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A B S T R A C T

Cerebral amyloid angiopathy (CAA) remains diagnostically challenging, particularly in asymptomatic in
dividuals. While CAA often co-exists with Alzheimer‘s disease (AD), it may even have a direct impact on AD 
pathophysiology and the cognitive decline within the clinical course of AD. While fluid biomarkers are well 
established for AD pathology, reliable markers to characterize CAA are lacking. We analyzed two subsets of 
participants from the Alzheimer's Disease Neuroimaging Initiative with available plasma biomarker measure
ments from a 145-analyte multiplex immunoassay panel: one with T2*-weighted gradient-echo magnetic reso
nance imaging (MRI) data (n = 21) and another with postmortem neuropathological data (n = 24). We defined 
CAA as ≥ 2 lobar microbleeds on MRI or moderate-to-severe neocortical amyloid angiopathy on neuropatho
logical examination. Plasma analytes were assessed twice per participant, one year apart, with the earlier sample 
obtained up to 6.6 years prior to either the first MRI or neuropathological examinations. In both cohorts, various 
markers related to inflammation, lipid metabolism, and cell adhesion were associated with CAA proxy measures. 
Specifically, both increased (Fas ligand receptor, Receptor for Advanced Glycosylation End-Products, Osteo
pontin, and Vascular Cell Adhesion Molecule-1) and decreased (Vitronectin, Endothelial Growth Factor) 
biomarker levels were associated with lobar microbleeds, while increased apolipoproteins (ApoAII, ApoCI, 
ApoCIII, ApoE, and clusterin) and decreased AXL were associated with CAA severity in neuropathology. Ratios 
between inversely associated markers enhanced correlation strength and differed between CAA and non-CAA. 
Given the small sample sizes in our exploratory analyses, larger studies are required to evaluate the discrimi
natory potential and clinical translatability of the identified biomarkers for CAA.

1. Background

Cerebral amyloid angiopathy (CAA) is a cerebrovascular disorder 
caused by the build-up of β-amyloid (Aβ) in the walls of leptomeningeal 
and cortical blood vessels. CAA affects 25% of the general elderly pop
ulation (Jäkel et al., 2022) and can clinically manifest with intracerebral 
hemorrhage, temporary disturbances in cortical functions (such as 

motor, somatosensory, visual, or language functions), and progressive 
cognitive decline (Cozza et al., 2023). CAA and Alzheimer's disease (AD) 
share key pathological characteristics; however, in AD, Aβ plaques pri
marily accumulate in the brain parenchyma adjacent to neurons, 
whereas in CAA, they deposit in cerebral blood vessels (Attems et al., 
2005; Weller et al., 2008). Notably, CAA co-occurs with AD in approx
imately 50% of cases (Jäkel et al., 2022).
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Previously, diagnosing CAA relied on postmortem examination of 
brain tissue. The introduction of the Boston Criteria enabled the in vivo 
diagnosis of CAA, defining "possible" or "probable" CAA based primarily 
on clinical and magnetic resonance imaging (MRI) findings, such as 
lobar microbleeds (MBs) (Knudsen et al., 2001). The Boston Criteria v2.0 
has notably expanded the criteria to include clinical features and 
non-hemorrhagic findings (Charidimou et al., 2022). However, when 
applied to asymptomatic patients or those with cognitive impairment, 
the v.2.0 criteria revealed a 28.6% sensitivity and 65.3% specificity for 
"probable CAA" alone (Switzer et al., 2024). This can be considered 
rather low, compared to diagnostic performances in the field of AD, 
where fluid biomarkers in cerebrospinal fluid (CSF) and plasma have 
evolved into reliable diagnostic tests (Graff-Radford et al., 2021). Only a 
limited number of studies have addressed the unmet need for accurate 
diagnostic approaches to CAA. These studies found that CAA may be 
associated with lower CSF levels of Aβ40 and Aβ42, while CAA-related 
inflammation has been linked to microglial and T cell activation, as 
well as increased CSF tau concentrations (Hampel et al., 2023; Theo
dorou et al., 2021).

