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Abstract

Introduction: A quantitative model of Alzheimer’s disease (AD) based on the amy-

loid/tau/neurodegeneration biomarker framework (Q-ATN model) was developed to

sequentially link amyloid positron emission tomography (PET), tau PET, medial tempo-

ral cortical thickness, and clinical outcome (Clinical Dementia Rating – Sum of Boxes;

CDR-SB).

Methods: Published data and biologically plausible mechanisms were used to con-

struct, calibrate, and validate the model. Clinical trial simulations were performed

for different anti-amyloid antibodies, including a 5-year simulation of subcutaneous

gantenerumab treatment.

Results: The simulated time-course of biomarkers and CDR-SB was consistent with

natural history studies and described the effects of several anti-amyloid antibodies

observed in trials with positive and negative (or non-significant) outcomes. The 5-year

simulation predicts that the beneficial effects of continued anti-amyloid treatment

should increasemarkedly over time.

Discussion: TheQ-ATNmodel offers a novel approach for linking amyloid PET toCDR-

SB, and provides theoretical support for the potential clinical benefit of anti-amyloid

therapy.

KEYWORDS

aducanumab, amyloid, anti-amyloid therapies, bapineuzumab, biomarkers, Clinical Dementia
Rating – Sum of Boxes, donanemab, gantenerumab, lecanemab, mathematical model, neurode-
generation, tau

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2022;1–11. wileyonlinelibrary.com/journal/alz 1

https://orcid.org/0000-0003-3759-0115
mailto:norman.mazer@roche.com
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/alz


2 MAZER ET AL.

Highlights

∙ A semi-mechanistic model was developed to link amyloid/tau/neurodegeneration

biomarkers to clinical outcome (Q-ATNmodel).

∙ TheQ-ATNmodel describes the disease progression seen in natural history studies.

∙ Model simulations agreewell withmean data from the aducanumab EMERGE study.

∙ A 5-year simulation of gantenerumab predicts greater benefit with longer treat-

ment.

1 BACKGROUND

With the recent US Food and Drug Administration (FDA) approval of

aducanumab,1 anti-amyloid therapy is now available for the treatment

of early Alzheimer’s disease (AD), and other anti-amyloid antibod-

ies sharing similar pharmacological properties are on the horizon.2,3

Although not without controversy,4 the FDA’s decision was based, in

part, on a review of clinical trial data from a number of anti-amyloid

antibodies, fromwhich they concluded that a clear and consistent rela-

tionship exists between the extent of amyloid plaque removal and the

magnitude of clinical benefit.1

Although it has long been hypothesized that amyloid plaque for-

mation initiates a pathological cascade leading to symptomatic AD,5

it is not self-evident that removing amyloid plaque after the start

of the disease should result in clinical benefit. To address this fun-

damental question, a theoretical approach was taken to construct a

semi-mechanistic mathematical model of the pathogenesis and treat-

ment of AD based on the amyloid/tau/neurodegeneration (A/T/N)

biomarker research framework proposed by Jack and colleagues.6,7

The quantitative A/T/N model (Q-ATN) uses literature data from

natural history studies and anti-amyloid trials, and biologically plau-

sible concepts to create a mathematical representation of the four

sequential linkages between anti-amyloid treatment, amyloid positron

emission tomography (PET) levels, tau PET levels, medial temporal cor-

tical thickness (CT), and clinical outcome, that is, the Clinical Dementia

Rating – Sum of Boxes (CDR-SB). These four linkages provide a set of

quantitatively expressed hypotheses that can be tested by their abil-

ity to correctly describe the time-course of amyloid PET, tau PET, CT,

and CDR-SB data reported in natural history studies8—10 and during

treatment with anti-amyloid antibodies.11—15

Following the initial validation of theQ-ATNmodel, A/T/N biomark-

ers and CDR-SB corresponding to a hypothetical 5-year study of

gantenerumab treatment were simulated using the dosing regimen

currently being investigated in the 27-month (116 weeks), Phase

III GRADUATE trials (GRADUATE I, NCT03444870; GRADUATE II,

NCT03443973).16 The 5-year simulation illustrates the complex tem-

poral relationships between the A/T/N components and CDR-SB, and

demonstrates the disease-modifying potential of anti-amyloid therapy

in early ADwith an increasing clinical benefit over time.

