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Abstract
Background and Objectives
The goal of this work was to investigate the natural history and outcomes after treatment for spon-
taneous amyloid-related imaging abnormalities (ARIA)-like in cerebral amyloid angiopathy–related
inflammation (CAA-ri).

Methods
This was a multicenter, hospital-based, longitudinal, prospective observational study of inpatients
meetingCAA-ri diagnostic criteria recruited through the InflammatoryCerebral AmyloidAngiopathy
and Alzheimer’s Disease βiomarkers International Network from January 2013 to March 2017. A
protocol for systematic data collection at first-ever presentation and at subsequent in-person visits,
including T1-weighted, gradient recalled echo–T2*, fluid-suppressed T2-weighted (fluid-attenuated
inversion recovery), and T1 postgadolinium contrast-enhanced images acquired on 1.5T MRI, was
used at the 3-, 6-, 12-, and 24-month follow-up. Centralized reads of MRIs were performed by
investigators blinded to clinical, therapeutic, and time-point information. Main outcomes were sur-
vival, clinical and radiologic recovery, intracerebral hemorrhage (ICH), and recurrence of CAA-ri.

Results
The study enrolled 113 participants (10.6% definite, 71.7% probable, and 17.7% possible
CAA-ri). Their mean age was 72.9 years; 43.4% were female; 37.1% were APOEe4 carriers;
36.3% had a history of Alzheimer disease; and 33.6% had a history of ICH. A history of ICH and
the occurrence of new ICH at follow-up were more common in patients with cortical superficial
siderosis at baseline (52.6% vs 14.3%, p < 0.0001 and 19.3% vs 3.6%, p < 0.009, respectively).
After the first-ever presentation of CAA-ri, 70.3% (95% confidence interval [CI] 61.6%–78.5%)
and 84.1% (95% CI 76.2%–90.6%) clinically recovered within 3 and 12 months, followed by
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Unità Sanitaria Locale-IRCCS di Reggio Emilia; IRCCS Mondino Foundation and University of Pavia (G.P.); Ospedale Papa Giovanni XXIII (M.S.), Bergamo; Fondazione IRCCS “Carlo Besta”
National Neurological Institute (F.T.), Milan, Italy; Azienda USL Toscana Centro (R.V.), Prato, Italy; Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER) (J.F.V.-C.),
Valencia; Hospital Universitario 12 de Octubre (A.V.-G.), Madrid, Spain; St. Marianna University School of Medicine (Y.H.), Kawasaki, Japan; and CAA and AD Translational Research and
Biomarkers Laboratory (F. Piazza), PhD Program in Neuroscience, School of Medicine and Surgery, University of Milano–Bicocca, Monza, Italy.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. e1809

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.n
eu

ro
lo

gy
.o

rg
 b

y 
19

3.
20

4.
29

.2
52

 o
n 

19
 F

eb
ru

ar
y 

20
24

http://dx.doi.org/10.1212/WNL.0000000000012778
mailto:fabrizio.piazza@unimib.it
http://NPub.org/cmelist
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000012778
http://creativecommons.org/licenses/by-nc-nd/4.0/


radiologic recovery in 45.1% (95% CI 36.4%–54.8%) and 77.4% (95% CI 67.7%–85.9%), respectively. After clinicoradiologic
resolution of the first-ever episode, 38.3% (95% CI 22.9%–59.2%) had at least 1 recurrence within the following 24 months.
Recurrence was more likely if IV high-dose corticosteroid pulse therapy was suddenly stopped compared to slow oral tapering
off (hazard ratio 4.68, 95% CI 1.57–13.93; p = 0.006).

Discussion
These results from the largest longitudinal cohort registry of patients with CAA-ri support the transient and potentially relapsing
inflammatory nature of the clinical-radiologic acute manifestations of the disease and the effectiveness of slow oral tapering off
after IV corticosteroid pulse therapy in preventing recurrences. Our results highlight the importance of differential diagnosis for
spontaneous ARIA-like events in β-amyloid–driven diseases, including treatment-related ARIA in patients with Alzheimer
disease exposed to immunotherapy drugs.

Cerebral amyloid angiopathy (CAA)–related inflammation
(CAA-ri) is a rare autoimmune encephalopathy associated
with increased CSF concentrations of autoantibodies tar-
geting β-amyloid (Aβ) protein deposited in the walls of
cortical and leptomeningeal brain arteries, arterioles, and
capillaries.1 The disease is characterized by the acute/
subacute presentation of neurologic symptoms that vary
from very mild cognitive disturbances and headaches to
rapidly progressive cognitive decline, seizures, altered
mental state, and focal neurologic deficits. These neuro-
logic symptoms are associated with acute white matter
hyperintensities (WMHs) suggestive of vasogenic edema
(VE) on MRI, associated with MRI hallmarks of CAA such
as cerebral microbleeds (CMBs) and cortical superficial
siderosis (cSS).1,2

A diagnosis of definite CAA-ri requires histopathologic con-
firmation. However, the recent clinical-radiologic criteria2 and
the ultrasensitive test for anti-Aβ autoantibody detection in
the CSF1 have significantly increased the current diagnostic
capacity and reduced the need of an invasive brain biopsy.

There is evidence suggesting CAA-ri as a potentially reversible
condition responsive to immunosuppressive therapies, but
this is limited to sparse case reports or small retrospective case
series deriving from single centers.1,3-9 Although CAA-ri was
thought to be restricted only to patients with CAA, the disease
is now increasingly recognized and diagnosed in a spectrum of
different neurologic and neuroradiologic manifestations,10-15

including the striking radiographic similarities with the
amyloid-related imaging abnormalities (ARIA) observed in
some participants within immunization clinical trials for Alz-
heimer disease (AD).1,16-23 Therapies using anti-Aβmonoclonal
antibodies are complicated by (1) ARIA edema (ARIA-E),

consisting of focal areas of WMH suggestive of parenchymal
edema or effusion, and (2) ARIA hemorrhage, consisting of
CMBs and cSS.24

Given the very few samples and data available from clinical
trials, spontaneously occurring ARIA in CAA-ri (ARIA-like)
has been proposed as a valid model for the study of therapy-
induced ARIA of such trials.1,18-21,23 This has enforced the
establishment of a collaborative research framework, the
Inflammatory Cerebral Amyloid Angiopathy and Alz-
heimer’s Disease βiomarkers (iCAβ) International Network
initiative,25 aimed at increasing the diagnostic, prognostic,
and therapeutic capabilities and reducing variability in the
management of these underrecognized diseases.

