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RESEARCH METHODS

Multimodal profiling of atherosclerosis: Protocol and
pilot data for the AtherOMICS biobank

Luka Zivkovi¢', Roya Batool’, Julian Louma’', Paulo Vinicius Gil Alabarse't, Yingle Li",

Lanyue Zhang', Stefan Mayrhofer', Anushree Ray', Mohamad Ali Antabi’, Panagiotis Zangas’,
Jana Mattar', Anna Kopczak1, Andreas Schindler?, Paul Reidler?, Yaw Asare’, Steffen Tiedt'*>,
Lars Kellert?, Abdalla Marei®, Barbara Rantner®, Martin Dichgans1’5’7,

Nikolaos Tsilimpariss, Marios K. Georgakis1’4'8*

Omics technologies enable deep profiling of human atherosclerosis but have mostly been applied in small studies
lacking integration with other data modalities. AtherOMICS is a biobanking project linking multiomic atheroscle-
rotic plaque phenotyping with blood biobanking, in vivo imaging, and clinical data. Here, we present the study
protocol and show pilot results that demonstrate technical feasibility. Since August 2022, 246 patients scheduled
to undergo carotid or femoral endarterectomy at Ludwig-Maximilians-Universitat Klinikum (Munich, Germany),
have been enrolled (median age, 73 years; 32% female), with recruitment ongoing. Plaques undergo systematic
histological characterization of lipid core, calcification, intraplaque hemorrhage, fibrous cap, macrophages, and
smooth muscle cells. Single-nucleus RNA sequencing (n = 17) has confirmed macrophages as the dominant intra-
plaque cell type, whereas paired plaque and plasma affinity-based proteomics (n = 88) quantified 2841 shared
proteins showing low plaque-plasma correlation (median p = 0.10). Cross-modality image integration [histology,
ex vivo magnetic resonance imaging (MRI), in vivo MRI, and computed tomography angiography] proved feasi-
ble. Together, AtherOMICS enables multimodal characterization of human atherosclerosis aiming for the discov-
ery of athero-specific drug targets, molecular signatures of atheroprogression, and noninvasive biomarkers of
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plaque vulnerability.

INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) remains the leading
cause of mortality and adult disability worldwide (1). Despite the
widespread adoption of prevention strategies targeting systemic vas-
cular risk factors, the incidence of ASCVD is rising. The destabiliza-
tion of atherosclerotic plaques is the main mechanism underlying
myocardial infarction, ischemic stroke, and cardiovascular death. De-
cades of research have identified cellular and molecular hallmarks of
atheroprogression and plaque destabilization (2, 3), which could re-
veal novel therapeutic targets, as evidenced by the development of
anti-inflammatory atheroprotective strategies for the prevention of
ischemic stroke and myocardial infarction (4-6). However, the mech-
anisms driving atheroprogression in humans remain underexplored
(7, 8). Most mechanistic studies leverage animal models of atheroscle-
rosis, which often fail to translate to humans (9). For instance, differ-
ent genetic underpinnings in murine and human atheroprogression
result in differential plaque compositions and an absence of plaque
rupture in mice, highlighting the need to prioritize the use of human
biomaterials in atherosclerosis research (10, 11). Current concepts of
human atheroprogression are largely informed by histopathological
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studies conducted in the 1960s and 1970s (12, 13). Since then, ad-
vances in biotechnology have uncovered previously unknown mo-
lecular regulators of atheroprogression (14-17). Deep multiomics
profiling could offer an avenue for dissecting these mechanisms and
informing future trials (18, 19).

Beyond targeting systemic risk factors, current guidelines for the
prevention and treatment of ischemic stroke, acute coronary syn-
drome, and peripheral artery disease include endovascular and sur-
gical treatments that carry inherent periprocedural risks. Advancing
pharmacotherapies that target plaque biology, however, requires
diagnostic and risk stratification tools capable of capturing local
plaque progression (20). While best practices emphasize the need
for personalized risk assessment, existing risk estimators build on
systemic cardiovascular risk factors rather than plaque progression
biomarkers (21). Ultrasonography, computed tomography angiog-
raphy (CTA), and magnetic resonance imaging (MRI) are noninva-
sive diagnostics that can reliably identify atherosclerotic plaques
and assess basic composition features (22). Similarly, omics tech-
nologies could help detect circulating signatures of plaque destabili-
zation (17) for targeted therapies and treatment response monitoring
(23). Nevertheless, efforts to link in vivo imaging and circulating mo-
lecular signatures with extensive phenotyping of the plaque micro-
environment remain limited (24).

To address these gaps, we have launched AtherOMICS, a bio-
banking study that integrates deep phenotyping of human athero-
sclerotic plaques with peripheral blood biobanking, multimodal
in vivo noninvasive imaging, and clinical data collection (Fig. 1). We
perform extensive histopathological and omics analyses in plaque
samples from patients undergoing carotid or femoral endarterecto-
my and integrate the derived data with matched preoperative blood
samples and in vivo plaque imaging. The objectives of AtherOMICS
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Fig. 1. Schematic overview of AtherOMICS data types. CV, cardiovascular; CT, computed tomography. The representative image for “ex vivo MR

Created in BioRender. L. Bernhagen (2026) https://BioRender.com/Onaergx.

are to (i) identify druggable molecular mechanisms driving plaque
progression, (ii) detect molecular signatures of plaque destabiliza-
tion, and (iii) develop a multimodal biomarker panel of plaque vul-
nerability. Here, we present the study protocol including detailed
methods for participant recruitment, biosample collection and pro-
cessing, clinical data extraction, and imaging. In addition, we show
pilot results from our standardized plaque histology assessments,
multiomics profiling, and multimodal plaque imaging.

RESULTS
Patient cohort
As of 16 November 2025, 246 patients were recruited to the Ather-
OMICS biobank (Fig. 2). Recruitment started in August 2022 with
patients undergoing carotid endarterectomy and was expanded in
March 2024 to include patients undergoing femoral endarterectomy
(fig. S1A). Of the participants, 212 underwent carotid endarterec-
tomy for either asymptomatic (38.2%) or symptomatic (61.8%) ca-
rotid stenosis, while 34 patients underwent femoral endarterectomy
for advanced peripheral artery disease. Among patients with symp-
tomatic carotid stenosis, the most common qualifying event was isch-
emic stroke (48.9%), followed by transient ischemic attack (24.4%),
amaurosis fugax (12.2%), and central retinal artery occlusion (8.3%)
(fig. SIB).

