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Abstract: Cross-sectional and longitudinal profiling of full sets of nucleic acids, peptides, or proteins
as well as metabolites expressed in biospecimens acquired via a cardiovascular disease-oriented
biobank may aid in the elucidation of the disease pathways and mechanisms underlying individ-
ual cardiovascular diseases, such as degenerative valvular heart disease. This may promote the
development of novel and effective, personalized diagnostic and therapeutic strategies to efficiently
reduce cardiovascular mortality and morbidity as well as its health and economic burden. This brief
report aims to describe the unique, standardized, interdisciplinary, and interprofessional approach to
cross-sectional and longitudinal cardiovascular biobanking and databasing at the University Hos-
pital Augsburg. Moreover, we present the study protocol of a specific, well-defined, prospective,
single-center research project involving cross-sectional and longitudinal cardiovascular biobanking.
The aim of this project is to gain a better insight into the molecular mechanisms underlying aortic
valve disease-induced cardiomyopathy and the long-term effect of surgical correction of the aortic
valve pathology on the left ventricular myocardial molecule profile.

Keywords: biobanking; cross-sectional; longitudinal; protocol; cohort; omics; cardiovascular disease;
degenerative valvular heart disease; valvular cardiomyopathy; cardiac surgery

1. Introduction

Cardiovascular diseases remain the leading cause of death and disability globally, plac-
ing an immense burden on the health systems and economies [1,2]. Along with ischemic
heart disease, degenerative valvular heart disease is a major contributor to cardiovascu-
lar mortality and morbidity with a steadily increasing global prevalence over the past
30 years [3,4]. For the development of novel and effective diagnostic and therapeutic strate-
gies in degenerative valvular heart disease, a better elucidation of the disease pathways
and mechanisms through basic and translational research is paramount.

Biobanking refers to the systematic, organized collection and long-term storage of
well-characterized biospecimens (e.g., tissue samples (cryopreserved or formalin-fixed
and paraffin-embedded), blood samples, various types of cells or nucleic acids) annotated
with medical and/or epidemiological data for research purposes. Biobanking can occur
either on a small scale for specific single-center research projects or on a national level
for comprehensive epidemiological studies [5,6]. The collection of biospecimens can be
conducted cross-sectionally or longitudinally, an advantage of the latter possibly being a
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better characterization of disease evolution and progression [5]. Biobanks can either be
population-based, comprising annotated samples of biospecimens from volunteers with-
out specific inclusion or exclusion criteria, or are disease-oriented, containing annotated
samples of biospecimens from a specific patient population, such as patients suffering from
cardiovascular disease [7]. The evolution of omics-based analyses (i.e., the profiling of full
sets of nucleic acids, peptides/proteins or metabolites expressed in a specific specimen) has
significantly contributed to progress in the field of disease-oriented biobanking and biomed-
ical research by enabling researchers to gain better insights into disease-related changes
on the molecular level [6,7]. Yet, the quality of biospecimens might have a major impact
on omics data. Thus, documentation of the pre-analytical factors of the biospecimens (i.e.,
processing time, centrifugation condition, temperature) in the biobank is crucial to enable
successful and reproducible research studies [8–10]. Many biobanks, therefore, use the
Standard PREanalytical Code (SPREC), which was established by the ISBER Biospecimen
Science Working group, in order to properly document critical preanalytical variables of
fluid and solid biospecimens within a seven-element code [11].

The aim of this brief report is to describe the general, standardized, interdisciplinary
and interprofessional approach to cardiovascular biobanking and databasing at the Univer-
sity Hospital Augsburg, referred to as A-CaRe (for Augsburg Cardiovascular Research),
as well as a specific, well-defined, prospective, single-center research project using, and
thereby testing, the organizational structure, workflow and institutional infrastructure pro-
vided by the A-CaRe protocol. It incorporates longitudinal biobanking to better understand
the molecular mechanisms underlying aortic valve disease-induced cardiomyopathy and
the long-term effect of surgical correction of aortic valve pathology on the left ventricular
myocardial molecule profile.