2 METHODS

The Q-ATN model is expressed in differential and algebraic equa-

tions that represent the four sequential linkages (L1–L4) between

anti-amyloid treatment, A/T/N biomarkers, and CDR-SB. The rationale

and mathematical expressions for each linkage, the data and sources

used to calibrate and validate the model, and the methods used for

parameter estimation and simulation are described in detail in the Sup-

plementary Materials and Table S0, and summarized here. A graphical

depiction of each linkage is given in Figure 1A-D respectively.

2.1 L1 linkage: Anti-amyloid treatment reduces
amyloid plaque

The L1 linkage (Figure 1A) combines the amyloid PET input func-

tion with the pharmacokinetics (PK) and pharmacodynamics (PD)

of anti-amyloid therapy. In the untreated state, the rate of change

(increase) of amyloid PET is represented by a parabolic input func-

tion that varies with the baseline amyloid PET level (left-upper graph

of Figure 1A). The mean parameters of the parabola were estimated

from published amyloid PET data17,18 and an analysis of Alzheimer’s

Disease Neuroimaging Initiative (ADNI) data (Supplementary Mate-

rial section S1.1 and references therein). The simulated increase of

amyloid plaque during the untreated state, that is, natural history or

placebo, is indicated by the green curve in the right graph of Figure 1A.

During antibody treatment, the rate of change of amyloid PET cor-

responds to the difference between the input function and the rate

of drug-induced amyloid removal, which depends on the PK and PD

parameters and the dosing regimens for each antibody. Mean PK

data for each of the anti-amyloid antibodies analyzed, that is, adu-

canumab, gantenerumab, lecanemab, bapineuzumab, and donanemab,

were obtained from literature or unpublished Roche data and were

modeled with two-compartment models representing intravenous or

subcutaneous administration (details and references in Supplemen-

tary Material section S1.2). As an example, the simulated PK profile

of a 10 mg/kg intravenous administration of aducanumab, given every

4 weeks, is illustrated in the left-middle graph of Figure 1A. The PD

model for each antibody assumes a pseudo-first-order rate constant
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MAZER ET AL. 3

for plaque removal (kDE) that is proportional to the plasma concentra-

tion, with an antibody-specific proportionality factor (αrem) shown as

the slope in the left-lower graph in Figure1A. Theαrem valueswere esti-

mated for each antibody by fitting the time-course of mean amyloid

PET data during treatment (Supplementary Materials section S1.3).

The simulated 2-year time-course of amyloid PET for the 10 mg/kg

aducanumab treatment is illustrated by the magenta curve in the right

graph of Figure 1A.

2.2 L2 linkage: Amyloid plaque modulates the
production of excess (aggregated) tau

The L2 linkage (Figure 1B) connects amyloid PET levels to the time-

course of tau PET standardized uptake value ratio (SUVR) levels, based

on the longitudinal tau PET (flortaucipir) versus amyloid PET data

set from the Harvard Aging Brain Study (HABS) reported by John-

son et al.19 and Sperling.20 We assume that the elevated tau SUVR

levels observed in the entorhinal cortex and inferior temporal cor-

tex are the sum of a basal level (≈1.15 SUVR) plus an excess level,

resulting in a total maximum of ≈2.8 SUVR (Supplementary Materials

section S2). Excess tau SUVR is assumed to represent aggregated tau,

that is, intra- or extracellular filaments and neurofibrillary tangles.21

A simulation of the HABS data set is illustrated by the family of sig-

moidal curves shown in the lower graph of Figure 1B. These curves

reflect the inter-subject variability seen in the HABS study (Supple-

mentary Materials section S2)19,20 and depend on a model parameter

(Abeta50), which corresponds to the amyloid PET level at which an

individual’s tau SUVR curve crosses the midpoint between the basal

and maximal levels (i.e., 50% of the difference). To generate these

curves, the L2 linkage assumes that the production rate of excess

tau SUVR (PRtau) varies with the amyloid PET levels according to the

family of dashed curves shown in the upper graph of Figure 1B. The

PRtau curves also depend on Abeta50 , shifting to the right as Abeta50
increases.

