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Participant data

The ARIA-E vascular wall disturbance (VWD) model was designed as a semi-mechanistic

pharmacokinetic-pharmacodynamic (PKPD) model. The data used for model development consists of

longitudinal measurements of drug concentration in plasma and of ARIA-E magnitude from a subset of

individuals who developed ARIA-E during the open label extensions (OLE) of the SCarlet Road (SR) and

Marguerite Road (MR) phase III trials. The 112 individuals included in the model were all the study

participants that experienced their first ARIA-E, i.e. had a BGTS > 0, within one year after the first dose of

gantenerumab in the OLE period, as of 29 May 2018. For simplicity, the individuals that experienced

ARIA-E only in their second year of treatment were not included in the model. Each individual was

treated with subcutaneously administered gantenerumab and was assigned to one of the five dose

titration regimens shown in Supplementary Table 1. The ARIA-E magnitude was quantified with the

Barkhof Grant Total Score (BGTS), which is an integer between 0 and 60, with BGTS = 0 indicating the

absence of ARIA-E. The reported BGTS accounted for the number and size of parenchymal

hyperintensities, sulcal hyperintensities and gyral swelling present on FLAIR images [1,2].

In SR/MR OLEs, during the titration phase, routine MRI monitoring was performed before each titration

step and on a study-specific routine basis after target dose was reached. More frequent MRI monitoring

was performed at the investigators discretion and also if ARIA-E was identified until its resolution. Dose

interventions occurred for any symptomatic ARIA-E case and for asymptomatic ones with BGTS>=4.

PK model

The purpose of the pharmacokinetic (PK) model is to capture the observed time course of gantenerumab

concentration in plasma and to simulate continuous concentration-time courses. Using the

gantenerumab population PK model recently developed by others [3], individual PK parameters for the

ARIA-E cases from SR/MR OLE were estimated with a Bayesian approach (Monolix Suite 2020R1). This

estimation made use of the individual drug dosage and longitudinal observations of drug concentration

in plasma. It is noted that the SR/MR OLE studies included higher doses than the earlier gantenerumab

studies that were used to develop the population PK model. Supplementary Figure 1 indicates that the

previously built population PK model was able to describe the individual PK data from the SR/MR OLE

studies: the residuals are evenly distributed around zero with most values within -2 and +2 standard

deviations, thereby indicating no major systemic bias.
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PD model

The pharmacodynamic (PD) model relates the gantenerumab exposure to ARIA-E observations via the

intermediate steps of gantenerumab-driven changes in the levels of local amyloid-β ( ) and VWD.𝐴β
Therefore, the ARIA-E cases seen on placebo cannot be explained with the VWD model. The rate of

drug-mediated removal of local is assumed to depend on the product of drug concentration in𝐴β
plasma and the level of local [arbitrary units] via the parameter𝐶𝑝 𝑡( ) 𝑚𝑐𝑔

𝑚𝑙⎡⎣ ⎤⎦ 𝐴β(𝑡)

: α
𝑟𝑒𝑚𝑜𝑣𝑎𝑙 

𝑑𝑎𝑦⋅ 𝑚𝑐𝑔
𝑚𝑙( )−1⎡⎢⎣

⎤⎥⎦
𝑑𝐴β(𝑡)

𝑑𝑡 =− α
𝑟𝑒𝑚𝑜𝑣𝑎𝑙

⋅𝐶𝑝 𝑡( )⋅𝐴β 𝑡( ),          (1)

where is the time and the initial value of local at the start of the OLE treatment (i.e. ) is 𝑡 𝐴β 𝐴β(𝑡 = 0)
.𝐴𝑚𝑦𝑙𝑜𝑖𝑑

0

The removal of local drives the build-up of [arbitrary units], which is counter-acted by a𝐴β 𝑉𝑊𝐷 𝑡( )

first-order vascular repair process with the repair rate constant ) and half-life independent𝑘
𝑟𝑒𝑝𝑎𝑖𝑟

 [𝑑𝑎𝑦−1]

of the VWD magnitude:

𝑑𝑉𝑊𝐷(𝑡)
𝑑𝑡 = α

𝑟𝑒𝑚𝑜𝑣𝑎𝑙
⋅𝐶𝑝 𝑡( )⋅𝐴β 𝑡( ) − 𝑘

𝑟𝑒𝑝𝑎𝑖𝑟
⋅𝑉𝑊𝐷 𝑡( ),          (2)

where the initial value of at the start of the OLE treatment (i.e. ) is assumed to be𝑉𝑊𝐷 𝑉𝑊𝐷 𝑡 = 0( )
zero.