Baseline characteristics of patients undergoing carotid endarter-
ectomy are summarized in Table 1. As expected, there was a high
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is also shown in Fig. 5B.

prevalence of vascular risk factors with 77, 69, and 25% reporting a
history of hypertension, hypercholesterolemia, or diabetes, respec-
tively. Furthermore, 35, 26, and 16% of the patients undergoing ca-
rotid endarterectomy had a history of coronary artery disease, prior
stroke, or peripheral artery disease, respectively. Baseline character-
istics of the recruited patients undergoing femoral endarterectomy
are presented in table S1.

Histopathological plaque characterization

Collected plaques undergo initial processing until flash-freezing
within a median of 40 [interquartile range (IQR), 33 to 50] min after
removal (fig. S1C). All excised plaques undergo ex vivo MRI and
histological assessment for morphological characterization (Fig. 3A).
Initial quantifications of plaque macrophage and smooth muscle
cell content reveal no statistically significant differences between
symptomatic and asymptomatic carotid plaques, noting large vari-
ance distributions especially for macrophage content in symptom-
atic plaques (Fig. 3, B and C). Morphological features, including
lipid core size, intraplaque hemorrhage (IPH), calcification, neovessel
density, and fibrous cap thickness, are manually segmented and anno-
tated across histological and ex vivo MRI images (Fig. 3, D to I). Across
all assessed features, IPH area was significantly larger in plaques from
symptomatic patients (asymptomatic: 5.05 + 11.69% versus symp-
tomatic: 10.02 + 10.75%, n = 33 versus 54, P = 0.0012; Fig. 3H).
Histological plaque progression grading based on the American
Heart Association (AHA) classification indicated a notable shift
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Fig. 2. Study flowchart. Shown is the inclusion process for patients undergoing endarterectomy surgery of either the carotid (A) or femoral (B) artery.

toward more complicated type VI plaques in symptomatic patients
(P =0.0003; table S2).

Proteomics and transcriptomics

Plaque segments and peripheral blood samples (serum and plasma)
are stored for omics analyses. To date, we performed single-nucleus
RNA sequencing (snRNA-seq) on 17 carotid plaque samples, as well
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as proximity extension assay proteomics (Olink Explore 3072) for
88 paired carotid plaque and plasma samples. snRNA-seq revealed a
total of 19,100 nuclei across the 17 samples, of which 32% were
identified as nuclei of macrophages, 29% smooth muscle cells, 14%
endothelial cells, 9% T cells, 7% neutrophils, 5% fibroblasts, and 4%
plasma cells (Fig. 4A). Our snRNA-seq data point toward macro-
phages as the predominant immune cell type.
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Table 1. Baseline characteristics of recruited patients undergoing carotid endarterectomy in the AtherOMICS study. P values are calculated using
Pearson’s chi-squared test, Welch’s two-sample t test, or Wilcoxon rank sum test, as appropriate. P values highlighted in bold are statistically significant at
a < 0.05 and a false discovery rate of 0.05 (false discovery rate—adjusted significance threshold, 0.016). Ml, myocardial infarction; HbA1c, glycated hemoglobin;

BMI, body mass index.

Overall Asymptomatic Symptomatic P value
N=212 N =81 N=131
Age (years) medlan (Q1 03) 73 (65, 80) 70 (65,77) 74 (67, 81) 0.016
Females n (%) 68 (32%) 23 (28%) 45 (34%)
BMI mean5+SD 264+43 269+41 260+45
FamlIy hlstory of MI or stroke 105 (50%) 44 (54%) 61 (47%)
(%)
H|story of hyperten5|on n (%) 163 (77%) (83%) (73%)
History ofdlabetes, n (%) 52 (25%) (25%) (24%)
51 (24%) (1 7%) (28%)
History of hypercholester- 146 (69%) 66 (81%) 80 (61%)
olemla n (%)
H|story of coronary artery 75 (35%) 37 (46%) 38 (29%)
dlsease n (%)
sto ry fs oke n ( 55 (26%) 13 (16%) 4 (32%)
H|story of perlpheral artery 33(16%) 10 (12%) 23(18%)
dlsease n (%)
Antlhypertenswe medlcatlon 165 (76%) 66 (80%) 99 (73%) 0.231
use, n (%)
Statln use, n (%) 155 (71 %) 67 (82%) 88 (65%) 0 009
Antldlabetlc medlcatlon use, 50 (23%) 21 (26%) 29 (21%) 0 484
(%)
Antlplatelet medlcatlon use, n 176 (81%) 76 (93%) 100 (74%) <0.001
(%)
Total cholesterol (mg/dl) 156 + 40 140 + 33 165 + 41 <0.001
means + SD
HDLC(mg/dI) means+SD 52+16 55+16 49+15 0011
LDL-C (mg/dl) means + SD 88 +£39 70 +33 99 +38 <0 001
HbA1c(%),means+SD 604+083 611+096 600+074 0433
CRP (mg/dl), median (Q1 QS) 0 20 (0 10 0. 50) O 10 (0 09 0. 30) O 20 (0 10 0. 60) 0 003

Proteomic analysis of 88 matched plaque and plasma samples
demonstrated the utility of proximity extension proteomic assays in
plaque tissue, revealing the presence of 2841 distinct proteins. The
median Spearman correlation between plaque and serum protein lev-
els for these 2841 proteins was p = 0.10 (IQR, 0.02 to 0.20), although
214 proteins showed a correlation of p > 0.4 (Fig. 4B). Plasma levels of
interleukin-6 (IL-6), a commonly used surrogate of vascular inflam-
mation, were significantly up-regulated in patients with symptom-
atic compared to asymptomatic plaques (P < 0.001; Fig. 4C). There
was no significant correlation between plaque and plasma IL-6 lev-
els (Spearmans p = 0.13, P = 0.23, Fig. 4D).