The L2 linkage further assumes that aggregated tau is slowly elimi-

nated by a first-order process with rate constant ktau (Supplementary

Material section S2.1). Although the value of ktau cannot be inferred

from the HABS data set or from other natural history studies, limited

evidence from a transgenic mouse model of tauopathy22 and cell cul-

ture studies23 suggest that aggregated tau can be slowly degraded and

eliminated from the brain, presumably via a microglial mechanism.24 A

nominal valueof ktau (0.5Yr−1)wasused in thepresentwork and shown

to be consistent with the half-life of aggregated tau in the transgenic

mouse model using allometric scaling concepts (Supplementary Mate-

rial section S2.2). A sensitivity analysis shows that ktau can influence

the time-course of tau SUVR during anti-amyloid treatment as well as

the downstream effects on CT and CDR-SB (Supplementary Material

section S6). A longitudinal tau PET (flortaucipir) study by Jack et al.25

provides independent validation of the L2 linkage (Supplementary

Material section S2.4).

RESEARCH INCONTEXT

1. Systematic review: Published data and biologically

plausible mechanisms were used to construct, cali-

brate, and validate a quantitative, semi-mechanistic

model of Alzheimer’s disease (AD) based on the amy-

loid/tau/neurodegeneration biomarker framework

(the Q-ATN model) for simulating natural history and

anti-amyloid treatment studies.

2. Interpretation: Q-ATN model simulations were consis-

tent with the time-course of clinical outcomes in natural

history studies and also described the effects of sev-

eral anti-amyloid antibodies observed in trials with pos-

itive and negative (or non-significant) clinical outcomes.

A 5-year simulation of subcutaneous gantenerumab

treatment illustrates the complex temporal relationships

between the A/T/N biomarkers and predicts that the

beneficial effects of continuous anti-amyloid treatment

should increasemarkedly over time.

3. Future directions: The current model prediction of the

27-monthoutcomeof the gantenerumabPhase IIIGRAD-

UATE studies will be assessed in late 2022. A population-

basedversionof theQ-ATNmodel, informedby individual

patient data, is currently in development.

2.3 L3 linkage: Excess (aggregated) tau modulates
cortical thinning

The L3 linkage (Figure 1C) relates the tau SUVR levels in the temporal

cortex to the rate of cortical thinning (dCT/dt) in the medial tempo-

ral cortex, a region that shows the greatest atrophy during early AD.6

BasedonLa Joie et al.,26 it is assumed that dCT/dt (expressed inmm/Yr)

is proportional to the amount of excess tau, that is, tau SUVR−1.15. A

mean value for the proportionality factor SCT (≈0.133 mm/Yr/SUVR)

was estimated from Scott et al.,27 Xie et al.,28 and others (details and

references in SupplementaryMaterial section S3.1).

2.4 L4 linkage: Cortical thickness determines
CDR-SB

The L4 linkage (Figure 1D) relates the thickness of the medial tempo-

ral cortex (CT) to the clinical state (CDR-SB). Based on the magnetic

resonance imaging (MRI) data of Dickerson et al.,29 the empirical rela-

tionship between CT and CDR-SB is represented mathematically by a

reverse sigmoidal function, truncatedat themaximumpossible valueof

18.We assume that this relationship describes the longitudinal change

of a population progressing from cognitively normal (CDR-SB = 0)
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4 MAZER ET AL.

