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Alzheimer’s disease is the most prevalent form of dementia in the elderly, which is clinically characterized by a gradual and progressive 
deterioration of cognitive functions. The central and early role of β-amyloid in the pathogenesis of Alzheimer’s disease is supported by 
a plethora of studies including genetic analyses, biomarker research and genome-wide association studies in both familial (early-onset) 
and sporadic (late-onset) forms of Alzheimer’s. Monoclonal antibodies directed against β-amyloid demonstrate slowing of the clinical 
deterioration of patients with early Alzheimer’s disease. Aducanumab, lecanemab and donanemab clinical trials showed slowing of 
Alzheimer’s disease progression on composite scores by 25–40% based on the measure used. Anti-β-amyloid antibodies can cause side 
effects of bleeding and swelling in the brain, called amyloid-related imaging abnormalities. Amyloid-related imaging abnormalities 
typically occur early in treatment and are often asymptomatic, and though in rare cases, they can lead to serious or life-threatening 
events. The aim of this review is to evaluate the clinical meaningfulness of anti-β-amyloid therapies amidst amyloid-related imaging 
abnormalities concern in Alzheimer’s disease.
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Graphical Abstract

Introduction
Alzheimer’s disease is the most prevalent form of 
dementia in the elderly, which is clinically characterized by a 
gradual and progressive deterioration of cognitive functions.1

Pathologically, Alzheimer’s disease is marked by synapse and 
neuron loss, β-amyloid (Aβ) plaque deposition, neuritic dys-
trophy, neurofibrillary tangles from hyperphosphorylated tau 
(p-tau), vascular changes and microglia- and astrocyte-driven 
inflammation.2,3 Aβ cascade hypothesis assumes a serial model 
of causality where Aβ triggers a cascade of events leading to 
NFTs, vascular events, inflammation, neurodegeneration and 
clinical dementia.4

Alzheimer’s disease begins with a prolonged preclinical 
stage, lasting 20–30 years, during which Aβ plaques accumu-
late without noticeable clinical symptoms.5 This is followed 
by a prodromal stage, typically lasting 3–5 years, characterized 
by mild cognitive impairment (MCI).6-8 Approximately 15% 
of individuals with MCI progress to dementia within 2 years,9

and around one-third develop Alzheimer’s disease-related de-
mentia over 5 years.10 However, some MCI patients either re-
main stable or revert to normal cognitive function, with 
meta-analyses showing a reversion rate of 26%.11 A major fo-
cus of research is identifying which MCI patients are most likely 
to progress to dementia.12 Globally, it is estimated that 416 mil-
lion people have preclinical Alzheimer’s disease, prodromal 
Alzheimer’s disease or Alzheimer’s disease-related dementia.13

Some MCI individuals do not experience further cognitive 
decline or revert to normal cognition. Population-based stud-
ies comprised of systematic review and meta-analysis found a 
reversion rate of 26%.11 Identifying which individuals with 
MCI may develop dementia is a key goal of current re-
search.12 Worldwide, the estimated number of people with 

preclinical Alzheimer’s disease, prodromal Alzheimer’s dis-
ease and Alzheimer’s disease dementia is 416 million.13

The central and early role of Aβ in Alzheimer’s disease 
pathogenesis is supported by a plethora of studies including 
genetic analyses, biomarker research and genome-wide associ-
ation studies in both familial (early-onset) and sporadic 
(late-onset) forms of Alzheimer’s disease (Fig. 1). The presence 
of Aβ species in the brain—soluble Aβ oligomers formed via 
aggregation of misfolded Aβ monomers—have consistently 
been correlated with acute neurotoxicity and neurodegenera-
tion in Alzheimer’s disease. Preclinical and clinical evidence 
demonstrate that soluble Aβ oligomers, instead of insoluble ag-
gregates (plaques and fibrils), propagate neurotoxicity and dis-
ease progression in Alzheimer’s disease.14 The upstream role of 
Aβ in driving the tau pathology and cognitive deterioration in 
patients with Alzheimer’s disease is reinforced by longitudinal 
Aβ and tau PET imaging studies. PET studies show that cor-
tical Aβ burden needs to surpass a critical threshold prior to 
spreading of tau pathology from medial temporal lobes to 
the neocortex, accelerating cognitive deterioration.15 The se-
quence of pathologies suggests that targeting Aβ should ameli-
orate downstream tau pathology and cognitive decline, as 
observed in clinical trials involving aducanumab, lecanemab 
and donanemab.16-19

Monoclonal antibodies directed against Aβ demonstrate 
slowing of the clinical decline in early Alzheimer’s disease. 
Aducanumab, lecanemab and donanemab clinical trials showed 
slowing of Alzheimer’s disease progression on composite scores 
by 25–40% based on the measure used.16-20 Delaying clinical 
decline can be observed on cognitive scales, functional tools 
and primary composite outcomes. Lecanemab and donanemab 
have been granted standard approval by the US Food and Drug 
Administration (FDA). The clinical outcomes were supported 
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by biomarker changes including marked Aβ plaque lowering de-
monstrated by Aβ-PET and effects on downstream biomarkers 
including p-tau 181, p-tau 217 and glial fibrillary acidic protein 
(GFAP).16-18,21 Monoclonal antibodies directed against Aβ spe-
cies can cause side effects of bleeding and swelling in the brain, 
called amyloid-related imaging abnormalities (ARIA)—ARIA 
with oedema (ARIA-E) and ARIA with hemosiderin deposition 
(ARIA-H).22,23 Incidence and timing of ARIA vary among treat-
ments. ARIA predominantly occurs early in treatment and is 
usually asymptomatic, but rare serious and fatal events, such 
as serious intracerebral haemorrhages >1 cm, have been re-
ported in patients treated with this class of medications.23

Questions have been raised on the clinical meaningfulness of 
Aβ removal and the reported modest benefits, and whether the 
efficacy of the anti-Aβ treatments outweighs the risk of develop-
ing ARIA. What constitutes an abnormal amount (Aβ positive), 
and/or a pathological amount, of Aβ in the brain? What level 
and duration must anti-Aβ be administered for to achieve a 
therapeutic benefit that is clinically meaningful from the per-
spective of a clinician, patient and their care partner?24,25 The 
aim of this review is to evaluate the clinical meaningfulness of 
anti-Aβ therapies amidst ARIA concern in Alzheimer’s disease.