We used transcriptomic and proteomic pilot data to estimate
sample size requirements for part of the planned analyses (table S3).
For example, we estimated that to detect significant shifts in cell type
proportions between symptomatic and asymptomatic plaques, us-
ing cell type proportions in the pilot data (25), we would need a total
sample size of 114 plaques. To detect at least 10 significantly differ-
entially expressed proteins in symptomatic versus asymptomatic
plaque tissue, we would require a sample size of 356 plaques (26, 27),
whereas for the development of a plasma proteomic biomarker
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panel composed of 10 proteins that discriminates symptomatic from
asymptomatic disease at a ¢ index of 0.8, we would need 330 plasma
samples (28).

Imaging

We collected presurgery head and neck CTA stacks generated in the
context of routine diagnostic procedures from 103 patients. In addi-
tion, we performed 16 carotid and brain MRI scans as part of the
imaging substudy nested within AtherOMICS (Fig. 5), which began
imaging participants in August 2024. We noted that plaque features
observed in CTA imaging, such as calcification, were also detectable
in ex vivo imaging techniques, such as MRI and histology (Fig. 5, A
and B). CTA-derived calcification thickness correlated with calcifi-
cation area quantified in histology (Spearman’s p = 0.57; fig. S4A).
We also noted a concordance between CTA-derived soft plaque thick-
ness and histologically derived lipid core area (p = 0.46; fig. S4B).
In vivo MRI performed in the context of the study augmented the
characterization of soft plaque tissue in CTA (Fig. 5, C and D). In vivo
MRI of 4 symptomatic and 12 asymptomatic patients detected IPH
in 9 of 16 carotid arteries (Fig. 5D). The quantification of previously
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Fig. 3. Histological assessment of carotid atherosclerosis in AtherOMICS. (A) Plaque cross section across multiple ex vivo imaging modalities. From left to right: He-
matoxylin and eosin (H&E) for general histology, anti-a—smooth muscle actin (¢SMA) for smooth muscle cells, anti-CD68 for macrophages, Sirius Red (SiR) for collagen
content and lipid cores, and T2*-weighted ex vivo MRI for morphology. Scale bar, 1 mm. (B) Quantification of immunohistochemical stainings through automated feature
segmentation. Original whole-slide image [immunohistochemistry (IHC)] is displayed next to the result of the segmentation algorithm (“Segmentation” panels). In CD68
segmentation, light-blue indicates positive signal. In aSMA, purple indicates positive signal. Dark-blue indicates negative signal in both stainings. Scale bar, 1 mm.
(€) Box-and-whisker plot of CD68 and aSMA-positive areas relative to total plaque area in asymptomatic (CD68, n = 39; xSMA, n = 41) and symptomatic (CD68, n = 68; aSMA,
n=72) participants. Blue color represents asymptomatic, and red color symptomatic participants. Data points indicate individual values, and the upper and lower bound-
aries of the boxes indicate Q3 and Q1, respectively. The median is represented through a bold line. Whiskers extend to 1.5x IQR above/below their respective quartiles.
P values are provided above. Mann-Whitney U (CD68) and unpaired, two-sided Student’s t test (¢<SMA). (D to G) Representative images depicting plaque vulnerabil-
ity features. Bottom panels [(D), right] display examples of manual plaque feature annotation in whole-slide scans before quantification. Scale bars, 800 pm (D), 250 pm
(E), 100 um (F), 1000 pm [(G), left], and 250 pm [(G), right]. (H) Box-and-whisker plots comparing plaque vulnerability features in plaques from asymptomatic (n = 33) and

symptomatic (n = 54) participants. P values considered statistically significant at « < 0.05, and a false discovery rate of 0.05 are provided in bold. Mann-Whitney U test.
(1) Graphical legend for the annotation line colors used in (D) to (G).
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Fig. 4. Single-nucleus transcriptomic and proteomic profiling of plaque and plasma samples from patients undergoing carotid endarterectomy. (A) UMAP plot

of plaque tissue snRNA-seq data from asymptomatic (n = 8) and symptomatic (n =

9) participants. (B) Histogram and density curve of Spearman correlation coefficients

(p) between paired plasma and plaque samples computed across 2810 proteins for 88 patients undergoing carotid endarterectomy, overlaid with a density curve. The
dashed red line indicates the median correlation coefficient (p = 0.10). (C) Box plots for plaque and plasma interleukin-6 (IL-6) normalized protein expression (NPX) values
in asymptomatic (n = 37) and symptomatic (n = 51) patients. P values are provided above the boxes. Student’s t test. (D) Scatterplot of the plasma and plaque NPX values

across the 88 sample pairs.

described, CTA-derived plaque features revealed no significant dif-
ferences in total plaque thickness and soft plaque thickness at the
level of the index lesion, remodeling index, calcification location,
and total calcification volume between asymptomatic and symp-
tomatic patients. There was a statistically significant difference in
mean calcification density (asymptomatic: 778 + 317 HU versus
symptomatic: 1013 + 406 HU, n = 33 versus 70, P = 0.001) (Fig. 5E).