This study aimed to investigate the natural history of CAA-ri
and to provide new evidence into the outcomes associated with
corticosteroid treatment in a large, multicenter, longitudinal,
prospective observational cohort registry of well-defined pa-
tients with first-ever diagnosis of CAA-ri, systematically
recruited via the iCAβ International Network initiative.25

Methods
Standard Protocol Approvals and
Patient Consents
Patients with CAA-ri diagnosed by clinical presentation, ra-
diologic criteria, or pathologic findings2,26 were prospectively
referred to the University of Milano–Bicocca through the
iCAβ International Network25 from January 2013 to March
2017. The global initiative involves 35 neurology clinic hos-
pitals worldwide. This study was approved under the Uni-
versity of Milano–Bicocca Ethical Committee protocols for
the biomarkARIA and modelCAA research studies. Inpatients

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ARIA = amyloid-related imaging abnormalities; ARIA-E = ARIA edema; CAA =
cerebral amyloid angiopathy; CAA-ri = CAA-related inflammation; CI = confidence interval; CMB = cerebral microbleed;
CRF = case report form; cSS = cortical superficial siderosis; GRE = gradient recalled echo; iCAβ = Inflammatory Cerebral
Amyloid Angiopathy and Alzheimer’s Disease βiomarkers; ICH = intracerebral hemorrhage; SINdem = Italian Society of
Neurology–dementia; VE = vasogenic edema; WMH = white matter hyperintensity.
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provided written informed consent or were included under a
waiver of consent for the use of clinical and radiologic data.

iCAβ International Network Cohort Registry
of CAA-ri
This multicenter, hospital-based, prospective, longitudinal,
observational cohort registry includes a predefined pro-
tocol for systematic data collection developed by investi-
gators from the University of Milano–Bicocca coordinating
center (F.P., J.C.D.) in 2013 and the Italian Society of
Neurology–dementia (SINdem) CAA Study group.
According to the protocol, a predefined individual case
report form (CRF) for detailed demographic, genetic,
pathologic, clinical and medication history, clinical fea-
tures, MRIs, exposure to immunosuppressive therapy, and
clinical and radiologic outcomes at follow-up has been
systematically provided at the time of each visit.

Here, we provide a summary of the main methodologic as-
pects and definitions.

All the CRFs and MRIs have been systematically collected at
multiple time points by in-person visits in each center. The
baseline CRF was provided at first-ever disease presentation
(inpatients). Follow-up CRFs and MRIs were provided at each
predefined visit at 3, 6, 12, and 24 months and then annually.

Follow-up time was defined as the time elapsed from the date of
CAA-ri diagnosis2 (first visit) to the date of each subsequent visit
or MRI rescan.

Given the lack of therapeutic recommendations, the choice of
treatment was decided on a case-by-case basis by patients and

their physicians. If multiple visits or MRI scans were per-
formed for any clinical or therapeutic need, in addition to
those suggested by the protocol, only the closest to the pre-
defined time point was considered for the analyses.

According to radiologic criteria,2 the following specific ra-
diographic sequences were strictly required: T1-weighted,
gradient recalled echo (GRE)–T2*, and fluid-suppressed
T2-weighted (fluid-attenuated inversion recovery). Addi-
tional MRI sequences were suggested but not required:
susceptibility-weighted imaging (optional, additional to
GRE-T2*) and T1 postgadolinium sequences. All MRIs
were acquired on 1.5T imaging systems according to routine
clinical acquisition parameters used at each center.

First-ever presentation of a CAA-ri acute clinical in-
flammatory episode was defined as new, atypical, or worsened
headaches, acute/subacute rapidly progressive cognitive de-
cline, behavioral changes, focal neurologic deficits, or seizures
in participants with no history of CAA-ri and after exclusion of
neoplastic, infectious, or other causes. The presentation was
not directly attributed to an acute intracerebral hemorrhage
(ICH).2,26

Radiographic evidence of CAA-related bleeding manifesta-
tions was based on acute brain MRI findings defined as the
presence of ≥1 of the following cortico-subcortical hemor-
rhagic lesions: CMBs, cSS, and ICH on T1-weighted and
GRE-T2* (Figures 1 and 2).2,26

MRI inflammatory manifestations were identified on the basis
of patchy or confluent cortico-subcortical WMH lesions
suggestive of VE on fluid-attenuated inversion recovery

Figure 1 Spontaneous ARIA-like Imaging Findings at Presentation andAfter Radiologic Remission at 3-Month Follow-upof a
Patient With Probable CAA-ri

(A and B) Fluid-attenuated inversion recovery (FLAIR) images
(axial sequences) at presentation show cortico-subcortical
regions of hyperintensity suggestive of vasogenic edema
and sulcal effacement on both hemispheres (red arrows). (C)
Susceptibility-weighted images show microbleeds (red cir-
cles). (D and E) MRI 3 months after corticosteroid pulse
therapy (5 IV boluses of 1 g/d methylprednisolone followed
by 1 mg/kg oral prednisone daily and slow tapering off over
several months) showing the disappearance of the acute
inflammatory white matter hyperintensity lesions in the
corresponding planes of FLAIR sequences indexed at pre-
sentation. ARIA = amyloid-related imaging abnormalities;
CAA-ri = cerebral amyloid angiopathy–related inflammation.

Neurology.org/N Neurology | Volume 97, Number 18 | November 2, 2021 e1811
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imaging, with or without mass effect and with or without
leptomeningeal involvement (Figures 1 and 2).2,26

Cohort Study Design and Participants
All the participants consecutively referred to the iCAβ In-
ternational Network initiative25 from January 2013 to March
2017 were considered for this study. All data were centrally
checked and verified for consistency at the University of
Milano–Bicocca by 2 expert neurologists (J.C.D., M.Z.). Only
patients with (1) available complete CRF, (2) available ade-
quate MRIs, and (3) at least 1 follow-up visit (including
complete CRFs and MRIs) were included in the analysis.

We followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology reporting guideline.

Visual reading of MRIs was centrally assessed by a trained
neuroradiologist (R.P.) without knowledge of clinical,
therapeutic, and follow-up stage data. CMB number (manual
count) and cSS (presence/absence) were assessed on GRE-
T2*. When available, T1 postgadolinium sequences were
considered for leptomeningeal involvement (positive/
negative).

Validated clinical and radiologic diagnostic criteria for
CAA-ri2 were used to centrally assign the diagnosis of de-
finitive (biopsy proven), probable (monofocal/multifocal,
asymmetric, and bilateral WMH lesions suggestive of pa-
renchymal VE or sulcal effusion, with or without lep-
tomeningeal enhancement), or possible (unilateral WMH
lesions) CAA-ri. The interrater reliability of the central
evaluation center (κ = 0.83) was assessed in a subset of 23
randomly selected MRI scans, independently evaluated by

a second trained neuroradiologist (G.B.), and compared
with the findings of the original reader (R.P.).

Clinical recovery was defined as the stable recovery to neurologic
conditions preexisting to the acute inflammatory event or the only
persistence of neurologic deficits directly attributable to the brain
vascular injury event (i.e., ICH) in the absence of neworworsened
MRI findings. Clinical recovery was attributed dichotomously
(yes/no) by the same clinical neurologist who evaluated the pa-
tient at presentation through in-person visits in each center.

Radiologic recovery was defined as the complete disappear-
ance (full resolution) of the acute inflammatoryWMH lesions
suggestive of VE2 and sulcal effusion indexed at presentation.
This was judged as the absence ofWMH signs consistent with
CAA-ri2 in the central neuroradiology reading report. Patients
with partial radiologic improvement were considered as not
resolved at a given time point.

Recurrent episode of CAA-ri (relapse) was defined as the
presence of new-onset symptoms associated with MRI signs
consistent with a new manifestation of CAA-ri2 and only in
participants with ascertained clinical and radiologic recovery
of the first presentation of the disease. The radiologic pro-
gression without new symptoms or in the absence of a former
clinical and radiologic recovery of the first event is not in-
cluded in this definition because we considered that patients
who were not clinically and radiologically resolved would not
have the chance to relapse.

Biopsy specimens were processed and stained with standard
protocols at each center. APOE genotyping was performed as
previously described.1,27

Figure 2 Spontaneous ARIA-like Imaging Findings of a Patient With Probable CAA-ri at Presentation and After 3 Months of
Follow-up With No Radiologic Remission

(A–C) Fluid-attenuated inversion re-
covery (FLAIR) axial sequences at
presentation show cortico-sub-
cortical hyperintense areas on both
frontal lobes with edema and mass
effect on the anterior horn of the
left lateral ventricle. (E–G) FLAIR se-
quences 3 months after corticoste-
roid pulse therapy (5 IV boluses of 1
g/d methylprednisolone followed
by 1 mg/kg oral prednisone daily
and slow tapering off over several
months) treatment showing sub-
stantial reduction of the signal ab-
normalities on the right frontal lobe
and persistent hyperintense signal
abnormality on the left frontal lobe
without mass effect and with atro-
phy of the corresponding cortico-
subcortical region. (D and H) Sus-
ceptibility-weighted imaging se-
quences at presentation show
microbleeds (red circle) and diffuse
cortical superficial siderosis (red
arrows). ARIA = amyloid-related
imaging abnormalities; CAA-ri = ce-
rebral amyloid angiopathy–related
inflammation.

e1812 Neurology | Volume 97, Number 18 | November 2, 2021 Neurology.org/N
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Baseline Features at First-Ever Diagnosis
of CAA-ri
Baseline features at presentation were classified as diagnostic
certainty (definite, possible, probable CAA-ri)2; onset of
symptoms (headache, cognitive or behavioral changes, focal
neurologic deficits, and seizures); disease history (mild cog-
nitive impairment or AD dementia, past ICH); APOE geno-
type; number of CMBs (0, 1 single CMB, 2–4, 5–10, >10);
cSS (presence/absence); gadolinium-contrast enhancement

(positive/negative); and immunosuppressive therapy (drug
dose and type, length of treatment).

Outcomes Evaluation at 3, 6, 12, and 24
Months
Primary outcomes were survival, clinical recovery, and relapse
of CAA-ri. Secondary outcome was radiologic recovery.
Overall survival was defined as the time elapsed from the date
of CAA-ri diagnosis to the date of death or last follow-up.

Table 1 Baseline Characteristics at Presentation of the iCAβ International Network Cohort of Patients With First-Ever
Diagnosis of CAA-ri

Definite CAA-ri Probable CAA-ri Possible CAA-ri Total

Patients, n (%)a 12 (10.6) 81 (71.7) 20 (17.7) 113 (100)

Female, n (%) 4 (33.3) 35 (43.2) 10 (50.0) 49 (43.4)

Age at onset, mean (SD), y 70.9 (7.0) 73.9 (6.3) 70.2 (10.0) 72.9 (7.2)

<70 y, n (%) 4 (33.3) 18 (22.2) 10 (50.0) 32 (28.3)

History of, n (%)

MCI or AD dementia 0 (0.0) 35 (43.2) 6 (30.0) 41 (36.3)

ICH 2 (16.7) 31 (38.3) 5 (25.0) 38 (33.6)

APOE«4, n (%)

Noncarriers 3/7 (42.8) 46/74 (62.2) 12/16 (75.0) 61/97 (62.9)

Heterozygote 2/7 (28.6) 17/74 (23.0) 3/16 (18.7) 22/97 (22.7)

Homozygote 2/7 (28.6) 11/74 (14.8) 1/16 (6.3) 14/97 (14.4)

Symptoms onset, n (%)

Cognitive/behavioral changes 11 (91.7) 59 (72.8) 11 (55.0) 81 (71.7)

Focal deficits 6 (50.0) 50 (61.7) 9 (45.0) 65 (57.5)

Seizures 2 (16.7) 29 (35.8) 8 (40.0) 39 (34.5)