Aβ oligomer toxicity remains 
a chimaera
Aβ neurotoxicity is dependent on the primary structure and 
aggregation state of Aβ. Two major forms of Aβ are produced 

in humans comprising of Aβ1–40 or Aβ1–42 amino acid resi-
dues. The relative proportion of Aβ1–42 is necessary for 
Alzheimer’s disease progression, as the longer form has great-
er propensity to aggregate and confers greater toxicity than 
Aβ1–40.4 Aβ molecules can form various species—low mo-
lecular weight oligomers, high molecular weight oligomers 
(protofibrils) and insoluble fibrils observed in plaques. 
Although Aβ aggregates may act directly on synapses to cause 
neuronal injury or indirectly through activating microglia and 
astrocytes, evidence favours the hypothesis that soluble oligo-
meric Aβ drives Alzheimer’s disease pathogenesis (i.e. the 
oligomer hypothesis).4,26,27 The scientific literature does not 
provide clarity on which specific Aβ oligomeric species are 
pathologically relevant in Alzheimer’s disease. The multipli-
city of Aβ species is a result of native biological variation as 
well as technical variability arising due to lack of standardized 
tools to measure Aβ species. The fundamental question on the 
role of oligomeric Aβ species in cognitive impairment and 
neuronal death in Alzheimer’s disease dementia remains.28

Nonetheless, removal of soluble Aβ aggregates is the ap-
proach adopted in recent clinical trials of Alzheimer’s 
disease.16-19 Lecanemab preferentially targets Aβ protofibrils 
and has been shown to inhibit vascular and inflammatory ac-
tivation. Lecanemab blocks the binding of coagulation factor 
XII and high molecular weight kininogen to Aβ and prevents 
Aβ protofibril-induced acceleration intrinsic coagulation in hu-
man plasma.29 Lecanemab causes lower rates of ARIA com-
pared with other anti-Aβ antibodies such as aducanumab, 

Figure 1 Amyloid beta 42 aggregation drives neurodegeneration and pathology. Schematic showing upstream amyloid beta 42 aggregation 
driving downstream pathology, which results in neurofibrillary tangles, glial dysfunction, neurodegeneration and clinical dementia. Aβ, β-amyloid.
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gantenerumab, or donanemab.16-19 The effective inhibition of 
the vascular and inflammatory activation by lecanemab may 
reduce bradykinin production and therefore reduce the occur-
rence of ARIA in patients.

Binding profiles of anti-Aβ 
antibodies might explain 
efficacy and side effects
The human brain is composed of intricate mixtures of differ-
ent Aβ species of varied sizes, which includes N- and 
C-terminal truncations, and posttranslational modifications. 
Anti-Aβ antibody binding profiles to different Aβ species and 
the specific terminus may explain the efficacy and side effects 
in Alzheimer’s disease (Figs 2 and 3).16,18,20,24,30

There were 1653 and 1638 people with early Alzheimer’s dis-
ease [MCI attributable to Alzheimer’s disease (80%) or moder-
ate Alzheimer’s disease (20%)] in two identically planned 
18-month randomized, double-blind, placebo-controlled, 
parallel-group investigations (ENGAGE and EMERGE), re-
spectively.31 Patients were randomly assigned (in a 1:1:1 ratio) 
to receive placebo or low-dose aducanumab (3 mg/kg for carrier 
of APOE-ϵ4 allele and 6 mg/kg otherwise) and high-dose aduca-
numab (6 mg/kg for carrier of APOE-ϵ4 allele and 10 mg/kg 
otherwise). The drug–placebo difference on the CDR-SB score 
at 78 weeks was selected as the primary outcome measure. 
After safety of the lower doses were established in trials, 
10 mg/kg became an allowable dose for APOE ϵ4 carriers. 
The ENGAGE and EMERGE studies were both halted after a 
futility analysis of data from the first 50% enrolled participants. 
Phase 3 outcomes were further evaluated using larger and more 
extensive data sets through prespecified statistical analyses. The 

EMERGE programme demonstrated that patients receiving 
high-dose aducanumab arm experienced a significant reduction 
in progression of disease specifically on the CDR-SB scale meet-
ing its primary end-point (22% decrease, P = 0.012) at Week 78 
following exploratory analysis.16 The high-dose arm of this trial 
also successfully met its secondary end-points—MMSE, 
ADAS-Cog 13 and AADCS-ADL-MCI. On the other hand, 
ENGAGE trial was unsuccessful at attaining the primary 
and secondary end-points. Sub-analyses of ENGAGE and 
EMERGE results exhibited dose- and time-dependent decreases 
in PET Aβ with aducanumab treatment. Dose-related decreases 
were demonstrated in downstream Alzheimer’s disease biomar-
kers: tau PET, CSF p-tau and plasma p-tau 181.16 These data 
demonstrate that removing Aβ ameliorates the downstream 
tau pathology and cognition. In the high-dose arms, ARIA-E ac-
counted for 35% of adverse events, whereas ARIA-H accounted 
for 19.1%.

