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Abstract

Introduction: Amyloid-related imaging abnormalities with edema/effusion (ARIA-E)

are commonly observed with anti-amyloid therapies in Alzheimer’s disease.We devel-

oped a semi-mechanistic, in silico model to understand the time course of ARIA-E and

its dose dependency.

Methods: Dynamic and statistical analyses of data from 112 individuals that experi-

enced ARIA-E in the open-label extension of SCarlet RoAD (a study of gantenerumab

in participants with prodromal Alzheimer’s disease) and Marguerite RoAD (as study

of Gantenerumab in participants with mild Alzheimer’s disease) studies were used for

model building. Gantenerumab pharmacokinetics, local amyloid removal, disturbance

and repair of the vascular wall, and ARIA-E magnitude were represented in the novel

vascular wall disturbance (VWD)model of ARIA-E.

Results: The modeled individual-level profiles provided a good representation of the

observed pharmacokinetics and time course of ARIA-E magnitude. ARIA-E dynamics

were shown to depend on the interplay between drug-mediated amyloid removal and

intrinsic vascular repair processes.

Discussion: Upon further refinement and validation, the VWD model could inform

strategies for dosing and ARIAmonitoring in individuals with an ARIA-E history.
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1 BACKGROUND

Over the last decades, amyloid beta (Aβ) aggregates have been the

most common target of clinical trials investigating disease-modifying

therapies in Alzheimer’s disease (AD).1,2 Several therapies based

on monoclonal antibodies against Aβ aggregates reported amyloid-

related imaging abnormalities (ARIA)within the10% to42% range.3–10

Spontaneous ARIA events have been seen in the placebo arm (e.g.,

<3% ARIA with edema/effusion [ARIA-E] incidence) and outside

the setting of anti-amyloid clinical trials.6,7,10–13 An example of the

latter are the spontaneous ARIA events occurring in cerebral amyloid

angiopathy-related inflammation, a rare autoimmune encephalopa-

thy associated with increased cerebrospinal fluid levels of anti-Aβ
autoantibodies.12,13

Two ARIA types have been identified by magnetic resonance

imaging (MRI) of the brain.14 ARIA-E, manifested as hyperintensities

on T2-weighted fluid attenuated inversion recovery (FLAIR) images,

are suggestive of vasogenic edema and sulcal effusion. ARIA-H, man-

ifested as hypointensities on T2*-weighted gradient echo sequences,

are thought to represent hemosiderosis and microhemorrhages.14

ARIA-E is transient and typically resolves within months, whereas

ARIA-H remains visible on subsequent MRI.3,7,10,15 As assessed with

various radiological scales that show good correlation, most ARIA-E

events are mild to moderate in severity and are usually not associated

with symptoms.6,7,10,16—19

The risk of therapy-relatedARIA appears to be dose-dependent and

increases in apolipoprotein E (APOE) ε4 carriers, but the exact patho-

physiological mechanisms of ARIA remain to be elucidated.3,10,14,20 It

has been proposed that the drug-mediated removal of Aβ aggregates
can increase the permeability of the cerebrovascular wall to the

entrance of fluid and blood products into the brain, leading to ARIA-E

and ARIA-H, respectively.14 In the AD brain, the Aβ aggregates are

found in the brain parenchyma, as well as in the wall of cerebral blood

vessels in the form of cerebral amyloid angiopathy (CAA).21 Some of

the anti-amyloid antibodies associated with ARIA can bind multiple

forms of Aβ aggregates, such as oligomers, protofibril, fibrils, and

plaques,8 while others are directed only toward the amyloid plaques.7

The amyloid aggregates are then degraded and/or removed through

effector cell-mediated phagocytosis.5,7,11,15 The main pathophysio-

logical pathways thought to connect the drug-mediated removal of Aβ
aggregates to ARIA are depicted in Figure 1.3,8,15,21–26 All postulated

ARIA pathomechanisms appear to include some degree of distur-

bance in the cerebrovascular wall. It remains unclear to what extent

the degree of amyloid burden, or the location and rate of amyloid

clearance, influence the onset, time course, and severity of ARIA.21,27

Gaining a better understanding of ARIA etiology has the potential to

unveil additional risk factors that could accelerate the path toward

patient-centric safety strategies for anti-amyloid therapies.