Headache 5 (41.7) 16 (19.8) 4 (20.0) 25 (22.1)

Only 1 symptom 4 (33.3) 28 (34.6) 10 (50.0) 42 (37.2)

CMB count, n (%)

0b 1 (8,3) 2 (2,5) — 3 (2.7)

1 — 7 (8.6) 1 (5.0) 8 (7.1)

2–4 1 (8.3) 4 (5,0) 5 (25.0) 10 (8.9)

5–10 4 (33.3) 18 (22.2) 2 (10.0) 24 (21.2)

>10 6 (50.0) 50 (61.7) 12 (60.0) 68 (60.1)

cSS 4 (33.3) 46 (56.8) 7 (35.0) 57 (50.4)

cSS + CMBs, n (%) 3 (25.0) 44 (54.3) 7 (35.0) 54 (47.8)

Gd contrast-enhanced MRI, n (%) 7/9 (77.8) 46/69 (66.7) 6/15 (40.0) 59/93 (63.4)

Abbreviations: AD = Alzheimer disease; CAA-ri = cerebral amyloid angiopathy–related inflammation; CMB = cerebral microbleed; cSS = cortical superficial
siderosis; Gd = gadolinium; iCAβ = Inflammatory Cerebral Amyloid Angiopathy and Alzheimer’s Disease βiomarkers; ICH = intracerebral hemorrhage; MCI =
mild cognitive impairment .
Definite, probable, and possible CAA-ri classified according to Auriel et al.2 Unless otherwise indicated, data are expressed as number ormean (percentage or
SD) referred to the total number of patients of each column. Smaller denominators indicate number of patients with available data.
a Percent referred to the total number of patients (n = 113).
b All 3 patients had cSS.

Neurology.org/N Neurology | Volume 97, Number 18 | November 2, 2021 e1813
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Survival time to clinical recovery was defined as the time
elapsed from diagnosis to clinical recovery. Survival time to
radiologic recovery was defined as the time elapsed from di-
agnosis to radiologic recovery. For patients who did not show
any recovery, survival time was set equal to the maximum
follow-up time available. Survival time to new ICH de-
velopment was defined as the time elapsed from diagnosis to
the radiologic evidence of acute ICH. Relapse-free survival
was defined as the time elapsed from the date of ascertained
clinical recovery to the date of the first subsequent clinical and
radiologic relapse, death, or last follow-up available, whichever
occurred first.

Statistical Analysis
Comparisons were obtained with the χ2 test or analysis of
variance for categorical and continuous variables, re-
spectively. Overall survival and cumulative incidence/
survival probability for clinical recovery, radiologic re-
covery, and ICH were estimated with the Kaplan-Meier
method. Concerning the analysis for clinical recovery, ra-
diologic recovery, and ICH, when the death event was
observed in the absence of a previous event, the time to
clinical recovery (or radiologic recovery and ICH) was
considered censored at the time of death. The probability
of clinical recovery related to all the baseline explanatory
variables was evaluated through univariate and multivariate
logistic regression models. All the available variables were
included in the multivariable analysis, without performing
any selection criteria model, in an exploratory setting.
Relapse-free survival was estimated from a 3-month land-
mark by the Simon-Makuch method to include the delayed
entry of patients with clinical recovery over the entire
follow-up. Analyses were performed with STATA 16
(StataCorp, College Station, TX).

Data Availability
Data are available on reasonable request and prior permission
from the iCAβ Network.

Results
Of the 150 consecutive enrolled patients, 11 did not meet
diagnostic criteria for CAA-ri2 after centralized review
(noninflammatory CAA or other diseases), and 26 had no
reporting of follow-up data (eTable 1, links.lww.com/
WNL/B543), which left 113 participants eligible for the
study (Table 1). The mean number of cases per center was
3, ranging from 1 to 16. The geographic distribution of the
eligible cases was as follows: Japan 10%, Brazil 4%, Finland
1%, France 4%, Germany 3%, Hungary 1%, Italy 66%,
Portugal 1%, Spain 5%, New Zealand 1%, Switzerland 1%,
and United States 3%. All patients were from neurology
inpatient clinics. Median follow-up time was 12 months.
Overall follow-up at each time point was 100% at 3 months,
90.3% at 6 months, 69.9% at 12 months, and 29.2% at 24
months.

Baseline Cohort Characteristics at First-Ever
Diagnosis of CAA-ri.
The characteristics of the baseline cohort are reported in
Table 1. Twelve patients had a definite diagnosis of CAA-ri
(10.6%), 81 had probable CAA-ri (71.7%), and 20 had pos-
sible CAA-ri (17.7%). The mean age at onset was 72.9 years;
28.3% were <70 years old; and 43.4% were female. A history
of mild cognitive impairment or AD dementia and radiologic
evidence of past ICH were reported in 36.3% and 33.6% of
patients, respectively; 37.1% were APOEe4 carriers (22.7%
heterozygotes, 14.4% homozygotes). No association between
diagnostic category and APOEe4 emerged (p = 0.366). The
most frequent symptoms at presentation were cognitive
changes (71.7%) and focal neurologic deficits (57.5%). Rel-
atively less frequently reported were seizures (34.5%) and
headache (22.1%). It is noteworthy that 37.2% presented with
a single symptom. None of them appeared overrepresented
compared to patients with multiple symptoms. Among ra-
diologic findings, 60.1% of participants had >10 CMBs. The
copresence of CMBs and cSS was observed in 47.8%, whereas

Table 2 Cumulative Incidence Probabilities of Outcomes at the 3-, 6-, 12-, and 24-Month Follow-up in the iCAβ
International Network Cohort of 113 Patients With First-Ever Diagnosis of CAA-ri

Time point, mo

Incidence probability (95% CI), %

Death Relapse Clinical recovery Radiologic recovery ICH development

3 3.5 (1.3–9.2) Landmark 70.3 (61.6–78.5) 45.1 (36.4–54.8) 7.1 (3.6–13.8)

6 5.5 (2.5–11.8) 6.9 (2.9–15.8) 80.2 (72.2–87.1) 59.3 (50.1–68.7) 9.2 (5.0–16.4)