Next, needs to be connected to the observed ARIA-E magnitude. However, the large number of𝑉𝑊𝐷
zero BGTS values from the dataset of ARIA-E scores brings on computational complications that were

addressed with a two-part model [4]. The first part deals with the probability of a positive𝑝(𝑡)
(non-zero) BGTS under the assumption that the logarithm of the odds ratio is linearly related to 𝑉𝑊𝐷(𝑡)
by

𝑙𝑛 𝑝(𝑡)
1−𝑝(𝑡)( ) = β

1
· 𝑉𝑊𝐷 𝑡( ) − 𝑉𝑊𝐷

50( ),           (3)

where denotes the linear factor and the parameter represents the value of thatβ
1

𝑉𝑊𝐷
50

𝑉𝑊𝐷(𝑡)

generates a 50% probability of a positive BGTS. The second part quantifies the BGTS magnitude by using

the sigmoidal response function

𝐵𝐺𝑇𝑆 𝑡( ) = 𝐵𝐺𝑇𝑆
𝑚𝑎𝑥

·
𝑉𝑊𝐷 𝑡( )

𝐸𝐺50( )𝑝𝑜𝑤

1 + 𝑉𝑊𝐷 𝑡( )
𝐸𝐺50( )𝑝𝑜𝑤  ,         (4)

where represents the maximum ARIA-E score and [arbitrary units] represents the value𝐵𝐺𝑇𝑆
𝑚𝑎𝑥

𝐸𝐺50

of leading to half-maximal BGTS. Moreover, is the slope factor that gives the sensitivity of𝑉𝑊𝐷 𝑡( ) 𝑝𝑜𝑤
response to VWD by determining the steepness of the VWD-BGTS curve (shown in Figure 1 in the main

text). The two parts of the model use different types of data: for part one, all the BGTS observations are
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transformed to Boolean data that indicates whether the observed BGTS is zero or positive, while for part

two, the BGTS observations are restricted to the strictly positive values.

Parameter estimation

The PD parameters were estimated by fitting the PD model to the collective set of longitudinal BGTS

observations, while keeping the individual PK parameters fixed. The Boolean data from the first part (e.g.

YES/NO for ARIA-E occurrence) and the continuous observations from the second part (e.g. the BGTS

values within the [1,60] range for ARIA-E magnitude) were implemented in the data file as two distinct

observation types and modelled simultaneously. The parameter estimation was conducted with the

nonlinear mixed effects method from Monolix (version 2020R1).

The parameters , and were assumed to have log-normal inter-individual 𝐴𝑚𝑦𝑙𝑜𝑖𝑑
0

α
𝑟𝑒𝑚𝑜𝑣𝑎𝑙

𝑘
𝑟𝑒𝑝𝑎𝑖𝑟

variability and their typical value (fixed effect) and the width of the distribution (random effect) were

estimated. The parameters , and were estimated without any inter-individual variability β
1

 𝑉𝑊𝐷
50

𝑝𝑜𝑤

(i.e. as fixed effects only). It can be shown that is proportional to , implying that the𝑉𝑊𝐷 𝑡( ) 𝐴𝑚𝑦𝑙𝑜𝑖𝑑
0

parameters and effectively appear only as a ratio in the expression for .𝐴𝑚𝑦𝑙𝑜𝑖𝑑
0

𝐸𝐺
50

 𝐵𝐺𝑇𝑆(𝑡)

Therefore, to ensure structural identifiability, was set to one, without any loss of generality.𝐸𝐺
50

Moreover, the value of was fixed to 60, in line with the limit of the 60-point BGTS severity𝐵𝐺𝑇𝑆
𝑚𝑎𝑥

scale. The residual (unexplained) variability that describes the difference between observed and

predicted BGTS was assumed to be independent of the predictions and to be normally distributed. The

estimated population parameters (typical values and inter-individual variability) are shown in

Supplementary Table 2. The diagnostic plots from Supplementary Figure 2 demonstrate the ability of the

model to predict the probability of an ARIA-E event at the population level, as well as the magnitude of

ARIA-E, in particular at the individual level: the residuals over time are evenly centered around zero,

without a major systemic bias and with most values within -2 and +2 standard deviations.

