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Background: Severe aortic stenosis (sAS) is associated with acquired von Willebrand syndrome (AVWS) by loss of
high-molecular-weight multimers (HMWM) of von Willebrand factor (VWF), potentially resulting in perioper-
ative bleeding. Analysis of VWF multimers remains challenging. Recently, the new, rapid Hydragel 5 assay has
been developed, using electrophoretic protein separation for dividing VWF-multimers into low (LMWM), in-
termediate IMWM), and HMWM, the hemostatically active part of VWF. Here, we evaluated its impact on
predicting blood loss in presence of AVWS after surgical aortic valve replacement (SAVR).

Methods: We prospectively examined 52 patients (age: 68 + 7 years; 54 % male) admitted to SAVR. They were
divided in two groups (A: normal VWF, n = 28; B: abnormal VWF, n = 24, defined as VWF-activity/antigen
(VWF:Ac/Ag)-ratio < 0.7 and/or HMWM loss). Blood samples and echocardiographic data were collected
before, seven days and three months after SAVR. Blood loss and transfusions were recorded.

Resuits: Baseline characteristics and clinical data were similar in both groups. HMWM loss was present in 38.5 %
of all patients. HMWM, the VWF:Ac/Ag- and HMWM/(IMWM-+LMWM)-ratios were significantly decreased
preoperatively in group B but normalized after SAVR. Bleeding, re-thoracotomy and transfusion rates were
comparable. HMWM loss was inversely correlated with the peak aortic gradient (Pmax) and positively with the
aortic valve area (AVA), while HMWM/(IMWM-+LMWM)-ratio negatively correlated with the mean aortic
gradient (Pmean).

Conclusion: HMWM and HMWM/(IMWM+LMWM)-ratio inversely correlate with severity of AS and normalize
after SAVR. The Hydragel-5 assay's might be valuable for routine diagnostics to assess bleeding risk and post-
operative normalization of AS and VWF abnormalities in SAVR patients.

Acquired von Willebrand disease
Surgical aortic valve replacement
Echocardiography

Postoperative bleeding

1. Introduction following the use of a cardiopulmonary bypass (CPB) (= heart-lung

machine), can be caused by impaired function of von Willebrand fac-

Aortic valve stenosis (AS) is the most common valvular heart disease
[1]. In symptomatic patients, surgical aortic valve replacement (SAVR)
and transcatheter aortic valve replacement (TAVR) have become stan-
dard procedures with low perioperative risk [1,2]. Severe AS (sAS) can
be complicated by peri- or postoperative bleeding, which, among other
causes like platelet activation due to cytokine-triggered inflammation

tor (VWF) [3-7]. VWF is a glycoprotein of multimers that plays an
important role in the cascade of primary hemostasis: VWF initially ad-
heres to the site of vascular damage, undergoes a structural trans-
formation into a linear or filamentous form bound to structures like
collagen, followed by adhesion and activation of platelets bound to the
VWEF [8]. Acquired von Willebrand syndrome (AVWS) is characterized

* Corresponding author at: Department of Cardiovascular Surgery, University Medical Center, Johannes-Gutenberg University Mainz, Langenbeckstr. 1, 55131

Mainz, Germany.

https://doi.org/10.1016/j.thromres.2024.109094

Received 8 February 2024; Received in revised form 24 June 2024; Accepted 5 July 2024

Available online 6 July 2024

0049-3848/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


www.sciencedirect.com/science/journal/00493848
https://www.elsevier.com/locate/thromres
https://doi.org/10.1016/j.thromres.2024.109094
https://doi.org/10.1016/j.thromres.2024.109094
https://doi.org/10.1016/j.thromres.2024.109094
http://crossmark.crossref.org/dialog/?doi=10.1016/j.thromres.2024.109094&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Hamiko et al.

