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Alzheimer disease (AD) is the most common form of dementia worldwide. Treatment of AD has mainly been focused on 
symptomatic treatment until recently with the advent and approval of monoclonal antibody (MAB) immunotherapy. U.S. 
Food and Drug Administration–approved drugs such as aducanumab, as well as upcoming newer-generation drugs, have pro-
vided an exciting new therapy focused on reducing the amyloid plaque burden in AD. Although this new frontier has shown 
benefits for patients, it is not without complications, which are mainly neurologic. Increased use of MABs led to the discovery 
of amyloid-related imaging abnormalities (ARIA). ARIA has been further classified into two categories, ARIA-E and ARIA-H, 
representing edema and/or effusion and hemorrhage, respectively. ARIA is thought to be caused by increased vascular perme-
ability following an inflammatory response, leading to the extravasation of blood products and proteinaceous fluid. Patients 
with ARIA may present with headaches, but they are usually asymptomatic and ARIA is only diagnosable at MRI; it is essen-
tial for the radiologist to recognize and monitor ARIA. Increased incidence and investigation into this concern have led to the 
creation of grading scales and monitoring guidelines to diagnose and guide treatment using MABs. Cerebral amyloid angiopa-
thy has an identical pathogenesis to that of ARIA and is its closest differential diagnosis, with imaging findings being the same 
for both entities and only a history of MAB administration allowing differentiation. The authors discuss the use of MABs for 
treating AD, expand on ARIA and its consequences, and describe how to identify and grade ARIA to guide treatment properly.
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Introduction
Alzheimer disease (AD) is a progressive irreversible brain dis-
order that slowly degrades memory and cognitive function and 
is the most common form of dementia worldwide (1). While 
earlier treatment methods focused on symptomatic control, 
recent approvals of monoclonal antibodies (MABs), a set of 
disease-modifying drugs, have provided a way to target the 
pathogenesis itself (1,4). The main pathologic feature of AD 
is an aggregation of toxic amyloid B (Aβ). Disease-modifying 
drugs work by clearing toxic Aβ protein from the brain (1,2). In 
June 2021, the U.S. Food and Drug Administration (FDA) gave 
accelerated approval for aducanumab (Aduhelm; Biogen) as 
a treatment of AD, marking a paradigm shift in the treatment 
approach. This is the first treatment directed at the underlying 
pathophysiologic process with a reduction in Aβ. The FDA has 
determined that there is substantial evidence that aducanumab 
reduces Aβ plaques in the brain and that the reduction in these 
plaques is likely to result in benefits to patients (3,4). 

Recently, a phase III trial of a newer MAB, lecenemab, dis-
played a reduction in cognitive decline, further strengthen-
ing the support for MABs (5,6). Major safety concerns from 
this category of medications were neurologic and classified 
as amyloid-related imaging abnormalities (ARIA). ARIA can 
be further divided into two broad categories: hemorrhage 
(ARIA-H) and edema and/or effusion (ARIA-E). Lacenemab 

showed an incidence of around 21% for these complications 
(3–5,7–9). As MRI is the only modality that can be used to 
diagnose these side effects, the International Collaboration 
for Real-World Evidence in Alzheimer’s Disease (ICARE-AD) 
established guidelines for baseline imaging and serial moni-
toring (10). As MABs become more widespread, close collabo-
ration between neurologists and radiologists is needed before 
and during therapy to plan for image monitoring as per guide-
lines. For radiologists, knowledge about the imaging findings 
of ARIA and the imaging protocol is essential, as the volume 
of treatment-monitoring MRI examinations is expected to 
grow exponentially over the next decade.

Neuropathology of AD
The two primary lesions associated with AD are senile 
plaques and neurofibrillary tangles (Fig 1). Senile plaques 
are extracellular nonvascular aggregates of Aβ, more specif-
ically Aβ-40 and Aβ-42. Senile plaques are derived from the 
abnormal processing of amyloid precursor protein by the β- 
and γ-secretases, resulting in an imbalance in the production 
and clearance pathways (1,11–14). Aβ monomers are cleared 
through enzymatic breakdown and perivascular drainage but 
may aggregate into larger protein complexes like oligomers, 
protofibrils, and mature fibrils. Eventually, these complexes 
deposit in the brain as amyloid plaques (11,12,14). The Aβ-
40 prototype tends to deposit in the vessel wall and forms 
the pathologic basis of cerebral amyloid angiopathy (CAA), 
whereas the Aβ-42 deposits in the brain parenchyma as the 
primary AD plaques. Neurofibrillary tangles are the second 
hallmark of AD, characterized by intraneuronal protein in-
clusions resulting from misfolded and abnormally phosphor-
ylated τ protein aggregation. Neurofibrillary tangles are most 
commonly seen in the entorhinal cortex and hippocampal 
system and have the lowest concentration in the sensorimotor 
regions (1,11,13).