The aim of the current work is to explain the temporal dynamics

and dose-dependency of ARIA-E severity by developing a semi-

mechanistic, in silico model of ARIA-E, referred to as the VWDmodel.

The mathematical framework of the VWD model allows different

biological interpretations of the modeled mechanisms, in line with the

RESEARCH INCONTEXT

1. Systematic Review: The authors reviewed published

literature and conference materials. Several publica-

tions discuss potential pathophysiological mechanisms of

amyloid-related imaging abnormalities (ARIA). However,

a computational framework that explores the postu-

lated mechanisms of ARIA in the context of longitudinal,

patient-level observations of ARIA from anti-amyloid

trials is missing.

2. Interpretation: We developed the first in silico model

that proposes a parsimonious mathematical representa-

tion of multiple hypotheses thought to underlie ARIA-

edema/effusion (ARIA-E). The novel vascular wall distur-

bance (VWD) model of ARIA-E provides a good descrip-

tion of the temporal dynamics and dose-dependency of

ARIA-E severity observed in two gantenerumab stud-

ies, thereby confirming the plausibility of the modeled

mechanisms.

3. Future Directions: The predictive power of the VWD

model remains to be tested with forthcoming ARIA data

from ongoing anti-amyloid clinical trials. Upon valida-

tion, this model could support decisions on re-dosing and

safety monitoring of individuals that experienced ARIA-E

with anti-amyloid treatment.

ARIA-E pathomechanisms proposed in Figure 1. It is hypothesized that

the interplay between drug-mediated removal of local amyloid and

intrinsic vascular repair processes determines the level of VWD,which

further influences themagnitude of ARIA-E.

2 METHODS

2.1 Clinical studies and ARIA assessment

The SCarlet RoAD (SR); (A Study of Gantenerumab in Participants

with Prodromal Alzheimer’s Disease, NCT01224106) and Mar-

guerite RoAD (MR); (A Study of Gantenerumab in Participants with

Mild Alzheimer’s Disease, NCT02051608) studies of gantenerumab

included participants with prodromal AD and mild AD, respectively, as

previously described.6,28 The SR/MR study participants who received

the double-blind treatment and had at least one follow-up visit were

eligible for open label extension (OLE) study participation. During

the SR/MR OLE studies, all participants received subcutaneous gan-

tenerumab every 4 weeks, with gradual up-titration toward the target

dose of 1200 mg. Each participant was assigned to one of five dose

titration regimens based on their APOE ε4 carrier status and the last

dose during the double-blind treatment (Table S1 in supporting infor-

mation). Protocol-defined routine magnetic resonance imaging (MRI)
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F IGURE 1 Mechanistic pathways underlying the amyloid-related imaging abnormalities with edema/effusion (ARIA-E) associated with
anti-amyloid beta (Aβ) therapies. In Alzheimer’s disease, Aβ proteins aggregate in brain parenchyma, as well as in the cerebrovascular wall as
cerebral amyloid angiopathy (CAA). All the pathophysiological mechanisms thought to drive therapy-induced ARIA include some degree of
disturbance in the cerebrovascular wall. A, Drug-induced dissolution of parenchymal Aβ aggregates with subsequent movement of Aβ into the
vessel wall poses a higher burden on the intramural periarterial drainage (IPAD) pathways, accelerating the vascular deposition of Aβ and
aggravating the CAA-related vascular damage. B, Drug-induced removal of vascular Aβ aggregates disrupts the integrity of the cerebrovascular
wall, promoting leakage of fluid into the brain. C, Drug-mediated phagocytosis of Aβ aggregates induces an exaggerated inflammatory response of
vessel-associated immune cells, such asmicroglia and perivascular macrophages, thereby locally perturbing the permeability of adjacent vessels to
fluid entrance into the brain. In addition to fluid entrance, blood products may also leak through the vessel wall into the tissue, leading to ARIA-H.
Depending on the drug’s mode of action, thesemechanisms could co-occur; however, for visibility reasons, they are illustrated separately. The
novel mathematical model of ARIA-E, called the vascular wall disturbance (VWD)model, can be biologically interpreted from the perspective of all
the aforementionedmechanisms. Schematic drawing by Roxana Aldea

monitoring for ARIA detection was performed at regular intervals.

