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Risk factors in developing
amyloid related imaging
abnormalities (ARIA) and clinical
implications

Sarah J. Doran* and Russell P. Sawyer

Department of Neurology and Rehabilitation Medicine, University of Cincinnati College of
Medicine|UC Health, Cincinnati, OH, United States

Alzheimer's disease (AD) affects over 6 million people over the age of 65. The
advent of new anti-amyloid monoclonal antibodies as treatment for early
Alzheimer's disease these immunotherapeutics may slow disease progression
but also pose significant risks. Amyloid related imaging abnormalities (ARIA)
identified on MRI following administration of these new monoclonal antibodies
can cause both brain edema (ARIA-E) and hemorrhage (ARIA-H). While most
ARIA is asymptomatic, some patients can develop headache, confusion,
nausea, dizziness, seizures and in rare cases death. By analyzing lecanemab,
aducanumab, gantenerumab, donanemab, and bapineuzumab clinical trials;
risk factors for developing ARIA can be identified to mitigate some of the ARIA
risk. Risk factors for developing ARIA-E are a positive Apoe4 carrier status and
prior multiple cerebral microhemorrhages. Risk factors for ARIA-H are age,
antithrombotic use, and history of prior strokes. With lecanemab, ARIA-E
and ARIA-H were seen at lower rates 12 and 17%, respectively, compared to
aducanumab (ARIA-E 35% and ARIA-H 19%) in treated patients. ARIA risk factors
have impacted inclusion and exclusion criteria, determining who can receive
lecanemab. In some clinics, almost 90% of Alzheimer's patients are excluded
from receiving these new anti-amyloid therapeutics. This review aims to discuss
risk factors of ARIA and highlight important areas for further research. With
more anti-amyloid monoclonal antibodies approved by the Food and Drug
Administration, considering patient risk factors for developing ARIA is important
to identify to minimize patient’s risk while receiving these new therapies.
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Introduction

Alzheimer’s disease effects an estimated 6.5 million Americans over 65 years old (Author,
2022). With new anti-amyloid monoclonal antibody therapeutics, there is a possibility of
slowing disease progression. However, this is not without risk as these new anti-amyloid
therapeutics have been associated with abnormal MRI findings called Amyloid related imaging
abnormalities (ARIA). While usually asymptomatic, ARIA can sometimes lead to confusion,
encephalopathy, seizures and in very rare cases death (Barakos et al., 2022; Jeong et al., 2022;
Reish et al., 2023; Sims et al., 2023). The risk of developing ARIA has been associated with drug
dosage, age, microhemorrhages, Apo €4 allele, history of prior strokes and antithrombotic use
(Barakos et al., 2022; Filippi et al., 2022), and these risk factors have impacted FDA inclusion
and exclusion guidelines in administration of lecanemab (Supplementary Table SI).
Understanding these risk factors as these anti-amyloid therapies become more widely available
is an important consideration prior to initiating therapy.
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What is ARIA?

ARIA is a term developed in 2011 by the Alzheimer Association
Research Roundtable work-group to identify and classify MRI
findings in association with anti-amyloid monoclonal therapeutics
(Sperling et al., 2011, 2012). ARIA can be divided into two distinct
imaging findings associated with different risk factors. The first is
amyloid related imaging associated edema or effusion (ARIA-E) is
associated with parenchymal edema or sulcal effacement associated
with hyperintensities on MRI in T2 weighted imaging or Fluid
attenuated inversion recovery (FLAIR) imaging with no associated
diffusion restriction on diffusion weighted imaging (Agarwal et al.,
2023; Roytman et al.,, 2023) [Figures 1A,B reproduced from Sperling
etal, 2011 with permission from Wiley] (Sperling et al., 2011). While
ARIA-E is seen unilaterally in two thirds of cases, it can be seen
bilaterally (Barakos et al., 2013). Amyloid related imaging associated
hemorrhage (ARIA-H) is the second ARIA seen with anti-amyloid
therapeutics. ARIA-H is described as sulcal or leptomeningeal
hemosiderin deposits or parenchymal microhemorrhages seen on
susceptibility weighted imaging or gradient echo sequence on MRI
(Barakos et al., 2013; Arrighi et al., 2016) [Figures 1C,D reproduced
from Sperling et al. (2011) with permission from Wiley] (Sperling
etal., 2011).

The proposed pathophysiology of ARIA in the setting of anti-
amyloid therapeutics is a result of inflammation causing increased
leakiness of brain vessels (Withington and Turner, 2022; Hampel et al.,
2023). The mobilization of the amyloid plaques in blood vessels of the
brain is causes inflaimmation with resultant in swelling and
microhemorrhages seen on MRI (Hampel et al., 2023). ARIA-E is
thought to cause proteinaceous effusion or vasogenic edema. While
the exact mechanism of ARIA-E is unknown, it is thought to be similar
to cerebral amyloid angiopathy related inflammation (CAA-ri)
(Martinez-Lizana et al., 2015; Yang et al., 2023), where perivascular
inflammation due to amyloid or removal of amyloid plaque causes
vasogenic edema that can cause MRI changes seen in CAA-ri or with
association of anti-amyloid therapies (Martinez-Lizana et al., 2015;
Antolini et al,, 2021; Piazza et al., 2022). In fact, the amount of amyloid
or amyloid burden can be associated with increased risk of ARIA
(Klein et al., 2019).

Following anti-amyloid therapeutic administration, small
microhemorrhages or hemosiderosis can form termed
ARIA-H. ARIA-H is thought to develop in via similar mechanism to
ARIA-E, development resulting from vascular leakiness of blood
products into the brain parenchyma that results in small
microhemorrhages or hemosiderosis (Salvarani et al., 2016; Hampel
et al, 2023; Yang et al., 2023). Microhemorrhages, similar in
appearance to ARIA-H are also seen with cerebral amyloid angiopathy
(CAA) and are associated with increased age (Salvarani et al., 2016;
Piazza et al., 2022).