In 2018, the National Institute on Aging and Alzheimer’s 
Association (NIA-AA) research framework moved to an ob-
jective biologic definition of AD where the underlying patho-
logic processes could be documented during postmortem ex-
amination or by in vivo biomarkers (15). Autopsy remains the 
standard for diagnosis, and the NIA-AA uses the ABC scoring 
system for AD neuropathologic changes. This is based on a 
composite of the Thal stage of amyloid deposition (A), the 
Braak stage of neurofibrillary tangles (B), and the Consor-
tium to Establish a Registry for AD (CERAD) neuritic plaque 
score (C) (Fig 2A). The “cascade hypothesis” postulates that 
the accumulation of Aβ in the brain is the primary underly-
ing process driving AD and sets the stage for further aggrega-
tion (16). It is now believed that amyloid plaque deposition is 
the critical initial step in AD pathophysiology (17). Moreover, 
diffuse plaques and benign plaques occur much earlier than 
do neuritic plaques, thus supporting the idea of therapeutic 
intervention in the early stage of the disease with a focus on 
decreased production or increased clearance of Aβ (Fig 2B–
2D) (1,11,15). Accumulation of Aβ in the brain is the primary 
underlying process driving AD pathogenesis with the rest of 
the disease process, like neurofibrillary tangles resulting from 
an imbalance between Aβ production and clearance.
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TEACHING POINTS
	� Accumulation of Aβ in the brain is the primary underlying process driving AD 

pathogenesis with the rest of the disease process, like neurofibrillary τ tangles 
resulting from an imbalance between Aβ production and clearance.
	� While FDG PET is a vital tool in imaging for AD, newer amyloid-specific trac-

ers and τ-specific tracers have both increased specificity and sensitivity when 
compared with those of FDG. These tracers allow earlier identification of 
plaque buildup even before patients become symptomatic and potentially al-
low earlier intervention.
	� Dosage and APOE-e4 carrier status are the most important risk factors for de-

veloping ARIA, and even with dose titration, ARIA usually occurs early. The 
presence of APOE-e4 leads to increased plaque deposition and a significantly 
higher incidence of ARIA.
	� ARIA-E should be the number one diagnostic consideration when parenchy-

mal edema and/or sulcal FLAIR hyperintensity is seen in patients recently ex-
posed to an amyloid-modifying MAB and in whom no evidence of any other 
inciting cause or underlying lesion can be found. 
	� Continuation of therapy in patients with ARIA relies heavily on the radiologist 

properly grading and monitoring the imaging findings. In many cases, therapy 
may continue in asymptomatic patients. ARIA-E is more transient, and therapy 
may continue or be temporarily stopped; stoppage of therapy in patients with 
ARIA-H depends on the severity and whether it is stabilized.
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Updates in Imaging AD
In 2018, with the creation of the AD research framework, 
numerous imaging and cerebrospinal fluid (CSF) biomark-
ers have been recognized (15). The revised definition scheme 
is based on three groups of biomarkers instead of the two 
groups used in the earlier 2011 recommendation: amyloid and 
τ (A and T, respectively). The new criteria labeled as AT(N) 
are based on aggregates of Aβ, τ (neurofibrillary tangles), and 
neurodegeneration or neuronal injury (N). CSF Aβ-42, or 
Aβ-42/Aβ-40 ratio, and amyloid PET are markers for A. CSF 
phosphorylated τ and τ PET are markers for T; anatomic MRI, 
fluorine 18 (18F) fluorodeoxyglucose (FDG) PET, and CSF to-
tal τ serve as markers for N (15). Each category is therefore de-
fined by an imaging and CSF biomarker. The term Alzheimer 
disease can be used only if biomarker evidence of both Aβ and 
pathologic τ is present, independent of clinical symptoms. 

PET is increasingly recognized as a vital tool for earlier di-
agnosis of neurodegenerative conditions, most commonly by 
using 18F-FDG. FDG estimation of brain glucose metabolism 
is nonspecific, and an emerging class of radiotracers targeting 
AD-specific proteins, including Aβ and τ, are offering more 
specific information than conventional structural (MRI) and 
nuclear (FDG PET) imaging (18–20). With the advent of PET/
MRI, a single examination can provide information about two 
of the three defined A/T/N categories. Amyloid CT/MRI-PET 
is widely used for AD with multiple FDA-approved tracers, in-
cluding carbon 11 (11C)–labeled Pittsburgh compound-B, car-
bon 18 (18C)–labeled florbetapir, and 18C-labeled flutemetamol. 
The sensitivity of amyloid PET for AD detection has been 
reported to be 60%–100%, with most studies reporting sensi-
tivities greater than 90% (Fig 3A, 3B) (19,21,22). Although a 
large and wide variety of τ PET ligands exist, 18F-flortaucipir 
is the only one that is FDA approved, with limited availability 
at a few major medical centers (18,19). τ PET also has shown 
a strong ability to discriminate AD from other neurodegenera-
tive disorders, with sensitivity and specificity around 90% and 
95%, respectively (23). Second-generation τ tracers like RO948 

will likely provide even higher levels of specificity once they 
are FDA approved, although more studies are needed (22,24).

While FDG PET is a vital tool in imaging for AD, newer am-
yloid-specific tracers and τ-specific tracers have both increased 
specificity and sensitivity when compared with those of FDG. 
These tracers allow earlier identification of plaque buildup 
even before patients become symptomatic and potentially al-
low earlier intervention.

Emerging Therapies for AD:  
What Is on the Horizon?

Most of the currently approved treatments for AD aim to im-
prove cognitive symptoms without altering the underlying 
course of the disease, best exhibited by cholinesterase inhib-
itors like donepezil. Donepezil exerts its effect by increasing 
levels of available acetylcholine to compensate for the loss of 
functioning cholinergic brain cells (2). The cascade hypothesis 
implies that amyloid plaque deposition is the main pathogene-
sis, setting the stage for other secondary events (16). Therefore, 
most recent trials have focused on stopping amyloid plaque for-
mation and facilitating its removal. This led to the discovery of 
MABs as disease-modifying agents (2,3,5,6). For a long time, 
it was assumed that aggregated Aβ in the extracellular space 
was responsible for the cytotoxic effects on neurons. However, 
there is increasing evidence that prefibrillar soluble forms of 
Aβ are also pathogenic and can cause neuronal injury (Fig 4A) 
(2,11,12). The Aβ-42 form has a higher tendency to oligomerize 

Figure 1. Primary pathophysiology of AD. The two primary lesions as-
sociated with AD are extracellular nonvascular aggregates of Aβ (senile 
plaques) and intraneuronal protein inclusions secondary to aggregation of 
misfolded and abnormally phosphorylated protein τ (neurofibrillary tangles).