12 11 (6.2–19.0) 16.2 (9.3–27.6) 84.1 (76.2–90.6) 77.4 (67.7–85.9) 11.9 (6.9–10.3)

24 18.6 (9.7–33.9) 38.3 (22.9–59.2) 84.1 (76.2–90.6) 77.4 (67.7–85.9) 17.1 (8.5–32.7)

Abbreviations: CAA-ri = cerebral amyloid angiopathy–related inflammation; iCAβ = Inflammatory Cerebral Amyloid Angiopathy and Alzheimer’s Disease
βiomarkers; ICH = intracerebral hemorrhage.
Cumulative incidence probability calculated from the beginning of the follow-up for death, clinical recovery, radiologic recovery, and development of new ICH
by the Kaplan-Meier method. Cumulative incidence probability of relapse calculated from a 3-month landmark by the Simon-Makuchmethod to include the
delayed entry of patients with clinical recovery over time. Clinical relapse defined as new-onset symptoms associated with new or worsening MRI findings at
follow-up consistent with CAA-ri2 in participants with previously ascertained clinical recovery. In the case of multiple relapses, only the first relapse was
considered.
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2.7% had only cSS. Of the 93 patients with available T1
postgadolinium MRI sequences, positive contrast enhance-
ment was observed in 63.4%.

Outcomes Evaluation at the 3-, 6-, 12-, and 24-
Month Follow-up

Survival
Overall survival and incidence probability of death are
reported in Table 2. Thirteen patients died during follow-up:
ICH (n = 7), pneumonia (n = 3), cancer (n = 1), status
epilepticus (n = 1), and unknown (n = 1). The subanalysis of

diagnostic category (possible vs definite and probable CAA-
ri)2 did not show any significant effect (p = 0.40) (Figure 3).

Clinical and Radiological Recovery
The cumulative incidence probability of clinical and radio-
logic recovery at the 3-, 6-, 12-, and 24-month follow-up is
reported in Table 2 and eTable 2 (links.lww.com/WNL/
B544).

The majority of patients clinically recovered within 3 months
(70.3%, 95% confidence interval [CI] 61.6%–78.5%), with a
further increase to 80.2% (95% CI 72.2%–87.1%) and 84.1%

Figure 3 Kaplan-Meier Estimates of Probability of Survival, Clinical Recovery, Radiologic Recovery, and ICHDevelopment of
the iCAβ International Network Cohort Registry25 of 113 Patients With First-Ever Diagnosis of CAA-ri

(A) Overall survival, (B) clinical recovery, (C) radiologic recovery, and (D) intracerebral hemorrhage (ICH) development. Data are expressed as incidence
probability (percentage). Diagnostic category (definite andprobable vs possible) diagnosedby clinical presentation, radiologic criteria, or pathologic findings.2

Follow-up time defined as the time elapsed from the date of cerebral amyloid angiopathy–related inflammation (CAA-ri) diagnosis to the date of each in-
person visit at 3, 6, 12, and 24months or last follow-up available. Overall survival defined as the time elapsed from the date of CAA-ri diagnosis to the date of
death or last follow-up visit. Any statistically significant effect emerged between the 2 diagnostic category groups (p = 0.40). Clinical recovery defined by stable
recovery of the acute neurologic signs or symptoms of CAA-ri2 indexed at presentation. For the patients who did not show any recovery, survival time was set
equal to the maximum follow-up time available. Any statistically significant effect emerged between the 2 diagnostic category groups (p = 0.49). Radiologic
recovery defined as complete resolution (disappearance) or the almost unperceivable visualization of the acute inflammatory white matter hyperintensity
lesions2 indexed at presentation based on the blind-to-clinical-features centralized evaluation. For the patients who did not show any recovery, survival time
was set equal to the maximum follow-up time available. Any statistically significant effect emerged between the 2 diagnostic category groups (p = 0.08). ICH
development defined as the time elapsed from diagnosis to the radiologic evidence of new ICH at follow-up. For the patients who did not develop any ICH,
survival timewas set equal to themaximum follow-up time available. Any statistically significant effect emergedbetween the 2 diagnostic category groups (p=
0.84). Continuous blue line indicates 93 total patients with diagnosis of definitive (n = 12) and probable (n = 81) CAA-ri. Dashed blue lines indicate upper and
lower 95% confidence interval (CI) of relapses in definite/probable CAA-ri. Continuous red line indicates 20 patients with diagnosis of possible CAA-ri.
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(95% CI 76.2%–90.6%) from 3 to 6 months and from 6 to 12
months, respectively. The observed rate of radiologic recovery
was slightly slower compared to clinical recovery (45.1% vs 70.3%
at 3 months, 59.3% vs 80.2% at 6 months). After 1 year, the
probabilities of radiologic and clinical recovery were almost equal
(77.4% and 84.1%, respectively). The subanalysis of diagnostic
category did not show any significant association with clinical
recovery (p = 0.49) or radiologic recovery (p = 0.08) (Figure 3).

Intracerebral Hemorrhage
The observed incidence of acute ICH at follow-up is reported
in Table 2 and eTable 2 (links.lww.com/WNL/B544).
Overall, new ICHs occurred in 13 patients, 8 of them (7.1%,
95% CI 3.6–13.8) within the first 3 months. The subanalysis
of diagnostic category did not show any significant effect (p =
0.84) (Figure 3).

A history of ICH (before CAA-ri) and the occurrence of new
ICH at follow-up were more common in patients with cSS

(52.6% vs 14.3%, p < 0.0001 and 19.3% vs 3.6%, p < 0.009,
respectively). No associations emerged between ICH and
CMB number (data not shown).

Relapse and Relapse-Free Survival
The observed probability of relapse was 6.9% (95% CI
2.9%–15.8%) within 3 months, 16.2% (95% CI 9.3%–27.6%)
within 12 months, and 38.3% (95% CI 22.9%–59.2%) within 2
years from the ascertained recovery of the first-ever pre-
sentation (Table 2). All the relapsed patients had >10 CMBs at
baseline. After 3 months from diagnosis (predefined landmark
for recovery), 15 of the 90 patients (16.7%) with clinical and
radiologic recovery had at least 1 CAA-ri relapse at follow-up.
All relapses occurred in patients with definite/probable CAA-ri
(Figure 4).