2. Cardiovascular Biobanking at the University Hospital Augsburg

The general process of cardiovascular biobanking at the University Hospital Augsburg
(i.e., A-CaRe) is displayed in Figure 1. It is a unique, collaborative, interdisciplinary and
interprofessional project involving clinicians, scientists, research assistants and medical
(laboratory) assistants from the Department of Cardiothoracic Surgery as well as the
Augsburg Central BioBank. It is aimed at the systematic and organized collection of
a broad range of biospecimens obtained intraoperatively during elective, urgent and
emergency open heart procedures as well as during postoperative follow-up for the purpose
of dedicated research on the etiology of cardiovascular diseases and their underlying
molecular pathways and mechanisms, thereby intending to improve and personalize
diagnostics as well as therapy.

2.1. Broad Consent

Within the scope of the preoperative informed consent procedure, senior surgeons
provide information on the planned cardiac operation to the patients. Irrespective of
the consent to the surgery, the patients are informed about the possibility to participate
in biobanking. Thereby, upon the patient’s consent, biospecimens can be stored in the
Augsburg Central BioBank and used for future research projects. Specific emphasis is
placed on the fact that only those biospecimens that are routinely excised as part of the
procedure (e.g., aortic valve leaflets during aortic valve replacement, aortic tissue during
aortic surgery, remains of arterial or venous grafts during coronary artery bypass grafting,
etc.) are collected. Hence, patients who agree to the general storage of their biospecimens
in the biobank receive the same surgical treatment as patients who deny consent. The only
difference between those who consent and those who do not is the collection of additional
blood samples with a total volume of approximately 20 to 25 mL via central venous or
arterial line. Before the biospecimens and their associated data are released for a specific
research project, a positive vote by the independent Ethics Committee and the subsequent
approval of the in-house Use and Access Committee must be obtained.
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below), a study-specific informed consent is additionally used. 
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Figure 1. Schematic representation of biobanking at the University Hospital Augsburg. For cardio-
vascular biobanking, the Department of Cardiothoracic Surgery informs the patient about the Broad
Consent. Based on the patient’s consent, intraoperative biospecimens (tissue and blood samples) are
collected. The biospecimens are transferred to the biobank, where they are subsequently processed
and stored. For ongoing specific projects, e.g., AortOmics (see description below), a study-specific
informed consent is additionally used.

2.2. The A-CaRe Protocol for Collection, Processing and Long-Term Storage of Liquid and
Tissue Samples

Key elements of the A-CaRe protocol are dedicated medical (laboratory) assistants in
charge of the collection and transfer of biospecimens to the biobank and of processing and
handling of the samples before storage along with the appropriate pre-existing equipment
and infrastructure.

Blood samples are acquired via central venous or arterial line during induction of
anesthesia and comprise 4 tubes with different additives: ethylenediaminetetraacetic
acid (EDTA) plasma (9 mL), citrate plasma (5 mL), serum/whole blood (7.5 mL) and
PAXgene® for isolation of ribonucleic acids (RNA) (2.5 mL). Tubes are inverted to mix the
additives with the whole blood and then immediately transferred to the biobank in an
upright position for further processing and storage. Upon arrival in the biobank, tubes are
centrifuged at 2000× g for 15 min at 20 ◦C. Next, 500 µL aliquots of EDTA plasma, citrate
plasma and serum as well as 300 µL aliquots of EDTA buffy coat are transferred to cryo-
storage tubes. Finally, the cryo-storage tubes are frozen at −80 ◦C for long-term storage.
Meanwhile, RNA-PAXgene® blood is incubated for at least 2 h at ambient temperature,
then placed at −20 ◦C for 24 h before finally being transferred to long-term storage at
−80 ◦C in a freezer. All relevant information about the quality of the samples such as
time stamps (i.e., collection, arrival, centrifugation, aliquoting, freezing) as well as any
abnormalities and protocol deviations/violations are recorded in the Augsburg Central
BioBank’s biobank information management system (BIMS). For all data entries concerning
biospecimens of the Augsburg Central BioBank, the Data Information System (DIS, Bitcare
GmbH) is used.

