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Abstract
Lecanemab is a humanized immunoglobulin G1 monoclonal antibody that 
selectively binds to soluble Aβ aggregate species, while demonstrating low affinity 
for Aβ monomer. This article describes the population pharmacokinetic (PK) and 
PK/pharmacodynamic (PD) analyses for amyloid plaques, as measured using 
positron emission tomography (PET), and biomarkers of amyloid pathology as 
evidenced by Aβ42/40 ratio and plasma p- tau181 following i.v. administration 
of lecanemab in subjects with early Alzheimer's disease. Lecanemab PKs were 
well- characterized with a two- compartment model with first- order elimination. 
Final PK model contained covariate effects of anti- drug antibody positive status, 
sex, body weight, and albumin on clearance. The time course of amyloid PET 
standard uptake ratio (SUVr), plasma Aβ42/40 ratio, and p- tau181 were described 
using indirect response models with lecanemab exposure as a maximum effect 
function stimulating the reduction of SUVr, and as a linear function increasing 
Aβ42/40 ratio and decreasing p- tau181 formation rates. PK/PD simulations show 
that 10 mg/kg biweekly dosing results in larger and faster decrease in SUVr and 
p- tau181 and increase in Aβ42/40 ratio as compared to 10 mg/kg monthly dose. 
Furthermore, the PK/PD simulations showed that after treatment discontinuation 
the brain amyloid re- accumulation to baseline levels is slow with a recovery half- 
life of ~4 years, whereas plasma Aβ42/40 ratio and p- tau181 return to baseline 
levels faster than amyloid. Given the relationship between changes in amyloid 
PET SUVr and soluble biomarkers, the developed PK/PD models can be used to 
inform lecanemab dose regimens in future clinical studies.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive, neu  ro  de -
generative disorder of unknown etiology and the most 
common form of dementia among older people. Risk 
factors for AD are increasing age, genetics, and family 
history.1 Whereas several genes increase the risk of AD, 
the ε4 allele of the apolipoprotein E (APOE4) gene is 
the strongest known genetic risk factor.2,3 AD is defined 
biologically by the presence of two abnormal protein de-
posits: extracellular deposits of brain amyloid plaques 
(comprising β- amyloid [Aβ] peptides) and neurofibrillary 
tangles (comprising abnormal tau protein). Biomarker,4 
clinicopathological,5 and cohort6 studies indicate that the 
disease process commences 10 to 20 years before the clini-
cal onset of symptoms. The “amyloid cascade” hypothesis 
postulates that neurodegenerative processes in AD are 
driven by accumulation of aggregated Aβ species from an 
imbalance between Aβ production and Aβ clearance in 
the brain.7

Biological classification of AD involves biomarker evi-
dence of AD pathology,8,9 such as confirmation of Aβ pa-
thology by use of amyloid positron emission tomography 
(PET), or cerebrospinal fluid (CSF) measurements of Aβ. 
It is understood that biofluid biomarkers, such as CSF and 
plasma Aβ and p- tau, become abnormal before imaging 
biomarkers, suggesting that biofluid biomarkers are more 

sensitive, early indicators of the pathophysiological changes 
that become manifest in imaging.10,11 The plasma Aβ42/40 
ratio has been shown to correlate with amyloid plaque load, 
where a low Aβ42/40 ratio (relative to those without brain 
amyloid pathology) indicates elevated (positive) brain amy-
loid.12– 14 Phosphorylated- tau181 (p- tau181) is a biomarker 
of tau pathophysiology8 that correlates with tau pathology 
in the brain. It was reported that Aβ could induce tau phos-
phorylation and toxicity in cholinergic neurons, indicative 
of a relationship between these biomarkers.15 Further, bio-
marker clinical research indicated that plasma p- tau181 has 
been significantly correlated with brain amyloid.16 Fluid 
biomarkers, such as plasma Aβ42/40 ratio and p- tau181, 
may be a more sensitive and convenient method of tracking 
disease progression than imaging biomarkers.

Lecanemab (BAN2401) is a humanized immunoglobu-
lin G1 monoclonal antibody (mAb) that selectively binds to 
soluble Aβ aggregate species (oligomers and protofibrils), 
while demonstrating low affinity for Aβ monomer.17– 22 
The antibody was safe and well- tolerated in two phase I 
studies, with dose proportional exposure.23 In a phase II 
study, lecanemab treatment led to a dose- dependent re-
duction in brain amyloid, a slowing of clinical decline 
across a number of outcome measures, and directionally 
consistent biomarker changes at 18 months in subjects 
with early AD (mild cognitive impairment [MCI] due to 
AD or mild AD dementia).24