Given the heterogeneous clinical manifestations and the limited 
diagnostic accuracy of current strategies, we conducted an exploratory 
analysis to identify candidate plasma markers of CAA using MRI and 
neuropathological indicators.

2. Methods

2.1. Participants

Data used in the preparation of this article were obtained from the 
Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni. 
loni.usc.edu). Participants included in our analyses were recruited for 
the prospective Alzheimer’s Disease Neuroimaging Initiative (ADNI)-1 
convenience cohort (National Clinical Trial (NCT): 00106899), while 
MRI data were acquired during follow-up visits within ADNI-GO, ADNI- 
2, and ADNI-3 convenience cohorts (NCT00106899, NCT01231971, and 
NCT02854033). According to the ADNI protocol, all procedures per
formed in the study involving human participants were conducted in 
accordance with the ethical standards of the institutional and/or na
tional research committees. Experiments were undertaken with the 
understanding and written consent of each participant. All local insti
tutional review boards and ethical committees approved the study 
protocol.

A summary of inclusion and exclusion criteria and detailed charac
teristics of the included study sample are provided in the supplementary 
material. In short, we included participants with available plasma bio
markers and either visual assessments of MBs in T2*-GRE MRI (cohort- 
MRI, n = 21) or postmortem neuropathological assessments (cohort-NP, 
n = 24) (Supplementary Figure 1).

2.2. Study design

For the primary analysis, we selected a time point (T0) when all 
multiplex panel measurements (MPM) were accessible. Using a longi
tudinal approach, we also investigated the association of a second MPM 
after 1 year (T1) with radiologic assessments of lobar MBs (Fig. 1A) and 
neuropathological findings indicative of CAA (Fig. 1B), respectively.

2.3. Fluid biomarkers

For the plasma measurements, we included all available analytes 
(n = 145) in the multiplex immunoassay panel, consisting of proteins 
related to cancer, cardiovascular disease, metabolic disorders, inflam
mation, and AD— see Supplementary Table 1. Notably, plasma analytes 
were measured at time points T0 and T1, separated by a 1-year interval. 
Summarized descriptions of measurements of plasma and CSF markers 
are presented in the supplementary material. The plasma samples were 
analyzed by using the Luminex xMAP (Multi-Analyte Profiling) tech
nology, while the CSF samples were analyzed using the electro
chemiluminescence immunoassay (ECLIA) Elecsys on a fully automated 
Elecsys cobas e instrument (Roche Diagnostics GmbH, Penzberg, Ger
many). The cut-off value of 0.1 was defined for phosphorylated-tau181/ 
Aβ1–42, as reported elsewhere (Shaw et al., 2009).

2.4. Cranial MRI acquisition and analysis

The imaging protocol includes multicentric 3 T MRI examinations, 
including GE, Siemens, and Philips MRI Systems, among others, 
including T2*-GRE sequences (repetition time (TR) 650 ms, echo time 
(TE) 20 ms, flip angle (FA) 20 ◦) and T1-MPRAGE (TR 2300 ms, TE 
2.95 ms, FA 9 ◦) sequences. T2* imaging enables in vivo detection of 
microhemorrhage-derived hemosiderin deposits as a hypointense signal.

Detailed descriptions of MB detection and atlas assignment methods 
have been reported in the ADNI Methods document, available at http:// 
adni.loni.usc.edu/. A summary of image acquisition parameters, as well 

Fig. 1. Graphical summary of the study design. Abbreviations: AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy.
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as quality and radiological visual assessments, is also provided in the 
supplementary material. Notably, participants with two or more lobar 
MBs have been classified as having CAA (Charidimou et al., 2022).

2.5. Neuropathological assessment

Pathological lesions in the brain were assessed at autopsy using 
established neuropathologic diagnostic criteria, as detailed in the ADNI 
documents at http://adni.loni.usc.edu/.