ARIA time course

The risk of developing either ARIA-H or ARIA-E is highest when
first starting the anti-amyloid therapeutic (Filippi et al., 2022; Wang
et al., 2022). ARIA-E incidence after initiation of bapineuzumab is
highest between infusion two and three at 9% (Sperling et al., 2012).
Incidence of ARIA-E decreases significantly after the second infusion
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of bapineuzumab with 0.7% of ARIA-E after the last infusion (5th)
(Barakos et al., 2022). In the aducanumab trials the incidence of
ARIA-E was highest in the first 6 months of infusions (Wang et al.,
2022). The incidence of ARIA-H is also thought to decrease the longer
a patient is on the anti-amyloid drug, but this is not as thoroughly
reported (Barakos et al., 2022; Filippi et al., 2022).

The incidence of ARIA is variable with the different anti-amyloid
therapeutics with ARIA-E incidence ranging from 0.9-40.6% (Table 1;
Carlson et al., 2016; Avgerinos et al., 2021; Barakos et al., 2022; Jeong
et al,, 2022; Salloway et al., 2022; Vaz et al., 2022). The incidence of
ARIA-H ranges from 0.5-28.4% (Barakos et al., 2022; Hampel et al.,
2023). The variation in ARIA incidence may be due to the anti-
amyloid antibody’s target. The highest incidence of ARIA has been in
studies where the anti-amyloid therapeutic targeted the N terminus of
the amyloid beta, while targets of the C terminus or mid-domain had
lower incidences of ARIA (Avgerinos et al., 2021; Filippi et al., 2022;
Yadollahikhales and Rojas, 2023). However, differences in population
and study design may also contribute to differences in
ARIA incidences.

ARIA-E and ARIA-H tend to be asymptomatic with most anti-
amyloid therapies, however some ARIA can be severe, even leading to
death (Sims et al., 2023). In the lecanemab trial of the 12.6% of treated
patients developed ARIA-E and 22.1% of patient’s that developed
ARIA-E had symptoms (van Dyck et al., 2023). Similarly with ARIA-H
in the lecanemab trial 17.3% of treated patients developed ARIA-H
and only 0.4% of patients that developed ARIA-H had symptoms (van
Dyck et al,, 2023). Symptoms with ARIA are typically headache,
confusion, gait instability and vomiting (Barakos et al., 2022;
Yadollahikhales and Rojas, 2023). However, severe reactions such as
brain swelling, seizure and death have been reported with ARIA
(Klein et al., 2022; Reish et al., 2023).

With discontinuation of the medication ARIA-E typically resolves
within 6 months. However, some instances of ARIA-E have required
short doses of corticosteroids, similar to the treatment of CAA-ri
(Antolini et al., 2021; Filippi et al., 2022; Klein et al., 2022; Withington
and Turner, 2022; Hampel et al., 2023). Recurrence of ARIA-E is seen
in 25.6% of patients after resuming anti-amyloid therapy (Sperling
etal, 2012; Ketter et al., 2017; Filippi et al., 2022). Even resuming anti-
amyloid monoclonal antibody at a lower dose is associated with
almost 15% development of ARIA-E relapse (Barakos et al., 2022;
Filippi et al., 2022). ARIA-H unfortunately does not resolve with
discontinuation of the drug and persists after identification on MRI
(Arrighi et al., 2016; Klein et al., 2022).

Dose dependent

A dose dependent relationship with increased doses of anti-
amyloid therapeutics and ARIA has been seen with most of the anti-
amyloid monoclonal antibodies that have gone to clinical trials. In the
two phase 3 bapineuzumab studies; ARIA-E was seen in 5.6% of
0.5mg/kg group, 13.4% of 1 mg/kg group and 19.9% of 2 mg/kg group
(Sperling et al., 2012; Barakos et al., 2013). In a phase 3 aducanumab
study participants given 6 mg/kg had a 21.2% incidence while the
10mg/kg group had a 35.2% incidence of ARIA-E (Barakos et al.,
2022; Budd Haeberlein et al., 2022; Filippi et al., 2022; Vaz et al., 2022).
Similarly lecanemab patients that received 10mg/kg had a 9.9%
ARIA-E incidence while the 5mg/kg group had a 3.3% incidence and
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FIGURE 1

(A,B) ARIA-E which occurred during a monoclonal antibody trial, as seen on fluid attenuation inversion recovery (FLAIR) magnetic resonance images
demonstrating increased signal in multiple regions of the right hemisphere affecting both gray and white matter. (C) Microhemorrhage (mH) and
superficial siderosis. (C) White arrows indicate multiple 1-to 3-mm dark foci in the right inferior temporal and occipital lobes, typical of the appearance
of mH. Red arrow indicates inferior sagittal sinus, and yellow arrow indicates susceptibility artifact, because vascular structures and artifacts can
sometimes mimic the appearance of mH and siderosis. (D) White arrows indicate curvilinear dark sulci in the right frontal lobe, typical of the
appearance of superficial siderosis. Both images were acquired at 1.5T with a two-dimensional long TE (30 ms) GRE sequence.

TABLE 1 A table showing the incidence of ARIA-H and ARIA-E comparing Lecanemab (10 mg/kg), Aducanumab (10 m/kg), and Donanemab (700 mg for
three infusions and then 1,400 mg).

Lecanemab (1 Omg/kg) Aducanumab (1 Omg/kg) Donanemab (1,400 mg)
ARIA-H 17.3% (155) Separated 31.4% (268)
Microhemorrhages 14.0% (126) 19% (197) 26.8% (229)
Superficial siderosis 5.6% (50) 14.7% (151) 15.7% (134)
ARIA-E (Total) 12.6% (113) 35.2% (362) 36.8% (314)
Symptomatic ARIA-E 2.8% (25) 9.1% (94) 6.1% (52)
Asymptomatic ARIA-E 9.7% (88) 26% (268) 17.9% (153)

ARIA-E separated by ApoE

ApoE —/— 5.4% (15/278) 20.3% (72/355) 15.7% (40/255)
APOE —/+ 15.8% (52/479) 43% (290/674) 22.8% (103/452)
APOE +/+ 32.6% (46/141) Included in carriers 40.6% (58/143)

ARIA-H is further separated by microhemorrhages and superficial siderosis. ARIA-E is separated into symptomatic vs. asymptomatic ARIA-E. Incidence of ARIA-E is then separated by apoE
carrier status (—/— being a non carrier; +/— carrying one copy of the apoE €4 allele; +/+ carrying two apoE €4 alleles). Data is adapted from van Dyck et al. (2023), Salloway et al. (2022), and
Sims et al. (2023).
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2.5mg/kg group had a 1.9% incidence of ARIA-E (Honig et al., 2023;
van Dyck et al., 2023).