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Reductions in amyloid plaques assessed by amyloid positron emission tomography 
(PET) is a well- established imaging biomarker to visualize brain amyloid 
accumulation for Alzheimer's disease (AD). Changes in plasma biomarkers, 
such as Aβ42/40 ratio and p- tau181, are potential surrogate markers for amyloid 
reduction as measured by amyloid PET.
WHAT QUESTION DID THIS STUDY ADDRESS?
This article describes serum lecanemab population pharmacokinetic (PK) and 
PK/pharmacodynamic (PD) relationships for amyloid PET standard uptake value 
ratio, and two plasma biomarkers (Aβ42/40 ratio and p- tau181) in patients with 
early AD.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
PKs of lecanemab were well- characterized by a linear, two- compartment model 
and identified covariates were consistent with other monoclonal antibodies. The 
PK/PD model captured a slow re- accumulation of brain amyloid and improved 
our understanding of how lecanemab impacts important surrogate markers for 
amyloid reduction.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The developed PK and PK/PD models provide insights in the effect of lecanemab 
dosing on the extent of brain amyloid removal and plasma biomarkers of amyloid 
and tau pathology.
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Here, we report population PK and PK/PD analyses 
of lecanemab in subjects with early AD correlating leca-
nemab exposure with amyloid PET standard uptake value 
ratio (SUVr), and plasma Aβ42/40 ratio and p- tau181.

METHODS

Study design and treatments

The phase II study 201 core phase was a double- blind, 
parallel- group, placebo- controlled, multicenter study 
utilizing a dose- finding response adaptive randomization 
design to evaluate the safety, tolerability, and efficacy of 
lecanemab in subjects with MCI due to AD or with mild 
AD dementia. Study 201 core randomized 856 subjects 
across six treatment groups: placebo, 2.5 mg/kg biweekly, 
5.0  mg/kg monthly, 5.0  mg/kg biweekly, 10  mg/kg 
monthly, or 10 mg/kg biweekly for 18 months. The open- 
label extension (OLE) phase of study 201 was initiated 
following the core study to allow subjects to receive open- 
label lecanemab 10 mg/kg biweekly for up to 60 months 
(5 years). For all subjects, there was a gap of 9– 59 months 
(average 24 months) without treatment between the last 
dose in the core study and the first dose in the OLE phase 
(hereafter called the “gap period”). An overview of the 
study design is shown in Figure S1.

The pharmacokinetic (PK) analysis was performed on 
pooled data from subjects receiving lecanemab who par-
ticipated in two phase 1 studies (studies 10123 and 104) 
and study 201 core and OLE. The PK/pharmacodynamic 
(PD) analyses for SUVr and plasma Aβ42/40 ratio and p- 
tau181 were performed on data from subjects with early 
AD (mild AD dementia and MCI due to AD) receiving ei-
ther lecanemab or placebo who participated in study 201 
core and OLE.

Study designs and treatment regimens across these 
studies are detailed in Tables S1- S10. All studies were ap-
proved by relevant institutional review boards/ethics com-
mittees and conducted in accordance with International 
Conference on Harmonization of Technical Requirements 
for Registration of Pharmaceuticals for Human Use (ICH) 
and all applicable local Good Clinical Practice (GCP) 
guidelines, including the Declaration of Helsinki.

Bioanalytical assays and amyloid 
PET assessment

Serum concentrations of lecanemab were measured by 
validated immunoprecipitation— liquid chromatography— 
tandem mass spectrometry (IP/LC– MS/MS) methods 
using antihuman IgG antibody to precipitate lecanemab 

from a serum sample. For study 101, a validated enzyme- 
linked immunosorbent assay was used for the measure-
ment of serum concentrations of lecanemab. Lecanemab 
anti- drug antibody (ADA) and neutralizing ADA (NAb) 
were measured in serum using validated immunoassays.

The amyloid PET SUVr normalized to whole cerebel-
lum mask, measured using 18F florbetapir as a PET ligand, 
was used as a measure of brain amyloid levels. Amyloid 
negativity was determined as amyloid PET SUVr less than 
1.17, which is equivalent to amyloid PET visual read in 
this study.25

Plasma concentrations of Aβ42 and Aβ40 were mea-
sured using the IP/LC– MS/MS technology platform 
(PrecivityAD assay, C2N), and the ratio of plasma Aβ42/40 
was calculated from the output. Plasma concentrations 
of p- tau181 were measured using commercially vali-
dated single molecule array (Simoa) assay developed by 
Quanterix.

Modeling software

Population PK and PK/PD analyses were conducted using 
the first- order conditional estimation with interaction 
method as implemented in the NONMEM software 
system (version 7.4.3; ICON Development Solutions) 
aided by Perl- speaks- NONMEM (version 4.9.0) or PDx- 
Pop (version 5.2; ICON Development Solutions). R 
software (version 4.0.3) was used for the preprocessing 
and postprocessing of NONMEM, output creation of 
diagnostic plots, and graphical visualization. Simulations 
were performed using the R package mrgsolve (0.10.7). 
The final NONMEM model codes are provided in 
Supplementary Texts S1- S4.

Population PK analysis

The population PK model utilized in the current analysis 
was developed previously using data from studies 101, 
104, and 201 core.26 Lecanemab PK was described by a 
two- compartment linear model parameterized for the 
clearance (CL), the volumes of distribution of the cen-
tral (V1) and peripheral (V2) compartments and inter-
compartmental clearance. The final PK model contained 
the covariate effects of sex, body weight, and albumin on 
CL, sex, and body weight on V1 and Japanese race on V2. 
This model was updated following pooling additional 
data from subjects receiving lecanemab in study 201 
OLE. The effect of formulation from manufacturing pro-
cess B, used in the OLE (detailed in Tables S1- S10), was 
evaluated as a covariate on CL as well by assessing its 
bioavailability (F) relative to the process used in study 
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201 core and earlier studies. Additionally, the effect of 
ADA status as a categorical time- variant covariate and 
ADA titer as a continuous time- variant covariate on CL 
were also evaluated. In the categorical covariate analy-
sis, both ADA negative conclusive and ADA negative 
inconclusive were assigned as ADA negative because no 
systematic exposure difference was observed between 
the two categories.27 All PK observations with missing 
ADA status were assumed to be ADA negative.