Given the low number of events, additional analyses on
prognostic predictors of CAA-ri relapse were limited.

Prognostic Factors
Table 3 reports the univariate and multivariate analyses of
factors associated with clinical recovery observed at 3
months by baseline characteristics. Patients presenting with
seizures had a significantly reduced probability of recovery
(odds ratio 0.17, 95% CI 0.04–0.63; p = 0.01). The sensi-
tivity analysis on diagnostic certainty, included in the uni-
variate and multivariate logistic regression models, did not
show any significance.

Drug Treatment
After the first episode, 87 of 113 patients (77%) received high-
dose corticosteroids as 5 IV boluses of 1 g/d methylpred-
nisolone (9 also treated with cyclophosphamide or aza-
thioprine), followed by 1 mg/kg oral prednisone daily and
slow tapering off over several months in 73 (83.9%). Al-
though slow oral tapering off showed no statistically sig-
nificant effects on clinical recovery after first-ever episode
of CAA-ri (hazard ratio 0.74, 95% CI 0.39–1.42; p = 0.37),
recurrence was more likely if IV corticosteroid pulse ther-
apy was suddenly stopped (hazard ratio 4.68, 95% CI
1.57–13.93; p = 0.006).

Of the remaining 26 patients, 6 of 113 (5.3%) received IV
dexamethasone 24 mg for a period of time ranging from 15 to
30 days (2 of 6 followed by tapering off; 1 of 6 also treated
with cyclophosphamide); 6 of 113 (5.3%) received oral
prednisolone at different dose regimens (25–80 mg) and for
different periods of time (7–360 days); 14 of 113 (12.4%)
received no treatment for different reasons (2 of 14
asymptomatic/very mild presentations; 2 of 14 refusal of care;
n = 1 death; n = 3 contraindications to therapy; n = 1 sub-
jected to chronic corticosteroid therapy for other diseases; n =
5 unspecified).

Statistical analysis between different treatment groups, in-
cluding those receiving no treatment, was limited given the
low number of patients and the high heterogeneity in dose

Figure 4 Kaplan-Meier Estimates of Probability of Relapse-
Free Survival of the iCAβ International Network
Cohort Registry25 of 113 Patients With First-Ever
Diagnosis of CAA-ri.2

Data are expressed as incidence probability (percentage). Definite and prob-
able cerebral amyloid angiopathy–related inflammation (CAA-ri) (diagnostic
category) diagnosed by clinical presentation, radiologic criteria, or pathologic
findings.2 Follow-up time defined as the time elapsed from the date of CAA-ri
diagnosis to the date of each in-person visit or last follow-up available. Re-
lapse-free survival defined as the time elapsed from the date of ascertained
clinical and radiologic recovery to the date of first relapse, death, or last follow-
up,whicheveroccurred first. Relapse-free survival estimatedstarting froma3-
month landmark (LM) by the Simon-Makuch method to include the delayed
entry of patients with clinical recovery over the entire follow-up. Analysis in-
cluded all the 90 recovered patients (n = 76 with definite/probable CAA-ri; n =
14withpossibleCAA-riwith first-ever diagnosis receivedatbaseline). Relapses
occurred only in definite/probable CAA-ri (continuous blue line). Dashed blue
lines indicate upper and lower 95% confidence interval (CI) of relapses in
definite/probable CAA-ri. iCAβ = Inflammatory Cerebral Amyloid Angiopathy
and Alzheimer’s Disease βiomarkers;
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Table 3 Logistic RegressionModels Relating the Chance of Clinical Recovery (Within 3Months) to Baseline Characteristics
of the iCAβ International Network Cohort of Patients With First-Ever Diagnosis of CAA-ri

Characteristics Incidence probability (95% CI), %

Clinical recovery within 3 mo

Univariate models Multivariate model

OR (95% CI) p Value OR (95% CI) p Value

Sex

Female 72.2 (57.2–85.5)

Male 76.4 (64.6–86.5) 1.27 (0.50–3.21) 0.62 1.60 (0.45–5.65) 0.47

Age at onset, y

<70 72.7 (53.6–88.9)

≥70 75.4 (64.8–84.8) 1.03 (0.35–3.01) 0.96 0.96 (0.23–3.93) 0.96

History of MCI or AD dementia

No 77.6 (66.2–87.3)

Yes 69.7 (53.9–84.1) 0.65 (0.26–1.66) 0.37 0.61 (0.18–2.02) 0.42

History of ICH

No 76.3 (64.9–86.2)

Yes 71.9 (55.9–86.0) 0.91 (0.35–2.37) 0.85 0.94 (0.28–3.19) 0.92

APOE«4

Noncarriers 72.7 (60.6–83.7)

Heterozygote 81.3 (59.8–95.4) 1.75 (0.45–6.85) 0.42 1.87 (0.37–9.41) 0.45

Homozygote 72.7 (46.1–93.5) 1.08 (0.26–4.50) 0.92 1.56 (0.25–9.90) 0.64

Symptom onset

Cognitive/behavioural changes

No 92.5 (100–65.2)

Yes 94.4 (100–60.6) 0.66 (0.23–1.89) 0.44 0.21 (0.03–1.30) 0.09

Focal deficits

No 63.9 (48.6–79.0)

Yes 81.8 (70.7–90.6) 2.49 (0.98–6.35) 0.06 1.22 (0.32–4.63) 0.77

Seizures

No 81.7 (71.0–90.2)

Yes 61.3 (44.9–78.0) 0.36 (0.14–0.92) 0.03 0.17 (0.04–0.63) 0.01

Headache

No 74.3 (63.7–83.8)

Yes 76.2 (56.9–91.3) 0.97 (0.33–2.86) 0.96 0.62 (0.14–2.79) 0.53

Only 1 symptom

No 71.0 (54.7–85.5)

Yes 76.7 (65.4–86.4) 1.39 (0.54–3.60) 0.49 6.97 (0.88–55.01) 0.07

CMB count

≤4 75.0 (55.2–90.9)

>4 74.7 (64.2–84.1) 0.88 (0.28–2.75) 0.83 1.15 (0.55–2.42) 0.72

Continued
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regimens, times, routes for drug administration, or reasons for
no therapy.