Tissue collection comprises the broad collection of any type of tissue that is excised
during open heart procedures. Shortly after removal from the patient, the tissue sam-
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ples are placed into universal collection containers (e.g., sputum collection container),
labelled and sent to the biobank via a pneumatic dispatch system. Upon arrival in the
biobank, up to 5 aliquots are obtained. Aliquots are then snap-frozen, temporarily stored at
−80 ◦C in a freezer and eventually transferred to long-term storage at lower than −135 ◦C
in the vapor phase of liquid nitrogen. Temperatures are closely monitored at any step via a
temperature monitoring system. Again, all relevant times (i.e., excision, arrival, aliquoting,
freezing) as well as any protocol deviations/violations are recorded and entered in the
biobank information management system (BIMS).

A slightly different protocol exists for patients undergoing emergency cardiac surgery
during “off-time” (i.e., incision time after 4 pm or before 7 am or during the weekend). As
preoperative consent, a prerequisite for the active collection of biospecimens, can generally
not be obtained in such patients, no blood samples are collected. In these cases, only
residual material can be used for biobanking and of course, only if the patient agrees to the
broad consent postoperatively. If the patient’s consent is not given, the samples and related
data are discarded immediately.

Small samples of the tissue that is excised for medical reasons during the emergency
procedure are compiled. Yet, in contrast to the above-mentioned approach, the operating
room staff are responsible for the processing of samples, including assembly of the aliquots
into cryo-tubes, correct labeling and snap-freezing of aliquots in liquid nitrogen at −196 ◦C.
The samples are stored in a liquid nitrogen tank close to the operating room. The aliquots
will then be transferred to the biobank for long-term storage at lower than −135 ◦C in
the vapor phase of liquid nitrogen. Excision and fixation times are recorded on a specific
worksheet intraoperatively and subsequently entered into the BIMS.

Relevant clinical information, including demographics, comorbidities, perioperative
risk scores, pre- and postoperative laboratory tests, pre- and postoperative echocardiogra-
phy, details of the surgical procedure and major postoperative complications, are extracted
from the patients’ hospital charts after discharge. The information is entered into the
A-CaRe register of the BIMS, hence linking it to the biospecimens and eventually molecu-
lar characteristics.

2.3. Longitudinal Biobanking

The key idea of longitudinal cardiovascular biobanking (i.e., the repeated collection
of biospecimens) is to monitor the course of cardiovascular disease from its initial diag-
nosis through all further stages of disease development, considering specific treatment
effects. While the general A-CaRe protocol currently does not include any follow-up visits,
longitudinal sampling during the rehabilitation and follow-up period after surgery will
be an integral part of specific research projects based on the A-CaRe protocol, such as the
below-mentioned AortOmics trial. Longitudinal sampling is an essential tool in biomarker
research for the prediction of specific cardiovascular diseases and for the monitoring of their
progression during the natural course as well as upon treatment (i.e., medication, interven-
tion, or surgery). Potential areas of application of longitudinal cardiovascular biobanking
may include personalized decision-making on the optimal timing of (prophylactic) cardiac
intervention/surgery, e.g., in degenerative valvular heart disease or aortic disease, where
the benefit of invasive correction of the underlying pathology to prevent future irreversible
damage outweighs the risk of intervention- or surgery-associated morbidity and mortality.
To allow for coupling with longitudinal clinical data, clinical follow-up information, includ-
ing symptoms, laboratory tests, echocardiography, and adverse events, may be added to
the BIMS for specific follow-up visits.

2.4. Number of Aliquots Obtained and Stored

Tables 1 and 2 present the numbers of aliquots of samples obtained from November
2021 to September 2023 from 596 individual patients undergoing elective, urgent and
emergency open heart surgery via sternotomy or thoracotomy approach.
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Table 1. The number of aliquots of fluid samples obtained stratified by type.

Type of Liquid Sample Number of Aliquots

EDTA plasma 3915
Citrate plasma 2728

Serum 3223
EDTA buffy coat 1005
RNA-PAXgene® 429

Data presented as absolute frequencies. EDTA: ethylenediaminetetraacetic acid; RNA: ribonucleic acid.

Table 2. The number of aliquots of tissue samples obtained stratified by type.