If ARIA was detected, dosing was adjusted based on its radiological

severity and/or presence of symptoms, as described in supporting

information. The magnitude of ARIA-E on MRI scans was assessed

with the BarkhofGrand Total Scale (BGTS), a 60-point severity scale on

which higher scores indicate greater severity.16,17 The work described

was carried out in accordance with the Declaration of Helsinki and

study participants provided written informed consent.
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F IGURE 2 The keymodules of the vascular wall disturbance (VWD)model of amyloid-related imaging abnormalities with edema/effusion
(ARIA-E) and the behavior of themodel at the individual level. The VWDmodel links several pharmacological and biological factors to the
observed drug pharmacokinetics andmagnitude of ARIA-E (purple and cyan filled circles, respectively). Individual-specific information about the
dose and time of drug administration is given (yellow symbols). The “PK”module, that is, pharmacokinetics, describes the time course of drug
concentration “Local Amyloid” module estimates the drug-mediated change in local amyloid over time (green curve) under the assumption that the
rate of amyloid removal is proportional to both existing local amyloid level and drug concentration in plasma. The instantaneous rate of
drug-mediated amyloid removal corresponds to the steepness of the amyloid curve at any given time point. Themodeled amyloid is not the
positron emission tomography amyloidmeasured in the clinical trial, but rather a hypothetical measure for either the local vascular amyloid or the
local parenchymal amyloid load, whose removal may trigger a cascade of events resulting in ARIA-E in one ormore regions of the brain. The “VWD”
module estimates temporal changes in the “vascular wall disturbance” variable (red curve), which is a hypothetical measure of susceptibility to
fluid leakage into the brain due to disrupted vascular integrity and/or perivascular inflammation. The increase in vascular wall disturbance is driven
by drug-mediated amyloid removal and counteracted by an intrinsic repair process of the vascular wall. The “BGTS” (Barkhof’s Grand Total Scale)
module relates the vascular wall disturbance level to the ARIA-E score (BGTS) in a non-linear (sigmoidal) fashion, as shown in the right-hand side
graph. The sigmoidal relationship was derived from the overall data and assumed to be the same for each patient. Individual dosing can be adjusted
based on the value of BGTS. The observed BGTS is given by the cyan filled circles and themodel fit by the cyan curve

2.2 Participant data used in modeling

Longitudinal measurements of drug concentration in plasma and of

ARIA-E magnitude from 112 individuals who developed ARIA-E dur-

ing the OLE SR/MR phase III trials were used for model building. The

individuals included in the model are all the study participants that

experienced their first ARIA-E, that is, had a FLAIR scanwith BGTS> 0,

within 1 year after the first dose of gantenerumab in the OLE period,

as of May 29, 2018. During their double-blind period, the study partic-

ipants included in this model were on relatively low doses and most of

their MRI scans showed no ARIA-E. For this reason, the double-blind

period was not used for model development.

2.3 In silico implementation of the ARIA-E VWD
model

The ARIA-E VWD model was developed as a semi-mechanistic

pharmacokinetic-pharmacodynamic (PKPD) model that integrates

known and presumed biological processes and accounts for inter-

individual variability of model parameters. The key modules of the

ARIA-EVWDmodel are depicted in Figure2 and themathematical rep-

resentation is given in supporting information. A previously developed

population PKmodel29 was used to generate individual concentration-

timeprofiles for theARIA-E cases of interest considering eachpatient’s

individual dosing history and longitudinal observations of drug con-

centration in plasma. The PD model is novel and comprises a mixture

of ordinary differential and algebraic equations. All model parameters

were estimated using a nonlinear mixed effects modeling approach.30

Hereinafter, the focus is on individual-based model predictions. Model

evaluation and selection was based on multiple criteria, including

robust estimation of parameters and good agreement between

model predictions and observations (see supporting information).