Zivkovi¢ et al., Sci. Adv. 12, eaee2639 (2026) 25 September 2026

DISCUSSION

Here, we present the study protocol and pilot data from Ather-
OMICS, a biobanking study of patients undergoing endarterectomy
surgery that bridges deep plaque phenotyping with blood biobank-
ing, in vivo noninvasive imaging, and clinical data collection. Our
pilot results indicate elevated IPH content in symptomatic plaques,
macrophages as the most prevalent immune cell subset in plaque
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Fig. 5. Multimodal in vivo and ex vivo carotid plaque imaging in AtherOMICS. (A) CTA in sagittal plane showing the right carotid artery of a female patient presenting
with sudden-onset left upper limb motor deficit before inclusion. The yellow dashed line within the inset indicates the location of the axial plane in (B). (B) Presentation
of calcification across multiple imaging modalities. Left column displays the original image, and right column displays annotated structures. From top to bottom: Axial-
plane CTA, T2-weighted ex vivo MRI, and H&E histology. Annotations: White dashed line denotes outer vessel wall, blue line denotes the lumen, yellow (H&E: purple) line
denotes calcification, purple line (H&E: not represented) denotes fibrous cap, and red line denotes soft plaque (H&E: IPH). (C) CTA in sagittal plane showing the right ca-
rotid artery of a male patient presenting with sudden-onset left upper limb sensorimotor deficit before inclusion. The yellow dashed line within the inset indicates the
location of the axial plane in (D). (D) Side-by-side comparison of axial CTA and AtherOMICS in vivo MRl imaging.“E” indicates the external carotid artery, and “I" the internal
carotid artery. The outer vessel wall is delineated in white, lumen is in blue, soft plaque is in red, IPH and fibrous cap (MRl sequences) are in yellow and purple, respec-
tively. InT1, T2, and time-of-flight (TOF) angiography, the purple arrow points to the fibrous cap, the green arrow points to a lipid core, and the yellow arrow points to IPH
on the dorsolateral side of the artery. (E) Box-and-whisker plots comparing CTA-derived plaque features in asymptomatic (n = 29 to 33) and symptomatic (n = 69 to 70)
participants. P values considered statistically significant at o < 0.05, and a false discovery rate of 0.05 are provided in bold (false discovery rate-adjusted significance
threshold, 0.007). Student’s t test (soft plaque thickness and remodeling index) and Mann-Whitney U test (all others).
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tissue, and an association of IL-6 levels with symptomatic disease,
while plasma and plaque proteomic profiles were weakly correlated.
We also demonstrate examples of parallel characterization of plaque
vulnerability features across histology and multiple imaging mo-
dalities. These findings are consistent with prior literature (29-31)
and confirm the technical feasibility of our study. Furthermore,
power calculations based on pilot data suggest that sample sizes
achievable in this study should provide sufficient power for mean-
ingful discoveries using omics profiling. By integrating these data
types, we aim to identify key mechanisms driving plaque progres-
sion, understand molecular phenotypes associated with destabi-
lization, and propose noninvasive biomarkers for the detection of
vulnerable plaques. AtherOMICS is well positioned to address these
goals. To reveal targetable molecules and pathways driving athero-
progression, we first aim to map molecular quantitative trait loci
(molQTLs) active within atherosclerotic lesions and link them to
genetic loci associated with atherosclerotic cardiovascular outcomes.
While hundreds of genomic signals have been detected for cardio-
vascular disease outcomes in genome-wide association studies (32, 33),
underlying mechanisms remain unknown (34). Lead variants lo-
cated in noncoding genomic regions are assumed to influence gene
expression; however, functional genomic studies studying tissue-
specific expression are lacking (35). To this end, we will genotype
samples from the AtherOMICS cohort in conjunction with samples
from a collaborating study to identify variants associated with mo-
lecular plaque features. A recent study of coronary artery tissue and
genetic data from 138 participants identified previously unknown
expression QTLs associated with ASCVD (36). Integrating findings
from QTL analysis with existing genomic resources for atheroscle-
rotic traits and end points (37) will enable the discovery of specific,
genetic drivers of plaque progression and destabilization and reveal
druggable downstream targets for subsequent testing in animal
models and clinical studies. Previous studies investigating recent
drug trial pipelines have suggested that genetic evidence improves
the probability of drug targets achieving clinical success (38, 39).
Second, we aim to characterize molecular signatures and the under-
lying pathophysiology of plaque vulnerability. Histopathology has
been essential for characterizing atheroprogression, identifying mor-
phological stages of lesion development and substructures linked
to plaque vulnerability (40, 41). However, molecular features related
to vulnerable plaques remain poorly defined. By linking clinical data
and histology with plaque omics profiles, AtherOMICS provides an
opportunity to investigate these associations. Third, to find nonin-
vasive diagnostic markers for symptomatic atherosclerotic disease,
we will examine how plaque histological and molecular features re-
late to in vivo imaging phenotypes and to omics profiles in pe-
ripheral blood. By aligning imaging and histology data, we aim
to characterize how vulnerable plaque substructures appear in non-
invasive diagnostics (Fig. 5). In parallel, correlating blood-based
omics profiles with plaque features will enable the identification of
circulating biomarkers predictive of clinical events such as stroke or
myocardial infarction (42). Together, these efforts can support the
development of noninvasive tools for assessing plaque stability and
forecasting adverse cardiovascular outcomes.

Initial quantification of histological plaque vulnerability features
in AtherOMICS tissue sections indicates that IPH content is increased
in symptomatic carotid plaques. IPH is regarded as both a driver
of plaque destabilization and an indicator of complicated plaques
(29, 43, 44). Histopathological studies using carotid endarterectomy
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samples from the AtheroExpress biobank (45) and coronary autopsy
samples (46) have developed the understanding that leakage from
intraplaque neovessels is a causal mechanism for IPH. Recently,
multiple studies integrating transcriptomic data at the single-cell,
bulk, and spatial level from the MaasHPS study (47) and the Munich
Vascular Biobank (48) identified distinct neovessel-adjacent endo-
thelial cell subpopulations in vulnerable plaques. Another study incor-
porating carotid plaque proteomics and multiomic characterization
of extracellular vesicles highlighted cell-cell communication be-
tween endothelial cells dominated by neovascularization-associated
molecules in vulnerable plaques (49). One proteomic and transcrip-
tomic analysis of carotid plaque tissue and peripheral plasma from
the BiKE study proposed Biliverdin reductase B as a biomarker as-
sociating with IPH (50). Integrating omics modalities that capture
the plaque microenvironment with noninvasive imaging and de-
tailed clinical phenotyping could identify driving mechanisms of
plaque microvascular dysfunction and IPH.

Our snRNA-seq data confirms macrophages as the predominant
immune cell type in advanced plaques (30, 5I). Prior data from
single-cell RNA-seq analyses had suggested T cells as the predomi-
nant leukocyte subset (52, 53). These diverging results might be re-
lated to differences in the viability of immune cell subsets across
different protocols (54).

Our CTA quantifications exhibited concordance with histolo-
gy for calcified and soft plaque measurements and a statistically
significant increase in mean calcification density in symptomatic
plaques, with other variables such as calcification thickness and vol-
ume not differing between the two groups. Concurrently, our histo-
logical data do not show differences in plaque calcification content.
These observations are in line with CTA (55) and histopathology
(56) studies of carotid arteries integrating clinical end points. Future
studies on calcification in vascular imaging and histology will shift
the focus toward characterization of calcification pattern, fragmen-
tation, position in relation to the lumen, and spatial clustering to
identify patient substrata with higher risk of symptomatic conver-
sion (57, 58). Proteomic and transcriptomic profiling of the carotid
plaque extracellular matrix revealed a molecular signature for calci-
fied plaques that inversely correlated with plaque inflammation
(59). A recent study linking carotid plaque histology with bulk se-
quencing and spatial transcriptomics found a sex-specific difference
in the activity of calcification-associated pathways, with fibrous
plaques from female patients exhibiting gene expression profiles
dominated by extracellular remodeling that mapped to distinct
plaque regions (60). Subtyping calcification in histology and linking
these data to imaging and omics could develop a more accurate un-
derstanding of its role in symptomatic atherosclerosis.