Type of Tissue Number of Aliquots

Aortic arch 87
Ascending aorta, greater curvature 256
Ascending aorta, lesser curvature 139

Aortic root 141
Aortic valve leaflet 852

Anterior mitral valve leaflet 133
Posterior mitral valve leaflet 61

Chordae tendineae 121
Papillary muscle 29

Left atrium 20
Left atrial appendage 6

Left ventricle 25
Left ventricular outflow tract 11

Pulmonary artery 13
Pulmonary valve 6
Tricuspid valve 10

Right atrium 17
Right ventricle 6

Right ventricular outflow tract 6
Pericardium 190

Epicardial adipose tissue 1046
Left internal mammary artery 142

Right internal mammary artery 51
Radial artery 15

Saphenous vein 226
Thymus gland 273

Tumor 28
Other non-specified tissue 198

Data presented as absolute frequencies. Note that the range of biospecimens that is obtained is dependent upon
the surgical procedure. Internal mammary artery and saphenous vein are, for instance, specific to coronary artery
bypass grafting, while leaflets and valvular tissue are specific to heart valve procedures.

3. The AortOmics Trial
3.1. Background

Isolated aortic valve disease, including aortic stenosis and regurgitation, is the most
prevalent form of degenerative valvular heart disease in Europe and the United States [1,12].
Left ventricular myocardial remodeling, a sequel of long-lasting pressure or volume
overload induced by chronic aortic valve dysfunction, may eventually result in valvu-
lar cardiomyopathy and progressive chronic heart failure, if valvular pathology is left
untreated [13]. Currently, aortic valve surgery is recommended as soon as any symptoms or
any echocardiographic evidence of left ventricular dysfunction is detected. It is supposed to
set the course for left ventricular reverse remodeling, eventually resulting in recovery of left
ventricular function [14,15]. Yet, despite successful aortic valve surgery, cardiomyopathy
persists or even worsens postoperatively in a substantial subset of patients [16–18]. This
phenomenon appears to be more common in patients with aortic regurgitation than in
patients with aortic stenosis [18–21]. Disease pathways and mechanisms that might help
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to explain the different reactions of the left ventricular myocardium to the reduction in
pressure and volume overload by surgical correction of valvular pathology remain widely
unexplored. Hence, no biomarkers (neither molecular, nor circulating, nor imaging-based)
exist that might serve as predictors of inadequate recovery of left ventricular function
following aortic valve surgery [21,22]. Consequently, optimal timing of surgery remains
a challenge.

3.2. Objectives

The primary aim of the AortOmics Trial is the exploratory multi-omics-based analysis
of left ventricular myocardial molecule signatures that might serve as indicators of the
preoperative extent of irreversible myocardial dysfunction (i.e., cardiomyopathy), thereby
predicting chances of full recovery of left ventricular function (i.e., left ventricular reverse
remodeling) after aortic valve surgery in patients with aortic regurgitation vs. stenosis.
Further elucidation of the molecular mechanism of left ventricular remodeling and reverse
remodeling may allow for individualized decision-making and better timing of surgery
in the future. A secondary aim of the study is the characterization of biomarkers that
might serve as predictors of satisfactory long-term outcomes after aortic valve surgery in
either phenotype. Moreover, we aim to evaluate potential correlations of myocardial and
circulating biomarkers which may simplify diagnosis and allow for reliable detection of
the different stages of disease in either phenotype.

3.3. Study Design

The trial is designed as a single-center prospective observational study. A total of
50 adult patients with severe aortic valve disease (i.e., aortic regurgitation or stenosis) in
whom elective aortic valve surgery is indicated will be included after informed consent.
Minors as well as patients with acute endocarditis, concomitant mitral or tricuspid valve
disease or relevant coronary artery disease (i.e., coronary stenosis > 50%) will be excluded.