The central neuropathological severity scales for AD (Variable 
NPADNC) and CAA (Variable NPAMY) have been included. We included 
a semi-quantitative (None, low, intermediate, high) assessment for AD 
using the Alzheimer’s Disease – NIA-AA Neuropathological Change level 
(Hyman et al., 2012). Likewise, the semi-quantitative assessment of 
overall neocortical amyloid angiopathy refers to the global CAA ac
cording to the following scale that refers to the global CAA burden: 0 — 
None: Absent 1 — Mild: Scattered positivity in parenchymal and/or 
leptomeningeal vessels, possibly in only one brain area 2 — Moderate: 
Intense positivity in many parenchymal and/or leptomeningeal vessels 3 
— Severe: Widespread (more than one brain area) intensive positivity in 
parenchymal and leptomeningeal vessels.

Importantly, we classified participants with a ‘Moderate’ or ‘Severe’ 
CAA burden as CAA positive, based on previous literature suggesting its 
clinical importance (Vidoni et al., 2016).

2.6. Statistics

All statistical analyses were performed using SPSS Statistics (IBM, 
version 29). Figures and confidence interval calculations for visualiza
tion were generated in Python (v3.11.6) using pandas (v2.1.4), NumPy 
(v1.26.2), SciPy (v1.11.4), and matplotlib (v3.8.2). The sample size was 
not determined a priori; all participants with available data were 
included. Additional descriptions of the statistical methods are pre
sented in the supplementary material.

In summary, group differences in baseline demographic and clinical 
variables were assessed using the Mann–Whitney U test for continuous 
variables and the chi-square test for categorical variables. Associations 
between plasma analytes and CAA proxy measures were evaluated using 
Spearman’s rank correlation.

As a sensitivity analysis, CAA status was binarized within the MRI 
and NP cohorts and group differences in plasma analytes at T0 were 
examined using univariate analysis of variance (ANOVA) models. Effect 
sizes were quantified using partial eta squared (η²). Unstandardized 
regression coefficients (B) representing the group contrast (CAA− vs. 
CAA+, reference group = CAA+) were extracted from the model. To 
enhance robustness, given the small sample size, nonparametric boot
strap resampling (1000 iterations) was performed, and bias-corrected 
and accelerated (BCa) 95% confidence intervals were computed for B.

To account for multiple testing across subsequently defined ratios of 
analytes, false discovery rate (FDR) correction was applied separately 
within each cohort, within each ratio family (Vitronectin, Endothelial 
Growth Factor [EGF], and AXL based ratios), and time point, with a 
significance threshold of q < 0.05.

3. Results

3.1. Group characteristics

The CAA groups in cohort-MRI and cohort-NP did not differ in de
mographic, genetic, or clinical features, except for clinical diagnosis 
(Table 1). Additionally, subgroup analyses by CAA status within both 
cohorts revealed no differences, except that Aβ42 was lower in the 
CAA+ group in the NP cohort (Supplementary Table 2).

3.2. Linking plasma biomarkers to CAA proxy measures

The correlation analyses revealed several positive and negative as
sociations. At baseline (T0), positive associations with MB count were 
observed for markers of adhesion (Vascular Cell Adhesion Molecule 1 
[VCAM-1]) and immune response/inflammation (Fas ligand receptor 
[FASLG], Neutrophil Gelatinase-Associated Lipocalin [NGAL], and 
Kidney Injury Molecule-1 [KIM-1]). At follow-up (T1), MB count was 
positively associated with markers of vascular function (Angiopoietin-2, 
Receptor for Advanced Glycosylation End-Products [RAGE]) as well as 
immune response/inflammation (osteopontin and Kidney Injury 
Molecule-1 [KIM-1]) (Supplementary Table 3).

With respect to neuropathological CAA severity, baseline (T0) levels 
of several apolipoproteins (ApoAII, ApoCI, ApoCIII, ApoE, and clus
terin), as well as Complement Factor H (ComFH) and transthyretin 
(TTR), were positively associated. At follow-up (T1), ApoCIII and clus
terin, ComFH, C-peptide, leptin, and proinsulin-intact showed positive 
associations (Supplementary Table 3).