Long-term analyses of patients receiving 4 years of aduca-
numab demonstrated a dose- and time-dependent reduction 
in Aβ PET and clinical benefits on the CDR-SB and MMSE.31

Aducanumab was the first anti-Aβ therapy to be approved by 
the FDA in 2021 but will be discontinued by its manufactur-
er (Biogen) in 2024 (not for reasons related to efficacy or 
safety but to refocus resources in Alzheimer’s disease).

Gantenerumab did not lower Aβ below a level presumably 
necessary to slow Alzheimer’s disease progression and pro-
vide one with clinical benefit.31 TRAILBLAZER-ALZ 2 is a 
phase III study of donanemab that enrolled 1800 participants 
with early symptomatic Alzheimer’s disease. Donanemab slo-
wed the rate of clinical decline by 35% in CDR-SB and by 
40% in iADRS for participants with intermediate levels 
(n = 1182) at baseline who also had symptomatic disease 
similar to those evaluated in EMERGE. In the donanemab 
group, ARIA-E occurred in 24% of patients; symptomatic 

Figure 2 Anti-Aβ monoclonal antibodies bind to different species of Aβ42. aa, epitope refers to the location of the targeted amino acid 
from the N-terminal of the Aβ peptide segment; Aβ, β-amyloid; C, C-terminus; N, N-terminus.
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ARIA-E affected 6.1%. In participants who received the do-
nanemab, 31% had ARIA-H events compared with 13% 
receiving placebo.20 Donanemab has received standard 
FDA approval based on the results.31,32

Lecanemab binds to the protofibrils rather than Aβ plaque, a 
preference ratio of 10:1 between lecanemab binding at plaques 
compared with plasma levels and an affinity that is >100-fold 
higher for this target over Aβ monomers. Donanemab targets 
plaque-specific pyroglutamate Aβ. The proposed mechanism 
for all mAbs is reduction of Aβ plaques through microglial- 
mediated phagocytosis and subsequent fibrillar Aß degrad-
ation in the endosomal/lysosomal system. The lecanemab 
clinical trial ‘CLARITY AD’ was conducted in 1795 partici-
pants randomized at a 1:1 ratio to receive either biweekly 
dosing of lecanemab, every 4 weeks (10 mg/kg) or placebo. 
Eligibility was based on age (50–90 years), MCI or mild 
Alzheimer’s disease diagnosis (National Institute on Aging– 
Alzheimer’s Association criteria), 1 SD below the age-adjusted 
mean in objective episodic memory performance, as measured 
with WMS-IV LMII, and Aβ positivity defined by PET imaging 
or CSF measurement of Aβ1–42. CLARITY AD enrolled more 
patients from racial and ethnic minority communities than pre-
vious trails. The global enrolment of a diverse group of partici-
pants (20% non-White) was further enriched by inclusion 
from the USA, with 6.1 and 28.1% Black and Hispanic indivi-
duals among those screened for eligibility, respectively; Black 
and Hispanic participants comprised 4.5 and 22.5% randomly 
assigned to treatment versus standard-of-care tailoring arms). 
The modified intention-to-treat primary end-point of the 
CLARITY AD study was changed from baseline in the 
CDR-SB at 18 months. Lecanemab reduced clinical decline 

on the CDR-SB by 27% over 18 months, corresponding to a 
−0.45-point change (+1.21 versus +1.66) compared with pla-
cebo. Scores for other cognitive measures with lecanemab 
versus placebo (ADAS-Cog, ADCOMS and as well-revised 
BEHAVE-ADFMS) were significantly delayed at 18 months. 
The Aβ PET plaque levels were decreased on lecanemab 
(−55.48 centiloid change) compared with placebo (+3.64 
centiloid change). However, NfL is less tissue specific to 
neurodegeneration than the other markers and has a slower 
change in response compared with Aβ, tau or GFAP 
(neuroinflammation).18,31

A total of 26.4% of patients in the lecanemab arm experi-
enced infusion-related reactions, while 17.3% experienced 
ARIA-H and 12.6% experienced ARIA-E. In the lecanemab 
arm among non-carriers of APOE ϵ4, fewer individuals ex-
perienced ARIA-H (11.9%) and ARIA-E (5.4%); a higher 
number of APOE ϵ4 heterozygotes experienced ARIA-H 
(14%) and ARIA-E (10.9%); and APOE ϵ4 homozygotes 
had the highest incidence of ARIA-H (occurring in 39% of 
patients) and ARIA-E (occurring in 32.6%).18 The FDA 
has given lecanemab traditional approval based on the 
data from CLARITY AD. Lecanemab is also being tested 
in two other clinical trials, a phase 3 trial (AHEAD 3-45) in-
volving CN individuals with high brain Aβ levels and the first 
DIAN-TU prevention study to combine an early anti-Aβ 
therapy with simultaneous tau targeting therapies in patients 
with familial Alzheimer’s disease mutations—pairing lecane-
mab with Eisai’s humanized mAb E2814.33 A subcutaneous 
form of lecanemab is under consideration and may offer 
flexibility of treating patients at home obviating the need 
for saturated infusion centres.