Dose dependent incidence of ARIA-H is not as evident. In
bapineuzumab studies ARIA-H incidence is 24.9 and 28 and 28.4% in
the bapineuzumab doses 0.5 mg/kg, 1 mg/kg and 2 mg/kg, respectively
(Barakos et al., 2013; Arrighi et al., 2016; Roytman et al., 2023). In the
aducanumab studies ARIA-H (microhemorrhages) was seen in 16%
of the patients treated with the low dose and 20% in the patient’s
treated in the high dose (Budd Haeberlein et al., 2022; Cummings
et al., 2022). Incidence of ARIA-H is associated with ARIA-E, where
the patients that have ARIA-E have higher incidence of ARIA-H
(Barakos et al., 2022; Filippi et al., 2022). In the lecanemab study,
17.3% of all treated patients developed ARIA-H, however 48.4% of
patients that developed ARIA-H also developed concurrent ARIA-E
(Cummings et al., 2023; van Dyck et al., 2023).

ApoE 4

Patients that carry the apoE €4 allele have higher risk for
developing Alzheimer’s disease than non-carriers (Raulin et al., 2022;
Lou et al., 2023). Patients that carry the apoE &4 allele also have a
higher risk of leaky vessels or blood brain barrier permeability, likely
leading to increased microhemorrhages or edema (Montagne et al.,
2020; Moon et al.,, 2021; Chen et al., 2023). The apoE &4 allele is
associated with increased cerebral amyloid deposition in blood vessel
walls (Antolini et al., 2021). Pretreatment, patients with this allele have
higher risks of CAA and cerebral microhemorrhages (Ulrich et al.,
2018; Piazza et al., 2022).

Carriers of the apoE €4 allele has been shown to correlate with
increased blood brain barrier permeability (Montagne et al., 2020;
Moon et al., 2021; Chen et al., 2023), likely this is related to increased
risk of ARIA seen with apoE &4 allele carriers in anti-amyloid
therapeutic trials (Barakos et al., 2022). Homozygosity of the apoE
allele also seems to increase incidence of ARIA-E and ARIA-H
(Salloway et al., 2022; Sims et al., 2023; van Dyck et al., 2023). In the
bapineuzumab studies patients with one copy of the apoE &4 allele
(heterozygotes) had a hazard ratio of 4.10 in developing ARIA-H and
those with two apoE &4 alleles (homozygotes) had a hazard ratio of
12.79 (Barakos et al., 2013; Arrighi et al., 2016; Filippi et al., 2022). In
lecanemab studies 39% of people with two apoE e4 alleles developed
ARIA-H compared to 19.7% of apoE &4 allele carriers, with only 11.9%
of noncarriers developed ARIA-H (van Dyck et al., 2023).

A similar association was seen between ARIA-E and apoE &4 allele
carriers (one or two alleles). In studies with gantenerumab,
donanemab, aducanumab, and lecanemab patients with the apoE €4
allele have increased association with developing ARIA-E (Budd
Haeberlein et al., 2022; Wang et al., 2022; Withington and Turner,
2022; Qiao et al.,, 2023; Roytman et al., 2023; Sims et al., 2023; van
Dyck etal.,, 2023). In the gantenerumab studies, apoE €4 carriers were
5 times more likely to develop ARIA-E than noncarriers (Joseph-
Mathurin et al., 2022). In the aducanumab study, patients that were in
the 10 mg/kg treated group that were apoE €4 carriers had an ARIA-E
incidence of 43% vs. an incidence of 18% in noncarriers (Barakos
et al.,, 2022; Withington and Turner, 2022; Hampel et al., 2023). Again,
homozygosity of ApoE €4 allele in the aducanumab study was
associated with significantly increased hazard ratio of developing
ARIA-H compared to heterozygotes and noncarriers (Budd
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Haeberlein et al., 2022; Cummings et al., 2022; Salloway et al., 2022).
Of'the 21/25 participants in the lecanemab study that had symptomatic
ARIA-E were apoE €4 carriers (van Dyck et al., 2023). In lecanemab
studies 15.4% of apoE €4 heterozygotes developed ARIA-E while only
5.4% of noncarriers developed ARIA-E (Honig et al., 2023; Qiao et al.,
2023; van Dyck et al., 2023). Similarly 40% of apoE €4 homozygotes
had ARIA-E, while 22.8% of apoE e4 heterozygotes developed ARIA-E
(Sims et al., 2023).

Case reports suggest that while symptomatic ARIA is relatively
uncommon, apoE €4 homozygotes are more likely to be symptomatic
and have severe clinical manifestations requiring corticosteroids. A
participant who had apoE €4 homozygosity treated with aducanumab
developed severe ARIA-E with headaches, encephalopathy and alexia
requiring treatment with corticosteroids (Filippi et al., 2022); while
another participant homozygous with apoE €4 treated with
aducanumab had severe ARIA-E developing encephalopathy,
epileptiform discharges, malignant hypertension and required
corticosteroids (Vande Vrede et al., 2020). While symptomatic ARIA
is rare it is more common in apoE &4 carriers, especially those that are
homozygous ARIA is more likely to be symptomatic and severe
(Vande Vrede et al., 2020; Barakos et al., 2022; Honig et al., 2023).

Cerebral microhemorrhages

Existing cerebral microhemorrhages are also a risk factor for
developing significant ARIA-E and ARIA-H. Early studies such as
those with pre-treatment cerebral microhemorrhages treated with
gantenerumab showed an odds ratio of 13.7 for developing ARIA-E
than those without cerebral microhemorrhages (Joseph-Mathurin
et al, 2022; Wang et al., 2022). Patients that have cerebral
microhemorrhages pre-treatment were 1.7 times more likely to
develop ARIA-E than those that did not have microhemorrhages in
the aducanumab trial (Budd Haeberlein et al., 2022; Vaz et al., 2022).
In bapineuzumab trials, participants with cerebral microhemorrhages
at baseline had a hazard ratio of 3.58 in developing ARIA-H (Sperling
et al., 2012; Arrighi et al., 2016). Participants with more than four
microhemorrhages were excluded from the aducanumab and
lecanemab trials due to the risk for increased ARIA-E and ARIA-H
risk (Cummings et al., 2022).