Upon model fitting to longitudinal BGTS observations, the influence

of key model parameters on ARIA-E evolution was explored with

individual-level simulations explained in supporting information.

3 RESULTS

3.1 Mechanistic aspects of the ARIA-E VWD
model

The proposed VWD model shown in Figure 2 interconnects the

following factors: (1) gantenerumab doses; (2) drug concentra-

tion in plasma; (3) drug-induced removal of local amyloid, which
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represents a hypothetical measure of either the vascular or the

parenchymal amyloid from the brain regions affected by ARIA-E;21

(4) the build-up of VWD, a hypothetical concept that describes

the susceptibility to fluid leakage into the brain due to therapy-

induced defects in the vascular and perivascular structures of the

brain, such as impaired blood-brain barrier and burdened intra-

mural periarterial drainage pathways;3,31 (5) an intrinsic vascular

repair process presumed to counteract the VWD build-up; and (6)

the BGTS that quantifies the severity of ARIA-E. Individual-specific

information about the given dose and time of administration is

known, while the parameters related to all the other factors are

estimated.

The local amyloid is removed at a rate assumed proportional to

both drug concentration in plasma and existing local amyloid level.

The proportionality factor, here denoted 𝛼removal and referred to as

the removal constant, could be interpreted as the rate constant of

the biochemical reaction between anti-amyloid antibodies and amyloid

aggregates. Such a reaction is required for the drug-mediated amy-

loid removal to occur and its magnitude may vary across individuals.

For anti-amyloid antibodies that rely heavily on Fc receptor-mediated

phagocytosis of amyloid aggregates by immune cells, the removal con-

stant could reflect the response of the immune cells, such as microglia

andperivascularmacrophages, activated by the amyloid-drug complex.

The baseline level of local amyloid (here denoted Amyloid0) impacts

the initial rate of amyloid removal and may also vary across individu-

als. Other processes that could alter the amyloid level, such as amyloid

production and endogenous amyloid clearance, are not included in the

model.

Drug-mediated amyloid removal is assumed to drive the VWD

buildup, which is counteracted by a presumed intrinsic vascular repair

process. The vascular repair is assumed to be a first-order process

with a rate constant (krepair). The VWD magnitude is related to BGTS

according to the sigmoidal function illustrated in Figure 2. This rela-

tionship ensures small BGTS at low VWD levels, a sharp rise in BGTS

at intermediate VWD levels, and imposes an upper limit for ARIA-E

magnitude (BGTS= 60) at high VWD levels.

The mathematical representation of the aforementioned relation-

ships is given in supporting information. The estimated values of all

model parameters are reported in Table S2 in supporting information.

The parametersAmyloid0 ,𝛼removal, and krepair are allowed to vary across

patients, following the statistical distribution shown in Figure 3 and

discussed in Section 3.2.

The modeled drug concentrations compare well with the observed

ones, as shown in Figures 2, 3, and S1 in supporting information.

The predicted levels of local amyloid cannot be verified in this work

considering that imaging of local amyloid was unavailable. The model

predictions for the disturbance and repair of the vascular wall also

await verification contingent on additional/novel biomarkers capable

of quantifying focal and transient damages of the cerebrovascular

wall. Finally, the modeled BGTS values generally compare well with

the observed ones, as shown in Figures 2, 3, and S2 in supporting

information.

3.2 Dynamical behavior of illustrative cases

To illustrate the properties of the VWDmodel, we discuss four ARIA-E

cases summarized in Table S3 in supporting information. These cases

are chosen to highlight a variety of ARIA-E features (magnitude,

resolution, recurrence) that are mechanistically insightful, but do

not reflect the typical ARIA-E profile of gantenerumab. Each study

participant was assigned to 1 to 5 dose titration regimens described in

Table S1. Because the model accounted for inter-individual variability,

the modeled temporal profiles of each ARIA-E case are generated

based on empirical Bayes estimates, that is, the most probable values

of the individual parameters.