Figure 3 Efficacy and safety of anti-Aβ monoclonal antibodies in phase 3 clinical trials in Alzheimer’s disease. Phase 3 clinical trials 
included bapineuzumab (N = 2452), solanezumab (1169), gantenerumab (1965), crenezumab (1619), aducanumab (3285), lecanemab (1795) and 
donanemab (1182). The bars in the plot show the percentage of ARIA-E and ARIA-H. The annotations shown next to the bars in the plot show the 
percentage of symptomatic ARIA-E and ARIA-H if reported in the clinical trials, marked with an asterisk. *Symptomatic adverse events. Aβ, 
β-amyloid; ARIA, amyloid-related imaging abnormalities; ARIA-E, ARIA-oedema; ARIA-H, ARIA-haemorrhage.
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The reason why lecanemab and donanemab have worked is 
due to the rate and degree of Aβ removal occurring over a suf-
ficiently long period resulting in clinical benefits.24 Lecanemab 
and donanemab effectively removed Aβ18,20; EMERGE (adu-
canumab) that showed Aβ removal over enough time demon-
strated clinical benefit; whereas ENGAGE (aducanumab) that 
showed less Aβ removal did not produce clinical benefit.16 It 
will be interesting to evaluate the epitope binding properties 
of anti-Aβ antibodies to understand their efficacy and side ef-
fect profiles.30 The crucial aspects to understand are the patho-
genic underpinnings of the remaining cognitive decline when 
Aβ is cleared, and whether this residual decline is entirely Aβ 
independent. If this is the case, the work is cut-out to determine 
the substrates (e.g. NFTs) underpinning the residual cognitive 
decline. If Aβ is cleared prior to the development of the disease 
or early in the disease for a long period of time, will this prevent 
and/or lead to (persistent) cognitive improvement?

Defining clinical 
meaningfulness with anti-Aβ 
treatments
A major obstacle is being able to quantify the clinical signifi-
cance of Alzheimer’s disease treatments. The minimal clinically 
important difference (MCID) is the smallest change in score in 
the domain of interest that patients perceive as beneficial and 
which would mandate, assuming experienced no troublesome 
side effect or excessive cost, a change in patient management.34

Meaningful clinical benefits of anti-Aβ treatments are of great 
value to stakeholders—patients, care partners and healthcare 
decision makers including physicians. To our knowledge, em-
pirical information on MCID estimates across a variety of clin-
ical trial outcome assessments to quantify cognitive change in 
dementia has not been systematically collected.35,36 For the 
other problem in dementia, clinical significance was reported 
for just under half of 57 trials (46%).35 There is no standar-
dized approach for estimating MCID. There are two most fre-
quently mechanisms used to define MCID, namely the 
anchor-based approach and distribution-based approach.37,38

An anchor-based approach refers to a meaningful change in an 
outcome measure relative to some external anchor, such as the 
patient’s perception or clinical opinion. The distribution-based 
approach is applicable to clinical trial populations only, be-
cause it calibrates MCID from variation observed among pa-
tients in the trials. Among trials of dementia, estimates for 
MCID have shown substantial variation. A survey of neurolo-
gists and geriatricians reported a mean MCID for MMSE of 
3.75 while the DOMINO trial estimated MMSE to be 1.4 
points.39,40 Another challenge confronted by Alzheimer’s dis-
ease is that the MCID will likely differ across the disease con-
tinuum because calibration of estimates between stages of 
cognitive impairment may vary.41

Clinicians use their evaluation of significant declines in pa-
tients’ cognitive, functional or behavioural characteristics since 
the last visit as a reference point. Over the course of a year, an 

average increase of 1–2 points in the CDR-SB, a decrease of 
1–3 points in the MMSE and an increase of 3–5 points in 
the FAQ are regarded as clinically significant changes. This be-
gins to challenge the notion that thresholds for clinically mean-
ingful decline increase from MCI–AD to moderate–severe 
Alzheimer’s disease on the disease severity spectrum.38 But es-
timates of what constitutes a meaningful change on the basis 
only of baseline score distribution did not vary much and over-
all supported findings from anchor-based questioning. These 
identify known MCID in disease severity that could be used 
to calibrate the MCID on similar scales for use in tests of treat-
ments. The results should be interpreted with caution: The 
National Alzheimer’s Coordinating Centre database, from 
which the data were derived, may not be representative of all 
patients diagnosed with Alzheimer’s disease because patient 
characteristics and enrolment practices vary. Additionally, 
the diagnostic criteria for MCI due to Alzheimer’s disease 
were not consistent with current clinical practice and few sub-
jects underwent biomarker verification. Meaningful changes 
were ascertained by a binary anchor to patients, and what pro-
portion of this is tantamount to the ‘minimum’ threshold re-
mains unclear. The study was based on clinician opinion 
alone, without perceptions from the patient or care partner 
subject to disease variation.42

Available evidence indicates that an end-of-trial Aβ level 
>25 centiloids posits a lack of slowing of disease progression, 
regardless of extent of total reduction in Aβ load. Such patients 
may experience the greatest reductions if they start with high 
baseline Aβ levels compared with a patient whose end-of-trial 
Aβ is >25 centiloids and who shows no benefit.31 Sufficient le-
vels of Aβ reduction were achieved in the positive trials [leca-
nemab, donanemab and aducanumab (EMERGE)], but were 
not achieved in the negative gantenerumab and aducanumab 
(ENGAGE) trials.16-19,43 Because the threshold of Aβ reduc-
tion needed to delay disease progression must be dose related, 
trials using higher doses may reach this necessary level of re-
duced Aβ load. Studies should aim to uncover the appropriate 
weight-adjusted dosing strategy for obtaining brain Aβ expo-
sures within specified dose ranges across a continuum of 
body weights, which will inform patient selection and prescrip-
tion practices in anti-Aβ therapies.31 It appears that a certain 
threshold needs to be met to alter Alzheimer’s disease biology 
to translate into clinical efficacy. A critical range of 15–25 cen-
tiloids is considered of importance in natural history studies of 
Alzheimer’s disease.44,45 If patients who had a negative Aβ 
PET at baseline reached an inflection point of 15–18.5 centi-
loids, this was predictive of future pathological Aβ accrual 
and decline on the Preclinical Alzheimer’s Cognitive 
Composite.46 A threshold of 25 centiloids coincides with the 
peak rate of Aβ accumulation and is correlated with Aβ and 
tau biology.45 Aβ levels of 25 centiloids is associated with in-
creasing p-tau 231 and p-tau 217 levels to 2 SDs above normal. 
Increased tau PET SUVR occurs once Aβ levels surpass the 25 
centiloids landmark.47 Aβ levels ≥25 centiloids coincide with 
cognitive impairment, while cognitive benefit is apparent be-
tween 15 and 25 centiloids, and an association with tau biol-
ogy may instigate accrual of pathological tau biomarkers.31
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In the phase 3 clinical trial, lecanemab lowered CDR-SB 
by a difference of 0.45 compared with placebo, which corre-
sponds to a delay in cognitive decline on the CDR-SB by 
27%. The insidious nature of Alzheimer’s disease progres-
sion renders a 27% slowing in decline difficult to detect 
among key stakeholders such as clinicians, patients, care-
givers and payers.