Antithrombotic use

Antithrombotic use is a significant risk factor for developing
ARIA-H. In the bapineuzumab trials antithrombotic use was
associated with a hazard ratio of 2.20 for developing ARIA-H. However,
in the aducanumab studies there was no increased risk of developing
ARIA-H with concomitant aspirin and anticoagulation use. However,
in the recommendations for aducanumab it was recommended that
in patients that develop conditions that require anti-coagulation such
as atrial fibrillation, deep vein thrombosis, or a pulmonary embolism
should stop the anti-amyloid therapy (Cummings et al., 2022). In the
lecanemab trial participants that received aspirin up to 325 mg daily
or clopidogrel up to 75mg were allowed to continue in the trial
(Cummings et al., 2023). However, in the lecanemab trial a participant
who received tissue plasminogen activator for acute ischemic stroke
developed many microhemorrhages leading to death (Reish et al.,
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2023). Use of tissue plasminogen activator is contraindicated in
patients receiving anti-amyloid treatment especially lecanemab
(Cummings et al., 2023).

Age

Age is a risk factor for increased microbleeds and CAA which may
contribute to increased risk of developing ARIA-H. Co-morbid CAA
is thought to be a risk factor for developing ARIA (Sveikata et al.,
2022). Increased amyloid burden has been shown to have increased
risk of ARIA (Klein et al., 2019; Barakos et al., 2022). In the
aducanumab studies there was a slightly increased hazard ratio for
developing ARIA-H (1.06) with increased age while there was no
association between age and ARIA-E. In the gantenerumab study, age
was not associated with increased risk of ARIA, however severity of
ARIA-E was associated with increased age (Joseph-Mathurin et al.,
2022). Age of onset of symptoms should be something to consider as
younger patients are more likely to be associated with apoE &4 allele.
The lecanemab study included a wide range of patients from
50-90 years of age, likely including both late and early onset
Alzheimer’s (van Dyck et al., 2023). It is possible that early-onset and
late-onset Alzheimer’s have different risks and rates of developing
ARIA. Determining the amyloid burden prior to treatment is likely to
play an important role in determining initiation of anti-amyloid
treatment (Klein et al., 2019; Barakos et al., 2022).

Prior strokes

Participants with prior ischemic and hemorrhagic strokes
involving the basal ganglia or large areas of vascular territory were
excluded in the lecanemab study (Cummings et al., 2023; van Dyck
etal., 2023). Participants with prior hemorrhagic or ischemic strokes
have been excluded from anti-amyloid therapeutic trials starting with
gantenerumab (Joseph-Mathurin et al., 2022; Wang et al., 2022). The
presence of more than two lacunar strokes or a stroke in a major
vascular territory were part of the exclusion criteria for lecanemab as
strokes have been associated with increased vascular leakiness which
could lead to increased risk for ARIA-H or ARIA-E (Cummings et al.,
2023). For instance, ischemic stroke like symptoms were seen in a
patient treated with donamemab who developed a quadrantanopsia
with FLAIR changes on MRI, thought to be CAA-ri vs. ARIA-E that
resolved 4 weeks later with steroid treatment (Kmeid et al., 2023). In
the lecanemab study, a patient developed stroke like symptoms
resulting in tPA administration that resulted in hemorrhagic strokes
leading to death (Reish et al., 2023).

Other considerations

While trials have been conducted on anti-amyloid therapeutics
for decades, the cumulative effect of years of anti-amyloid monoclonal
antibodies on patients is yet to be determined. Patients who have
received aducanumab or lecanemab commercially have only received
it for months to 18 months (Yadollahikhales and Rojas, 2023). The
long-term effects or other adverse effects have yet to be identified.
Whether there is benefit past 18 months with lecanemab remains to
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be seen. As age has been associated with higher incidence of ARIA, as
patients age and Alzheimer’s disease naturally progresses, there is a
greater risk for developing ARIA or symptomatic ARIA (Mo et al,,
2017; Vaz et al.,, 2022). It is possible that the risk of ARIA over time,
especially in those that are treated over a long period of time may
be cumulative and may be higher than previously reported. However,
itis also possible that early treatment may reduce the cumulative risk
of ARIA, as ARIA risk is highest after initiation of the anti-amyloid
therapeutic (Barakos et al., 2022; Salloway et al., 2022). The full
implications of ARIA and long term anti-amyloid therapeutic use has
not been investigated and is an important area of future research.

While cerebral microbleeds are a risk factor for ARIA it is
unknown whether other vascular changes such as enlarged
perivascular spaces are a risk factor for ARIA (Salloway et al., 2022).
Enlarged perivascular spaces are thought to be a risk factor for CAA
and Alzheimer’s (Foley et al., 2023; Jia et al., 2023; Voorter et al., 2023;
Zebarth et al., 2023). Further research is needed to determine if
enlarged perivascular spaces pre-treatment are a risk factor for
ARIA. Further research would also be needed to evaluate if
perivascular spaces can monitor for risk of developing ARIA-H
or ARIA-E.

Race/ethnicity is also an important consideration as most
participants that were studied in the initial clinical trials for
aducanumab and lecanemab were Caucasian (Mo et al., 2017; Budd
Haeberlein et al., 2022; van Dyck et al., 2023). How these medications
may work in Black, Asian, or Hispanics etc. may be very different than
what has currently been reported. The sample size in other races/
ethnicities besides Caucasian were too small to adequately assess the
incidence of ARIA-H and ARIA-E in these races/ethnicities with
mentioned risk factors.

Sex differences are also a consideration with further use of these
anti-amyloid therapeutics. While there have been no differences in
side effects with ARIA in the initial trials for anti-amyloid therapeutics
(Barakos et al., 2022; Filippi et al., 2022), it is possible that this could
develop as some sex differences have been seen in efficacy of these
therapeutics. For instance, in the lecanemab trial there was a 27%
delay in progression but when split between men and women, 43% of
men had a delay in progression however only 12% of women had a
delay in progression (van Dyck et al., 2023).