Figure 2. Photomicrographs show the evolution of Aβ plaques in AD. 
(A) Diffuse plaques are usually nonneuritic and not associated with glial 
responses or synaptic loss. (B, C) Compact (dense) plaques (B) activate the 
microglial cells with associated synaptic loss, eventually surrounded by dys-
trophic neurites known as neuritic plaques (C). (D) “Burnt-out” plaques are 
end-stage plaques that do not show any accompanying dystrophic neurites. 
Brain accumulation of even diffuse Aβ, however, initiates the AD process 
(cascade hypothesis), thus supporting the idea of a therapeutic intervention 
in the early stage of the disease. (Aβ immunohistochemistry stain; 10 µm.)
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and form amyloid fibrils than the more abundant Aβ-40 pep-
tide (2,11,12). Passive immunization with MABs facilitates Aβ 
clearance by unbundling the amyloid bundles and through mi-
croglia or complement activation (Fig 4B) (8,25). 

In June 2021, after almost 2 decades, the FDA approved a 
new AD medication, aducanumab, an antiamyloid MAB. Adu-
canumab is the first and only MAB directed against Aβ to be 
approved by the FDA for treating AD (3). Subsequently, trials 
for many other MABs (donanemab, gantenerumab) are near 
completion and should be available for clinical use soon. La-
cenemab recently completed the phase III trial with positive 
results and has now been FDA approved (6). Aducanumab has 
only been approved for patients with mild cognitive impair-
ment and mild dementia, with its role in severe and advanced 
AD still being studied.

ARIA: Definition and Mechanism
The Alzheimer’s Association Research Roundtable convened 
a working group in 2010 to provide information and recom-
mendations regarding the imaging abnormalities encoun-
tered in the antiamyloid trials. The working group included 
academic and industry representatives and was tasked with 
providing expert advice regarding FDA concerns related to 
imaging abnormalities associated with MABs. This working 
group termed these abnormalities amyloid-related imaging 

abnormalities, with ARIA-E for edema and/or effusion and 
ARIA-H for hemorrhage (microhemorrhages and superficial 
siderosis) (9). 

AD is characterized by increased parenchymal Aβ accu-
mulation and reduced perivascular clearance, resulting in in-
creased Aβ in the vessel wall and disrupted smooth muscle 
cells (8,26). As AD progresses, cerebral vessels accumulate sig-
nificant amyloid, disrupting vascular integrity and impairing 
perivascular Aβ clearance pathways (1,11,12). After anti-Aβ 
therapy initiation, vessels with preexisting amyloid vascular 
pathologic conditions become more susceptible to vascular 
extravasation events, resulting in ARIA-E (leakage products 
of proteinaceous fluid) and ARIA-H (blood products leaking 
through damaged vessel walls) (9,27). The degree of increased 
vascular permeability depends on the severity of preexisting 
amyloid angiopathy, the efficiency of amyloid clearance, and 
the local inflammatory response (Fig 5) (9,25,27).

The role of Aβ deposition in both CAA and AD is an ex-
cellent example of cross talk between neurodegenerative and 
cerebrovascular diseases with a common underlying mecha-
nism. ARIA seen in trials of anti-Aβ immunotherapy are yet 
another example of an intersection between CAA and AD, 
representing an overload of perivascular clearance pathways 
and the effects of removing Aβ from CAA-positive vessels 
(7,8,25,28). Although Aβ is the main component of neuritic 

Figure 3. Amyloid and τ PET imaging in 
AD in a 72-year-old man with AD dementia. 
(A, B) Axial (A) and coronal (B) PET/CT am-
yloid images (tracer: florbetapir) show ex-
tensive diffuse uptake in the bilateral fron-
toparietal and temporal lobes. (C, D) Mid-
sagittal (C) and lateral sagittal (D) MRI/PET 
τ images (tracer: AV-1451) show moderate 
uptake (arrow) in the temporoparietal lobe 
including the precuneus and posterior cin-
gulate, representing τ deposits. Although 
overlap between the τ and amyloid tracers 
is present, abundant uptake is seen in the 
lateral temporal lobes with the τ ligand but 
not with the amyloid ligand.
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plaques and CAA, the length of Aβ peptide deposits is differ-
ent, with Aβ-42 mainly deposited in neuritic plaques and the 
shorter Aβ-40 being the predominant form deposited in vessel 
walls (11,28). The relationship is more complex as the ARIA 
inflammatory response decreases over treatment, unlike the 
independent progression of CAA. 

The clinical presentations of ARIA and CAA are different. 
Although there are currently minimal data regarding the clin-
ical course associated with ARIA, patients with CAA-related 
inflammation (CAA-RI) are commonly symptomatic and pres-
ent with cognitive decline, seizures, and headaches. In contrast, 
most patients with ARIA are asymptomatic and identified at 
monitoring MRI examinations (28–30).

Risk Factors, Dose Titration, and Timeline
Apart from the drug dosage, apolipoprotein E (APOE-e4) al-
lele carriership and the presence of pretreatment hemorrhage 
(microhemorrhage and siderosis) are the most critical risk 
factors for ARIA (4,9,31–33). A strong correlation was found 
between drug dosage and the presence of ARIA, and most 
cases of ARIA developed during dose titration or after achiev-
ing the target dose. It is standard practice to start at a low 

dose of 1 mg/kg for the first two infusions, moving to 3 mg/kg 
for the third and fourth infusions, 6 mg/kg for the fifth and sixth 
infusions, and finally to the optimum target dosage of 10 mg/
kg from beyond the seventh infusion (4). Titration is usually 
done over a period of 20–24 weeks. The target 10 mg/kg dose is 
administered as an intravenous infusion over approximately 1 
hour every 4 weeks. Despite dose titration, most cases of ARIA 
are seen within the first eight doses during the transient phase 
of presumed loss of vessel wall integrity (4,32,33).