The study design of AtherOMICS has several strengths. First, it
integrates multiple omics modalities from plaque tissue and periph-
eral blood with noninvasive imaging, clinical data, and genotyping
from the same study participants. This is reflected in our proteomic
dataset of currently 88 plaque-plasma pairs with concurrent histol-
ogy, imaging, and clinical information, allowing for the identifica-
tion of circulating biomarkers that associate with specific plaque
vulnerability features and different clinical presentations. Second,
AtherOMICS collects plaque imaging from multiple modalities
both in vivo (CTA and MRI from routine diagnostics and dedicated
in vivo MRI substudy) and ex vivo (plaque tissue MRI). This ap-
proach enables imaging characterization of plaque vulnerability fea-
tures through coregistration with histology. Third, plaque and blood

80of15



SCIENCE ADVANCES | RESEARCH RESOURCE

samples are collected and processed with long-term storage in mind.
Different omics analyses can be executed on stored samples indepen-
dently of each other and of the collection step, which enhances scal-
ability and flexibility. Fourth, our annotation strategy for histology
sections allows for a detailed atlas of plaque vulnerability features that
carries information about number, shape, and spatial relationships of
substructures, which will facilitate future efforts toward spatial omics.
We believe that these aspects contribute to the utility of this resource.

AtherOMICS has specific limitations. First, patients undergoing
endarterectomy typically exhibit advanced stages of atherosclerotic
disease, which is reflected in an overrepresentation of type VI plaques
and thus limits the interpretability of findings for less advanced ath-
erosclerosis stages. Second, unlike, e.g., AtheroExpress, it does not
follow up on patients after endarterectomy surgery, meaning that
recurrent cardiovascular and cerebrovascular events are not cap-
tured. Third, several omics analyses, typically requiring very large
sample sizes, are still underpowered. Other studies investigating
proteomic changes in patients undergoing carotid endarterectomy
leveraged cohorts of more than 500 participants (61, 62). The pace
of inclusion into AtherOMICS, which has stabilized around 88 to 92
participants per year (fig. S1A), suggests that at least 610 partici-
pants will be included by 2030 and 1050 by 2035. Nevertheless, an
expansion of study inclusion to other centers would greatly increase
the participant cohort and improve study power. Fourth, compared
to the biobanking and clinical data components of the study, fewer
patients agree to participate in the in vivo MRI substudy, thus limit-
ing the pace of inclusion. Fifth, subclinical atherosclerosis or silent
ischemic events in other vascular territories such as the coronary
arteries could affect circulating biomarker profiles. Since 46% of as-
ymptomatic patients reported a history of diagnosed coronary ar-
tery disease, silent ischemic events could influence our study findings.
Sixth, AtherOMICS is currently limited to plaque tissue from the
carotid and femoral arteries, which may affect the translation of
findings to other vascular territories such as coronary or intracra-
nial arteries (63). Seventh, although carotid ultrasound images and
derived measurements such as intima-media thickness could be ex-
tracted from the medical records of currently 132 participants, this
widely available and cost-effective imaging technique is currently
not being used for investigations. Eighth, CTA data used in the
study are obtained from clinical routine, which results in variable
image quality depending on scanner type and scan parameters and
affects concordance with study-specific imaging modalities and his-
tology. Ninth, the monocentric study design results in an overrepre-
sentation of urban-dwelling individuals of European ancestry.

In conclusion, AtherOMICS integrates deep multiomic profiling of
human atherosclerotic plaques with conventional histopathology, clin-
ical phenotyping, blood biobanking, and in vivo plaque imaging. This
study protocol with initial pilot results is intended to increase the
transparency and reproducibility of our study design, demonstrate fea-
sibility ahead of downstream analyses, offer an outlook toward future
research efforts, and invite collaboration. AtherOMICS has the poten-
tial to contribute novel insights into mechanisms underlying human
atheroprogression, reveal the molecular signatures of plaque vulnera-
bility, and develop noninvasive biomarkers of plaque instability.

MATERIALS AND METHODS
Detailed standard operating procedures underlying AtherOMICS
can be found in the Supplementary Materials.
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Study overview
The reporting of pilot data follows the STROBE guidelines for cross-
sectional studies (64). AtherOMICS has been approved by the Ethics
Committee of the Faculty of Medicine of the Ludwig-Maximilians-
Universitit (LMU) in Munich, Germany (approval numbers: 121-
09, 22-0135, and 23-0772). All participants have provided written
informed consent and the study conforms to the 2008 Declaration
of Helsinki.

Recruitment for AtherOMICS began in August 2022 and includes
the following (Fig. 1):

1) Plaque biobanking: Plaque material removed during carotid
or femoral endarterectomy is collected and processed for his-
tology, ex vivo MRI, and omics analyses.

2) Blood biobanking: Peripheral blood is collected from eligible
participants before undergoing endarterectomy.

3) Clinical data collection: Demographic and anthropometric
data, medical and medication history, and clinical labora-
tory data are collected from participants’ medical records
(table S4). In addition, a cardiovascular risk factor interview
is conducted with participants by study personnel (table S5).

4) In vivo imaging: CTAs and brain MRIs are obtained from
clinical routine diagnostics. A high-resolution carotid MRI
scan is conducted with participants before surgery and inde-
pendent from clinical imaging data collection.

Study participants

The target population of AtherOMICS includes adults scheduled to
undergo carotid or femoral endarterectomy due to atherosclerotic
disease. Participants are consecutively recruited from the Vascular
Surgery and Neurology Departments at LMU Klinikum in Munich,
Germany. Reasons for referral are symptomatic or asymptomatic
carotid artery stenosis and symptomatic peripheral artery disease
due to stenotic lesions in the femoral artery. Study team members
identify potentially eligible participants by daily screening of hospi-
tal admission records and surgery plans. The inclusion criteria for
the biobank are as follows:

1) Adults (age > 18 years)

2) Scheduled for carotid or femoral endarterectomy in the next
7 days

3) Provision of written informed consent for the study before
participation.