Sex differences are seen in patients with Alzheimer’s disease who
are carriers of ApoE &4 allele. Women who have Alzheimer’s and have
apoE &4 allele are shown to have worsened Alzheimer’s symptoms
than men who also have Alzheimer’s and apoE ¢4 allele (Pan et al.,
2023; Walters et al.,, 2023). While sex differences and apoe &4 allele
carrier status were investigated in anti-amyloid therapeutic trial the
interaction of apoE &4 allele and sex differences was not specifically
evaluated. Further research of the interaction of Alzheimer’s and apoE
€4 allele carrier status in patients treated with anti-amyloid
therapeutics is needed.

While currently there has been no association with hypertension
and development of ARIA, it is possible that participants in the trials
were more adherent to their medications than the general public and
that the sample size of the trials were too small (Barakos et al., 2022;
Budd Haeberlein et al., 2022; Filippi et al., 2022). Though a small
sample size 30% of patients with history of hypertension treated with
gantenerumab developed ARIA-E that only 11.9% of patients without
hypertension developed ARIA-E (Joseph-Mathurin et al., 2022).
Given that the proposed pathophysiology of ARIA-E and ARIA-H is
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thought to be due to vascular injury or vascular leakiness, one would
expect that uncontrolled hypertension or other vascular risk factors
like diabetes mellitus or smoking would associate with increased
incidence of ARIA-H and ARIA-E (Barakos et al., 2013).

Discussion

Anti-amyloid monoclonal antibodies have inspired a lot of hope
in the Alzheimer’s disease community. However, risk factors for the
development of ARIA should be assessed and mitigated prior to
starting anti-amyloid therapy. Risk factors to consider include age,
prior stroke and cerebral microhemorrhages, antithrombotic/
anticoagulant use, apoE &4 allele carrier status, and dose of the drug.
Many Alzheimer’s disease patients have many of these risk factors
prior to initiation of anti-amyloid therapeutics. Thus, patient
selection for anti-amyloid therapy should be very rigorous and
patients should understand the risks and limited benefit they may
see from starting such medications. Ultimately, it is likely that there
will be a very small population of Alzheimer’s disease patients that
have minimal risk factors and are able to start these anti-amyloid
therapies. Even in people who can get anti-amyloid therapeutics,
administration every two weeks may not be feasible for 5, 10 or 15
consecutive years. While cumulative ARIA risk and effects of long-
term anti-amyloid therapy use is unknown, rigorous monitoring and
research is needed to fully evaluate safety and efficacy of these new
anti-amyloid therapeutics. Additional risk factors such as long-term
effects, race/ethnicity, sex, perivascular spaces, and additional
vascular risk factors need further research with use of anti-amyloid
monoclonal antibodies.

Unfortunately, many memory clinic patients have the risk factors
for ARIA including age, apoE &4, amyloid burden, anti-thrombotic
use, prior strokes, and prior hemorrhages that would preclude
patient’s from getting these anti-amyloid therapeutics. Given the
FDA’s guidance on exclusion and inclusion criteria for administration
of anti-amyloid therapeutics it has been estimated that only 5% of
patients would be eligible for aducanumab and 8-13% of patients
would be eligible for lecanemab (Rosenberg et al., 2022; Pittock
etal., 2023). While these new therapeutics are exciting and may help

References

Agarwal, A., Gupta, V., Brahmbhatt, P,, Desai, A., Vibhute, P, Joseph-Mathurin, N.,
et al. (2023). Amyloid-related imaging abnormalities in Alzheimer disease treated with
anti-amyloid-p therapy. Radiographics 43:¢230009. doi: 10.1148/rg.230009

Author (2022). 2022 Alzheimer’s disease facts and figures. Alzheimers Dement. 18,
700-789. doi: 10.1002/alz.12638

Antolini, L., DiFrancesco, J. C., Zedde, M., Basso, G., Arighi, A., Shima, A., et al.
(2021). Spontaneous ARIA-like events in cerebral amyloid angiopathy-related
inflammation a multicenter prospective longitudinal cohort study. Neurology 97, E1809-
E1822. doi: 10.1212/WNL.0000000000012778

Arrighi, H. M., Barakos, J., Barkhof, E, Tampieri, D., Jack, C., Melangon, D., et al.
(2016). Amyloid-related imaging abnormalities-haemosiderin (ARIA-H) in patients
with Alzheimer’s disease treated with bapineuzumab: a historical, prospective secondary
analysis. J. Neurol. Neurosurg. Psychiatry 87, 106-112. doi: 10.1136/jnnp-2014-
309493

Avgerinos, K. 1., Ferrucci, L., and Kapogiannis, D. (2021). Effects of monoclonal
antibodies against amyloid-p on clinical and biomarker outcomes and adverse event
risks: a systematic review and meta-analysis of phase III RCTs in Alzheimer’s disease.
Ageing Res. Rev. 68:101339. doi: 10.1016/j.arr.2021.101339

Barakos, J., Purcell, D., Suhy, J., Chalkias, S., Burkett, P, Grassi, C. M., et al. (2022).
Detection and management of amyloid-related imaging abnormalities in patients with

Frontiers in Neuroscience

10.3389/fnins.2024.1326784

some patients, more work must be done to help the wider population
of Alzheimer’s patients.

Author contributions

SD: Writing - original draft. RS: Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1326784/
full#supplementary-material

SUPPLEMENTARY TABLE S1
Inclusion and exclusion criteria for receiving lecanemab infusions adapted
from Cummings et al. (2023).