The impact of significant covariates in the final PK 
model on the lecanemab exposures (area under the curve 
[AUC] and maximum concentration [Cmax]) was evalu-
ated using a forest plot analysis. Lecanemab exposures 
at steady- state with extreme values (5th and 95th per-
centiles) of each individual covariate were simulated and 
compared with a reference exposure derived based on 
population typical covariate values. The median and 95% 
confidence intervals (CIs) of individual covariate effects 
were generated based on 1000 simulations using final es-
timates of typical values and the variance– covariance ma-
trix from the final PK model.

The final population PK model was used to derive the 
post hoc estimates of individual PK parameters that were 
used in the subsequent PK/PD analyses for amyloid PET 
SUVr and plasma biomarkers.

PK/PD analysis for amyloid PET SUVr and 
plasma Aβ42/40 ratio and p- tau181

PK/PD models were built in a sequential manner and 
the structures and equations of the models are shown in 
Figure 1.

The relationship between serum lecanemab concen-
tration and the amyloid PET SUVr reduction time course 
was well- described by an indirect response model with 
lecanemab concentration in the central compartment at 
the time of SUVr measurement, as a maximum effect 
(Emax) function, acting to increase the rate of plaque 
removal.

For plasma Aβ42/40 ratio and p- tau181, absolute 
measurements over time were correlated with PK 
model- predicted lecanemab concentration in the central 
compartment at the time of the assessment by an indirect 
response model with exposure as a linear function in-
creasing Aβ42/40 ratio or decreasing p- tau181.

In each PK/PD analysis, all subjects receiving leca-
nemab with serum PK information or receiving placebo 
in study 201 core and who had baseline and at least one 
postdose assessment were included. Subjects treated with 
lecanemab 10 mg/kg biweekly in OLE and who had OLE 
baseline and postdose assessments were also included.

Covariates were selected based on clinical relevance 
and biological plausibility and tested using a stepwise 
approach. The covariates tested were sex, APOE4 carrier 
status, AD diagnosis (MCI or mild AD), ADA, and NAb at 
subject level. In the SUVr analysis, covariates were tested 
on baseline, first- order rate constants for the production 
of an effect (Kin), Emax, and half- maximal effective con-
centration (EC50), age, and weight on baseline and Emax. 
For plasma Aβ42/40 ratio and p- tau181 models, covariates 
were tested on baseline, first- order rate constants for the 
removal of an effect (Kout) and slope for exposure effect, 
in addition to the effect of age and weight on baseline and 
slope and observed baseline on slope. Univariate analysis 
was performed first for the effect of each covariate and all 
significant covariates at a significant level of α = 0.01 were 
pooled in a full multivariate model which was followed 
by backward elimination at a significant level of α = 0.001 
to verify that the retained covariates were relevant in the 
final model.

PK and PK/PD model evaluation

Final population PK and PK/PD models were evaluated 
for performance using goodness- of- fit plots, simulated 
prediction- corrected visual predictive checks (pcVPC),28 
and nonparametric bootstrapping.29,30 For estimates of 
precision, asymptotic relative standard errors (RSEs), and 
nonparametric bootstrap 95% CIs were obtained for each 
model parameter.

Model- based PK/PD simulations

Model- based simulations were performed to explore 
the effect of lecanemab dosing regimens of 10  mg/kg 
biweekly or 10 mg/kg monthly for a treatment duration 
of 18 months on SUVr and Aβ42/40 ratio and plasma p- 
tau181, accounting for the uncertainty of PD parameter 
estimates. Uncertainty was assessed by sampling 1000 sets 
of PD parameters, using final estimates of typical values 
and the variance– covariance matrix from final PK/PD 
models. Simulations were also performed to explore the 
potential impact of the treatment discontinuation on SUVr 
and plasma biomarkers after 18 months of continuous 
treatment at 10 mg/kg biweekly.

In addition, based on the 1000 model- predicted in-
dividual profiles for SUVr, considering interindividual 
variabilities of PD parameters, the percentage of subjects 
achieving amyloid negativity for SUVr less than 1.17 at 
18 months following continuous treatment with leca-
nemab at 10 mg/kg biweekly or monthly were derived.
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RESULTS

Analyses population

The PK dataset included 9027 serum lecanemab observa-
tions, from 725 subjects, of which 661 (7.3%) were from 
study 101, there were 371 (4.1%) from study 104, and 7995 
(88.6%) from study 201 core and OLE. The SUVr PK/PD 
dataset included 1213 observations from 374 subjects from 
study 201 core and OLE. There was a total of 2021 observa-
tions from 562 subjects in the plasma p- tau181 dataset and 
a total of 1254 observations from 284 subjects in the plasma 
Aβ42/40 ratio dataset, both from study 201 core and OLE.