The exclusion criteria are as follows:

1) Inability or unwillingness to provide written informed consent
2) Prior ipsilateral endarterectomy or stenting
3) Prior local radiation therapy.

Consenting participants scheduled for carotid endarterectomy
are additionally invited to participate in in vivo imaging assessment
with carotid MRI before surgery. Team members performing eligi-
bility screening are bound to uphold data protection requirements.
A physician trained in Good Clinical Practice oversees screening
activity and ultimately determines eligibility.

Once a patient’s eligibility is confirmed during screening, they
are contacted in person by a member of the study team, who ex-
plains the nature of the study using the study consent forms. Pa-
tients are then informed about their rights as participants in a
clinical study. If patients express interest in participating and
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once all questions have been addressed, then they are asked to
sign the consent forms. Copies are provided for the participants’
own records. Consent forms signed and dated by both parties are
later stored at the research institution under restricted access.
Once written informed consent is obtained, the team member
conducts a structured interview for cardiovascular risk factors
(table S5).

Plaque biobanking

Plaque material is collected directly from the operational room dur-
ing endarterectomy immediately after plaque excision. Samples are
transported to the processing facility on ice and in a falcon tube filled
with sterile phosphate-buffered saline. The time between removal of
plaque material from the affected artery to placement on ice is re-
corded. A randomly generated pseudonym is assigned to the sample
for later reference. For processing, the plaque is photographed and
then sectioned as follows (fig. S2): First, a 5-mm section containing
the most diseased segment (MDS) in the internal carotid artery and
a 5-mm marginal sections proximal and distal to the MDS are identi-
fied by morphological assessment and documented on the plaque
outline. Then, the plaque is cut into the respective sections using scis-
sors or a scalpel. The MDS is transferred to a tube and submerged in
4% paraformaldehyde (PFA) solution to be used for ex vivo MRI and
histopathological analysis. Twenty-four hours after initiating PFA
fixation, the MDS is removed and washed for 1 hour under luke-
warm running water. Thereafter, the plaque is kept in 70% ethanol in
an Eppendorf tube to undergo ex vivo MRI. Then, the plaque is de-
calcified at 4°C using a tris-buffered 200 mM EDTA solution at a pH
of 8.0. Daily checks are performed where the section is morphologi-
cally assessed for successful decalcification, after which the plaque is
transferred to temporary storage in a 70% ethanol solution. The re-
maining plaque segments are flash frozen by submersion in liquid
nitrogen-cooled 2-methyl butane and stored at —80°C for subse-
quent omics analyses. The time between placement on ice in the op-
erating room and flash-freezing is again recorded. Per protocol,
the sum of table-to-ice-time and ice-to-flash time should not exceed
60 min to minimize RNA and protein degradation.

Histological processing

After dehydration and embedding in paraffin, MDS segments are
sent out for histological processing at the Core Facility Pathology &
Tissue Analytics, Helmholtz Munich, Germany. There, serial sec-
tions of 5 pm in thickness are taken from the MDS in 1-mm inter-
vals. The sections undergo stainings with hematoxylin and eosin
(H&E), anti—a—smooth muscle actin (aSMA) immunohistochemis-
try (IHC) for smooth muscle cells, anti-CD68 IHC for macrophages,
and Picrosirius Red for collagen. IHC is performed using standard
diaminobenzidine staining. Slides are scanned at high resolution
with a microscope (Carl Zeiss NTS Ltd., Oberkochen, Germany).
The resulting whole-slide images are stored in the .CZI format. For
analysis, whole-slide images of up to three sections are automatically
split into scenes containing one section each and imported into Qu-
Path (v.0.4.4) (65). A set of unstained, unimaged slides is stored for
future stainings.

IHC analysis

For cellular composition measurements (CD68 and «SMA), QuPath’s
segmentation feature is used to manually detect the positive region
within the image that can be identified as objects in a hierarchical meth-
od below the annotations. These objects can be assigned defined colors
in QuPath that classify DAB-stained area (immunostaining-positive,

Zivkovi¢ et al., Sci. Adv. 12, eaee2639 (2026) 25 September 2026

“brown”; immunostaining-negative) and background region devoid of
tissue, based on the predictions at the region of interest at the same
time. QuPath’s random trees classifier feature consists of multiclass clas-
sification tasks that assign each pixel of the image to one of three catego-
ries, e.g., “positive,” “negative,” and “ignore” (no plaque region), which
are used for model training. Thereby, values for immunostaining-
positive area and remaining plaque area (both in square micrometers)
are obtained (Fig. 1B). This workflow is implemented throughout the
images of immunostained sections and resulting quantification data are
collected in spreadsheets for later analysis. tSMA sections are quanti-
fied in moderate and CD68 samples in high resolution due to differ-
ences in color intensities.

Plaque feature annotation

Staff with experience in vascular histology and unaware of sam-
ple identity annotate plaque features using the geometry tools
provided within the software. Sections are only annotated if they
contain at least 50% of plaque circumference and are devoid of out-
of-focus areas.

Total plaque area is determined through measuring the area of
the entire plaque tissue captured in the H&E cross section and
serves as a normalizing parameter for the other measurements. If
large parts of the cross section are not represented in H&E but in
other stainings at an adjacent level within 5 to 10 pm, then the other
staining is used to impute total plaque area.

Lipid cores are detected and characterized in Sirius Red stainings
(Fig. 1D). Their main distinguishing features are clefts resulting
from dissolved cholesterol crystals, dark yellow (lipid-rich) matrix,
the absence of collagen fibers in later lesional stages, and outlines of
cellular debris throughout the core (66-68). As the unstable core
tissue is often affected during processing, especially in ruptured
plaques, parts of the lipid core are at times not accounted for in Sirius
Red sections. In these cases, if the plaque geometry is unaffected and
the surrounding plaque tissue permits the inference of original shape
and size, then the lipid core area is reconstructed using directly ad-
jacent sections and ex vivo MRI to confirm.