Alzheimer’s disease treated with anti-amyloid beta therapy. J. Prev Alzheimers Dis. 9,
211-220. doi: 10.14283/jpad.2022.21

Barakos, J., Sperling, R., Salloway, S., Jack, C., Gass, A., Fiebach, J. B., et al. (2013). MR
imaging features of amyloid-related imaging abnormalities. Am. J. Neuroradiol. 34,
1958-1965. doi: 10.3174/ajnr.A3500

Budd Haeberlein, S., Aisen, P. S., Barkhof, E, Chalkias, S., Chen, T., Cohen, S., et al.
(2022). Two randomized phase 3 studies of Aducanumab in early Alzheimer’s disease.
J. Prev Alzheimers Dis. 9, 197-210. doi: 10.14283/jpad.2022.30

Carlson, C., Siemers, E., Hake, A., Case, M., Hayduk, R., Suhy, ], et al. (2016).
Amyloid-related imaging abnormalities from trials of solanezumab for Alzheimer’s
disease. Alzheimer’s Dement. 2, 75-85. doi: 10.1016/j.dadm.2016.02.004

Chen, Y., He, Y., Han, J., Wei, W,, and Chen, E. (2023). Blood-brain barrier dysfunction
and Alzheimer’s disease: associations, pathogenic mechanisms, and therapeutic
potential. Front. Aging Neurosci. 15, 1-17. doi: 10.3389/fnagi.2023.1258640

Cummings, J., Apostolova, L., Rabinovici, G. D., Atri, A., Aisen, P,, Greenberg, S., et al.
(2023). Lecanemab: Appropriate Use Recommendations. J. Prev Alzheimers Dis. 10:356.
doi: 10.14283/jpad.2023.30

Cummings, J., Rabinovici, G. D., Atri, A., Aisen, P, Apostolova, L. G., Hendrix, S.,
etal. (2022). Aducanumab: appropriate use recommendations update. J. Prev Alzheimers
Dis. 9, 221-230. doi: 10.14283/jpad.2022.34

frontiersin.org


https://doi.org/10.3389/fnins.2024.1326784
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1326784/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1326784/full#supplementary-material
https://doi.org/10.1148/rg.230009
https://doi.org/10.1002/alz.12638
https://doi.org/10.1212/WNL.0000000000012778
https://doi.org/10.1136/jnnp-2014-309493
https://doi.org/10.1136/jnnp-2014-309493
https://doi.org/10.1016/j.arr.2021.101339
https://doi.org/10.14283/jpad.2022.21
https://doi.org/10.3174/ajnr.A3500
https://doi.org/10.14283/jpad.2022.30
https://doi.org/10.1016/j.dadm.2016.02.004
https://doi.org/10.3389/fnagi.2023.1258640
https://doi.org/10.14283/jpad.2023.30
https://doi.org/10.14283/jpad.2022.34

Doran and Sawyer

Filippi, M., Cecchetti, G., Spinelli, E. G., Vezzulli, P, Falini, A., and Agosta, F. (2022).
Amyloid-related imaging abnormalities and (-amyloid-targeting antibodies: a
systematic review. JAMA Neurol. 79, 291-304. doi: 10.1001/jamaneurol.2021.5205

Foley, K. E., Weekman, E. M., and Wilcock, D. M. (2023). Mechanisms of ARIA: is it
time to focus on the unique immune environment of the neurovascular unit? Mol.
Neumdegener. 18, 10-12. doi: 10.1186/s13024-023-00667-8

Hampel, H., Elhage, A., Cho, M., Apostolova, L. G., Nicoll, J. A. R., and Atri, A. (2023).
Amyloid-related imaging abnormalities (ARIA): radiological, biological and clinical
characteristics. Brain 146, 4414-4424. doi: 10.1093/brain/awad188

Honig, L. S., Barakos, J., Dhadda, S., Kanekiyo, M., Reyderman, L., Irizarry, M., et al.
(2023). ARIA in patients treated with lecanemab (BAN2401) in a phase 2 study in early
Alzheimer’s disease. Alzheimers Dement 9, 1-12. doi: 10.1002/trc2.12377

Jeong, S. Y., Suh, C. H,, Shim, W. H,, Lim, J. S, Lee, J. H., and Kim, S. J. (2022).
Incidence of amyloid-related imaging abnormalities in patients with Alzheimer disease
treated with anti-B-amyloid immunotherapy: a meta-analysis. Neurology 99, E2092-
E2101. doi: 10.1212/WNL.0000000000201019

Jia, X., Bo, M., Zhao, H., Xu, J., Pan, L., and Lu, Z. (2023). Risk factors for recurrent
cerebral amyloid angiopathy-related intracerebral hemorrhage. Front. Neurol.
14:1265693. doi: 10.3389/fneur.2023.1265693

Joseph-Mathurin, N., Llibre-Guerra, J. J., Li, Y., McCullough, A. A., Hofmann, C.,
Wojtowicz, J., et al. (2022). Amyloid-related imaging abnormalities in the DIAN-TU-001
trial of Gantenerumab and Solanezumab: lessons from a trial in dominantly inherited
Alzheimer disease. Ann. Neurol. 92, 729-744. doi: 10.1002/ana.26511

Ketter, N., Brashear, H. R., Bogert, J., Di, J., Miaux, Y., Gass, A, et al. (2017). Central
review of amyloid-related imaging abnormalities in two phase III clinical trials of
Bapineuzumab in mild-to-moderate Alzheimer’s disease patients. J. Alzheimers Dis. 57,
557-573. doi: 10.3233/JAD-160216

Klein, G., Delmar, P, Voyle, N., Rehal, S., Hofmann, C., Abi-Saab, D., et al. (2019).
Gantenerumab reduces amyloid-p plaques in patients with prodromal to moderate
Alzheimer’s disease: a PET substudy interim analysis. Alzheimers Res. Ther. 11, 1-12.
doi: 10.1186/s13195-019-0559-z

Klein, G., Scelsi, M. A., Barakos, J., Fiebach, J. B., Bracoud, L., Suhy, J., et al. (2022).
Comparing ARIA-E severity scales and effects of treatment management thresholds.
Alzheimers Dement. 14, 1-8. doi: 10.1002/dad2.12376

Kmeid, M., Blanden, A. R., Kaur, N., Clos, S., and Masoud, H. (2023). Abstract
number —224: Stroke mimic—Patient with symptomatic amyloid-related imaging
abnormalities presenting with stroke-like symptoms. Stroke Vasc. Interv. Neurol 3:3. doi:
10.1161/SVIN.03.suppl_1.224

Lou, T., Tao, B., and Chen, M. (2023). Relationship of apolipoprotein E with
Alzheimer’s disease and other neurological disorders: an updated review. Neuroscience
514, 123-140. doi: 10.1016/j.neuroscience.2023.01.032

Martinez-Lizana, E., Carmona-Iragui, M., Alcolea, D., Gémez-Choco, M.,
Vilaplana, E., Sdnchez-Saudinés, M. B., et al. (2015). Cerebral amyloid angiopathy-
related atraumatic convexal subarachnoid hemorrhage: an ARIA before the tsunami. J.
Cereb. Blood Flow Metab. 35, 710-717. doi: 10.1038/jcbfm.2015.25