APOE-e4 allele carriership is the second most potent risk 
factor for developing ARIA. One of the most extensive phase 
III studies evaluating aducanumab (EMERGE and ENGAGE) 
showed an increased risk of ARIA-E with APOE-e4 allele car-
riership and pretreatment hemorrhage, with no increase in 
risk for ARIA-H (4). Other studies contradict this finding and 
have shown an increased risk for both ARIA-E and ARIA-H 
with these risk factors (34,35). APOE-e4 is a significant genetic 
risk factor for AD and CAA, contributing to Aβ deposition and 
clearance, τ phosphorylation, and associated neuroinflamma-
tion. Given the high risk, some studies have proposed APOE-e4 
genetic testing before MAB therapy and a higher frequency of 
monitoring image examinations.

Figure 4. Mechanism of action of aducanumab (antia-
myloid MAB). Aβ monomers are needed for regular syn-
aptic functions. However, the oligomers and fibrils set off 
a cascade chain reaction resulting in neuronal loss and 
are the primary targets of aducanumab (A). This includes 
direct action on the amyloid plaque with unbundling, acti-
vation of microglial-induced phagocytosis, and increased 
blood clearance (B).
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Most studies have shown a significantly higher incidence 
of ARIA-E, ranging around 30%–35% in the early part of treat-
ment compared with approximately 15%–20% for ARIA-H 
(4,5,32,35). Although most cases (roughly 74%) are asymp-
tomatic and discovered at MRI, headache is the most com-
mon clinical symptom with ARIA, with other less common 
manifestations being encephalopathy and falls (4,9,31). The 
working group supports the recommendation that the cutoff 
value of four microhemorrhages is used for exclusion in trials 
of amyloid-modifying therapies for AD. This may change with 
time as more information is available (9).

Dosage and APOE-e4 carrier status are the most import-
ant risk factors for developing ARIA, and even with dose ti-
tration, ARIA usually occurs early. The presence of APOE-e4 
leads to increased plaque deposition and a significantly 
higher incidence of ARIA.

MRI Acquisition Protocol
ICARE-AD is a prospective, single-arm, multicenter, re-
al-world observational study to evaluate the safety and effi-
cacy of aducanumab across more than 200 centers in the 
United States. ICARE-AD has proposed an MRI protocol that 
includes details on the pulse sequences and the timeline to 
maintain consistency for detecting ARIA. The summary of the 
protocol (Fig 6) includes a baseline (pretreatment) imaging 
examination, a posttreatment imaging examination before the 
seventh and 12th infusions, and imaging every 6–12 months 
after that for up to 5 years. The mandatory sequences out-
lined in Table 1 include three-dimensional (3D) T2-weighted 
fluid-attenuated inversion-recovery (FLAIR), T2*-weighted 
gradient-recalled echo (GRE), and diffusion-weighted imag-
ing. The FLAIR sequence forms the mainstay for diagnosing 
ARIA-E, and GRE sequences are used to monitor hemor-
rhagic contents. A section thickness of 5 mm or less is rec-
ommended for all sequence types (9,10). Sensitivity to detect 
microhemorrhage and siderosis increases with MRI scanner 
strength, longer echo times, and lower readout bandwidth.

Apart from the standardization of protocol, another essen-
tial factor is the standardization of magnet strength. While 
high-field-strength MRI scanners are likely to have greater 
sensitivity, the use of 1.5-T scanners is endorsed as a minimum 
standard, recognizing that the availability of higher-field scan-
ners is limited to specific centers. If a center has easy availability 
to high-field scanners (3-T or 7-T magnets), it is imperative to 
maintain consistency, not only with the field strength but also 
with the vendor type. This requires close collaboration with the 
clinical team (neurologists), schedulers, and neuroradiologists. 
Every center should identify a few trained neuroradiologists to 
lead this effort with close communication, as even one wrong 
imaging examination can derail the entire monitoring process. 
Although ARIA can occur anytime, clinical suspicion for ARIA 
should be highest early in treatment (4,8,9,34,35). 

Routine surveillance MRI should be supplemented with ad 
hoc MRI in patients with new-onset symptoms potentially as-
sociated with ARIA. This careful monitoring can help detect 
ARIA early. Patient counseling (preferably by the clinical team 
and/or neurologist) regarding ARIA is recommended to avoid 
unnecessary alarm related to imaging results. This can be de-
scribed to patients as “temporary swelling” in the brain and as 
“spots of bleeding” in or on the surface of the brain. Patients 
should also be counseled at the same time that most of these 
imaging manifestations are clinically silent, and it is expected 
for the patient to be asymptomatic despite having positive MRI 
findings.