Summaries of subject baseline demographics and co-
variates for the population PK and PK/PD datasets are 
presented in Table S2.

Population PK analysis

Lecanemab PK full profiles from two phase I studies (stud-
ies 101 and 104) and sparse data from study 201 core were 
well- described by a two- compartment model with covariate 
effects previously developed,26 and this model was used as 
a base model in updating the model after adding data from 
study 201 OLE. In the presence of known covariates, the 
effects of ADA on CL were newly evaluated. Effect of ADA 
status on CL was identified as significant covariate and in-
cluded in the final PK model. Additionally, the relative F of 
the formulation (process B vs. process A) as an additional 
PK parameter was identified to be significant (Table S3).

The final population PK parameters for the final co-
variate model are presented in Table 1. All model param-
eters were estimated with good precision (%RSE ≤24.4%).

F I G U R E  1  Schematic of the population PK and PK/PD models for lecanemab. CL, clearance; Kin, zero- order rate constant for 
production of biomarker; Kout, first- order rate constant of degradation of biomarker; PD, pharmacodynamic; PK, pharmacokinetic;  
Q, intercompartmental clearance; V1, central volume of distribution; V2, peripheral volume of distribution. The equation for standard uptake 
ratio (SUVr) PK/PD model is presented below: 

dSUVr

dt
= Kin − SUVr(t) ∙ Kout ∙

[

1 +
Emax ∙Conc

EC50 +Conc

]

 

Estimated parameters included baseline SUVr, the zero- order production rate constant of amyloid plaque (Kin), maximum exposure effect 
(Emax), and lecanemab concentration resulting in half of the maximum drug effect (EC50), where Kout = Kin/baseline. The equations for 
Aβ42/40 ratio and p- tau181 models are presented below: 

A�42∕40 ratio: dR
dt
=Kin ∙

[

1+ Slope ∙ Conc
]

−R(t) ∙ Kout 

p−tau181: dR
dt
=Kin ∙

[

1− Slope ∙ Conc
]

−R(t) ∙ Kout 

For both Aβ42/40 ratio and p- tau181 estimated parameters included baseline, first order degradation rate constant of biomarker (Kout) and 
slope for exposure effect, where Kin = Kout * baseline.
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The magnitude of significant covariates in the final PK 
model (Table  1) on predicted steady- state PK exposures 
(AUC and Cmax) after 10 mg/kg biweekly is illustrated in the 
forest plot (Figure 2). As depicted, none of the covariates have 
any clinically meaningful effect on exposure to lecanemab to 
warrant any dose adjustment, as CIs of all covariates either 
fell within or overlapped the reference 0.8– 1.25 interval.

PK/PD analysis for amyloid PET SUVr

Steps taken in the development of the base PK/PD 
model for SUVr are summarized in Table S4. Based on 

these results, the base model selected for subsequent 
covariate analysis used an Emax function for exposure 
effect with interindividual variability (IIV) on baseline 
and Emax only with a covariance and proportional 
residual variability. Although IIV could not be 
estimated for Kin and EC50, the effect of categorical 
covariates on these parameters were examined for 
exploratory purposes.

From the univariate analysis, only the effects of age on 
both Emax and baseline SUVr and of APOE4 carrier status 
on baseline SUVr were identified as significant covariates 
(Table S5). Following multivariate analysis with backward 
elimination, only the effects of APOE4 carrier on baseline 

Parameter (units)

NONMEM Bootstrap

Estimate %RSE Median (95% CI)

PK parameters

CL (L/h) 0.0181 2.55 0.0181 (0.0175– 0.0188)

V1 (L) 3.22 1.18 3.22 (3.15– 3.28)

Q (L/h) 0.0349 8.02 0.0349 (0.0294– 0.0396)

V2 (L) 2.19 7.21 2.20 (2.00– 2.40)

F for process B 0.998 4.07 0.999 (0.950– 1.06)

Covariate effects

Weight ~ CL (exponent) 0.403 9.73 0.393 (0.217– 0.495)

Albumin ~ CL (exponent) −0.243 17.2 −0.237 (−0.405 to −0.0771)

Females ~ CL (ratio) 0.792 3.43 0.790 (0.735– 0.825)

ADA positive ~ CL (ratio to ADA 
negative)

1.09 0.586 1.09 (1.05– 1.12)

Weight ~ V1 (exponent) 0.606 7.52 0.603 (0.548– 0.663)

Females ~ V1 (ratio) 0.893 1.75 0.893 (0.870– 0.919)

Japanese race ~ V2 (ratio) 0.455 24.4 0.450 (0.338– 0.583)

Interindividual variability (CV%)

CL 38.9 6.69 38.9 (36.7– 40.4)

V1 14.0 8.38 14.0 (12.7– 15.1)

V2 99.5 7.91 99.8 (84.4– 109)

F 34.2 17.7 34.1 (28.7– 37.4)

Residual variability (CV%)

Proportional: study 101 14.0 3.49 14.0 (12.6– 15.1)

Proportional: study 104 19.7 4.66 19.6 (16.9– 22.1)

Proportional: study 201 30.3 0.803 30.2 (28.7– 31.2)

Abbreviations: %RSE, percent relative standard error of the estimate = SE/parameter estimate × 100; 
ADA, anti- drug antibody; CI, confidence interval; CL, clearance; CV%, square root of variance × 100; 
F, relative bioavailability; PK, pharmacokinetic; Q, intercompartment clearance; V1, central volume of 
distribution; V2, peripheral volume of distribution.