F IGURE 1 Schematic representation of the four linkages (L1–L4) in theQ-ATNmodel. (A) L1 linkage connects anti-amyloid therapy to the
dynamics of amyloid PET levels. (B) L2 linkage connects amyloid PET levels to the dynamics of tau PET SUVR. (C) L3 linkage connects tau PET
SUVR to the rate of cortical thinning in themedial temporal cortex. (D) L4 linkage connects medial temporal cortical thickness to the CDR-SB. Tau
SUVR data were calibrated to HABS data (entorhinal cortex and inferior temporal cortex ROIs; white matter reference).19,20 SeeMethods for
further explanations of the hypothesizedmechanisms, experimental details, and the inserted graphs in each panel. CDR-SB, Clinical Dementia
Rating – Sum of Boxes; CL, centiloid; Cp, plasma concentration; CT, cortical thickness; HABS, Harvard Aging Brain Study; Hx, history; PET, positron
emission tomography; PK, pharmacokinetics; Q-ATN, quantitative amyloid/tau/neurodegenerationmodel; ROI, region of interest; SUVR,
standardized uptake value ratio; Yr, year.

to AD, as the CT decreases from Dickerson’s “older control” value

of 2.91 mm to smaller values. The loss of neurons and their synap-

tic linkages in the medial temporal cortex (and other brain regions) is

presumably responsible for the cognitive and functional impairments

that are quantified by the CDR-SB.30 The modeled curve is in good

agreement with Dickerson’s data in four patient groups (Supplemen-

tary Material section S4.1). Additional CDR-SB data from the 5-year

longitudinal study ofWilliams et al.8 were also used to calibrate the L4

linkage (see Results). Although Williams et al. did not measure CT, the

time-course ofmeanCDR-SB,which reaches values of≈15 in theirmild

AD group, helps to constrain the relationship between CT and CDR-SB

at the higher CDR-SB values.

2.5 Validation of the model

The first validation step compared Q-ATN simulations of CDR-

SB with data from natural history studies, that is, analysis of

ADNI data (Delor et al.)9 and a combined data set of patients

across the AD spectrum (Kim et al.)10 (Supplementary Material

section S5.1).

The second validation step compared Q-ATN simulations of

amyloid PET and CDR-SB with reported data from the adu-

canumab EMERGE trial, and simulations of tau PET to data

from the Phase III tau PET sub-study (Supplementary Material

section S5.2).11,31

The third validation step compared Q-ATN simulations of amyloid

PET and CDR-SB for other anti-amyloid antibodies based on reported

clinical trial data from 13 active treatment arms.12–15,32 Validation of

the model was assessed by the concordance of these simulations and

the observed placebo-corrected differences of amyloid PET and CDR-

SB (SupplementaryMaterial section S5.3).

2.6 Five-year simulation of gantenerumab
treatment

Simulated 5-year trajectories of amyloid PET, tau PET, CT, and CDR-SB

were based on the gantenerumab dosing regimen applied in the 27-

month (116-week) Phase III GRADUATE studies,16 with continuation

of the target dose regimen to Year 5 (Supplementary Material section

S6). Model parameters were adjusted so that the simulation matched

the mean baseline values of amyloid PET and CDR-SB reported for

the GRADUATE studies.16,33 An approximate estimate of the uncer-

tainty in the trajectories of amyloid PET and CDR-SB is provided

(SupplementaryMaterial section S6).