The impact of the following patient characteristics on the distribution of random effects was assessed:

age, APOE ε4 carrier status (non-carrier, homozygous, heterozygous), type of double-blind treatment

(placebo, active) and the presence/absence of cerebrovascular pathology (ARIA-H and white matter

hyperintensities) at the start of OLE treatment. Graphical evaluation did not reveal any strong

dependency of random effects on these patient characteristics. A more detailed covariate analysis with a

refined VWD model will require observations from a broader population and the inclusion of non-ARIA-E

individuals. Although the assessed baseline patient characteristics did not explain the variability in the

time-course of ARIA-E, they may prove more relevant for assessing the general risk of ARIA-E. For

instance, based on a hazard model, others reported that study participants in gantenerumab and

aducanumab studies were more likely to be at risk of an ARIA-E event if they were APOE ε4 carriers

[3,5,6].

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

Upon model fitting to the longitudinal PK and BGTS observations, the influence of key model parameters

on the evolution of ARIA-E was explored with individual-level simulations. These simulations used the set
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of parameters estimated for one of the ARIA-E cases illustrated in section 3 in the main text. In order to

also demonstrate the ability of the model to relate treatment adjustments to ARIA-E severity, the

simulations include a simple adaptive design for dosing and MRI monitoring, as follows: (i) dose

according to a specified dosing regimen; (ii) perform BGTS assessment at pre-defined times and suspend

dosing when BGTS thresholds are reached, as per SR/MR OLE protocol [7]; (iii) perform BGTS assessment

(every 4 weeks) during dose suspension until BGTS = 0; (iv) restart treatments at the same dose as the

one prior to treatment interruption. For illustration purposes, this adaptive design created for

simulations was less complex than the one used in the SR/MR OLE studies given that the latter also

accounted for factors that are missing from the VWD model, such as the radiological severity of ARIA-H

and/or the presence of symptoms [7].

Supplementary Discussion

The relative contribution of the two forms of Aβ aggregates to the amyloid PET signal has been a matter

of debate. Some studies concluded that amyloid PET can detect vascular Aβ in CAA [8,9], while, recently,

McCarter et al. reported that the amyloid PET signal is largely driven by parenchymal amyloid plaques

and does not appear to be significantly confounded by CAA [10]. The latter findings are limited by the

fact that only half of the subjects met the clinical diagnosis of probable CAA with a median number of

two cerebral microbleeds, despite the pathological confirmation of CAA in all subjects [10]. Of note, a

decade ago, the Alzheimer’s Association Research Roundtable Workgroup recommended that individuals

with more than four cerebral microhemorrhages at baseline MRI should not be included in anti-amyloid

clinical trials [11]. Therefore, the contribution of vascular Aβ aggregates to the PET signal in clinically

more severe CAA cases, in particular in those enrolled in more recent anti-amyloid studies, remains to be

determined. In order to further clarify the relative risk of ARIA associated with the regional load of

vascular amyloid and its removal, more analyses that integrate longitudinal PET and MRI data from

anti-amyloid trials and quantify the regional distribution of the amyloid signal, FLAIR hyperintensities

and CAA imaging markers are needed. Future biomarkers that are able to better distinguish between the

vascular and parenchymal amyloid burden will help refine the VWD model, which could then predict the

evolution of ARIA-E in patients with various degrees of AD pathology (based on the parenchymal amyloid

burden) and CAA (based on the vascular amyloid burden) [12–15]. Real world data on the safety of

anti-amyloid therapies and from cohorts of patients with spontaneous ARIA, such as those with

CAA-related inflammation, could eventually become an insightful source of such biomarkers.

4

https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=06672485636356629&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:69d4ca72-bbc6-42e7-becf-e94832065cb5
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=4798056823904234&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:69d4ca72-bbc6-42e7-becf-e94832065cb5
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=9026045822181457&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:b53e7dca-d981-4158-95d2-a5b25c9a4c4e,92a886aa-30ae-4a6c-a2fe-a34d8653e200:093a3484-44a9-44b6-a3be-42ec04e4ec6f
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=35718422052101095&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:95620ffe-6202-472b-9b1a-0226aa34a759
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=4610313607579577&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:95620ffe-6202-472b-9b1a-0226aa34a759
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=5770063205333166&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:b5ad07b6-1c97-47aa-90c5-9a30dfc6e484
https://app.readcube.com/library/92a886aa-30ae-4a6c-a2fe-a34d8653e200/all?uuid=6559394652083802&item_ids=92a886aa-30ae-4a6c-a2fe-a34d8653e200:b09d1a9a-65b4-4e8b-9b74-50ff686639ae,92a886aa-30ae-4a6c-a2fe-a34d8653e200:86c75032-b24c-4da0-9cf2-a842d79dfe8e,92a886aa-30ae-4a6c-a2fe-a34d8653e200:af883360-9d85-4401-9833-65229b072d21,92a886aa-30ae-4a6c-a2fe-a34d8653e200:ab02f694-44d6-4de9-a368-29256b7a5df8