CL = 0.0181 ∙
(

BW

73.7

)0.403

∙
(

ALB

42.9

)−0.243

∙ 0.792SEX ∙ 1.09ADA.

V1 = 3.22 ∙
(

BW

73.7

)0.606

∙ 0.893SEX.

V2 = 2.19 ∙ 0.455JPN.
F = 1 ∙ 0.998FORM.
ADA, 0 (ADA negative) or 1 (positive); ALB, albumin; BW, body weight; SEX, 0 (male) or 1 (female);  
JPN, 0 (non- Japanese) or 1 (Japanese); FORM, 0 (Process A) or 1 (Process B).
Eta shrinkage (%): ETA_CL, 9.96%; ETA_V1, 30.5%, ETA_V2, 31.7%, ETA_F1, 63.2%.

T A B L E  1  Population PK parameters 
and bootstrap CIs for the final lecanemab 
covariate model
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and age on Emax remained significant and retained in the 
final PK/PD model (Table S6).

The population PK/PD parameters for the final 
model for SUVr are presented in Table  2. All key 
model parameters were estimated with good precision 
(%RSE < 21%).

Covariates identified in the final SUVr model indicate 
that APOE4 carrier subjects have higher baseline SUVr, 
and older subjects have higher maximum plaque removal 
(Emax) by lecanemab (Table 2). In addition, the final PK/
PD model for SUVr could estimate the covariance between 
baseline SUVr and Emax, and its correlation coefficient 

was 0.608. This indicates that subjects with higher base-
line SUVr have greater SUVr reduction, which is consis-
tent with the observed trend in study 201 core shown in 
Figure S4.

The magnitude of significant covariates in the final 
model on SUVr change from baseline at 18 months 
after 10  mg/kg biweekly is illustrated in the forest plot 
(Figure S5), which displays relative change in SUVr from 
baseline at 18 months with uncertainty as 90% CI for 
each covariate relative to the reference subjects who is 
72- years- old and APOE4 non- carrier. Older age subjects, 
such as 84 years (95th percentile of analysis set), and 
younger age subjects, such as 57- years- old (5th percen-
tile), had 24% higher and 29% lower SUVr reduction, re-
spectively, than a reference 72- year- old subject.

PK/PD analysis for plasma Aβ42/40 ratio

Steps taken in the development of the base PK/PD model 
for Aβ42/40 ratio are summarized in Table S7. Based on 
these results, the base model used a linear function to 
describe the effect of exposure on slope, with exponential 
IIV on baseline and slope and proportional residual 
variability. No covariate effects were retained in the final 
model for Aβ42/40 ratio.

The final population PK/PD parameters for the final 
model for Aβ42/40 ratio are presented in Table 3.

PK/PD analysis for plasma p- tau181

Steps taken in the development of the base PK/PD model 
for p- tau181 are summarized in Table S8. Based on these 
results, the base model selected for subsequent covari-
ate analysis was with linear function for exposure effect 
with proportional IIV on baseline, additive IIV on slope 
for exposure effect, and proportional residual variability. 
Although IIV could not be estimated for Kout the effect of 
covariates on this parameter were examined for explora-
tory purposes.

From the univariate analysis, the effects of ADA pos-
itive status, diagnosis, and weight on p- tau181 baseline 
were identified as significant covariates (Table S9). Only 
the effect of body weight on baseline remained significant 
and retained in the final PK/PD model for p- tau181 fol-
lowing backward elimination (Table S10).

The final population PK/PD parameters for the final 
covariate model for p- tau181 are presented in Table 3. A 
50 kg subject (5th percentile of dataset) and a 96 kg sub-
ject (95th percentile of dataset) had 11.7% higher and 8.2% 
lower baseline plasma p- tau181, respectively, than a refer-
ence 72 kg subject. The magnitude of body weight effect 

F I G U R E  2  Effect of covariates on lecanemab AUC and Cmax at 
steady- state after 10 mg/kg biweekly. Covariate effects are expressed 
as lecanemab exposures at steady- state relative to a reference 
subject. Body weight and albumin test categories (51 and 99 kg for 
body weight, 38 and 48 g/L for albumin) represent the 5% and 95% 
percentiles of PK analysis set, respectively. Plot displays relative 
change in a parameter with uncertainty as 90% CIs for each covariate 
relative to the reference 73.4 kg male, non- Japanese subject who was 
administered process A formulation and is ADA negative. Filled circle 
and triangle: median of AUC and Cmax, horizontal line: 90% CI, gray 
area: acceptance interval (0.80– 1.25), vertical dashed line: reference. 
ADA, anti- drug antibody; AUC, area under the curve; CI, confidence 
interval; Cmax, maximum concentration; PK, pharmacokinetic.
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on plasma p- tau181 change from baseline at 18 months 
after 10  mg/kg biweekly is illustrated in the forest plot 
(Figure S6), however, there was no impact of body weight 
on plasma p- tau181 change from baseline.