2.7 Model parameter estimates

A complete listing of the model parameter estimates and the methods

used to derive them is given in SupplementaryMaterial section S7.
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F IGURE 2 Comparison of Q-ATNmodel simulations to data from natural history studies. (A) Data points correspond to themean CDR-SB
values in patients with baseline global CDR of 0.5 from the 5-year study byWilliams et al.,8 stratified by age (solid line and filled circles:
age<75 years; dashed line and open circles: age≥75 years). Green curve corresponds toQ-ATN simulation for entire population. (B) Data points
correspond to themean CDR-SB values in patients with baseline global CDR of 1 from the 5-year study byWilliams et al.8 Green curve
corresponds toQ-ATN simulation. (C) Data points correspond to the 2-year change in CDR-SB versus the baseline CDR-SB; figure adapted (with
permission) fromDelor’s analysis of ADNI data.9 Brown curve is Loess function describing trend of all data. Green curve corresponds toQ-ATN
simulation. (D) Data points correspond to CDR-SB versus time (months) from the combined data set compiled by Kim et al.10 Brown curve is the
predictive equation of Kim et al. describing the entire data set. Q-ATN simulations are denotedQ-ATN 1 toQ-ATN 5. The five simulations
correspond to different initial values of amyloid PET: Q-ATN 1 (42.4 CL), Q-ATN 2 (34.8 CL), Q-ATN 3 (27.9 CL), Q-ATN 4 (21.8 CL), andQ-ATN 5
(16.5 CL). See SupplementaryMaterial section S5.1 for details. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CDR,
Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating – Sum of Boxes; CL, centiloid; MCI, mild cognitive impairment; NL, normal; Q-ATN,
quantitative amyloid/tau/neurodegenerationmodel.

3 RESULTS

3.1 Natural history studies: Calibration and first
validation step

Figure2 comparesQ-ATNsimulationswith data from threenatural his-

tory studies. TheQ-ATN simulations (green curves) agreewell with the

5-year CDR-SB data from Williams et al. in patients with global CDR

scores of 0.5 (Figure 2A) and 1 (Figure 2B),8 which were used to cali-

brate the L4 linkage. A greater rate of increase in CDR-SB is seen in the

latter population (Figure 2B). In Figure 2C, validation data from three

subpopulations (normal, MCI, and AD) in the ADNI study9 show the

dependence of the 2-year change in CDR-SB versus the baseline value.

The Loess function describing these data (brown curve) increases with

baseline CDR-SB and is in very good agreement with the Q-ATN sim-

ulation (green curve). Finally, Figure 2D shows the combined CDR-SB

data set fromKim et al. spanning 300months of disease progression.10

Superimposed on these data are five simulated curves that shift from

left to right as the amyloid PET level at time 0 decreases from 42.4 CL

to 16.5 CL (see legend of Figure 2); Abeta50 was the same (110 CL) for

all curves. Except for the early months, the Q-ATN simulations appear

to capture the characteristic time-course of the data set and account

for much of the variation by the different initial amyloid PET levels.

3.2 Comparison of simulated and observed
clinical data from the EMERGE trial and tau PET
sub-study: Second validation step

Figure 3 provides side-by-side comparisons of the Q-ATN simulations

with observed data on amyloid PET and CDR-SB from the 78-week

Phase III EMERGE trial of aducanumab.11,31 The observed baseline-

subtracted time-course of the amyloid PET data (mean ± standard

error of the mean [SEM]) (Figure 3A) is described well by the Q-ATN

simulations (Figure 3B), with a small increase in the placebo group

andmarked decreases for the low-dose mixture and high-dose groups,

respectively. At Week 78, the Q-ATN value of the placebo-corrected

difference in the high-dose group (−69 CL) is comparable to the

observed value (−64±3CL).More importantly, the observed baseline-

subtracted CDR-SB trajectories (Figure 3C) are also well described by

the Q-ATN simulations (Figure 3D). At Week 78, the Q-ATN value of

the placebo-corrected difference in the high-dose group (−0.35 units)
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is close to the observed value (−0.39 ± 0.16 units). Figure 4 compares

Q-ATN simulations with observed data from the small tau PET sub-

study in 36 subjects from the Phase III ENGAGE and EMERGE trials.31

The mean baseline-subtracted changes of tau PET from the medial

temporal composite (Figure 4A) are directionally the same as the Q-

ATN simulations (Figure 4B) for the placebo, the low-dose, and the two

high-dose regimens (6 mg/kg and 10 mg/kg). The linear correlation of

the change in tauPETversus cumulative dose shown for individual sub-

jects (Figure 4C) is very similar to the linear correlation derived from

theQ-ATN simulation of the four dose groups (Figure 4D).