Mo, J. J., Li, J. Y., Yang, Z., Liu, Z., and Feng, J. S. (2017). Efficacy and safety of anti-
amyloid-f immunotherapy for Alzheimer’s disease: a systematic review and network
meta-analysis. Ann. Clin. Transl. Neurol. 4, 931-942. doi: 10.1002/acn3.469

Montagne, A., Nation, D. A., Sagare, A. P, Barisano, G., Sweeney, M. D,
Chakhoyan, A., et al. (2020). APOE4 leads to early blood-brain barrier dysfunction
predicting human cognitive decline. Nature 581, 71-76. doi: 10.1038/541586-020-
2247-3

Moon, W. J., Lim, C, Ha, I. H., Kim, Y., Moon, Y., Kim, H. ], et al. (2021).
Hippocampal blood-brain barrier permeability is related to the APOE4 mutation status
of elderly individuals without dementia. J. Cereb. Blood Flow Metab. 41, 1351-1361. doi:
10.1177/0271678X20952012

Pan, E, Wang, Y., Wang, Y., Wang, X,, Guan, Y,, Xie, F, et al. (2023). Sex and APOE
genotype differences in amyloid deposition and cognitive performance along the Alzheimer’s
continuum. Neurobiol. Aging 130, 84-92. doi: 10.1016/j.neurobiolaging.2023.06.013

Piazza, F, Caminiti, S. P,, Zedde, M., Presotto, L., Difrancesco, J. C., Pascarella, R., et al.
(2022). Association of Microglial Activation with Spontaneous ARIA-E and CSF levels of
anti-Af autoantibodies. Neurology 99, E1265-E1277. doi: 10.1212/WNL.0000000000200892

Pittock, R. R., Aakre, J. A., Castillo, A. M., Ramanan, V. K., Kremers, W. K., Jack, C.R,,
et al. (2023). Eligibility for anti-amyloid treatment in a population-based study of
cognitive aging. Neumlogy 101, e1837-€1849. doi: 10.1212/WNL.0000000000207770

Qiao, Y., Chi, Y., Zhang, Q., and Ma, Y. (2023). Safety and efficacy of lecanemab for
Alzheimer’s disease: A systematic review and meta-analysis of randomized clinical trials.
Front. Aging Neurosci. 15:1169499. doi: 10.3389/fnagi.2023.1169499

Raulin, A. C., Doss, S. V., Trottier, Z. A., Ikezu, T. C., Bu, G., and Liu, C. C. (2022).

ApoE in Alzheimer’s disease: pathophysiology and therapeutic strategies. Mol.
Neurodegener. 17, 1-26. doi: 10.1186/s13024-022-00574-4

Frontiers in Neuroscience

07

10.3389/fnins.2024.1326784

Reish, N. ], Jamshidi, P, Stamm, B., Flanagan, M. E., Sugg, E., Tang, M., et al. (2023).
Multiple cerebral hemorrhages in a patient receiving Lecanemab and treated with t-PA
for stroke. N. Engl. J. Med. 388, 478-479. doi: 10.1056/NEJMc2215148

Rosenberg, A., Ohlund-Wistbacka, U., Hall, A., Bonnard, A., Hagman, G., Rydén, M.,
et al. (2022). B-Amyloid, tau, neurodegeneration classification and eligibility for anti-
amyloid treatment in a memory clinic population. Neurology 99, E2102-E2113. doi:
10.1212/WNL.0000000000201043

Roytman, M., Mashriqi, E, Al-Tawil, K., Schulz, P. E., Zaharchuk, G., Benzinger, T. L.
S., et al. (2023). Amyloid-related imaging abnormalities: an update. AJR Am. J.
Roentgenol. 220, 562-574. doi: 10.2214/AJR.22.28461

Salloway, S., Chalkias, S., Barkhof, E, Burkett, P, Barakos, J., Purcell, D., et al. (2022).
Amyloid-related imaging abnormalities in 2 phase 3 studies evaluating Aducanumab in
patients with early Alzheimer disease. JAMA Neurol. 79, 13-21. doi: 10.1001/
jamaneurol.2021.4161

Salvarani, C., Morris, J. M., Giannini, C., Brown, R. D., Christianson, T., and
Hunder, G. G. (2016). Imaging findings of cerebral amyloid Angiopathy, Ap-related
Angiitis (ABRA), and cerebral amyloid Angiopathy-related inflammation. Medicine 95,
€3613-e3617. doi: 10.1097/MD.0000000000003613

Sims, J. R, Zimmer, J. A., Evans, C. D., Lu, M., Ardayfio, P, Sparks, J. D., et al. (2023).
Donanemab in early symptomatic Alzheimer disease: the TRAILBLAZER-ALZ 2
randomized clinical trial. JAMA 330, 512-527. doi: 10.1001/jama.2023.13239

Sperling, R. A., Jack, C. R, Black, S. E., Frosch, M. P,, Greenberg, S. M., Hyman, B. T.,
et al. (2011). Amyloid-related imaging abnormalities in amyloid-modifying
therapeutic trials: recommendations from the Alzheimer’s association research
roundtable workgroup. Alzheimers Dement. 7, 367-385. doi: 10.1016/j.
jalz.2011.05.2351

Sperling, R., Salloway, S., Brooks, D. J., Tampieri, D., Barakos, J., Fox, N. C,, et al.
(2012). Amyloid-related imaging abnormalities in patients with Alzheimer’s disease
treated with bapineuzumab: a retrospective analysis. Lancet Neurol. 11, 241-249. doi:
10.1016/S1474-4422(12)70015-7

Sveikata, L., Charidimou, A., and Viswanathan, A. (2022). Vessels sing their ARIAs:
the role of vascular amyloid in the age of Aducanumab. Stroke 53, 298-302. doi: 10.1161/
STROKEAHA.121.036873