PK and PK/PD model evaluation

For PK model and PK/PD models for PET SUVr, Aβ42/40 
ratio and p- tau181, goodness- of- fit plots did not indicate 
model deficiencies (Figures S2 and S7- S9).

Results of pcVPC for the final PK model, stratified 
by study, are presented in Figure  S3. Lecanemab con-
centration time course for studies 201 and 104 has been 
reasonably well- defined by the final PK model with good 
predictive performance. The pcVPC plot for study 101 
indicated a trend to overprediction for timepoints for ter-
minal elimination phase, however, the reason of overpre-
diction in study 101 is unknown.

Prediction- corrected observed data from subjects 
receiving placebo and lecanemab 10 mg/kg biweekly 
in the core study, and simulated data are plotted for 
PK/PD models for PET SUVr, p- tau181, and Aβ42/40 
ratio in Figure  3. The pcVPC plots indicated good 
agreement between simulated and observed data, 

indicating that the SUVr, Aβ42/40 ratio, and p- tau181 
time courses have been reasonably well- defined by 
the final model with good predictive performance. 
The pcVPC plots of subjects receiving lecanemab 
treatment except for 10 mg/kg biweekly are shown in 
Figures S10- S12.

For PK and PK/PD models, the bootstrap medians were 
concordant with the population predicted values, indicat-
ing that each of the final model was valid and stable and 
produced well- estimated parameters (Tables 1– 3).

DISCUSSION

Lecanemab PK full profiles from two phase I studies and 
sparse data from study 201 core and OLE were well- described 
by a two- compartment model with linear elimination 
from the central compartment. Although the PKs of mAbs 
generally show the nonlinear process by target- mediated 
drug disposition (TMDD),31 the TMDD was not observed for 
lecanemab because its antigens (Aβ oligomers, protofibrils, 
and plaques) are dominantly located in the brain. Clearance 
and volume of distribution estimates were consistent with 
typical values for a mAb.32 As a comparison with other 
mAbs for AD, the terminal half- life of lecanemab for the 

Parameter

NONMEM Bootstrap

Estimate %RSE Median (95% CI)

PD parameters

Baseline SUVr 1.34 0.873 1.34 (1.31– 1.38)

Kin (1/year) 0.232 11.1 0.232 (0.174– 0.277)

Emax 1.54 11.8 1.56 (1.10– 2.01)

EC50 (μg/ml) 75.0 19.6 77.1 (38.5– 121)

Covariate

APOE4 carrier ~ baseline 1.04 1.04 1.04 (1.02– 1.07)

Age ~ Emax (exponent) 1.58 20.9 1.60 (0.972– 2.07)

Interindividual variability (CV%)

Baseline 10.9 8.12 11.0 (9.79– 11.9)

Correlation baseline ~ Emax (R) 0.669 11.5 0.674 (0.556– 0.713)

Emax 50.3 12.0 50.8 (42.1– 59.7)

Residual variability (CV%)

Proportional 5.01 2.75 5.02 (4.48– 5.59)

Abbreviations: %RSE, percent relative standard error of the estimate = SE/parameter estimate × 100; 
CI, confidence interval; CV%, square root of variance × 100; EC50, lecanemab concentration at which 
50% of maximum drug effect is achieved; Emax, maximum drug effect; Kin, rate of production; PD, 
pharmacodynamic; PET, positron emission tomography; PK, pharmacokinetic; SUVr, standard uptake 
ratio.
Baseline = 1.34 ∙ 1.04APOE.
Emax = 1.54 ∙

(

AGE

72

)1.58

.

AGE = age; APOE = 0 (APOE4 carrier) or 1 (non- carrier).
Eta shrinkage (%): ETA_Baseline = 6.94%, ETA_Emax = 27.7%.

T A B L E  2  Population PD parameters 
and bootstrap CIs for the final PK/PD 
model for Amyloid PET SUVr
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typical patient estimated from PK model is ~9.5 days, which 
is similar with donanemab (10 days)33 but shorter than 
aducanumab (24.8 days)34 and gantenerumab (22 days).35

Lecanemab CL and V1 increased with increasing body 
weight with exponents of 0.403 and 0.606, respectively, and 
both parameters were slightly lower in women compared 
to men. These findings are consistent with results for other 
mAbs.36 The rationale for the difference in PKs of mAbs 
between men and women is unclear, however, there may 
be differences in the lymph flow rate and expression of the 
Fc receptor.37 Lecanemab CL was found to decline with in-
creasing albumin levels. The neonatal Fc receptor (FcRn) 
facilitates IgG and albumin homeostasis by recycling them 
across cell membranes back to the central circulatory sys-
tem.38 Thus, a higher albumin concentration could be an in-
dicator of an increased number of FcRn and related reduced 
lecanemab elimination. However, none of the significant 

covariates had a clinically relevant effect on steady- state ex-
posure to lecanemab in terms of both Cmax and AUC. Age 
and APOE4 carrier status, which are risk factors for AD, 
were not found to significantly affect lecanemab PKs.26