Cases 1 and 2 were assigned to the same fast up-titration regimen

(regimen 4) but, nonetheless, developed ARIA-E at significantly differ-

ent times (Figures 2 and 3). Case 1 reached the target dose by week

16 and experienced the first ARIA-E event that required treatment

interruption at week 20, whereas case 2 developed ARIA-E at week 12

before reaching the target dose. The two cases appear to experience

different rates of amyloid removal aroundweek12, as canbe seen from

thedifferent slopesof theamyloid curves. This is explained in themodel

by the different estimates of the removal constant (see 𝛼removal values

in Figure 3). This difference arises despite similar drug concentration

levels during the first 12 weeks and comparable estimates of baseline

amyloid levels.

Case 3, assigned to the slowest up-titration regimen (regimen 1),

experienced treatment interruption on two occasions due to ARIA-E

(Figure 3). The development of ARIA-E during slow up-titrationmay be

ascribed to the relatively high baseline level of local amyloid estimated

for this patient (seeAmyloid0 values in Figure3). Themodel explains the

re-occurrence of ARIA-E upon re-dosing and up-titration by the combi-

nation of persisting high levels of local amyloid and relatively high drug

concentrations, which drives another rise in VWD.

Case 4, assigned to the second slowest up-titration regimen (regi-

men 2), developed an early ARIA-E that was much higher in magnitude

than any of the ARIA-E events experienced by the other three cases

(Figure 3). The model does not estimate any significantly different

levels of baseline local amyloid or drug concentrations that could

explain the observed disparity in ARIA-E magnitude. However, both

the removal and repair constants estimated for case 4 are signifi-

cantly different from the constants estimated for the other three cases.

Specifically, the strikingly large value of the removal constant drives

amyloid removal at a high rate that cannot bematched by the slow rate

of vascular repair determined by the small repair rate constant (see

𝛼removal and krepair values in Figure 3). This imbalance leads to a large

VWD level and, ultimately, to a high BGTS.

Themodel predictions for the four ARIA-E cases sharemultiple fea-

tures. The model predicts the steepest decrease in local amyloid and a

subsequent increase in VWD and BGTS magnitude around the time of

observed ARIA-E events. This pattern is noticeable at week 20 for case

1, week 12 for case 2, weeks 28 and 60 for case 3, and weeks 12 and

52 for case 4 (Figures 2 and 3). During the entire period of treatment

interruption, the model predicts a plateau in the amyloid level and a
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F IGURE 3 Model behavior at the patient level. The blue histograms represent the empirical distribution of themodel parameters estimated
with inter-individual variability, while the black curves represent the theoretical density functions. The density function of each random variable
relates to its probability of falling within a particular range of values. The individual-specific parameters for the illustrated amyloid-related imaging
abnormalities with edema/effusion (ARIA-E) cases are indicated as red numerals plotted at the corresponding X-value in each histogram. Amyloid0
(arbitrary units) denotes the baseline level of local amyloid at the site of ARIA-E. 𝛼removal [(day ⋅mcg∕ml )

−1
] is interpreted as the removal constant

that relates the rate of amyloid removal to existing local amyloid levels and drug concentration in plasma. krepair (day−1) denotes the first-order rate
constant of the intrinsic vascular repair process. BGTS, Barkhof’s Grand Total Scale; PK, pharmacokinetics; VWD, vascular wall disturbance

progressive decrease in VWD. The latter also reflects the repair pro-

cess and translates into a progressive decrease in ARIA-E magnitude

that closely follows the observed ARIA-E resolution, as it can be seen

during weeks 20–36 for case 1, weeks 12–24 for case 2, weeks 28–44

for case 3, and weeks 12–40 for case 4 (Figures 2 and 3).

3.3 Exploration of the influence of key model
parameters in the dynamics of ARIA-E

The removal constant and the baseline level of local amyloid influence

the rate of local amyloid removal; hence, their role in the dynamics

of ARIA-E was explored separately in a set of simulations shown in

Figure 4 in panels A and B, respectively. The larger removal constant

leads to earlier increases in both VWD and ARIA-E, while the smaller

one delays theARIA-E appearance, but also slows the clearance of local

amyloid; this is visible at weeks 12 and 24 in panel A. Regarding the

role of baseline local amyloid, for the higher baseline level, the model

predicts earlier vascular wall disturbances and recurrent ARIA-E due

to persisting high levels of amyloid. In contrast, for the smaller baseline

level, the model predicts continuous removal of amyloid without any

significant ARIA-E (panel B).