The clinical meaningfulness of the degree of slowing of clin-
ical decline is contentious. On clinical and functional measures, 
the drug–placebo difference is ∼30%. According to the donane-
mab phase 2 trial results, this drug–placebo difference repre-
sents about a 5-month delay in cognitive decline over an 
18-month study.48 In the phase 3 lecanemab trial, a 0.45 decline 
in CDR-SB was observed with lecanemab compared with pla-
cebo, indicative of a slowed clinical progression by 27%.18

Due to the insidious nature of Alzheimer’s disease progression, 
a 27% slowing in decline is challenging to perceive for stake-
holders including clinicians, patients and their care partners, 
policymakers, payers and regulatory bodies. Simulation model-
ling estimated that lecanemab will delay the mild Alzheimer’s 
disease phases of dementia by an additional 2.5 years with 
net cost savings.49,50 Only a 25% reduction is often used as a 
cut-off point for clinical significance.17,51 For example, if a 
25% slowing of progression in the treatment group compared 
with placebo is assumed, this will be reflected as an absolute re-
duction of decline by one-half point for those on anti-Aβ versus 
placebo, indicative of a 3-month delay in decline for the treat-
ment group (suggestive of a 3-month slowing of disease pro-
gression). The same half point difference translates to a 
delayed decline of 6 months at 18 months between treated 
and control groups, and a difference of 7.5 months at 24 
months. During 24 months in early-stage Alzheimer’s disease, 
a deceleration of decline on this scale would be interpretable 
and clinically meaningful to patients, care partners and clini-
cians as representing >6-month delay in disease-related clinical 
progression.52

Managing the E’s and H’s in 
ARIA
Pooled data from multiple randomized trials show that 
each 0.1-unit reduction in PET Aβ SUVR is correlated with a re-
duction (95% confidence interval) by 0.09 (0.034–0.15) point 
in the average change for CDR-SB, 0.33 (0.12–0.55) for 
ADAS-CS and 0.13 (0.017–0.24) for MMSE.53 Results suggest 
that Aβ plaque is an amenable biological target for modifying 
Alzheimer’s disease pathophysiology. These results suggest 
that there might be considerable heterogeneity in the causal re-
lationship of Aβ clearance processes with cognitive and func-
tional trajectory, which deserves further examination to 
characterize it as comprehensively and accurately as possible.

Since lecanemab is FDA approved, ∼2000–3000 people 
across the US dementia clinics are on lecanemab treatment. 
This is predominantly happening at the larger specialized 
neurology centres (e.g. Columbia University, Emory 

University in Atlanta and the Mayo Clinic in Rochester, 
MN) with clinical trial experience of using anti-Aβ therapies 
(Alzforum news, 26 January 2024). Although the rollout has 
been smooth, with an emphasis on safety, the next hurdle 
will be to rollout lecanemab treatment at less-experienced 
clinics, as the treatment bottleneck is beginning to tighten. It 
is estimated that 17% of the 1–2 million US individuals with 
early Alzheimer’s disease will meet the lecanemab phase 
3 inclusion and exclusion criteria.54 This will amount to 
∼170 000–340 000 individuals requiring treatment with leca-
nemab, a 100-fold increase from the current number being 
treated. There are 550 certified cognitive neurologists in the 
USA, which will mean that there will be one cognitive neurolo-
gist for every 600 patients (Alzforum news, 26 January 2024).

To cope with existing and future challenges, Centre of 
Excellence should be established and affiliated with the 
less-experienced centres to formulate an effective dementia 
ecosystem. Emphasis should be placed on engagement of 
multidisciplinary teams for improved management of ARIA. 
Ongoing education on appropriate use guidelines for lecane-
mab (and donanemab) to ensure effective management strat-
egies on ARIA will be required.22 The use of lecanemab (and 
donanemab) may be avoided in patients on anticoagulant or 
who have pre-existing cerebral amyloid angiopathy. A cau-
tious approach is warranted in patients homozygous for 
APOE ϵ4. Further evidence is required to better understand 
the association between APOE ϵ4 polymorphisms and ARIA 
events. Patient, families and care partners should be educated 
on the benefits and risks of treatments, provided options for 
symptom management or pre-treatment if required. The 
chronic effects of ARIA and brain atrophy on disease progres-
sion are far from understood, given that trial data and MCID 
estimates may be challenging to generalize to clinical popula-
tions. Documentation of patients on lecanemab (and donane-
mab) in the real-world space through the CMS registry will 
help to inform on the optimal clinical decision-making. The 
chronic effects of ARIA and brain atrophy along with their 
clinical repercussions should be monitored by the funding bod-
ies and institutions. To evaluate safety measures concerning 
anti-Aβ clinical trials, details of radiological severity, clinical 
severity and clinical outcomes associated with ARIA should 
be disclosed and published in peer-reviewed journals. 
Sponsoring bodies should in a timely manner implement a 
data-sharing plan to make individual patient-level clinical trial 
data publicly accessible enabling external validation of study 
design and data analyses. Open-label extension studies should 
provide more regular updates of safety data, with companies 
periodically encouraged to share open access clinical trial find-
ings. The deficiencies in risk analysis and mitigation strategy 
development suggest that new studies reporting both trial 
data and MCID benchmarks specific to patients with 
Alzheimer’s disease seen in clinical practice are urgently 
needed. Alternative trial designs should be considered to study 
whether clinically relevant within-patient treatment effects or 
disease modification has occurred, such as delayed-start and 
staggered-withdrawal designs. The availability of potential 
disease-modifying pharmacologic treatments for Alzheimer’s 
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disease represents an exciting and awaited landmark not only 
in the history of Alzheimer’s disease but also its clinical man-
agement. Outstanding questions remain due to limited trial 
data available from clinical trials of anti-Aβ compounds, 
with potential for biases introduced by unblinding and drop-
out at different times related to the safety question as well as 
whether any such agent is recognized clinically or in a cost- 
effective manner. These outstanding issues should be focussed 
on by regulators and payors when deciding on drug approvals, 
and by clinicians and patients (and care partners) once treat-
ments are licenced, to carefully evaluate the evidence and 
make an informed decision.55