ARIA Edema and/or Effusion
ARIA-E is characterized by parenchymal edema and/or sul-
cal effusion and remains the most common side effect of 
MABs (4,31,36). In the two phase III trials (EMERGE and EN-
GAGE), 35% of patients on the approved dose had ARIA-E, 
and this was the most common finding at MRI. The most 
commonly reported symptom was headache. These trials also 
showed that the vast majority of these cases were clinically 
asymptomatic and that 98% of ARIA-E cases had resolved at 

Figure 5. Pathophysiology of ARIA. Increased paren-
chymal Aβ accumulation with reduced perivascular 
clearance along with Aβ deposition within the vessel wall 
is seen in AD and CAA, resulting in disruption of arterial 
smooth muscle (1, 2). After anti-Aβ therapy initiation, ves-
sels with preexisting amyloid vascular pathologic condi-
tions become more susceptible to vascular extravasation 
events, resulting in ARIA-E (leakage of proteinaceous 
fluid) and ARIA-H (leakage of blood products) (3). Long-
term therapy results in clearance of vessel wall amyloid 
buildup with reorganization of arterial smooth muscle (4).
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follow-up imaging. ARIA-E occurred most frequently be-
tween 3 and 6 months of treatment, with incidence sharply 
dropping after the first 9 months (4). Parenchymal edema 
is easily detected with T2-weighted FLAIR sequences and 
appears as cortical-subcortical areas of hyperintensity with 
mild gyral swelling and mass effect (Fig 7A, 7B). There is no 
parenchymal enhancement, although subtle leptomeningeal 
enhancement may sometimes be associated secondary to ve-
nous congestion. Unlike conditions with cytotoxic edema 
such as acute infarct, ARIA-E shows increased diffusion 
with high apparent diffusion coefficient values as expected 
along the lines of vasogenic edema (Fig 7B) (4,31,36,37).

Exudates within the sulci are also seen as FLAIR hy-
perintense signal and lack of CSF signal suppression, with 
or without enhancement (Fig 8). Edema and effusion may 
occur separately or together, with different studies show-
ing different results for a higher incidence of either or both 
(5,9,32,36). These changes are most frequently seen in the 
occipital lobes, followed by the frontoparietal lobes, and are 

least common in the cerebellum (9,37). When edema and 
effusion coincide, they are usually seen in the same region 
rather than distant from each other (Fig 9). The grading of 
ARIA-E is dependent on the area of involvement and guides 
the decision on drug continuation. The grading is detailed 
in Table 2 (37,38). A single location with a less than 5-cm 
maximum dimension is graded as mild, whereas more than 
10-cm (one or many) involvement is graded as severe (Fig 
10). Most ARIA-E events (>80%) were asymptomatic and re-
solved with dose adjustment (4,31,36).

ARIA Hemorrhage
ARIA-H is characterized by parenchymal microhemorrhages 
and/or superficial siderosis, with the incidence around 15%–
20% in most clinical trials (4,5,9,32,36). Microhemorrhages 
are more common than superficial siderosis and are defined 
as punctate rounded foci of signal dropout on the gradient 
sequences measuring less than 1 cm (Fig 11). Superficial sid-
erosis manifests as curvilinear areas of signal dropout along 

Figure 6. Dose titration chart and timeline (in weeks) for ARIA monitoring MRI. Current guidelines recommend start-
ing at a low dose of 1 mg/kg for the first two infusions, moving to 3 mg/kg for the third and fourth infusions, 6 mg/kg 
for the fifth and sixth infusions, and finally to the optimum target dosage of 10 mg/kg from beyond the seventh infu-
sion, usually achieved over a period of 20–24 weeks. MRI should be performed within 12 months before initiation of 
therapy and before the seventh (10 mg/kg dose) and 12th infusions for aducanumab, for up to 5 years. For ApoE4 car-
riers, it is recommended to undergo MRI at the fifth (6 mg/kg), seventh (10 mg/kg), 10th, and 12th infusions. MRI should 
also be performed for any new signs or symptoms suggestive of ARIA or any other clinical indication.

Table 1: MRI Acquisition Protocol from ICARE-AD Study*

Imaging Sequence Application

T2-weighted FLAIR (3D) Imaging proteinaceous fluid in ARIA-E: 
Vasogenic edema in the parenchyma
Effusion and exudate in the leptomeninges

T2*-weighted GRE Imaging heme products in ARIA-H: microhemorrhage in the pa-
renchyma, superficial siderosis in the leptomeninges

Diffusion-weighted imaging Differential diagnosis
3D T1-weighted anatomic imaging (optional) Facilitating postprocessing and assessment of disease progression

Source.—Reference 10. 
* Schedule: baseline (pretreatment); posttreatment before the seventh and 12th infusions and every 6–12 months 
thereafter for up to 5 years. 3D = three-dimensional.
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Figure 7. Severe ARIA-E (edema) in a 69-year-old woman receiving aducanumab therapy for AD with headaches and word-finding difficulty. (A, B) Axial MR 
images of the brain show multifocal subcortical edema (arrows) with FLAIR hyperintensity (A) and increased diffusion on the apparent diffusion coefficient 
(ADC) map (B), with a few areas measuring more than 10 cm. (C) Axial follow-up MR image 4 months later shows near-complete resolution of signal intensity 
changes. ARIA-E is most common in the occipital lobes (as in this case) and mimics posterior reversible encephalopathy syndrome (PRES) at imaging.

Figure 8. Mild ARIA-E (effusion) in a 62-year-old 
woman with mild cognitive impairment receiving 
aducanumab therapy. A baseline (pretreatment) 
MRI examination was unremarkable, and an 
amyloid PET examination (not shown) showed dif-
fusely elevated amyloid. Contiguous axial FLAIR 
MR images obtained 9 weeks after initiation of 
therapy show sulcal hyperintensity (arrow) consis-
tent with mild ARIA-E, and therapy was continued. 
Findings were stable at follow-up MRI after 1 
month, with complete resolution after 3 months.

