mouse model of Alzheimer’s 
disease. Proc Natl Acad Sci U S A. 2005;102:1211–6.

	11.	 Cummings JL, Tong G, Ballard C. Treatment combinations for Alzheimer’s 
disease: current and future pharmacotherapy options. J Alzheimers Dis. 
2019;67:779–94.

	12.	 Jicha GA. Is passive immunization for Alzheimer’s disease ‘alive and well’ 
or ‘dead and buried’? Expert Opin Biol Ther. 2009;9:481–91.

	13.	 Lacor PN, Buniel MC, Chang L, et al. Synaptic targeting by Alzheimer’s-
related amyloid oligomers. J Neuroscience. 2004;24:10191–200.

	14.	 O’Nuallain B, Freir DB, Nicoll AJ, et al. Amyloid β-protein dimers rapidly 
form stable synaptotoxic protofibrils. J Neurosci. 2010;30:14411–9.

	15.	 Tucker S, Möller C, Tegerstedt K, et al. The murine version of BAN2401 
(mAb158) selectively reduces amyloid-β protofibrils in brain and cerebro-
spinal fluid of tg-ArcSwe mice. J Alzheimers Dis. 2015;43:575–88.

	16.	 Sehlin D, Hedlund M, Lord A, et al. Heavy-chain complementarity-deter-
mining regions determine conformation selectivity of anti-Aβ antibodies. 
Neurodegener Dis. 2011;8:117–23.

	17.	 Sehlin D, Englund H, Simu B, et al. Large aggregates are the major soluble 
Aβ species in AD brain fractionated with density gradient ultracentrifuga-
tion. PLoS One. 2012;7:e32014.

	18.	 Magnusson K, Sehlin D, et al. Specific uptake of an amyloid-β-protofibril-
binding antibody-tracer in AβPP transgenic mouse brain. J Alzheimer’s 
Dis. 2013;37:29–40.

	19.	 Swanson CJ, Zhang Y, Dhadda S, et al. A randomized, double-blind, 
phase 2b proof-of-concept clinical trial in early Alzheimer’s disease 
with lecanemab, an anti-Aβ protofibril antibody. Alzheimers Res Ther. 
2021;13:80.

	20.	 Fleisher AS, Chen K, Liu X, et al. Using positron emission tomography and 
florbetapir F18 to image cortical amyloid in patients with mild cogni-
tive impairment or dementia due to Alzheimer disease. Arch Neurol. 
2011;68:1404–11.

	21.	 Villemagne VL, Kim SY, Rowe CC, Iwatsubo T. Imago Mundi, Imago AD. 
Imago ADNI. Alzheimers Res Ther. 2014;6:62.

	22.	 Hayato S, Takenaka O, Reddy S, et al. Presented at Population Approach 
Group Europe (PAGE 2022), June 28 – July 1, 2022. Ljubljana: Population 
Approach Group Europe. https://​www.​page-​meeti​ng.​org/​defau​lt.​asp?​
abstr​act=​9960.

	23.	 Schindler SE, Bollinger JG, Ovod V, et al. High-precision plasma β-amyloid 
42/40 predicts current and future brain amyloidosis. Neurology. 
2019;93:e1647–59.

https://doi.org/10.1186/s13195-022-01124-2
https://doi.org/10.1186/s13195-022-01124-2
https://www.page-meeting.org/default.asp?abstract=9960
https://www.page-meeting.org/default.asp?abstract=9960


Page 17 of 17McDade et al. Alzheimer’s Research & Therapy          (2022) 14:191 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	24.	 Li Y, Schindler SE, Bollinger JG, Ovod V, et al. Validation of plasma 
amyloid-β 42/40 for detecting Alzheimer disease amyloid plaques. Neu-
rology. 2022;98:e688–99.

	25.	 Liu-Seifert H, Schumi J, Miao X, et al. Disease modification in Alzheimer’s 
disease: current thinking. Ther Innov Regul Sci. 2020;54:396–403.

	26.	 Cummings J, Fox N. Defining disease modifying therapy for Alzheimer’s 
disease. J Prev Alzheimers Dis. 2017;4:109–15.

	27.	 Cummings J, Lee G, Ritter A, Zhong K. Alzheimer’s disease drug develop-
ment pipeline: 2018. Alzheimers Dement (N Y). 2018;4:195–214.

	28.	 Bateman RJ, Xiong C, Benzinger TL, et al. Clinical and biomarker 
changes in dominantly inherited Alzheimer’s disease. N Engl J Med. 
2012;367:795–804.

	29.	 McDade E, Wang G, Gordon BA, et al. Longitudinal cognitive and bio-
marker changes in dominantly inherited Alzheimer disease. Neurology. 
2018;91:e1295–306.

	30.	 Barthélemy NR, Li Y, Joseph-Mathurin N, Gordon BA, et al. A soluble phos-
phorylated tau signature links tau, amyloid and the evolution of stages of 
dominantly inherited Alzheimer’s disease. Nat Med. 2020;26:398–407.

	31.	 van Dyck CH. Anti-amyloid-β monoclonal antibodies for Alzheimer’s 
disease: pitfalls and promise. Biol Psychiatry. 2018;83:311–9.

	32.	 Shi M, Chu F, Zhu F, Zhu J. Impact of anti-amyloid-β monoclonal antibod-
ies on the pathology and clinical profile of Alzheimer’s disease: a focus on 
aducanumab and lecanemab. Front Aging Neurosci. 2022;14:870517.

	33.	 Busche MA, Hyman BT. Synergy between amyloid-β and tau in Alzhei-
mer’s disease. Nat Neurosci. 2020;23:1183–93.

	34.	 Dhillon S. Aducanumab: first approval. Drugs. 2021;81:1437–43.
	35.	 Mintun MA, Lo AC, Duggan Evans C, et al. Donanemab in early Alzhei-

mer’s disease. N Engl J Med. 2021;384:1691–704.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Lecanemab in patients with early Alzheimer’s disease: detailed results on biomarker, cognitive, and clinical effects from the randomized and open-label extension of the phase 2 proof-of-concept study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Introduction
	Patients and methods
	Study design
	Study assessments
	Exposure response (ER) analyses for PET SUVr
	Exposure response analyses for efficacy
	Relationship between PET SUVr and clinical efficacy
	Statistics

	Results
	Subjects
	Core phase
	Gap period
	OLE
	Biomarker and clinical efficacy across the study 201 core, gap period, and OLE phase

	Discussion
	Conclusions
	Study highlights
	Acknowledgements
	References