In study 201 core, lecanemab treatment removing 
amyloid plaques in the brain was associated with the in-
crease of Aβ42 and decrease of p- tau181 in CSF.24 Because 
plasma Aβ42/40 ratio and p- tau181 have been reported to 
reflect the changes in CSF Aβ42 and p- tau181, increase of 
plasma Aβ42/40 ratio, and decrease of plasma p- tau181 by 
lecanemab treatment are possibly reflecting the changes 
of CSF Aβ42 and CSF p- tau181.10,39,40 Observed amyloid 
PET SUVr and plasma p- tau181 and Aβ42/40 ratio pro-
files showed a dose and time- dependent change across 
all doses versus placebo in study 201 core (Figures 3 and 
S10- S12). During the gap period, in which all subjects 
who participated in the OLE were off treatment for an 

Parameter

NONMEM Bootstrap

Estimate %RSE Median (95% CI)

Aβ42/40 ratio

PD parameters

Baseline plasma Aβ42/40 ratio 0.0842 4.28 0.0843 (0.0834– 0.0852)

Kout (1/year) 0.367 1.97 0.368 (0.255– 0.521)

Slope (1/μg/ml) 0.00155 9.32 0.00155 (0.00110– 0.00213)

Interindividual variability

Baseline (CV%) 6.78 16.1 6.73 (4.58– 8.76)

Slope (CV%) 44.1 11.1 44.3 (21.4– 58.9)

Residual variability

Proportional (CV%) 6.41 2.82 6.42 (6.03– 6.82)

p- tau181

PD parameters

Baseline plasma p- tau181 4.06 1.61 4.06 (3.97– 4.14)

Kout (1/year) 0.468 20.7 0.502 (0.183– 0.934)

Slope (1/μg/ml) 0.00313 15.6 0.00328 (0.00178– 0.00596)

Covariate effects

Weight ~ baseline (exponent) −0.300 24.2 −0.304 (−0.439 –  −0.211)

Interindividual variability

Baseline (CV%) 35.1 5.63 35.1 (33.0– 37.4)

Slope (SD) 0.00151 50.2 0.00162 (0.000662– 0.00280)

Residual variability

Proportional (CV%) 19.4 2.39 19.4 (18.3– 20.6)

Abbreviations: %RSE = percent relative standard error of the estimate = SE/parameter estimate × 100; 
CI = confidence interval; CV% = Square root of variance × 100; Kout = rate constant of degradation;  
PD, pharmacodynamic; PK, pharmacokinetic.
p- tau181: Baseline = 0.00313 ∙

(

BW

72.2

)−0.300

.
BW = body weight.
Aβ42/40 ratio -  Eta shrinkage (%): ETA_Baseline = 11.9%, ETA_Slope = 63.1%.
p- tau181 -  Eta shrinkage (%): ETA_Baseline = 4.65%, ETA_Slope = 68.4%.

T A B L E  3  Population PD parameters 
and bootstrap CIs for the final PK/PD 
models for plasma Aβ42/40 ratio and 
p- tau181
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average of ~2 years (9– 59 months), amyloid plaque levels 
re- accumulated slowly, and p- tau181 and Aβ42/40 ratio 
slowly increased and decreased, respectively. The relation-
ships between exposure to lecanemab and SUVr, p- tau181, 
and Aβ42/40 ratio time course were well- described by in-
direct response models. Based on our PK/PD analysis for 
SUVr the population estimate of Kout is 0.173/year and 
thus the time for amyloid re- accumulation to reach 50% 
recovery of baseline level (recovery half- life) is estimated 
to be ~4 years. Kandadi Muralidharan et al. reported the 
estimate of Kout for SUVr PK/PD model based on data from 
aducanumab clinical studies was 0.745/year,34 therefore 
the recovery half- life for amyloid re- accumulation is esti-
mated to be about 1 year, which is shorter than that from 
our analysis for lecanemab. In our previous SUVr PK/PD 
for lecanemab with data from study 201 core only, with-
out off treatment data, the value of Kout was estimated to 
be 0.757/year,26 which is similar to that reported for adu-
canumab. These findings underscore the importance of 

off- treatment data following amyloid reduction in deter-
mining amyloid re- accumulation rates, where the model 
suggests slow re- accumulation of amyloid consistent with 
the natural history of amyloid accumulation in AD, based 
on data from our clinical study that includes a relatively 
long period off treatment following amyloid reduction.

The recovery half- life of plasma Aβ42/40 ratio level 
to baseline level prior to initiating lecanemab treatment 
is estimated to be ~1.9 years, which is comparable to that 
for plasma p- tau181 (~1.5 years) but shorter than that for 
SUVr. This result suggests that changes of plasma Aβ42/40 
and p- tau181 may be reflecting the early dynamic aggrega-
tion process of soluble Aβ aggregates in the brain, in con-
trast to slower accumulation of insoluble Aβ fibrils into 
amyloid plaques assessed by PET.