Figure 9. Mild ARIA-E (edema and effusion) in a 61-year-old man receiving aducanumab therapy. (A, B) Baseline pretreatment axial MR image (A) is unre-
markable, with development of effusion (B) in the right occipital lobe (yellow arrow) and edema in the left occipital lobe (white arrow) on an axial MR image 
obtained 3 weeks after the target dose infusion (10 mg/kg). (C) Follow-up MR image after the fourth round of infusion shows near-complete resolution of the 
right occipital effusion (yellow arrow) with worsening of the left occipital lobe edema (white arrow). This was graded as mild throughout and therapy was con-
tinued, with complete resolution of all imaging changes at the seventh-week MRI examination. 
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the brain surface and is the least common manifestation in 
the ARIA spectrum, frequently requiring cessation of therapy 
(Fig 12). The pathologic mechanism for both types of hemor-
rhage is identical, where disruption of the smooth muscle in-

tegrity of the vessel wall results in leakage of heme products 
into the parenchyma and sulci (8,9,35). 

As the grading of severity is dependent on the number of 
microhemorrhages, careful assessment of the baseline number 

Table 2: ARIA Grading Criteria

ARIA Type Mild Moderate Severe

ARIA-E FLAIR hyperintensity confined to 
sulcus and cortex/subcortical 
white matter in one location <5 cm

FLAIR hyperintensity 5–10 cm, or 
more than one site of involve-
ment each measuring <10 cm

FLAIR hyperintensity >10 cm, 
often with sulcal involvement, 
may involve one or more sites

ARIA-H microhemorrhage Four or more new microhemorrhages Five to nine new microhemorrhages 10 or more new microhemorrhages
ARIA-H superficial sid-

erosis
One focal area of superficial sider-

osis
Two focal areas of superficial sid-

erosis
More than two focal areas of su-

perficial siderosis

Figure 10. Severe ARIA-E (effusion) in a 76-year-
old man with worsening headaches receiving 
aducanumab therapy for AD. Axial brain MR 
images from December 2021 (3 weeks after full 
dose) show multifocal exudates along the sulci 
with FLAIR hyperintensity (arrows in A), measuring 
more than 10 cm (severe) with subtle leptome-
ningeal enhancement (B). Treatment was sus-
pended, and complete resolution of effusion was 
noted after cessation of therapy.

Figure 11. Moderate ARIA-H (microhemorrhage) in a 70-year-old man with no clinical symptoms receiving 
aducanumab therapy. Baseline axial GRE MR image (A) was unremarkable, with the development of seven 
new microhemorrhages (arrows in B) depicted on the follow-up image (B) and magnified inset image ob-
tained 7 weeks after the target dose. Therapy was suspended for few weeks and was resumed following documentation of stable 
findings at follow-up MRI. It is important to maintain consistency in the sequence type (T2*-weighted GRE) and scanner type (all ex-
aminations performed with same strengths) as technical factors can result in miscounting of the number of microhemorrhages.
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Figure 12. Moderate ARIA-E (edema) and ARIA-H 
(microhemorrhages, superficial siderosis) in a 
60-year-old woman with headaches receiving 
aducanumab therapy. (A, B) Baseline MRI was 
unremarkable, with sequential MRI performed at 
4 and 8 weeks after full dose. Axial T2*-weighted 
GRE (A) and FLAIR (B) MR images from the 4th- 
week examination show a new area of superficial 
siderosis (arrow in A), two microhemorrhages (ar-
rowheads in A) in the right parietal convexity, and 
a subtle area of effusion (arrow in B) along the left 
frontal sulci. Therapy was suspended given the 
moderate radiographic findings and mild clinical 
symptoms. (C, D) Follow-up axial MR images at 8 
weeks show stable hemorrhagic changes (arrow 
and arrowheads in C) on the T2*-weighted GRE 
image (C) with complete resolution of effusion on 
the FLAIR image (D). Superficial siderosis is the 
least common manifestation of ARIA and can be 
symptomatic, frequently requiring temporary or 
complete cessation of therapy.

at pretreatment MRI is critical. Both types of hemorrhage are 
best seen with gradient and susceptibility-weighted sequences 
(39–41). Currently, the safety of aducanumab in patients with 
10 or more brain microhemorrhages, pretreatment localized 
superficial siderosis, and/or with a brain hemorrhage greater 
than 1 cm within 1 year of treatment initiation has not been es-
tablished; these patients are usually excluded from any clinical 
trials (4,8). The presence of four or fewer microhemorrhages 
or less than two focal areas of superficial siderosis will grade 
ARIA-H as mild, whereas 10 or more microhemorrhages or 
more than two areas of superficial siderosis will qualify it as 
severe (Table 2). Since counting the individual microhemor-
rhages is needed to grade the severity of ARIA-H, a standard-
ized imaging protocol with consistency in the sequence and 
scanner is necessary. Susceptibility-weighted imaging, which 
offers higher spatial resolution, is now standard at most cen-
ters across all vendors (39–41). However, T2*-weighted GRE is 
still the recommendation per clinical trials.

Because increased vascular permeability forms the basis of 
both ARIA-E and ARIA-H, it is common for these entities to 
occur together as both fluid and heme products cross the dam-
aged vessel wall. Some extent of fluid usually extravasates with 
blood, and it is postulated that some amount of ARIA-E almost 
always occurs with ARIA-H (Fig 13). However, the opposite is 
not true, and there is frequently no definite hemorrhagic leak-

age with fluid (4,8,9,36). Moreover, although edema resolves 
with time, the hemosiderin deposition is relatively fixed or may 
become less apparent with subsequent scans, which may be a 
confounding factor and lead to a spurious higher incidence of 
isolated ARIA-H (4). The interrelationship between ARIA-H 
and ARIA-E is also supported by the fact that, in many cases, 
new ARIA-H was seen in the location of prior ARIA-E before 
it occurred or after it had resolved. Nonetheless, these entities 
are graded separately, ultimately deciding the management, 
as discussed in the following section (37,38).