Panel C of Figure 4 illustrates the evolution of ARIA-Ewhen the pre-

sumed vascular repair process is reduced or intensified through the
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F IGURE 4 Exploring the effect of model parameters on
amyloid-related imaging abnormalities with edema/effusion (ARIA-E)
dynamics. In each set of simulations, only one key parameter is varied
by doubling and halving the original control value, while all the other
model parameters remain unchanged. The “control” temporal profiles
shown in black are simulated using themodel parameters estimated
for ARIA-E case 1, the dosing regimen 4 shown in Table S1, and a set of
simple rules forMRImonitoring and treatment interruption; these
rules are created for illustrative purposes and are described in
supporting information. BGTS, Barkhof’s Grand Total Scale; MRI,
magnetic resonance imaging; PK, pharmacokinetics; VWD, vascular
wall disturbance. Simulated ARIA-E dynamics for: A) different removal
constants, B) different baseline levels of local amyloid and C) different
vascular repair rate constants

variation of the repair rate constant. If the intrinsic vascular repair

process occurred at a smaller rate, local amyloid removal would result

in repeated disturbances in the vascular wall, ultimately leading to

ARIA-E recurrence. Conversely, vascular repair processeswith a larger

rate constant would be able to counteract the rate of amyloid removal

predicted at the end of up-titration and prevent any significant ARIA-E.

4 DISCUSSION

To the best of our knowledge, this is the first semi-mechanistic, in

silico model that tackles the ambiguity and complexity of ARIA-E path-

omechanisms in the context of longitudinal observations of ARIA-E

magnitude from anti-amyloid clinical trials. The earlier ARIA-E models

developed with bapineuzumab, gantenerumab, and aducanumab data

are event hazard models that predict the probability of ARIA-E occur-

rence for various dosing regimens, without accounting for any specific

pathomechanisms.29,32–34 The mechanistic rationale behind the pro-

posed VWDmodel complements the earlier ARIA-E hazardmodel that

suggested dose up-titration as away to reduce the incidence of ARIA-E

events in the gantenerumab studies.33 Here, we developed a math-

ematical framework that permits different biological interpretations

of the modeled mechanisms, based on the following key factors: local

amyloid load, drug exposure (dose and drug concentration), amyloid

removal, as well as damage and repair of the vascular wall. For the

various ARIA-E scenarios depicted in Figure 1, the same mathemati-

cal relationship describes the drug-mediated removal of local amyloid,

whether it is the parenchymal or vascular Aβ burden that is being

cleared via direct dissolution or cell-mediated phagocytosis. While the

precise biological details underlying ARIA-E remain to be unveiled, the

common feature across the different mechanistic pathways that can

set off an ARIA-E event seems to be a damaged vascular wall.With this

in mind, we formulated a set of equations that link the drug-mediated

removal of local amyloid to the level of VWD and, ultimately, to the

severity ofARIA-E (asmeasuredbyBGTS). Themodel parameterswere

estimated with a non-linear mixed effects method. The resulting VWD

model provides a good patient-level description of the ARIA-E time-

course reported in past SR/MROLE studies of gantenerumab, thereby

confirming the plausibility of the implemented mechanisms. The pre-

dictive power of the VWDmodel will be tested upon the completion of

theongoingGRADUATE studies that investigate anoptimized9-month

titration informed by the historic OLE data.