Future availability on flexible options, i.e. subcutaneous for-
mulations of anti-Aβ treatments, will ease the strain on clinics 
and increase convenience for patients, families and care part-
ners. Digital biomarkers and plasma biomarkers may help to 
stratify patient’s risk and inform on who requires an immedi-
ate and/or follow-up MRI to assess for ARIA, which will have 
financial, societal and logistical implications (Fig. 4). The avail-
ability of standardized and well-defined clinical monitoring 
and management protocols are needed to adequately identify 
ARIA in real-world settings and monitor its progression over 
time.23

Exaggerated brain atrophy in the form of enlarged ventricu-
lar CSF volume or hippocampal/whole brain shrinkage has 
been observed for anti-Aβ therapies including lecanemab, do-
nanemab and aducanumab.16,19,56 This is worrying as acceler-
ated brain volume alterations in Alzheimer’s disease have been 
associated with enhanced neurodegeneration, particularly out-
side clinical trial settings. ARIA is considered a putative cause 
of altered brain volume and warrants extensive investigation. 

A meta-analysis showed a correlation between ARIA fre-
quency and enlarged ventricular volume, which was associated 
with exposure to anti-Aβ antibodies. Further, among MCI pa-
tients treated with anti-Aβ drugs, a substantial proportion was 
estimated to decline in brain volume back into the range typical 
of Alzheimer’s disease ∼8 months earlier than they would have 
without treatment.57

In donanemab-treated patients, it was suggested that 
reduction in the Aβ plaque volume accounted for the acceler-
ated brain volume loss, compared with the placebo-treated 
group.17 Between treatment arms, the total Aβ load is 
∼6.5 mg and difference in brain volume (placebo versus do-
nanemab) is ∼5 mL.58 Assuming Aβ and volume, that is 
being generous since donanemab removes all the brain Aβ 
and protein density = 1.35 g/mL, then ∼Aβ should only occupy 
0.0048 mL. These assumptions are exaggerated; however, this is 
still <1000 times bigger than the reported difference in brain 
volume.56

While reducing Aβ has shown cognitive benefit, it may be 
neutralized over time on the occurrence of secondary inflamma-
tion. Anti-Aβ antibodies cause ARIA on removal of vascular 
Aβ. As such, MRI may be unable to detect inflammation due 
to brain parenchymal Aβ removal, which may be detrimental. 
In the donanemab clinical trial, there was an 80% reduction 
in Aβ plaque load by 6 months while the brain atrophy was de-
layed by >12 months.17 This suggests that reduced Aβ plaque 
deposition cannot explain the brain volume loss. Since the brain 
atrophy is delayed despite substantial reduction in Aβ plaque 
load, longer clinical trials are warranted to monitor cognitive 
deterioration due to anti-Aβ antibody-induced brain damage.56

The brain volume loss is considered a proxy of brain tissue loss 

Figure 4 Approaches to address increasing use of anti-Aβ treatments. Strategies to cope with the projected rise in the number of 
people likely to be administered anti-Aβ treatments. Aβ, β-amyloid; ARIA, amyloid-related imaging abnormalities; HCPs, healthcare professionals.
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and likely a proximate cause of cognitive dysfunction and indi-
cative of disease progression in Alzheimer’s disease.59,60

Neuropathological examination of patients who had re-
portedly died from active ARIA had vascular inflammation 
throughout the brain. The pathophysiology of ARIA is like 
CAA and may have a mechanistic connection with inflamma-
tion in the context of CAA. In contrast, Aβ-immune complexes 
activate perivascular macrophages to cause blood vessel 
injury. For instance, an MRI of a 79-year-old woman with 
Alzheimer’s disease who had been in the CLARITY AD lecane-
mab (phase 3) trial showed multifocal hyperintensity and dra-
matic new development of cerebral microhaemorrhages. She 
received antiepileptic treatment and high-dose i.v. corticoster-
oids, yet her condition deteriorated after 5 days to the point of 
death post-mortem MRI confirmed severe microhaemorrhages 
in the temporal, parietal and occipital cortices. Post-mortem 
examination revealed homozygosity for APOE ϵ4 and neuro-
pathological features of intermediate severity Alzheimer’s dis-
ease (neuritic plaques, Braak neurofibrillary tangles V/VI) with 
severe CAA accompanied by perivascular lymphocytic infil-
trates, abundant reactive macrophages and fibrinoid degener-
ation of vessel walls. There were numerous microaneurysms 
with deposits of Aβ in meningeal vessels and penetrating arter-
ioles. The patient probably succumbed because of catastrophic 
cerebral amyloid-related inflammation.61 Patient’s MRI at 
time of death was compared with baseline (prior to the open- 
label extension). At baseline, there were four microhaemor-
rhages below the treatment threshold for lecanemab. The 
baseline MRI was suggestive of probable CAA, but this did 
not meet exclusion criteria in the CLARITY trial. FDA had ini-
tially suggested excluded individuals with ≥2 microhaemor-
rhages from participating in anti-Aβ trials. The standard 
recommendation of 4 was devised by the working group con-
vened by the Alzheimer’s Association.6 Presence of ≥2 micro-
haemorrhages at baseline doubled a person’s risk of 
developing ARIA-E. Based on preclinical evidence, it appears 
that antibodies interact with vascular Aβ to activate perivascu-
lar (and leptomeningeal) macrophages,62 which may be asso-
ciated with ARIA. Similarly, post-mortem evaluations from 
cases treated with AN1792 and bapineuzumab demonstrated 
worsening of CAA.63,64 The underlying mechanism may in-
volve breaking of Aβ oligomers from plaques, and its drainage 
into the basement membrane surrounding the blood vessels, 
which causes inflammation and vascular damage.