Differential Diagnosis and Interpretation Pitfalls
The term inflammatory cerebral amyloid angiopathy can 
be used as an umbrella term encompassing two subtypes: 
CAA-RI and amyloid β-related angiitis (AB-RA). As discussed 
earlier, there is a significant overlap between the pathophys-
iology of ARIA and CAA-RI (7,26,28). CAA-RI, considered 
a spontaneous human example of ARIA, is an autoimmune 
encephalopathy secondary to autoantibodies targeting Aβ 
protein deposited in the walls of cortical and leptomeningeal 
brain vessels. 

Clinically, CAA-RI ranges from mild cognitive distur-
bances and headaches to rapidly progressive cognitive de-
cline and seizures. This is a potentially reversible condition 
responsive to corticosteroid therapy (29). Imaging features 
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in CAA-RI include unifocal or multifocal areas of subcorti-
cal vasogenic edema with mild mass effect superimposed on 
a background of CAA (microhemorrhages, siderosis, and 
chronic parenchymal hematoma) (Fig 14). Imaging findings 

in CAA-RI are indistinguishable from those of ARIA, with 
the only difference being the clinical history of MAB admin-
istration (7,26,28,37). Because patients with significant back-
ground disease of CAA (five or more microhemorrhages) are 

Figure 13. Mild ARIA-E (edema) and ARIA-H (microhemorrhage) in a 62-year-old woman with no clinical symptoms receiving aducanumab therapy. Sequen-
tial T2*-weighted GRE image and FLAIR MR images, respectively, are unremarkable at baseline (A, B), show solitary microhemorrhage and mild edema at 4 
weeks (C, D), and show progression of edema and microhemorrhages after 8 weeks (E, F). Although the edema is usually reversible, the microhemorrhages 
persist, as is seen on the follow-up MR images in this case. Edema and microhemorrhages can frequently coexist (ARIA-E+H) and are graded separately, with 
the therapy decision based on the highest grade of severity.

Figure 14. Advanced CAA with inflammatory changes (CAA-RI) in a 76-year-old man. (A, B) Axial susceptibility-weighted images show innumerable micro-
hemorrhages in a peripheral lobar pattern. The patient subsequently presented to the emergency department with mental status changes, and MRI was 
performed. (C) Axial MR image shows cortical-subcortical edema (arrow) in the left occipital lobe consistent with acute inflammatory changes (CAA-RI). The 
imaging findings are indistinguishable from those of ARIA, and the differentiation is based primarily on clinical history. Moreover, patients with such a high 
number of microhemorrhages at pretreatment imaging are usually excluded from MAB clinical trials. 
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excluded from MAB trials, any new area of vasogenic edema 
in patients receiving MAB is classified and treated as ARIA 
(4). As Aβ deposition forms the basis for both these condi-
tions, future pretreatments or combination therapies with 
drugs tailored against CAA will likely lower the incidence 
of ARIA.

Apart from CAA-RI, other conditions in the imaging dif-
ferential diagnosis for ARIA-E include posterior reversible 
encephalopathy syndrome (PRES), progressive multifocal en-
cephalopathy, subacute infarcts, and vasculitis. Among these 
conditions, ARIA-E (edema) has a very striking resemblance 
to PRES, with both having a predilection for the occipital 
lobes with petechial hemorrhages and both being reversible 
(9,42–44) (Fig 15). These conditions are excluded based on 
clinical history, and to our knowledge there is no published 
literature in which these conditions were erroneously called 
ARIA. Confluent chronic small vessel ischemic (microan-
giopathic) changes can also mimic subtle areas of ARIA-E. 
However, these develop over a long period, and careful com-
parison with the pretreatment baseline MR images can help 

distinguish these two entities. Despite CAA being one of the 
most significant risk factors for ARIA, monitoring MRI for 
ARIA in patients with CAA should be interpreted the same 
way as for those in patients without CAA (28).

The imaging differential diagnosis for ARIA-E (effusion) 
includes a wide range of conditions that can cause sulcal 
FLAIR hyperintensity, including subarachnoid hemorrhage, 
meningitis, administration of supplemental oxygen, and 
technical factors like poor CSF signal suppression and sus-
ceptibility artifacts (37). Shading artifacts can occur when 
the patient is not centered in the receive coil, resulting in ar-
tifactually hyperintense areas (Fig 16). Differentiating most 
of these conditions from ARIA-E is usually straightforward 
as subarachnoid hemorrhage is picked up quickly at CT and 
meningitis is generally clinically evident. Artifactual causes 
secondary to underlying technical issues typically involve a 
broader region with a geographical band and associated pa-
renchymal signal artifacts (8,9,37). These can be corrected by 
loading the coil correctly, by using the proper size coil for 
patient size, and shimming to reduce inhomogeneity of the 

Figure 15. PRES secondary to hypertensive urgency with subcortical area of edema in the occipital lobes with FLAIR 
hyperintensity (A) and increased ADC values (B). ARIA-E (edema) resembles PRES, with both having a predilection for 
the occipital lobes with the possibility of petechial hemorrhages. However, these conditions are distinguishable based 
on the clinical history, with PRES usually having an acute clinical presentation. 

Figure 16. Shading artifact. Axial MR im-
age (A) shows shading artifact with hyper-
intense signal within the sulci in the tem-
poroparietal regions bilaterally (arrows in 
A) and loss of signal intensity in the frontal 
region on a sagittal direct inversion-recov-
ery MR image (B), secondary to improper 
coil placement. Numerous technical factors 
can cause artifactual FLAIR sulcal hyperin-
tensity, which can mimic ARIA-E (effusion). 
However, it can sometimes be corrected 
by fixing the underlying cause, such as by 
adjusting to the proper size and loading of 
the coil or shimming to reduce inhomoge-
neity of the magnetic field. 
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magnetic field. Isolated ARIA-E (effusion) is uncommon as 
some parenchymal edema usually accompanies effusion in 
the same anatomic region (8).