3.3 Comparison of simulated and observed data
from five anti-amyloid antibodies: Third validation
step

Figures 5A and 5B compare Q-ATN simulations of amyloid PET and

CDR-SB, respectively, with observed data from five anti-amyloid anti-

bodies studied in double-blind Phase II or III trials (13 active treatment

arms). For amyloid PET (Figure 5A), the simulated placebo-corrected

change from baseline levels at the end of the study is in excellent

agreement with the observed data for all treatment arms (R2 = 0.972;

p<0.0001). This is as expected given that the drug-specificαrem param-

eters of the L1 linkage were calibratedwith amyloid PET data from the

same clinical trials (other than aducanumab). Of greater significance,

the corresponding simulated placebo-corrected changes of CDR-SB

(Figure 5B) are in generally good agreement with the observed data

(R2 = 0.606; p < 0.01), falling within 1 SEM of the observed means for

most of the 13 treatment arms. Notable exceptions were the 225 mg

dose group of the SCarlet RoAD study and the high-dose treatment

group of the ENGAGE study, both of which exhibited smaller observed

treatment effects than predicted. Finally, Figure 5Cplots the simulated

data of Figure 5B versus the simulated data of Figure 5A to emu-

late the FDA’s graph of clinical effect versus amyloid plaque removal.1

The resulting plot shows a highly significant correlation (R2 = 0.880;

p< 0.0001).

3.4 Five-year simulation of gantenerumab
treatment

Figure 6 shows Q-ATN simulations of amyloid PET, tau PET, CT, and

CDR-SB for a hypothetical 5-year, placebo-controlled study of subcu-

taneousgantenerumab. The simulationuses the same titration regimen
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F IGURE 4 Side-by-side comparison of observed tau PET data in themedial temporal region of interest and the respective Q-ATN simulations
from the combined tau PET sub-study of the EMERGE and ENGAGE trials of aducanumab. (A) Observedmean± SEM change from baseline in tau
PET SUVR for the placebo, low-dose, and high-dose groups.31 *** p< 0.001. (B) Q-ATN simulations of change from baseline in tau PET SUVR for
placebo (gray bar), low dose-mixture (blue bar), and two high-dose regimens corresponding to 6mg/kg (left magenta bar) and 10mg/kg (right
magenta bar) target doses. (C) Observed scatter plot of individual subjects’ change from baseline in tau PET SUVR versus the cumulative dose
received byWeek 78.31 Data points are identified by treatment groups: placebo (gray filled circles); low-dose (blue filled squares); and high-dose
(magenta filled triangles). Correlation line is shown in gray. (D) Q-ATN simulations of change from baseline in tau PET SUVR for placebo, low
dose-mixture, and two high-dose regimens corresponding to 6mg/kg and 10mg/kg target doses plotted versus the cumulative dose received by
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inferior temporal cortex ROIs; white matter reference).19,20 See SupplementaryMaterial section S5.2.1 for details. CFB, change from baseline;
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interest; SEM, standard error of mean; SUVR, standardized uptake value ratio.

currently applied in the 27-month GRADUATE Phase III trials,16 and

continues the target dose (510 mg every 2 weeks) until Year 5. On a

monthly basis, the target dose is more than 5-fold higher than that

used in the Phase III SCarlet RoAD and Marguerite RoAD studies

(Figure 5). The simulated amyloid PET levels increase from ≈89 to

≈116 CL in the placebo group and decrease to very low levels with

treatment, a placebo-corrected change of −111 CL (Figure 6A). After

a slight time lag, the tau PET levels showa similar pattern in the treated

group (Figure 6B). The placebo group shows a steady decrease in the

thickness of the medial temporal cortex, whereas the treatment group

shows an upward bending of the curve, starting at about 1.5 years

(Figure 6C). Conversely, the CDR-SB shows a steady increase in the

placebo group, whereas the treatment shows a downward bending of

the curve after 1.5 years (Figure 6D). At 5 years, the placebo-corrected

change in CDR-SB is predicted to be −5.2 points; while at 27 months,

the simulated treatment effect is predicted to be −0.87 points. Based

on a sensitivity analysis of the parameter ktau, the uncertainties in

these predictions are estimated to be ≈15% and ≈25%, respectively

(SupplementaryMaterial section S6).