To address inverse relationships among analytes and inter-individual 
variability in plasma concentrations, we tested several ratios. At base
line (T0), these ratios strengthened correlations in cohort-MRI (VCAM1/ 
Vitronectin, FASLG/Vitronectin, FASLG/EGF, NGAL/Vitronectin, and 
RAGE/EGF) and in cohort-NP (ApoCIII/AXL, ApoE/AXL, ComFH/AXL, 
and TTR/AXL) compared to individual analytes. At follow-up (T1), 
strengthened associations were observed for several ratios, including 
RAGE/EGF, NGAL/EGF, osteopontin/Vitronectin, and osteopontin/EGF 

Table 1 
Group characteristics among cohorts. Means (± standard deviations) are shown 
for continuous variables, and numbers (percent) are presented for categorical or 
ordinal variables if not mentioned otherwise.

Cohort-MRI 
(N = 21)

Cohort-NP 
(N = 24)

p

Age 72 ± 9 77 ± 7 0.08*
Female 6 (27%) 4 (16.7%) 0.39†
Educational years 16 ± 3 16 ± 2 0.65*
Clinical Diagnosis ​ ​ 0.004†

Cognitively normal 4 (18%) 0 (0%) ​
Mild cognitive impairment 17 (82%) 18 (75%) ​
Dementia 0 (0%) 6 (25%) ​

ApoE ε4 count ​ ​ 0.37†
0 13 (59%) 10 (41.7%) ​
1 5 (23%) 10 (41.7%) ​
2 3 (14%) 4 (16.7%) ​

CSF Phosphorylated-tau181/Beta- 
Amyloid 1–42 Ratio positive status

7 (41.2%‡) 13 (72%‡) 0.06†

Time: Plasma to first MRI, years 5.3 ± 0.8 NA -
Time: Plasma to time of autopsy, years NA 4.5 ± 1.8 -
Lobar cerebral microbleed count, 

median (Range)
0 (0− 14) NA -

≥ 2 lobar cerebral microbleeds 4 (19%) NA -
Plasma panel data available at T1 19 (90%) 22 (92%) -
Alzheimer’s Disease – NIA-AA 

Neuropathological Change level
​ ​ -

0 (None) NA 1 (4.2%) ​
1 (Low) NA 6 (25%) ​
2 (Intermediate) NA 0 (0%) ​
3 (High) NA 17 (70.8%) ​

Cerebral Amyloid Angiopathy – 
Density

​ ​ -

0 (None) NA 2 (8.3%) ​
1 (Mild) NA 14 (58.3%) ​
2 (Moderate) NA 2 (8.3%) ​
3 (Severe) NA 6 (25%) ​

* Mann-Whitney U test.
†Chi-square Test.
‡ Percentage among the available cases (available in n = 17 and n = 18 for MRI 
and NP cohorts, respectively)
‡‡ Percentage among the available cases (available in n = 17)
Abbreviations: MRI, magnetic resonance imaging; NP, neuropathology; ApoE, 
ApolipoproteinE; NA, not applicable.
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in cohort-MRI, and ApoCIII/AXL, clusterin/AXL, ComFH/AXL, and 
leptin/AXL in cohort-NP (Table 2 and Supplementary Figure 2).

3.3. Binarized group differences across plasma biomarker

In the ANOVA at baseline (T0), distinct biomarker patterns were 
observed between the cohort-MRI and cohort-NP groups based on CAA 
status (Supplementary Table 4). In the cohort-MRI, significantly higher 
values were observed for inflammation- and adhesion-related ratios 
within both the Vitronectin and EGF families, specifically with FASLG 
and RAGE (Table 3 and Fig. 2A). In contrast, within the cohort-NP, as
sociations were confined to the AXL-based ratio family. ApoAII/AXL, 
ApoCI/AXL, ApoCIII/AXL, ComFH/AXL and ApoE/AXL demonstrated 
higher values in individuals with moderate-to-severe CAA (Table 3 and 
Fig. 2B). Bootstrap-derived 95% confidence intervals supported the di
rection and magnitude of these associations.