The two most common causes of cerebral microhemor-
rhages are hypertensive and amyloid angiopathy. Both are 
associated with hemorrhagic and nonhemorrhagic imaging 
features such as cerebral microhemorrhages, cortical super-
ficial siderosis, white matter hyperintensities, and expanded 
perivascular spaces (45,46). One of the most critical distinc-
tions between these two entities is the predilection for loca-
tion, which is peripheral and lobar in CAA and deep arteriolar 
in hypertensive angiopathy (Fig 17). CAA and hypertensive 
arteriopathy can occur together or separately in patients with 
AD, making monitoring for new microhemorrhages challeng-
ing (7,26,28,45). Many of these patients are already excluded 
from clinical trials due to the high number of microhemor-
rhages at the pretreatment screening examination (4,8). How-
ever, any new microbleed or siderosis in patients undergoing 
MAB therapy should be labeled ARIA-H. Counting the num-
ber of microhemorrhages can be a challenging but key com-
ponent of ARIA assessment, further emphasizing the need for 
a standardized imaging protocol. Additionally, it is imperative 
to avoid counting physiologic iron deposition in the basal gan-
glia. Recent efforts have also been made to avoid counting mi-
crohemorrhages found in atypical locations of CAA, such as 
the brainstem and deep gray structures (more commonly as-
sociated with hypertension). Susceptibility-weighted imaging 
performed with the same magnet strength with thin sections 
should alleviate any issues of partial volumizing or confusing 
vessels for microhemorrhages (37,39,40).

ARIA-E should be the number one diagnostic consideration 
when parenchymal edema and/or sulcal FLAIR hyperinten-
sity is seen in patients recently exposed to an amyloid-modify-
ing MAB and in whom no evidence of any other inciting cause 
or underlying lesion can be found.

A multidisciplinary approach with a small core group of 
neurologists and neuroradiologists with knowledge about the 
technical aspects and imaging appearance forms the bottom 
line for successful aducanumab therapy implementation (3,4). 

It is imperative that radiologists are trained in the basics of the 
technical and scientific aspects of ARIA. Decisions on changes 
to aducanumab therapy should be based only on radiologic re-
ports labeled as definite ARIA-H. Early ARIA-E findings can 
be subtle and easily missed on the initial images without any 
clinical consequences (4,8,9). In a retrospective review of mul-
tiple bapineuzumab trial studies, approximately 40% (15 of 36) 
of cases of asymptomatic ARIA-E were initially missed by the 
local readers, with patients remaining asymptomatic and con-
tinuing treatment after ARIA-E occurrence (36,47). It is critical 
not to misinterpret other pathologic conditions such as sub-
arachnoid hemorrhage or PRES as advanced ARIA-E, which 
would necessitate cessation of therapy (28,37,42). Gradually, 
as more cases are seen and discussed over time, the radiologist 
will be more confident about their diagnosis.

Management of ARIA
When the findings of ARIA were noticed during the early part 
of clinical trials, it was stipulated that therapy must be per-
manently discontinued at imaging detection of ARIA. With 
broader usage and a better understanding of ARIA, most pa-
tients with asymptomatic ARIA meeting specific radiographic 
and clinical criteria may continue to receive treatment. Cur-
rently, the management of ARIA includes a combination of 
clinical symptomology and MRI grading severity (4,8,39). As 
ARIA-E is more common and usually transient, the vast ma-
jority of patients can continue therapy either with or without 
temporary suspension (Table 3). As depicted, therapy can be 
resumed even in the severe MRI stages of ARIA-E once the im-
aging findings resolve. Usually, temporary cessation of therapy 
works for almost all of the categories of ARIA-E, with few ex-
ceptions where steroid therapy might be needed (4,8). This is 
not true for the ARIA-H class, as even if it is asymptomatic, 
the detection of 10 or more new microhemorrhages (severe) 
requires permanent discontinuation of therapy (Table 4) (4,8). 
Findings of ARIA-H are irreversible, and no active treatment is 
currently approved for this.

Continuation of therapy in patients with ARIA relies heavily 
on the radiologist properly grading and monitoring the imaging 

Figure 17. Hypertensive angiopathy and 
CAA are the two most common causes of 
cerebral microhemorrhages. Axial suscep-
tibility-weighted image (A) shows a central 
pattern of microhemorrhages characteristic 
of hypertensive angiopathy, whereas on 
the axial susceptibility-weighted image (B), 
amyloid angiopathy is characterized by a 
peripheral/lobar pattern.
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findings. In many cases, therapy may continue in asymptomatic 
patients. ARIA-E is more transient, and therapy may continue 
or be temporarily stopped; stoppage of therapy in patients with 
ARIA-H depends on the severity and whether it is stabilized.

Conclusion
As with multiple other neurologic conditions, immunother-
apy is becoming more prevalent in managing dementia, with 
recently approved MAB therapy being an exciting new fron-
tier. The most common side effects of MABs include ARIA-E 
and ARIA-H, which share a common mechanism of vessel 
leakage. Ascertainment of ARIA plays a vital role in safety 
monitoring and management decisions in antiamyloid MAB 
trials and clinical practice. A conservative monitoring plan 
should be established with a multidisciplinary approach, 
which includes neurologists and radiologists familiar with 
the clinical and imaging aspects of ARIA.
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