Calcification can be observed in H&E stainings (Fig. 1E). Despite
the plaque tissue undergoing decalcification, the borders of pre-
viously fully calcified islets can usually be clearly delineated and
inferred using matched ex vivo MRI, which is performed before
decalcification. Sheet-calcified areas and calcified nodules exhibit a
dark-purple to deep-blue staining in H&E, whereas microcalcifica-
tions display blue granular deposits within the extracellular matrix
that is best contrasted from the surrounding, uncalcified tissue at
larger magnification levels (66, 69).

Neovascularization is determined by annotating each visible
neovessel in any given H&E section (Fig. 1F). Neovessels are distin-
guished from other, irrelevant structures through judging the shape
(mostly round, oval, or elongated), observing elongated endothelial
cells surrounding the lumen, and the presence of red blood cells in-
side the lumen (70, 71). The shape of the lumen is overlain with a
geometric annotation to capture both total number and total area of
neovessels per section.

IPH is typically detected in H&E and definitively identified using
corroborating signatures in Sirius Red and CD68 stainings (Fig. 1G).
IPHs present as either fresh, with large quantities of clearly deline-
able red blood cells present within plaque tissue with strong CD68-
positive signal, or old IPH, with sparse or degraded-appearing red
blood cells, clear borders between the light-pink-colored hem-
orrhage area and surrounding plaque tissue and a homogenous

100f 15



SCIENCE ADVANCES | RESEARCH RESOURCE

structure that obscures the underlying plaque matrix (71, 72). Oc-
casionally, mixed forms can be observed that result from rehemor-
rhaging at the site of a previous IPH (66).

Plaque progression assessment (AHA classification grading)
Staft with experience in vascular histology and unaware of sample
identity review H&E and Sirius Red stainings at the whole-section
level and independently complete a standardized assessment based
on the 1995 AHA classification (fig. $3) (40). Divergent assessments
are noted and resolved by consensus.

Ex vivo MRI

MRI scanning is undertaken in a 3-T small animal scanner (nanoScan
PET/MRI, Mediso, Miinster, Germany) using a 30-mm-diameter bird-
cage coil within 1 to 4 days after excising specimen. Sequences were
based on previously published data with minor changes (73). Quanti-
tative T1/T2/T2* mapping sequences (qT1, qT2, and qT2*) and mul-
ticontrast fast spin echo (FSE) sequences including T1, T2, T2*, and
proton density (PD)-weighted images are acquired in axial orienta-
tion. A multi-inversion recovery FSE sequence with 12 inversion
times (30, 50, 80, 100, 300, 400, 500, 700, 800, 1000, 1200, and 1300 ms)
is used for T1 mapping; a multiecho spin echo sequence with 14
echoes ranging from 10 to 140 ms with 10-ms steps is used for T2
mapping; and an interleaved multiecho GRE sequence with eight
echoes ranging from 2.19 to 17.59 ms with 2.2-ms steps is used for
T2* mapping. Scanning parameters are summarized in table S6. The
PD values of plaque components are also quantified by normalizing
the signal intensities on PD-weighted images, with the signal intensi-
ties of the healthy wall set to 1 as a reference.

Blood biobanking

Peripheral blood is collected in two 9-ml EDTA-coated tubes and
one 7.5-ml serum tube (S-Monovette, Sarstedt, Niimbrecht, Germany).
The serum and one EDTA tube are maintained in an upright position
for 30 min at room temperature and then centrifuged at 2000g for
10 min at 15°C to separate serum and plasma. Aliquots of 8 X 300 pl
for each serum and plasma are created in barcoded tubes, loaded
onto 8 X 12 racks, and scanned into an internal database. The sam-
ples are stored at —80°C to be later used for omics analyses. The sec-
ond EDTA-coated plasma tube is stored at 4°C for DNA extraction.
DNA extraction

DNA is extracted from participant plasma using commercially avail-
able NucleoSpin Blood XL tube and reagent kits (Macherey-Nagel,
Diiren, Germany), as well as the supplied protocol. Briefly, 250 pl of
Proteinase K suspension (20 pg/ml) are added to 5 ml of EDTA plas-
ma and incubated for 15 min at 56°C after adding the supplied buffer
and vortexing the solution. When cooled to room temperature, 100%
ethanol is added, and the entire solution is loaded onto the supplied
filter columns. After centrifuging twice at 4000g for 3 min and re-
moving the flow-through at both iterations, the remaining sample is
washed twice under centrifugation using the supplied wash buffer.
Elution is performed using 500 pl of 70°C warm BE buffer and incu-
bated for 3 min and then centrifuged for another 2 min at 4000g.
The eluate is then collected, and DNA concentration is measured us-
ing a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Samples are then cataloged in an internal DNA
database and stored at —80°C for later use.

Demographic and clinical data collection
Sociodemographic and anthropomorphic data are acquired from
hospital records. Cardiovascular risk factors are assessed through a
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structured interview (table S5). Patients undergoing carotid endar-
terectomy are considered to be symptomatic if they report sudden-
onset focal neurological symptoms consistent with cerebrovascular
events ipsilateral to the stenosed carotid artery within the past
6 months or if these events are found in the patient records (74, 75).
A NASCET value obtained during clinical routine is extracted from
past radiological or ultrasound examinations. “Cardiovascular med-
ication” is defined as the current medications upon admission to the
hospital that fall under one or more of the following categories: (i)
antihypertensive, (ii) antidiabetic, (iii) lipid-modifying agent, (iv)
antiplatelet agent or anticoagulant, and (v) diuretic. For clinical lab-
oratory assessments, most recent values from the moment of surgery
are extracted. It is not uncommon for the individual assessments
(table S4) to be performed at different time points; therefore, the most
recent leukocyte count and complement-reactive protein (CRP) mea-
surements are extracted if they occurred up to 14 days before surgery.
Total cholesterol, high-density lipoprotein (HDL), and low-density
lipoprotein (LDL) measurements are extracted if they occurred up to
28 days before surgery.

In vivo imaging

We collect vascular and brain imaging studies from the medical re-
cords of the study participants. Specifically, we export pseudony-
mized imaging stacks in DICOM format from the most recent
presurgery carotid CTA, brain, and cervical MRI, provided that this
imaging has been conducted. The scans are acquired during routine
clinical assessment, and scanner brand and parameter settings vary
across patients.