4. Discussion

By separately examining ante-mortem (MRI-defined) and post- 
mortem (neuropathology-defined) indicators of CAA, we observed 
distinct plasma biomarker patterns across cohorts. While these differ
ences may reflect variation in disease stage, comorbidity burden, or 
biological processes captured by imaging versus histopathology, alter
native explanations must be considered. In particular, the small sample 
size, differences in clinical and cognitive characteristics between co
horts, and temporal heterogeneity between plasma sampling and 

outcome assessment may substantially influence the observed associa
tions. Notably, the neuropathology cohort included participants with 
dementia, in contrast to the MRI cohort. In addition, the two approaches 
capture distinct aspects of CAA: MRI-defined CAA based on lobar 
microbleeds reflects a hemorrhagic presentation, whereas neuropatho
logical assessment directly quantifies the extent and distribution of 
vascular amyloid deposition at autopsy. MRI markers, therefore, 
represent diagnostic proxies rather than direct measures of amyloid 
burden (Charidimou et al., 2022), while neuropathological studies 
characterize CAA based on the severity and anatomical distribution of 
vascular amyloid pathology (Love et al., 2014). Accordingly, the 
divergent biomarker patterns observed here likely reflect differences in 
measurement construct, disease stage, and cohort composition rather 
than biological specificity alone.

Among other markers, higher FASLG/EGF and FASLG/Vitronectin 
ratios were observed in participants with more than 2 lobar MBs at both 
time points. FASLG, also known as CD95L, is associated with astrocyte 
reactivation and cell apoptosis and has been reported in neuro
inflammatory and neurodegenerative diseases, as well as ischemic 
stroke (Bechmann et al., 2000; Choi and Benveniste, 2004). Moreover, 
FASLG upregulation has been observed in AD in vitro models and con
tributes to Aβ-mediated neuronal cell death (Su et al., 2003).

Furthermore, positive associations were observed for osteopontin/ 
EGF and osteopontin/Vitronectin with higher MB counts. Osteopontin is 
an extracellular phosphoprotein implicated in pathological processes in 
AD, CAA, and vascular dementia (Chai et al., 2021; Grand Moursel et al., 
2019). The mechanisms of osteopontin upregulation in 

Table 2 
Correlations of lobar microbleed count and neuropathological cerebral amyloid angiopathy severity score with plasma analytes. Only results with p < 0.05 in both 
time points are presented. Results with FDR-corrected p < 0.05 are marked in bold.

Baseline (T0) Follow-up (T1)

95% Confidence interval 95% Confidence interval

Analyte rho p p- 
FDR

Lower 
Bound

Upper 
Bound

rho p p- 
FDR

Lower 
Bound

Upper 
Bound

MRI - Lobar microbleed 
count

Ang2/Vitronectin 
Ratio

0.236 0.304 0.33 -0.231 0.614 0.616 0.005 0.018 0.211 0.841

FASLG/Vitronectin 
Ratio

0.519 0.016 0.04 0.099 0.782 0.452 0.052 0.062 -0.017 0.758

KIM1/Vitronectin 
Ratio

0.505 0.02 0.04 0.080 0.774 0.45 0.053 0.062 -0.02 0.757

NGAL/Vitronectin 
Ratio

0.612 0.003 0.02 0.231 0.83 0.405 0.085 0.09 -0.074 0.733

RAGE/Vitronectin 
Ratio

0.432 0.05 0.08 -0.013 0.735 0.499 0.03 0.042 0.043 0.783

Osteopontin/ 
Vitronectin Ratio

0.367 0.102 0.12 -0.091 0.696 0.548 0.015 0.023 0.11 0.808

VCAM1/Vitronectin 
Ratio

0.621 0.003 0.02 0.246 0.834 0.586 0.008 0.018 0.166 0.826

Ang2/EGF Ratio 0.446 0.043 0.08 0.004 0.742 0.706 0.0007 0.01 0.357 0.882
FASLG/EGF Ratio 0.56 0.008 0.04 0.156 0.804 0.667 0.002 0.014 0.293 0.864
KIM1/EGF Ratio 0.033 0.889 0.89 -0.416 0.469 -0.032 0.897 0.9 -0.49 0.44
NGAL/EGF Ratio 0.512 0.018 0.04 0.089 0.778 0.58 0.009 0.018 0.157 0.823
RAGE/EGF Ratio 0.522 0.015 0.04 0.103 0.783 0.586 0.008 0.018 0.166 0.826
Osteopontin/EGF 
Ratio