Ulrich, J. D,, Ulland, T. K., Mahan, T. E., Nystrom, S., Nilsson, K. P,, Song, W. M., et al.
(2018). ApoE facilitates the microglial response to amyloid plaque pathology. J. Exp.
Med. 215, 1047-1058. doi: 10.1084/jem.20171265

van Dyck, C. H., Swanson, C. J., Aisen, P,, Bateman, R. J., Chen, C., Gee, M., et al.
(2023). Lecanemab in early Alzheimer’s disease. N. Engl. J. Med. 388, 9-21. doi: 10.1056/
NEJMoa2212948

Vande Vrede, L., Gibbs, D. M., Koestler, M., La Joie, R., Ljubenkov, P. A., Provost, K.,
et al. (2020). Symptomatic amyloid-related imaging abnormalities in an APOE e4/e4
patient treated with aducanumab. Alzheimers Dement. 12:€12101. doi: 10.1002/
dad2.12101

Vaz, M., Silva, V., Monteiro, C., and Silvestre, S. (2022). Role of Aducanumab in the
treatment of Alzheimer’s disease: challenges and opportunities. Clin. Interv. Aging 17,
797-810. doi: 10.2147/CIA.S325026

Voorter, P. H. M., van Dinther, M., Jansen, W. ., Postma, A. A., Staals, J., Jansen, J. F.
A., etal. (2023). Blood-brain barrier disruption and perivascular spaces in small vessel
disease and neurodegenerative diseases: a review on MRI methods and insights. J. Magn.
Reson. Imaging, 1-15. doi: 10.1002/jmri.28989

Walters, S., Contreras, A. G., Eissman, J. M., Mukherjee, S., Lee, M. L., Choi, S. E., et al.
(2023). Associations of sex, race, and apolipoprotein e alleles with multiple domains of
cognition among older adults. JAMA Neurol. 80, 929-939. doi: 10.1001/
jamaneurol.2023.2169

Wang, D., Kowalewski, E. K., and Koch, G. (2022). Application of Meta-analysis to
evaluate relationships among ARIA-E rate, amyloid reduction rate, and clinical cognitive
response in amyloid therapeutic clinical trials for early Alzheimer’s disease. Ther. Innov.
Regul. Sci. 56, 501-516. doi: 10.1007/s43441-022-00390-4

Withington, C. G., and Turner, R. S. (2022). Amyloid-related imaging abnormalities
with anti-amyloid antibodies for the treatment of dementia due to Alzheimer’s disease.
Front. Neurol. 13:13. doi: 10.3389/fneur.2022.862369

Yadollahikhales, G., and Rojas, J. C. (2023). Anti-amyloid immunotherapies for
Alzheimer’s disease: a 2023 clinical update. Neurotherapeutics 20, 914-931. doi: 10.1007/
s13311-023-01405-0

Yang, J. Y., Chu, Y. T,, Tsai, H. H., and Jeng, J. S. (2023). Amyloid and tau PET in
cerebral amyloid angiopathy-related inflammation two case reports and literature
review. Front. Neurol. 14:1153305. doi: 10.3389/fneur.2023.1153305

Zebarth, J., Kamal, R., Perlman, G., Ouk, M., Xiong, L. Y,, Yu, D,, et al. (2023).
Perivascular spaces mediate a relationship between diabetes and other cerebral small
vessel disease markers in cerebrovascular and neurodegenerative diseases. J. Stroke
Cerebrovasc. Dis 32:107273. doi: 10.1016/j.jstrokecerebrovasdis.2023.107273

frontiersin.org


https://doi.org/10.3389/fnins.2024.1326784
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1001/jamaneurol.2021.5205
https://doi.org/10.1186/s13024-023-00667-8
https://doi.org/10.1093/brain/awad188
https://doi.org/10.1002/trc2.12377
https://doi.org/10.1212/WNL.0000000000201019
https://doi.org/10.3389/fneur.2023.1265693
https://doi.org/10.1002/ana.26511
https://doi.org/10.3233/JAD-160216
https://doi.org/10.1186/s13195-019-0559-z
https://doi.org/10.1002/dad2.12376
https://doi.org/10.1161/SVIN.03.suppl_1.224
https://doi.org/10.1016/j.neuroscience.2023.01.032
https://doi.org/10.1038/jcbfm.2015.25
https://doi.org/10.1002/acn3.469
https://doi.org/10.1038/s41586-020-2247-3
https://doi.org/10.1038/s41586-020-2247-3
https://doi.org/10.1177/0271678X20952012
https://doi.org/10.1016/j.neurobiolaging.2023.06.013
https://doi.org/10.1212/WNL.0000000000200892
https://doi.org/10.1212/WNL.0000000000207770
https://doi.org/10.3389/fnagi.2023.1169499
https://doi.org/10.1186/s13024-022-00574-4
https://doi.org/10.1056/NEJMc2215148
https://doi.org/10.1212/WNL.0000000000201043
https://doi.org/10.2214/AJR.22.28461
https://doi.org/10.1001/jamaneurol.2021.4161
https://doi.org/10.1001/jamaneurol.2021.4161
https://doi.org/10.1097/MD.0000000000003613
https://doi.org/10.1001/jama.2023.13239
https://doi.org/10.1016/j.jalz.2011.05.2351
https://doi.org/10.1016/j.jalz.2011.05.2351
https://doi.org/10.1016/S1474-4422(12)70015-7
https://doi.org/10.1161/STROKEAHA.121.036873
https://doi.org/10.1161/STROKEAHA.121.036873
https://doi.org/10.1084/jem.20171265
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1002/dad2.12101
https://doi.org/10.1002/dad2.12101
https://doi.org/10.2147/CIA.S325026
https://doi.org/10.1002/jmri.28989
https://doi.org/10.1001/jamaneurol.2023.2169
https://doi.org/10.1001/jamaneurol.2023.2169
https://doi.org/10.1007/s43441-022-00390-4
https://doi.org/10.3389/fneur.2022.862369
https://doi.org/10.1007/s13311-023-01405-0
https://doi.org/10.1007/s13311-023-01405-0
https://doi.org/10.3389/fneur.2023.1153305
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107273

	Risk factors in developing amyloid related imaging abnormalities (ARIA) and clinical implications
	Introduction
	What is ARIA?
	ARIA time course
	Dose dependent
	ApoE ε4
	Cerebral microhemorrhages
	Antithrombotic use
	Age
	Prior strokes
	Other considerations
	Discussion
	Author contributions

	References