Standardization of MRI protocols to enhance detection of 
microhaemorrhages and probable CAA is warranted. A min-
imum field strength of 3 T using susceptibility-weighted im-
aging at a slice thickness ≤5 mm, is suggested to detect brain 
bleeds at a higher resolution.61 This presents a challenge as 
multiple hospitals and outpatient centres will require upgrades 
from 1.5 to 3 T scanners. The location of brain bleeds may 
provide insights into underlying pathophysiology; for ex-
ample, lobar bleeds may be suggestive of extensive vascular 
Aβ. More aggressive immunosuppression can be considered 
for treatment of severe ARIA.65 Moreover, in autoimmune 
types of vasculopathy, interleukin (IL)-6 drives inflammatory 
response in both the vessel walls and the systemic circulation.66

Individuals with increased inflammatory markers (C-reactive 
protein) or erythrocyte sedimentation rate are at an elevated 
risk for CAA-related inflammation.67 It would be interesting 
to explore the role of IL-6 in the complications of 
CAA-related inflammation and ARIA-E, and whether repur-
posing of existing drugs such as tocilizumab (anti-IL-6 receptor 
used in giant cell arteritis68) and siltuximab (anti-IL-6 used in 
idiopathic multicentric Castleman disease69) will lower risk of 
ARIA events.

Is Aβ PET imaging the right 
tool in the management of 
Alzheimer’s disease?
With the imminent possibility of expansion of anti-Aβ anti-
bodies, the use of Aβ PET imaging as a single primary surro-
gate efficacy measure in Alzheimer’s disease (as occurred 
during the accelerated approval of aducanumab70) is contro-
versial and challenging to justify.71,72 Firstly, the number of 
brain Aβ plaques measured with Aβ PET imaging does not 
correlate with the severity of cognitive impairment. There 
is no description of an Aβ plaque–only dementia, while 
tau-only pathology/tauopathy has been shown to cause neur-
onal loss in frontotemporal lobar dementia, and abnormal-
ities occurring primarily in tau metabolism can lead to 
other dementia types including dementia pugilistica. This is 
in keeping with the amyloid cascade hypothesis, where Aβ 
acts as the trigger activating a cascade of events leading 
onto tau hyperphosphorylation, and neuronal death. It can 
be hypothesized that the onset of cognitive decline in 
Alzheimer’s disease happens when tau-mediated neuronal 
loss and dysfunction overwhelm the brain cognitive reserve. 
The modest clinical improvement apparent in anti-Aβ ther-
apies suggests that removal of Aβ may experience a bottle-
neck, i.e. there may be a limit to the reduction in cognitive 
decline with anti-Aβ therapies. There may be more merit in 
utilizing anti-Aβ therapies in preventing accumulation of 
Aβ and thereby disease prevention in patients with Down’s 
syndrome, Alzheimer’s disease mutation carriers and per-
haps early cases of Alzheimer’s disease. The current scenario 
where anti-Aβ therapies offer a modest benefit against the 
serious consequences of ARIA, which will be challenging 
to monitor in the real world, necessitates the need for trans-
parency in reporting all the clinical trial results, including 
brain volume reductions associated with anti-Aβ treatments. 
The use of Aβ PET scans will act as a measure of target en-
gagement (for anti-Aβ treatments) rather than that of clinical 
efficacy and may not be the most suitable entity to measure 
for monitoring disease progression.24,28

Secondly, ARIA resulting from anti-Aβ antibodies may lo-
cally affect blood–brain barrier diffusion and decrease tissue 
accumulation of PET biomarkers, irrespective of Aβ depos-
ition.73 Attributing lower brain Aβ PET signals in patients 
with ARIAs in its entirety to anti-Aβ treatments warrants 
thorough scientific scrutiny. Moreover, large non-specific 
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white matter signals observed with Aβ PET imaging tracers 
including 18F-florbetapir results in significant spill-over and 
partial volume effects over the cortical signals.74 This chal-
lenges the grey matter signal quantification in the presence 
of cortical atrophy observed in Alzheimer’s disease brain.71