Eligible participants are additionally invited to a presurgery
high-resolution MRI of the carotid arteries and brain in the context
of an imaging study nested within AtherOMICS. This scan is con-
ducted specifically for the study and irrespectively of previous scans
in the clinical context. A physician assesses whether contraindica-
tions for MRI are present and obtains separate written, informed
consent from the participant. Participants unwilling or unable to
undergo MRI can still participate in the biobank through collection
of plaque material, blood samples, and clinical data.

CTA annotation strategy

CTA imaging stacks are exported from the clinical documentation
system and loaded into 3DSlicer (v. 5.6.2) (76) for further process-
ing. For total plaque, soft plaque, and calcification thickness measure-
ments, the slice showing the maximum extent of the corresponding
plaque component across the entire plaque was selected. Calcifica-
tion location is similarly measured at the level with the maximum
calcification burden and expressed as the relative luminal distance
of the center of the largest calcification islet. This relative distance is
determined by dividing the distance of the calcification islet from the
lumen and the distance from the lumen to the outer vessel outline
(77). The remodeling index was calculated as the ratio of the cross-
sectional lumen area at the most stenotic site to the lumen area of the
proximal reference (78). To obtain total calcification volume, calci-
fied areas were manually delineated throughout the entire plaque.
Mean calcification density was defined as the average Hounsfield
unit value throughout the entire calcified volume (79).

In vivo MRI substudy

MRI scans are performed on a 3-T device (Magnetom Prisma, Siemens
Healthineers, Erlangen, Germany) using a routine 32-channel head
coil and two four-channel, special purpose carotid coils. The imaging
protocol has been previously described (80, 81). Briefly, it includes
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time-of-flight (TOF) magnetic resonance angiography and black-
blood T1-, PD-, and T2-weighted sequences with fat suppression.
Study pseudonym, sex, and age are recorded, and imaging stacks
are archived on a dedicated clinical imaging server inside the re-
search facility.

We aim to pursue the integration of contrast-enhanced T1-
weighted sequences. Patients without known intolerance to gadolin-
ium and no evidence of severely impaired renal function (GFR <
30 ml/min per kilogram) will also be administered gadolinium-
diethylenetriamine pentaacetic acid-BMA (Gadobutrol, Bayer-
Schering, Leverkusen, Germany) at a dosage of 0.1 ml/kg and at a
rate of 3 ml/s, 5 min before postcontrast T1-weighted imaging.

Omics profiling

Single-nucleus RNA sequencing

Frozen plaque sections of 150 to 500 mg for 32 plaques were sent to
Singleron Biotechnologies (Cologne, Germany) to perform snRNA-
seq. Briefly, for library preparation, after tissue dissociation and cell
lysis, nuclei were extracted, counted, and then adjusted to a concen-
tration of 1 x 10%/ml. Nuclei were suspended in a mixture with re-
verse transcriptase reagent containing template oligoprimers and
reverse transcriptase. The solution was loaded onto a chip (SCOPE-
chip) and surrounded by oil surfactant. Nuclei then form droplets
with a bead gel containing unique molecular identifiers (UMIs)
using a microfluidic double-cross-connection isolation system.
Formed droplets were collected, cDNA fragments were reverse
transcribed, and gel beads were subsequently dissolved, releasing
the UMI-tagged amplification products. Barcoded fragments were
pooled for library construction and then sequenced aiming for 6000
nuclei and 35,000 to 50,000 reads. Quality control was performed by
examining tissue, nuclei, cDNA, and library yield and fragmenta-
tion. Nuclei from a total of 17 plaques passed quality control and
were successfully sequenced.

Nuclei were retained using standard quality control thresholds
(>150 detected genes, >150 UMIs, and <20% mitochondrial tran-
scripts). Doublets were identified and removed on a per-sample basis
using DoubletFinder, assuming an expected doublet rate of ~4% per
library (82, 83). Gene expression was normalized and variance stabi-
lized using SCTransform, with mitochondrial content regressed out.
Highly variable features (n = 1500) were selected across samples, and
integration anchors were identified using FindIntegrationAnchors to
generate a shared integrated assay via IntegrateData (84). Principal
components analysis was performed on the integrated assay, and the
first 15 components were used to construct a shared nearest-neighbor
graph (k =40). Clustering was performed using the Louvain algorithm
with a resolution of 1.4. Broad lineage identities were assigned using
canonical marker genes from published human vascular and athero-
sclerotic plaque single-cell atlases, together with the Human Cell
Atlas as reference (16, 85-87). Cluster-level profiles were evaluated
using marker-based scoring, reference-based correlation (clustifyr),
and gene set enrichment (GSVA/ssGSEA). Final annotations were
defined on the basis of concordance across methods and manual in-
spection of marker expression.

Proteomics

We performed proteomic characterization of 88 matched plaque-
plasma pairs. To guarantee sample integrity, both blood and plaque
samples destined for proteomics analysis were stored at —80°C as
described above. Radioimmunoprecipitation assay lysis buffer with
added cOmplete mini protease inhibitor cocktail (Sigma-Aldrich,
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St. Louis, MI, USA) was used for cell lysis. Plaque samples were
thawed on ice, homogenized in the lysis buffer, and centrifuged to
remove debris. The resulting supernatant was stored at —80°C until
further use. Plaque lysates were subjected to SDS—polyacrylamide gel
electrophoresis and subsequent Coomassie Blue staining, whereafter
gels were inspected visually for signs of protein degradation. Pseud-
onymized plaque lysates and plasma aliquots were shipped on dry ice
to Helmholtz Munich, Germany on 96-well polymerase chain reac-
tion plates specified by the assay provider. Proteomic profiling was
performed using Olink Explore 3072 panel, a proximity extension
assay platform that uses DNA-conjugated antibodies and subsequent
DNA amplification and sequencing to determine protein abundance
(88). The resulting C; values were converted into normalized protein
expression (NPX), a surrogate marker of protein concentration,
through adjusting for interplate correction factors. Last, mean NPX
values from a total of 2841 proteins in both plaque and plasma were
compared between symptomatic and asymptomatic patients. In ad-
dition, associations between plaque and plasma NPX values for
any given protein were examined through calculating Spearman’s
rank correlation coefficients.

Supplementary Materials
This PDF file includes:

Figs.S1to S4

Tables S1to S6

Standard Operating Procedures
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