Beyond fitting individual time courses of ARIA-E events, the VWD

model offers several insights. According to the model, high rates of

local amyloid removal can prompt the onset of ARIA-E due to (1) high

exposure (dose and drug concentration), (2) high local amyloid, and/or

(3) high efficiency in amyloid removal (here, captured by the removal

constant 𝛼removal). For anti-amyloid antibodies, such as aducanumab,

donanemab, and gantenerumab, which rely heavily on Fc receptor-

mediated phagocytosis of amyloid aggregates by immune cells, the

higher estimates of the removal constant could reflect a larger, likely

exaggerated, response of the immune cells activated by the amyloid-

drug complex. An image-based analysis of a small number of ARIA-E
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cases from the gantenerumab studies revealed that the regions with

ARIA-E often displayed prominent decreases in the amyloid positron

emission tomography (PET) signal, thereby supporting the idea ofmore

efficient cell-mediated phagocytosis of Aβ aggregates at the ARIA-E

sites.15 It is noteworthy that significant amyloid reductions were also

observed in regions without any FLAIR abnormalities.15,28,35 Based on

the VWDmodel, one possible explanation is that focal amyloid reduc-

tions can occur without ARIA-E as long as the local rates of amyloid

removal are counterbalanced by the rate of an intrinsic vascular repair

process. Moreover, according to the model, ARIA-E can fully resolve

(BGTS = 0) before the VWD level returns to zero. This behavior is

a consequence of the presumed nonlinear VWD–BGTS relationship,

which ensures that small disturbances in the vascular wall do not

result in a detectable ARIA-E event, as shown in Figure 2. Last, The

VWDmodel suggests that ARIA-E recurrent episodes could be a com-

bined effect of high drug concentrations and persisting high levels of

local amyloid and that amyloid depletion over time ultimately reduces

the risk of ARIA, even at high drug concentrations. Recurrent ARIA-

E events are rarely seen in anti-amyloid clinical trials;10 nonetheless,

better understanding the factors that contribute toARIA-E recurrence

will ultimately optimize the long-termmanagement of ARIA.

When comparing themodeled reduction in local amyloid to the amy-

loid reductions observed in anti-amyloid clinical trials, the distinction

between the global and local nature of the modeled/measured amy-

loid needs to be acknowledged. For instance, global PET assessments

of baseline amyloid in the bapineuzumab and gantenerumab studies

did not find any significant differences between the ARIA-E and non-

ARIA-E groups.35,36 When instead the amyloidPET signalwas assessed

regionally, the baseline amyloid load from the occipital brain region

was found to be significantly higher in the ARIA-E group than in the

non-ARIA-E group.35 Accounting for the predilection of CAA for the

occipital vasculature, the high baseline levels of local amyloid esti-

mated by the VWDmodel could be associated with a high local burden

of vascular amyloid. Based on PET imaging alone, the extent to which

the reduction in amyloid PET signal is driven by the removal of vas-

cular amyloid remains uncertain, as further discussed in supporting

information.

Given that the current model seeks to provide a plausible patho-

physiological explanation for the individual temporal profiles ofARIA-E

seen in the gantenerumab SR/MR OLE studies, this analysis focused

on the quality of the modeled individual-level profiles. To generate

population predictions that support decisions on dosing and monitor-

ing of individuals with ARIA-E, the VWD model needs to be further

refined and validated. Model enrichment with biomarker data is also

of paramount importance for model optimization and its translation

to clinical practice. The inclusion of a broader population—especially

inclusionof non-ARIA-E individuals—could offer opportunities to guide

the stratification of individuals based on their risk for ARIA-E. The

sparse ARIA data make this endeavor challenging, considering that a

significant part of the data need to be reserved to demonstrate the

predictive value of themodel built on the remaining data.

In conclusion, thework presentedhere enhances our current under-

standing of ARIA-E phenomenology by providing a mathematical,

semi-mechanistic explanation of the observed temporal patterns in the

BGTS data of gantenerumab studies. The VWD model allows in silico

individual-level exploration of biologically plausible variables and pro-

cesses that influence the development and severity of ARIA-E. Upon

its validation, the VWD model will be useful for the generation of

hypotheses that can be tested in clinical studies for ARIA manage-

ment. The VWD model could simulate the impact of the rate of local

amyloid removal and vascular repair on the time course of ARIA-E in

individualswithanARIA-Ehistory. Suchmodel-basedpredictions could

support decisions on the continuation or re-introduction of treatment

tominimize the risk of ARIA-E progression.
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