0.405 0.069 0.10 -0.046 0.719 0.608 0.006 0.018 0.198 0.837

VCAM1/EGF Ratio 0.373 0.096 0.12 -0.084 0.7 0.548 0.015 0.023 0.11 0.808
Neuropathological CAA 

severity
ApoAII/AXL Ratio 0.514 0.01 0.02 0.127 0.765 0.537 0.01 0.02 0.136 0.787
ApoCIII/AXL Ratio 0.675 0.0003 0.003 0.362 0.851 0.551 0.008 0.02 0.156 0.794
CLU/AXL Ratio 0.463 0.023 0.03 0.061 0.736 0.614 0.002 0.007 0.247 0.827
ComFH/AXL Ratio 0.53 0.008 0.02 0.148 0.774 0.631 0.002 0.007 0.274 0.836
ApoCI/AXL Ratio 0.514 0.01 0.02 0.127 0.765 0.436 0.042 0.042 0.005 0.731
ApoE/AXL Ratio 0.514 0.01 0.02 0.127 0.765 0.51 0.015 0.021 0.099 0.772
C-peptide/AXL Ratio 0.286 0.175 0.19 -0.145 0.626 0.628 0.002 0.007 0.269 0.834
Proinsulin/AXL Ratio 0.165 0.442 0.44 -0.267 0.542 0.443 0.039 0.042 0.013 0.735
TTR/AXL Ratio 0.479 0.018 0.03 0.081 0.745 0.457 0.033 0.041 0.03 0.743

​ Leptin/AXL Ratio 0.33 0.116 0.15 -0.1 0.654 0.512 0.015 0.02 0.102 0.773

Abbreviations: Ang2, Angiopoietin-2; FASLG, Fas Ligand Receptor; KIM1, Kidney Injury Molecule-1; NGAL, Neutrophil Gelatinase-Associated Lipocalin; RAGE, Re
ceptor for advanced glycosylation end-products; VCAM1, Vascular Cell Adhesion Molecule-1; EGF, Epidermal Growth Factor; Apo, Apolipoprotein; CLU, Clusterin; 
ComFH, Complement Factor H; TTR, Transthyretin; FDR, false discovery rate.
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neurodegenerative diseases may include neuroinflammatory or 
compensatory responses (Chai et al., 2021). However, in sensitivity 
analyses using dichotomized CAA status, osteopontin-based ratios were 
not significantly associated, indicating limited robustness of these 
findings.

Several glycoproteins implicated in amyloid biology—including 

clusterin and ApoE—were associated with neuropathological CAA 
severity. Prior studies have demonstrated their upregulation in CAA- 
affected vessels and suggested context-dependent roles in modulating 
Aβ aggregation in AD (Foster et al., 2019) and CAA (Endo et al., 2019; 
Leitner et al., 2024). The apparent elevation of these markers in our 
cohort may reflect a response to vascular amyloid deposition, although 

Table 3 
Group differences in plasma analytes according to MRI-based and neuropathological diagnosis of cerebral amyloid angiopathy at baseline (T0). Results with false 
discovery rate (FDR) corrected p < 0.05 are shown.