Discussion
These results from the largest international, prospective, longi-
tudinal cohort registry of patients withCAA-ri highlight the acute,
transient, but potentially relapsing inflammatory nature of the
disease and the effectiveness of corticosteroids in preventing
subsequent inflammatory relapses. Our findings suggest that the
spontaneous ARIA-like presentations occurring in CAA-ri could
be part of the widely recognized inflammatory spectrum in Aβ-
driven pathologies of aging. This opens the possibility that CAA-
ri is not a rare manifestation restricted to a subset of patients with
CAA as originally thought. Furthermore, our results points to the
importance of differential diagnosis for CAA-ri in the general AD
population, in particular in patients exposed to immunotherapy,
in whom it may be challenging to separate the natural incidence
of spontaneous ARIA-like presentations from drug-related ARIA.

We found that at presentation 60% of our patients had >10
CMBs, 50% had cSS, and 34% had a history of ICH. The high
prevalence of these well-established surrogate markers of
CAA severity28 further highlights the contributing role of
underlying CAA pathology in the onset of CAA-ri.

Of note, sporadic CAA is a frequent pathologic finding in the
elderly, and at least some degree of CAA is evident in almost
all pathology studies on AD (depending on the method used),
in which it is correlated with age and disease severity.29-32

We found that 36% of our cohort had a previous diagnosis of
mild cognitive impairment or AD dementia before CAA-ri

presentation and 37% were APOEe4 carriers, a prevalence
never reported before in CAA-ri.

APOEe4 is the major single genetic risk factor for sporadic
AD and CAA,33 and there is evidence for its contributing role
in Aβ deposition and clearance, including a regulatory effect
on tau phosphorylation,34,35 neurovascular unit mainte-
nance and repair,36,37 neuroinflammation,38 and impaired
lymphatic drainage of the brain.39

Several reasons may explain the lower prevalence of APOEe4 in
our cohort compared to the 75% recently reported in a retro-
spective, monocentric, series of 33 patients with CAA-ri.9 First, the
latter were diagnosed retrospectively from a clinical cohort of pa-
tients with CAA recruited from 1998 in a highly specialized center
for CAA, where milder cases may be less likely to be referred.
Second, it is important to note that the majority of them were
found in patients with pathology confirmation. This raises the
possibility that the findings might not generalize because biopsies
are likely reserved for challenging diagnostic cases such as younger
patients with atypical or more aggressive presentations. Third, the
mean age at presentation of our cohort was 73 years, which is 4
years older than reported in previous studies4,9 and similar to that
in population studies ofAD.While the high prevalence ofAPOEe4
in sporadic AD is well known (19%–39%, depending on ethnic-
ity), there is evidence that this prevalence decreaseswith increasing
age, particularly from the seventh decade of life. On the basis of
these considerations, our data are likely to reflect the increased
awareness of CAA-ri in the general neurology clinic setting, and
not only by the highly specialized CAA community.

Although CAA-ri has formerly been reported as a severe
presentation characterized by multiple clinical symptoms, it is

Table 3 Logistic Regression Models Relating the Chance of Clinical Recovery (Within 3 Months) to Baseline Characteristics
of the iCAβ International Network Cohort of Patients With First-Ever Diagnosis of CAA-ri (continued)

Characteristics Incidence probability (95% CI), %

Clinical recovery within 3 mo

Univariate models Multivariate model

OR (95% CI) p Value OR (95% CI) p Value

cSS

No 75.0 (61.0–87.0)

Yes 74.5 (62.1–85.4) 1.00 (0.40–2.51) 0.99 0.92 (0.26–3.33) 0.90

Gd contrast-enhanced MRI

No 63.6 (47.7–79.4)

Yes 81.0 (70.1–89.9) 2.42 (0.95–6.20) 0.06 2.63 (0.83–8.31) 0.10

CAA-ri diagnostic certainty2

Definite/probable 72.7 (62.5–82.1)

Possible 85.7 (64.5–97.7) 1.57 (0.40–6.11) 0.51 2.03 (0.41–10.00) 0.38

Abbreviations: AD = Alzheimer’s disease; CAA-ri = cerebral amyloid angiopathy–related inflammation; CI = confidence interval; CMB = cerebralmicrobleed (≤4
CMBs used as reference category); cSS = cortical superficial siderosis; Gd = gadolinium; iCAβ = Inflammatory Cerebral Amyloid Angiopathy and Alzheimer’s
Disease βiomarkers; ICH = intracerebral hemorrhage; MCI = mild cognitive impairment; OR = odds ratio.
The univariate analysis was restricted to the 93 participants with complete available data for all the considered variables.
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noteworthy that 37% of our cohort presented with a single
symptom. This raises the question of the actual under-
recognition of ARIA-like manifestations in the general CAA
and AD population, which carry the risk of CAA-ri. This also
highlights the importance of differential diagnosis for CAA
and CAA-ri in patients with dementia in memory clinics,
particularly for very mild or asymptomatic manifestations of
CAA-ri, which may often be missed if not properly
investigated.40

The immune-mediated mechanisms of spontaneous ARIA-
like and therapy-induced ARIA reported in clinical trials are
likely to be generated by a complex combination of genetic,
vascular, and immunologic risk factors, closely related to the
balance of Aβ intramural periarterial drainage/vascular de-
position and to the dose- and time-related downstream effects
generated by anti-Aβ (auto)antibodies.1,15,23,24,39,41 When
ARIA occur, (1) the severity of preexisting underlying CAA
pathology, (2) the displacement of Aβ from parenchymal
plaques to the vessel walls, and (3) the rapid disaggregation of
Aβ at high doses of the drug, particularly in patients carrying
APOEe4, may play a key role in determining or sustaining the
inflammatory and immune response.19,23,42-44

The contributing role of underlying CAA pathology finds
further support in the acute and focal nature of WMHs in
both CAA-ri and ARIA-E,23,41 which present mainly in pos-
terior occipital regions of the brain where there is a likely
higher CAA burden.45,46

Of note, although ARIA-E presents in brain areas with ex-
tensive removal of Aβ on amyloid-PET, with a mechanism
presumably involving microglial activation,41 similar consis-
tently large amyloid reductions have been observed also in
patients without ARIA-E in open-label extension studies.47,48

This raises the possibility that ARIA-E may not merely rep-
resent a treatment-related complication but may be proof of
an exacerbated drug engagement and efficacy in at-risk pa-
tients. It is likely that future pretreatments or combination
therapies with drugs tailored against CAA will lower the in-
cidence of ARIA.19 Further studies are needed to provide
more generalized evidence for understand the role of CAA on
ARIA onset, progression, and response to therapy.