Supplementary Table 1. Up-titration regimens for OLE in the SR and MR phase III trials

# Day

1

Week

4

Week

8

Week

12

Week

16

Week

20

Week

24-28

Week

32-36

Week

40-100

1 105 105 105 225 225 225 450 900 1200

2 225 225 450 450 900 900 1200 1200 1200

3 300 300 600 600 1200 1200 1200 1200 1200

4 450 450 900 900 1200 1200 1200 1200 1200

5 600 600 1200 1200 1200 1200 1200 1200 1200

All the doses shown for the five regimens are in milligrams (mg).
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Supplementary Table 2. Estimates of the population parameters

Parameter Unit Value Relative Standard Error

(%)

Fixed effects

𝐴𝑚𝑦𝑙𝑜𝑖𝑑
0

arbitrary 3.20 6.48

α
𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑑𝑎𝑦⋅ 𝑚𝑐𝑔

𝑚𝑙( )−1 0.126e-3 8.75

𝑘
𝑟𝑒𝑝𝑎𝑖𝑟 𝑑𝑎𝑦−1 12.4e-3 6.64

β
1

arbitrary 9.37 8.21

𝑉𝑊𝐷
50

arbitrary 0.418 3.89

(fixed)𝐸𝐺50 arbitrary 1.00

𝑝𝑜𝑤 - 3.72 5.5

(fixed)𝐵𝐺𝑇𝑆
𝑚𝑎𝑥

- 60

Standard deviations of the random effects

ω
𝐴𝑚𝑦𝑙𝑜𝑖𝑑0

arbitrary 0.405 12.9

ω
α

𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑙𝑜𝑔 (𝑑𝑎𝑦⋅ 𝑚𝑐𝑔
𝑚𝑙 )−1( )  

0.655 9.45

ω
𝑘

𝑟𝑒𝑝𝑎𝑖𝑟
𝑙𝑜𝑔(𝑑𝑎𝑦−1) 0.446 12.1

Standard deviation of the residual error

𝑎 - 2.83 4.63
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Supplementary Table 3. Summary of the selected ARIA-E cases

ARIA-E

case

APOE e4

status

Dosing

regimen

Time of

first

ARIA-E

[week]

Magnitude

of first

ARIA-E

[BGTS]

Dose at

first

ARIA-E

[mg]

Time of

recurrent

ARIA-E

[week]

Magnitude

of recurrent

ARIA-E

[BGTS]

Dose at

recurrent

ARIA-E

[mg]

1 homozygous 4 22 10 1200 N/A N/A N/A

2 homozygous 4 13 6 900 N/A N/A N/A

3 heterozygous 1 30 6 450 61 9 900

4 heterozygous 2 14 20 450 52 12 900

The time is given with respect to the start of OLE treatment for all ARIA-E cases. The dosing regimens are

given in Supplementary Table 1. The first ARIA-E refers to the first detected ARIA-E that required dose

adjustments. ARIA-E case 1 experienced the first ARIA-E (mild severity; BGST =1) that did not require

dose adjustments at week 12.
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Supplementary Figure 1. Scatter plot of the residuals generated by the PK model used to predict the

drug concentration in plasma for the ARIA-E cases from the SR/MR OLE studies. IWRES, individual

weighted residuals. The solid lines represent the empirical (10th, 50th and 90th) percentiles, while the

dotted lines represent the predicted (10th, 50th and 90th) percentiles.
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Supplementary Figure 2. Scatter plots of the residuals generated by part one (top panel) and part two

(bottom panel) of the two-part PD model used to predict the probability of ARIA-E occurrence and the

ARIA-E magnitude (given by BGTS), respectively. NPDE, normalized prediction distribution errors;

IWRES, individual weighted residuals. The solid lines represent the empirical (10th, 50th and 90th)

percentiles, while the dotted lines represent the predicted (10th, 50th and 90th) percentiles.
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