Covariates identified in the final PK/PD model for 
SUVr indicated that APOE4 carriers have slightly higher 
baseline SUVr than non- carriers, and older subjects have 
higher maximum plaque removal (Emax). Although the 

F I G U R E  3  Prediction- corrected 
visual predictive check plots for PK/
PD models for PET SUVr and plasma 
Aβ42/40 ratio and p- tau181 (left: core 
placebo, right: core 10 mg/kg biweekly). 
Black solid line: predicted median, 
black dashed line: predicted 5th and 
95th percentiles, red solid line: observed 
median, red dashed line: observed 5th 
and 95th percentiles, green area: 95% CI 
for predicted 95th percentile, red area: 
95% CI for predicted median, blue area: 
95% CI for predicted 5th percentile. CI, 
confidence interval; OLE, open- label 
extension; PD, pharmacodynamic; PET, 
positron emission tomography; PK, 
pharmacokinetic; SUVr, standard uptake 
ratio.
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effect of APOE4 on baseline SUVr was small, the effect 
was retained in the model based on the significant im-
provement in objective function value and the clinical in-
terest. Greater amounts of Aβ burden in APOE4 carriers 
than in non- carriers were reported in some studies.41,42 
The small effect of APOE4 on baseline SUVr identified 

in our analysis will be further evaluated based on ad-
ditional data in future study. Although the mechanism 
of observed higher Emax in older subjects is unclear, it 
is also reported in the PK/PD model for aducanumab,34 
which posited that greater exposure of the drug into the 
brain due to the functional decline of blood– brain barrier 

F I G U R E  4  Model- predicted SUVr 
and plasma Aβ42/40 ratio and p- tau181 
following 18 months treatment with 
lecanemab at 10 mg/kg biweekly or 
10 mg/kg monthly. Black dashed line 
in SUVr plot represents SUVr = 1.17, 
indicating amyloid negative line. For 
SUVr, baseline SUVr = 1.38 (median of 
Study 201) was assumed. Pink solid line 
and shaded area: predicted median and 
95% CI for 10 mg/kg biweekly, blue solid 
line and shaded area: predicted median 
and 95% CI for 10 mg/kg monthly. 
CI, confidence interval; PET, positron 
emission tomography; SUVr, standard 
uptake ratio.

F I G U R E  5  Model- predicted 
SUVr and plasma Aβ42/40 ratio and 
p- tau181 following continuous 10 mg/
kg biweekly with or without treatment 
discontinuation. Black horizontal 
dashed line in SUVr plot represents 
SUVr = 1.17, indicating amyloid negative 
line. Black vertical dotted lines represent 
time = 1.5 years (18 months). Pink solid 
line: continuous 10 mg/kg biweekly 
for 15 years, black solid line: 10 mg/
kg biweekly for 18 months followed by 
treatment discontinuation. PET, positron 
emission tomography; SUVr, standard 
uptake ratio.



   | 1589
POPULATION PHARMACOKINETIC- PHARMACODYNAMIC ANALYSES OF AMYLOID POSITRON EMISSION 
TOMOGRAPHY AND PLASMA BIOMARKERS FOR LECANEMAB IN SUBJECTS WITH EARLY ALZHEIMER'S DISEASE

in older subjects may have contributed to the finding. 
Neither ADA nor neutralizing antibodies were significant 
covariates in PK/PD model for SUVr and PK/PD models 
for plasma biomarkers.

The dose- dependency in the decrease in SUVr and 
p- tau181 and increase in Aβ42/40 ratio are illustrated in 
Figure 4, which shows time profiles for 10 mg/kg biweekly 
and 10  mg/kg monthly following 18 months of treat-
ment. The profiles show that 10  mg/kg biweekly results 
in a faster and larger decrease in both SUVr and p- tau181 
and a faster and larger increase in Aβ42/40 ratio. The per-
centage of subjects achieving amyloid negativity for SUVr 
(<1.17)25 following 10  mg/kg biweekly for 18 months is 
predicted to be 64.6%, higher than corresponding values 
following 10 mg/kg monthly (36.7%). Additionally, simu-
lations (Figure 5) showed that when treatment at 10 mg/
kg biweekly is continued beyond 18 months SUVr keeps 
declining further, whereas once treatment is discontinued 
after 18 months SUVr starts to increase slowly, and it takes 
over 15 years for amyloid to re- accumulate to baseline 
levels prior to treatment initiation with lecanemab. For 
plasma Aβ42/40 ratio and p- tau181, simulation showed 
that it takes ~6– 8 years for these biomarkers to reach the 
plateau by continuous lecanemab dosing or to return to 
baseline levels after the treatment discontinuation.

In conclusion, PK of lecanemab was well- characterized 
in patients with AD by linear, two- compartment mod-
els and detected covariates were consistent with other 
monoclonal antibodies. Model- based PK/PD simulations 
demonstrated the effectiveness of lecanemab 10 mg/kg bi-
weekly dosing on amyloid plaque in the brain as the thera-
peutic dosing regimen in patients with early AD, a finding 
consistent with effects observed in biofluid biomarkers as 
evidenced by an increase in plasma Aβ42/40 ratio and a 
decrease in plasma p- tau181. Furthermore, developed PK/
PD models inform the relationships between lecanemab 
exposure and brain amyloid or plasma biomarkers, and 
describe changes of these biomarkers following discontin-
uation of lecanemab treatment, capturing the dynamics 
of neurodegenerative processes associated with early AD.
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