by the loss of high molecular weight multimers of VWF (HMWM) and
has been reported to occur in patients with sAS due to unfolding of the
globular multimeric VWF structure by high shear stress [9]. HMWM is
the hemostatic most active form of the VWF protein complex [10-13],
and its loss results for example in gastrointestinal bleeding due to sub-
mucosal angiodysplasias as described by Heyde in 1958, thus known as
“Heyde syndrome” [14]. Loss of HMWM is found in sAS patients with
AVWS with a prevalence up to 80 %, recognized as ‘Von Willebrand
Disease (VWD) type 2A like’. [15] The structural change in the VWF
molecule is attributable to increased shear stress. This stress is caused by
the rapid movement of blood cells and plasma through a severely
calcified aortic valve [4,6,16].. This conformational change enhances
the proteolytic enzymatic cleavage of VWF by the metalloprotease
ADAMTS-13 (A disintegrin and metalloproteinase with a thrombo-
spondin type 1 motif, member 13) with subsequent degradation of
HMWM to multimers of intermediate (IMWM) and low molecular
weight multimers (LMWM) [11,14,17-22]. Although VWF multimer
structure and platelet function show an early recovery after SAVR or
TAVR [4,11,23,24], there is an association between gastrointestinal
hemorrhage and complex surgical or interventional procedures
[4,25-28]. While there is limited data from the literature that proves an
increased perioperative bleeding risk after TAVR or SAVR, the latter
cannot be ruled out. Thus, bleeding remains a serious complication
associated with unfavorable postoperative outcome with high morbidity
and mortality after SAVR. Postoperative bleeding requires a higher
amount of packed red blood cells (RBC), which is associated with higher
incidence of acute renal failure, sepsis, acute respiratory distress syn-
drome, neurological impairment like postoperative delirium (POD) and
death [29-34].

Although a correlation between perioperative bleeding and impaired
VWEF function has been suggested in previous studies [35,36], there is a
lack of information about the association between altered VWF multi-
mer structures on peri- or postoperative bleeding after SAVR and
transfusion requirement. In this regard, it is of importance that
dysfunction of VWF often remains undiagnosed, suggesting that their
impact on bleeding complications might probably be underestimated.
To date only a few studies investigated the correlation between echo-
cardiographic parameters and the loss of HMWM, providing information
on severity of stenosis and HMWM loss [37]. The identification of a
potential VWF dysfunction is initially performed by the comparison of
VWF activity (VWF:Ac) and VWF antigen concentration (VWF:Ag) by
calculating the “VWF-ratio” of VWF:Ac/VWF:Ag. A VWF dysfunction is
defined by a ratio < 0.7, as described [38]. Laboratory diagnosis of
AVWS depends on specialized assays, determining VWF:Ag and VWF:Ac
as first diagnostic tests. VWF:Ag levels are measured by enzyme-linked
immunosorbent assay (ELISA) or by Latex-Immunoturbidimetric Assay
(LIA) technique. VWF activity examine the binding of VWF to platelet
glycoprotein Ib (GPIb) and collagen. Binding of VWF to platelet GPIb
can be assessed by Ristocetin cofactor (VWF:RCo) or by VWF activity
assays based on monoclonal antibodies directed against the VWF bind-
ing structures of the platelet VWF receptor GPIb (VWF:Ab). While most
experts do not consider the VWF:Ab assay to measure VWF activity
directly, it correlates with other assays that do measure VWF activity
[39]. As a second diagnostic step in case of a decreased VWF-ratio, the
multimer distribution is analyzed [40,41]. Standard VWF multimer
analysis is technically difficult and not available as commercially stan-
dardized routine assay, but requires a complex in-house developed
electrophoresis and immunoblot technique which is only provided by
few expert laboratories, making it complex and time-consuming. Thus,
multimer analysis remains challenging and is not part of a routine lab-
oratory diagnostic. Recently, a new semi-automated multimer assay,
namely Hydragel 5 von Willebrand multimers (HSVWM assay; Sebia,
Evry, France), has become commercially available as a rapid, sensitive
assay for screening VWF multimers in Von Willebrand disease (VWD)
[41-44]. In contrast to standard multimer analysis, HSVWM facilitates
the additional quantification of VWF multimer (VWF:MM) band
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patterns of LMWM, IMWM and HMWM fractions. Qualitatively, defects
can be detected by visually observing densitometry results. Additionally,
LWMW, IMWM, and HMWM are calculated automatically and expressed
as a relative percentage of the area under the curve (AUC). This inte-
grated AUC enables the calculation of the HMWM/(IMWM-+LMWM)-
ratio. This ratio may be a promising parameter for assessing the shear-
induced degradation of HMWM in the light of sAS, potentially helping
in the clinical identification of patients with bleeding complications.
Like the VWF ratio, it provides indirect information about the qualita-
tive damage of HMWM seen in sAS. However, it is important to note that
data on the clinical impact of the HMWM/(IMWM-+LMWM)-ratio are
currently limited, and its role as an indicator is part of an ongoing
investigation and not yet established [41].