Cohort Ratio B p p-FDR Lower B (95% CI) Upper B (95% CI) Partial η²

MRI FASLG/Vitronectin Ratio -0.094 0.004 0.013 -0.154 -0.035 0.367
RAGE/Vitronectin Ratio -0.166 0.001 0.006 -0.254 -0.077 0.449
FASLG/EGF Ratio -0.090 0.007 0.025 -0.152 -0.027 0.323
RAGE/EGF Ratio -0.135 0.001 0.006 -0.207 -0.064 0.455

NP ApoAII/AXL Ratio -0.262 0.017 0.042 -0.472 -0.052 0.233
ApoCI/AXL Ratio -0.332 0.0003 0.003 -0.493 -0.171 0.453
ApoCIII/AXL Ratio -1023.0 0.009 0.042 -1765.0 -280.943 0.271
ApoE/AXL Ratio -0.253 0.019 0.042 -0.460 -0.046 0.226
ComFH/AXL Ratio -0.189 0.021 0.042 -0.346 -0.031 0.219

Abbreviations: Ang2, Angiopoietin-2; FASLG, Fas ligand receptor; RAGE, Receptor for advanced glycosylation end-products; EGF, Epidermal Growth Factor; Apo, 
Apolipoprotein; ComFH, Complement Factor H; FDR, false discovery rate.

Fig. 2. Group means of plasma analytes that significantly differed by CAA status at baseline (T0) in the MRI (A) and neuropathology (B) cohorts. Violins depict the 
distribution of observed values, while points and error bars indicate mean ± 95% confidence interval. In Panel B, a dual-axis plot with an additional y-axis on the 
right has been used for visual purposes. Abbreviations: MRI, magnetic resonance imaging; NP, neuropathology; CAA, cerebral amyloid angiopathy; FASLG, Fas ligand 
receptor; Receptor for advanced glycosylation end-products; EGF, Epidermal Growth Factor; Apo, Apolipoprotein; ComFH, Complement Factor H; AXL, AXL receptor tyro
sine kinase.
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this interpretation should be considered with caution, given the tem
poral gap between plasma sampling and neuropathological assessment.

Microglial activity is involved in the pathophysiological pathways 
leading to CAA pathology, and TAM receptors mediate the glial response 
to cerebral and vascular Aβ plaques (Hampel et al., 2023; Huang et al., 
2021). The stronger associations observed for ratios involving AXL, 
compared to single analytes such as proinflammatory ApoCIII, may 
reflect alterations in microglial response dynamics in the context of 
systemic inflammatory signaling (Zewinger et al., 2020), although this 
interpretation remains speculative.

Confirmatory studies are required to address potential confounding 
factors and temporal relationships. While no major differences were 
observed within cohorts, the overall composition of the cohorts differed, 
particularly with respect to cognitive status. Furthermore, we restricted 
the CAA definition to lobar microbleeds as hemorrhagic markers, rather 
than applying the full Boston criteria v2.0, which allows for defining 
probable CAA with only one MB when typical non-hemorrhagic findings 
are present. This approach was chosen to ensure a more consistent 
definition of probable CAA, given the limited sample size. Consequently, 
the markers associated with MBs may not be specific to CAA.

Several limitations must be considered. Small sample sizes—partic
ularly in the CAA+ subgroup of the MRI cohort—substantially limit 
statistical power and increase the risk of both type I and type II errors. 
Although bootstrap resampling was applied to enhance robustness, such 
approaches remain vulnerable to sampling variability. In addition, 
plasma measurements were obtained several years before MRI or 
neuropathological assessment, introducing temporal heterogeneity that 
may attenuate associations and limit the biological interpretability of 
findings, as biomarker levels may not reflect the pathological state at the 
time of outcome assessment, particularly in the context of disease pro
gression over this interval. Finally, differences in cognitive status be
tween cohorts constrain direct comparisons. These factors underscore 
the exploratory nature of the findings and the need for replication in 
larger, well-characterized cohorts.

Ultimately, for participants with concomitant AD pathology, the 
candidate biomarkers may help to estimate the likelihood of treatment 
response and risk associated with future combination strategies 
involving new pharmacological approaches (Cummings et al., n.d.), 
particularly anti-amyloid antibodies and amyloid-related imaging ab
normalities (Hampel et al., 2023).
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