18F-FDG-PET global quantification is considered a super-
ior indicator of cognitive performance in patients with MCI 
and Alzheimer’s disease compared with 18F-florbetapir 
PET.72,75 The in vivo pattern of regional cerebral glucose hy-
pometabolism (measured by 18F-FDG-PET) is observed in 
most clinically diagnosed patients with Alzheimer’s disease 
and in >85% of pathologically confirmed Alzheimer’s dis-
ease cases.76 Glucose hypometabolism closely coincides 
with the extent/severity of cognitive impairment in demen-
tia.77,78 In contrast, a significant number of patients clinical-
ly diagnosed with Alzheimer’s disease do not have high levels 
of Aβ in their brain. The correlation between Aβ PET and 
cognition is weak, and the distribution of Aβ plaques does 
not correlate with clinical symptoms in Alzheimer’s dis-
ease.79,80 Longitudinal studies have found a lack of progres-
sion in Aβ PET uptake in cognitively normal, MCI and 
Alzheimer’s disease, with the rate of change not differing be-
tween clinical groups.81-83 Alzheimer’s disease patients ap-
parently reach a plateau in brain Aβ PET retention, despite 
progression of their clinical symptoms and worsening of hy-
pometabolism on 18F-FDG-PET.81 Based on the evidence 
discussed, 18F-FDG-PET should be recommended over Aβ 
PET in the evaluation for MCI and Alzheimer’s disease.75,84

It is likely that baseline and follow-up 18F-FDG-PET scans 
will be required for demonstrating significant side effects as-
sociated with anti-Aβ treatments, and as such prospective 
studies should be conducted to more fully determine the 
benefit versus risk ratio of anti-Aβ treatments.

Public health perspective
Short-term reductions with anti-Aβ treatments in cognitive 
decline are small, with frequent adverse events that have un-
certain outcomes and unknown long-term effects. The treat-
ment regimens appear to place huge burden on patients and 
their care partners. It is essential to provide balanced 

information to patients and their care partners, and clini-
cians to aid decision-making. This includes considerations 
about the potential alterations to patients’ existing treatment 
regimens (and its impact) to meet the eligibility criteria, for 
example, stopping anticoagulants to limit bleeding risk re-
lated to anti-Aβ treatments.85

The clinical trials included patients with early 
symptomatic Alzheimer’s disease and excluded patients with 
co-neuropathologies that may contribute to their symptoms. 
The mismatch between trial cohorts, relatively young 
with less co-pathologies and co-morbidities, and real-world 
Alzheimer’s disease populations has profound implications 
for what effects may be observed once the anti-Aβ treatments 
are widely rolled out. It is not uncommon to find patients 
with a high prevalence of mixed dementia pathology and co- 
morbidities in the real world. An analysis of the National 
Alzheimer Coordinating Centre database (USA) showed that 
20% of patients were diagnosed with mixed dementia, 21% 
had clinical depression, and 5% had a history of stroke.86

Alzheimer’s disease populations in the real world are more 
complex than the highly selective participants enrolled in clinic-
al trials, which will likely result in dilution of a trial efficacy to 
below the estimated thresholds of MICD with potentially high 
rate of side effects (ARIA of unknown prognostic implications), 
which is unlikely to lead to population benefit. This results in 
restriction of treatments to narrowly defined patient popula-
tions. A population-based Mayo Clinic Study of Aging in the 
USA showed that only 8% of those with MCI or mild dementia 
with increased Aβ levels met the eligibility criteria from the leca-
nemab trial.54 Even if anti-Aβ treatments are approved for a 
small proportion of patients with early Alzheimer’s disease, it 
comes with considerable resource requirements and costs.

Unlike its FDA counterpart, the European Medicines 
Agency (EMA) has denied marketing authorization for leca-
nemab as it does not believe that the benefits outweigh the 
risks (Table 1). The EMA is reassessing its rejection follow-
ing appeal by Biogen/Eisai. The UK’s Medicines and 
Healthcare Products Regulatory Agency (MHRA) has ap-
proved lecanemab for use in the UK to treat early-stage 
Alzheimer’s disease. However, UK’s National Institute for 
Health and Care Excellence (NICE), which makes evidence- 
based value-for-money judgements for the tax-funded 

Table 1 Approval of anti-β-amyloid therapies worldwide

Anti-β-amyloid therapies

Regulatory bodies Aducanumab Lecanemab Donanemab

Food and Drug Administration (USA) ✔ ✔ ✔
European Medicines Agency (Europe) ✖ ✖
Medicines and Healthcare products Regulatory Agency (UK) ✖ ✔
Ministry of Heath, Labour and Welfare (Japan) ✖ ✔ ✔
National Medical Products Administration (China) ✔
Department of Health (Hong Kong) ✔
Ministry of Food and Drug Safety (South Korea) ✔
Ministry of Health and Prevention (UAE) ✔ ✔

✔, approval; ✖, rejection. No symbol means the drug has either not been filed or under review. Applications for anti-β-amyloid therapies are under review in several countries, for 
example, Australia, Canada, India, Russia, Taiwan and Singapore.
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healthcare system, has not recommended lecanemab to be 
made available on the NHS as benefits do not justify the 
high cost and resources required. NICE’s evaluation criteria 
include mortality, ability to remain independent and admis-
sion to full-time care, for which the evidence is sparse. 
Assessment of long-term clinical outcomes is dependent on 
the predictive value of Aβ removal as a surrogate end-point, 
but NICE and EMA do not support this position. Decisions 
from EMA and MHRA on donanemab are expected later 
this year. The current scenario-based analyses suggest that 
it will be a challenge for anti-Aβ treatments to significantly 
reduce population-level dementia morbidity at scale.85

Conclusion
Genetic, biochemical, animal modelling, fluid biomarker and 
imaging studies support Aβ as a rational target. Improved exe-
cution of recent anti-Aβ immunotherapy demonstrates that 
consistent Aβ lowering decreases pathological tau and delays 
cognitive decline. ARIA is a characteristic feature of anti-Aβ 
therapies that will require carefully monitoring. With slowing 
of cognitive decline with anti-Aβ therapies, whether benefits 
outweigh the associated risks of ARIA with the treatment re-
quires thorough review. Since the degenerative features of 
Alzheimer’s disease are multifaceted, combinatorial treatments 
alongside anti-Aβ therapies are required to produce large clin-
ical effects and more pronounced clinically meaningful results.
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