4 DISCUSSION

Based on experimental data and plausible biological concepts, the

Q-ATN model quantifies four hypothesized linkages between anti-

amyloid treatment and clinical outcome. Although other mathematical

models of ADhave been proposed,34–43 theQ-ATNmodel is the first to

link antibody-induced amyloid plaque removal, A/T/N biomarkers, and

CDR-SB. The key assumptions, overall behavior of the model, and its

limitations are discussed below.

Linkage1 is basedon theparabolic input function for amyloid plaque

as well as the PKPD model of the drug effect on plaque removal. The

former is well supported by human data and accounts for the sigmoidal

increase in amyloid PET with time.17,18 A mechanistic interpretation

of the parabolic input function is offered in Supplementary Material

section S1.1. The drug-specific proportionality factors (αrem values)

relating plasma levels to the pseudo-first-order drug effect (kDE), pro-

vide a simple means for quantifying and comparing amyloid plaque

removal between antibodies. From a mechanistic perspective, αrem is a

hybrid parameter, incorporating the permeation of antibody across the
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F IGURE 5 Comparison of the observed placebo-corrected
changes with Q-ATN simulations of amyloid PET and CDR-SB for five
anti-amyloid antibodies (13 active treatment arms). Data correspond
to gantenerumab SR andMR double-blind trials (subcutaneous Q4W
doses in mg), aducanumab EMERGE and ENGAGE trials (low-dose
[LD] and high-dose [HD] regimens), lecanemab (Leca) Phase II
(10mg/kgQ4WandQ2W regimens), bapineuzumab (Bapi) Phase III
(LD for APOE ε4 non-carriers [NC] and carriers [C] andHD for NC), and
donanemab Phase II (HD regimen). (A) Observedmean± SEM amyloid
PET data (orange bars) andQ-ATN simulations (blue bars). R2 and
p-value of the correlation are shown to the right. (B) Observedmean±
SEMCDR-SB (orange bars) andQ-ATN simulations (blue bars). R2 and
p-value of the correlation are shown to the right. (C) Correlation plot
of simulated placebo-corrected changes in CDR-SB versus simulated
placebo-corrected changes in amyloid PET for all 13 treatment arms
shown in panels (A) and (B). Duration of each study given in legend.
Dashed regression line is shownwith equation, R2, and p-value. See
SupplementaryMaterial section S5.3 for details and data references.
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Marguerite RoAD; NC, non-carriers; P2(b), Phase II(b); P3, Phase III;
PET, positron emission tomography; Q2W, every twoweeks; Q4W,
every four weeks; Q13W, every 13weeks; Q-ATN, quantitative
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blood-brain barrier, its binding to amyloid plaque, and its activation of