Our longitudinal study on CAA-ri, which can be considered a
human spontaneous model of ARIA, confirms the transient
nature of the disease, with 70% and 80% of clinical recovery
within 3 and 6 months, respectively, and 84% of full clinical
and radiologic recovery within 1 year. From our data, it is
reasonable to advise firstMRImonitoring after 3months from
CAA-ri presentation, followed by subsequent control MRIs at
6 and 12 months and then yearly. This approach is supported
by the very good prognosis of our cohort and the relatively
small probability of early relapses within 3 months, especially
with a slow tapering of oral corticosteroids. Nevertheless, the
38% of recurrences within 24 months highlight the impor-
tance of maintaining close follow-up monitoring after first

presentation of CAA-ri and of not underestimating new
neurologic symptoms.49

Regarding the prognostic predictors of CAA-ri, our study
shows that neither the MRI hallmarks of CAA nor the pres-
ence of APOEe4 is associated with a worse outcome. This
suggests that although underlying CAA pathology remains the
most accredited risk factor for the onset of CAA-ri, the
prognosis is most likely to be driven by the autoimmune and
focal inflammatory response.

In our work, CAA-ri emerged as a treatment-reversible disease
with a good response to immunomodulatory drugs. Our data
suggest that the prompt management of the inflammatory
process affects clinical outcomes. Although formal statistical
analyses of recovery with respect to treatment were limited
given the high heterogeneity within each group, our data
suggest the use of high-dose corticosteroid pulse therapy for
individuals presenting with CAA-ri. This is in line with recent
observations in a small retrospective study on 27 patients
treated with (any) corticosteroids vs no treatment.9

Our subanalysis of the 87 patients treated with 5 IV boluses of
1 g/d methylprednisolone, followed by 1 mg/kg oral pred-
nisone and subsequent slow tapering off for several months
until radiologic remission, highlights the effectiveness of oral
steroid taper for the prevention of subsequent recurrences.
Unlike CAA and AD, which have no effective treatments,
these results further demonstrate the importance of differ-
ential diagnosis for this potentially treatable and reversible
condition, including the potential use of corticosteroids for
managing symptomatic ARIA-E in patients exposed to im-
munotherapy with monoclonal antibodies targeting Aβ.

This study has several strengths. This is by far the largest
longitudinal study for this rare condition, including patients
with definite, probable, and possible CAA-ri diagnosis,2 as
well outcome comparisons between diagnostic categories. To
date, only single case reports and few small single-center case
series are available, mostly based on anecdotal and retro-
spective observations, making it difficult to interpret the
findings.1,3-9 Here, the risks of selection and information bias
are minimized by the predefined protocol, including pre-
specified CRFs systematically recorded at each consecutive in-
person visit through geographically distributed recruiting
centers,25 the central reading of MRIs, and the central as-
sessment of diagnostic categories.

The main limitation is the lack of validated clinical and ra-
diologic rating scales to quantify disease severity and out-
comes in patients with CAA-ri, mirroring the situation in
current clinical practice. This could have influenced treatment
decisions and interpretations of outcomes. Properly weighted
placebo-controlled randomized clinical trials are mandatory
to confirm our data and to exclude potential Hawthorn effects
of prospective observational studies, as well as potential re-
gional bias in recruitment and management of patients to
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confirm generalizability to other populations. The heteroge-
neity of patients and the lack of specific treatment and clinical-
radiological guidelines make it impossible to further compare
between treatment groups or to study predictors of relapse.

Our patients were enrolled according to current diagnostic
criteria for CAA-ri, which include routine CSF analyses to ex-
clude other causes.2,9 The Model CAA Biomarkers Discovery
and Validation Study on large, independent, international co-
horts with systematic collection of longitudinal CSF and
plasma samples and an extended imaging protocol is the focus
of current research in the iCAβ International Network.25

This study suggests that spontaneous ARIA-like as observed
in CAA-ri may not be a rare inflammatory manifestation of
the widely recognized and diffused Aβ-driven pathologies of
aging.

Our data highlight that the identification of ARIA-like events
in the AD population will be critical in light of primary and
secondary prevention studies of AD and the recent approval
of aducanumab as part of future treatment regimens for AD in
clinical practice. Given the precautions and warnings of po-
tential ARIA side effects associated with such drugs, an in-
creased understanding of the ARIA phenomena and increased
knowledge about how to recognize, treat, manage, and sepa-
rate the incidence of spontaneous ARIA-like events from
drug-related ARIA will be critically important for both treat-
ing clinicians and the patient’s community.50

To optimize benefits and reduce potential risks to patients,
reliable, timely accessible and less costly biomarkers for the
prediction, early diagnosis, response to therapy, and longitu-
dinal monitoring of ARIA are urgently needed.1,16,19,23

If viable clinical and therapeutic guidelines are to be issued, a
wide consensus based on a collaborative effort such as the
iCAβ International Network initiative25 is the only way to
achieve this, avoiding data fragmentation in small case series
and thus conferring a higher potential and impact.

Our data suggest that prompt management of the ARIA-E–
like inflammatory process affects clinical outcomes and rea-
sonably support first-line treatment with 5 IV boluses of 1 g/d
methylprednisolone, followed by 1 mg/kg of oral prednis-
one daily and subsequent slight tapering off over several
months and until radiologic remission to reduce subsequent
recurrences. Immunosuppressive drugs such as azathioprine
and cyclophosphamide6,7,9 or brain biopsy should be con-
sidered for patients who fail to respond to corticosteroid pulse
therapy.
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