The study protocol encompasses the collection of blood and left ventricular outflow
tract myocardial samples for each individual patient. Blood samples are acquired via the
central venous or arterial line during induction of anesthesia and comprise two tubes
with different additives: serum/whole blood (7.5 mL) and RNA-PAXgene® (2.5 mL).
Tissue samples are obtained intraoperatively by excision from the subaortic interventricular
septum at approximately 1 cm below the aortic valve in the area underneath the left/right
aortic commissure. Blood samples are processed and stored according to the A-CaRe
protocol (see above). Myocardial samples are cut in half if large enough; one half is
processed as a fresh-frozen sample following the A-CaRe protocol, while the other half
is formalin-fixed and paraffin-embedded (FFPE) in the Department of Pathology. The
FFPE tissue samples are archived in the biobank at ambient temperature. Curation of
clinical data also follows the A-CaRe protocol using the BIMS. Patients are invited to
serial follow-up visits at our institution on a yearly basis for 5 years. Routine follow-
up comprises clinical assessment, transthoracic echocardiography, if necessary further
imaging-based/invasive diagnostics as well as laboratory tests including the collection of
further blood samples (again serum/whole blood (7.5 mL) and RNA-PAXgene® (2.5 mL))
for longitudinal biobanking.

3.4. Timeline

The first patient was included in July 2023. As of December 2023, 33 patients have
been enrolled, including 19 patients with isolated or predominant aortic regurgitation and
14 patients with isolated or predominant aortic stenosis. Enrolment of patients is expected
to take approximately 12 months. Each patient will be followed up for 5 years after surgery
and will return to our institution once per year.
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3.5. Formal Analysis

Systematic analysis of all pre- and intraoperatively collected biospecimens will be
performed after inclusion of the last patient and will include the extraction of total nucleic
acids, peptides/proteins, and metabolites for global profiling of the genome, transcriptome,
proteome, and metabolome using high-performance liquid chromatography coupled with
tandem mass spectrometry. Identification of nucleic acids, peptides/proteins and metabo-
lites and the extraction of their intensities will be achieved using a dedicated software
package, e.g., Spectronaut® (Biognosys, Zürich, Switzerland). For evaluation of molecule
association with aortic regurgitation or stenosis phenotype, a logistic regression model will
be calculated and adapted for covariates, significantly increasing data variance. Moreover,
enrichment analyses of sets of molecules positively associated with either phenotype will
be performed. Normality of data distribution will be assessed and correlations between
myocardial and circulating biomarkers and clinical parameters will be analyzed using the
Pearson correlation (or Spearman correlation in the case of non-normal data distribution). If
necessary, further statistical testing, such as association analyses of clinical data with molec-
ular intensities, will be added. Lastly, formalin-fixed, paraffin-embedded tissue samples
will be cut, and staining of potential target molecules for validation of results will be carried
out. Follow-up blood samples will be analyzed in batches (most likely on a yearly basis) in
the same fashion as preoperative blood samples. Comparison of repeated measures will
be performed using a one-way repeated measures ANOVA (or the Friedman test in the
case of non-normal data distribution). The false discovery rate will be controlled by the
Benjamini–Hochberg method [23], and p-values will be considered statistically significant
if <0.05.

4. Outlook

In a subsequent study, cross-sectional and longitudinal cardiovascular biobanking
could serve as a valuable source of biospecimens for the evaluation of a correlation of
myocardial and/or circulating indicators of the extent of valvular cardiomyopathy as a
sequel of aortic valve dysfunction with imaging-based biomarkers acquired, for exam-
ple, through modern photon-counting computed tomography (PCCT) or 68Ga-fibroblast-
activation-protein inhibitor positron emission tomography/computed tomography (68Ga-
FAPI PET/CT).

5. Conclusions

Cross-sectional and longitudinal biobanking during and after cardiac surgery is a
valuable tool in cardiovascular research, requiring interdisciplinary and interprofessional
collaboration. The establishment of a systematic intra- and postoperative biobanking proto-
col, such as the A-CaRe protocol, allows for successful conduction of specific and dedicated
trials involving modern omics-based analysis techniques and aimed at better elucidating
disease pathways and the mechanisms underlying individual cardiovascular diseases,
e.g., degenerative valvular heart disease. The evaluation of the correlation of tissue- and
blood-based biomarkers with clinical phenotypes and long-term clinical outcome may
potentially provide a solid foundation for personalized medicine and patient-centered
decision-making in cardiovascular diseases.
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