microglia, which are assumed to phagocytize and clear plaque.44

Linkage 2 is the most complex in the model. Based on data from the

HABS study, it is hypothesized that amyloid plaque levels (expressed in

CL) reversibly modulate the production rate of excess (aggregated) tau

SUVR measured in the temporal lobe. Variability in this relationship is

controlled by the model parameter Abeta50. The influence of amyloid

plaque on tau aggregation could result from the enhanced phosphory-

lation of tau species as well as other potential mechanisms.45,46 The

pathophysiological mechanisms that determine Abeta50 and its vari-

ability are presently unknown. It is also assumed that a first-order

process (with rate constant ktau) slowly eliminates aggregated tau. Esti-

mating the value of ktau is difficult, as it cannot be inferred directly

from natural history studies. The current ktau value (0.5 Yr−1) is con-

sistent with prior estimates35 and preclinical data.22 It also accounts

well for the observed tau PET data in the EMERGE and ENGAGE tri-

als, and the trends in the medial temporal tau SUVR reported for

donanemab.47

Linkage 3 is supported by natural history data showing a linear

correlation between tau PET levels and the rate of thinning of the

medial temporal cortex and other regions of interest. We assume

this is a causal and reversible relationship, that is, that the rate of

thinning will increase or decrease as the excess tau SUVR increases

or decreases. In the 5-year Q-ATN simulation for subcutaneous gan-

tenerumab treatment, the placebo-corrected difference in medial

temporal CT at the 27-month endpoint of the GRADUATE studies is

only 0.04 mm; too small to be detected with current MRI methods.48

Although previous studies of anti-amyloid therapy by active immuniza-

tion (AN1792), bapineuzumab, low-dose gantenerumab, donanemab,

lecanemab, and aducanumab have reported small decreases in whole-

brain volume that were (in some reports) larger than that seen in

the placebo group,11,12,14,15,49,50 no significant differences between

active and placebo groups were reported for the hippocampal vol-

ume, except for bapineuzumab (which removed negligible amounts

of plaque).50 Because the hippocampus contributes to the medial

temporal CT, the lack of adverse treatment effects suggests that

the phenomenon of “pseudo-atrophy” attributed to the changes in

whole-brain volume,49,51 may not be relevant to our simulations.

Linkage 4 was calibrated by Dickerson’s mean data on medial tem-

poral thickness and CDR-SB in four patient subgroups,29 and the

natural history study of Williams et al. that extends to higher CDR-

SB values.8 Although the biological assumption appears sound, more

longitudinal data would greatly strengthen this linkage.

Based on these four linkages, the current Q-ATN model is able to

connect amyloid plaque increase or removal to the time-course of

CDR-SB in natural history and anti-amyloid therapy studies, respec-

tively. The similarity between the Q-ATN simulations of the EMERGE

study and the observed data are particularly noteworthy, especially

the close correspondence of the simulations to the CDR-SB and tau

PET data. The model also accounts reasonably well for the observed

treatment effects reported in Phase II and III studies conducted with

other anti-amyloid antibodies targeting plaques and fibrillary forms of

amyloid.
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F IGURE 6 Q-ATN simulations of (A) amyloid PET, (B) tau PET, (C) cortical thickness, and (D) CDR-SB, respectively, for a hypothetical 5-year,
placebo-controlled study with subcutaneous gantenerumab treatment. Placebo (natural history) shown in green; treatment (based on the titration
regimen16 in GRADUATE studies) shown inmagenta. Black arrows and numbers correspond to the placebo-corrected changes in each variable at
the 5-year time point. Blue arrow and number (panel D) shows the placebo-corrected change in CDR-SB at the 27-month endpoint of the
GRADUATE studies. Values of amyloid PET and CDR-SB at time= 0 derived from baseline data reported for the GRADUATE studies.16,33 Tau
SUVR data were calibrated to HABS data (entorhinal cortex and inferior temporal cortex ROIs; white matter reference).19,20 See Supplementary
Materials section S6 for details. CDR-SB, Clinical Dementia Rating – Sum of Boxes; CL, centiloid; HABS, Harvard Aging Brain Study; PET, positron
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Based on the dosing regimen used in the ongoing GRADUATE stud-

ies, the 5-year simulation of subcutaneous gantenerumab treatment

illustrates the expected time-course of a disease-modifying treatment,

with longer treatment duration leading to greater clinical benefit. The

accuracy of the predicted treatment effects at the 27-month time

point will be assessed at the conclusion of the GRADUATE studies,

anticipated for late 2022.16

The major limitation of the present Q-ATN model is the sparsity

of available data needed for rigorous parameter estimation, particu-

larly in linkages L2–L4, and the necessity of combining information

fromdiverse studies.Moreover, the currentmodel only describesmean

behavior without accounting for inter-subject variability and does

not represent the mechanisms of the spatial spread of amyloid and

tau.36,39,41 Real-world factors, such as missed dosing, unequal distri-

butions of fast and slow progressors, and the potential effects of the

COVID pandemic are also not accounted for in the present model.52

To this end, a population-based version of the Q-ATN model incorpo-

rating actual dosing regimens, PK and PD modeling of gantenerumab,

and inter-subject variability in model parameters is currently in devel-

opment.
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