Given that AVWS is linked to less blood clot formation, which can
increase the risk of bleeding after surgery, and that the loss of HMWM is
tied to the severity of AS, our study aimed to examine HMWM levels
before and after SAVR, and how they relate to AS severity and bleeding
during and after surgery. For these investigations, the new Sebia
H5VWM assay was utilized.

2. Material and methods
2.1. Study population

After approval by the ethics committee of the University of Bonn
(ethical approval No. 389/17) and written informed consent from all
participating patients, we prospectively enrolled 55 consecutive patients
in the study. All patients with sAS were admitted to our department of
cardiac surgery for elective SAVR. Indication for SAVR was defined by a
calculated effective orifice area (EOA) <1.0 cmz; or a mean aortic
gradient (Pmean) >40 mmHg, or maximum jet velocity (Vmax) >4.0 m/
s. Patients were not included if they were under 18 years of age or not
willing to participate. Three patients were excluded from the study
postoperatively, as they underwent additional coronary artery bypass
grafting (CABG). 52 patients could be analyzed. Acetylsalicylate acid
(ASA; 100 mg per day) was administered if it was part of a daily
medication. Patients on oral anticoagulation were switched to low mo-
lecular weight heparin at least three days before SAVR.

A comprehensive data set of pre-, intra- and postoperative parame-
ters was analyzed by review of patient charts and IT based data sets.
Clinical and demographic data, including cardiovascular risk factors,
former cerebrovascular disease, presenting symptoms by classifying in
NYHA and CCS-classification and pre-operative risk score systems e.g.,
the Society Thoracic of Surgeons (STS)-Score, and the European System
for Cardiac Operative Risk Evaluation (EuroScore) II were calculated
and recorded. To evaluate the pre-operative risk for bleeding and peri-
operative risk for transfusion, the HAS-BLED-score, the PBRS-Score
(Papworth Bleeding Risk Score) and the ACTA-PORT (Association of
Cardiothoracic Anesthetists (ACTA) perioperative risk of blood trans-
fusion score) were calculated as described [45,46].

2.2. Blood collection and laboratory assays

Venous peripheral blood samples were collected at three time points:
day before SAVR, seven days after SAVR, and three months after SAVR.
VWF:Ag was measured with the “HemosIL. VWF Antigen” kit (catalogue
number 0020002300), and VWF:Ac with the “HemosIL VWF Activity”
kit, which is a monoclonal antibody binding-based assay (catalogue
number 0020004700) on ACL Top CTS (Werfen, Barcelona, Spain) using
the manufacturer's protocol. We also determined Ristocetin-dependent
VWF cofactor activity (VWF:RCo) by using “HemosIL Von Willebrand
Factor Ristocetin Cofactor Activity (catalogue number 0020300900).
For the analysis of blood clotting parameters including all VWF pa-
rameters, peripheral venous blood samples were drawn into trisodium
citrate tubes (Sarstedt Monovette Systems, Niimbrecht, Germany).
Samples were frozen and stored at —35 °C for a maximum of three
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months.
2.3. VWF multimer analysis

VWF multimers were analyzed with a semi-automated system using
the Hydragel 5 VWF multimer kit with the Hydrasys 2 Scan Instru-
mentation (HS5VMK assay). Agarose gel electrophoresis using pre-
formed 2 % agarose gels, direct immunofixation, visualization with
peroxidase-labelled antibody and densitometry was performed. Ac-
cording to the manufacturers' instructions, samples were initially tested
at a 1:6 dilution of plasma with sample diluent. Individuals with VWF:
Ag levels >150 IU/dL were also tested at 1:10 dilution of plasma, as
described [41]. The Sebia-method is described in detail by Oliver et al.
[47] Additionally, a graphical summary is provided in the supplemental
Fig. S1 for better understanding. Densitometry was performed by
Hydrasys 2 Scan, as described [41]. The percentage of low molecular
weight multimers (LMWM), intermediate molecular weight multimers
(IMWM) and high molecular weight multimers (HMWM) were assessed
using Phoresis software (Sebia) with peaks 1-3 designated as LMWM,
peaks 4-7 as IMWM and peaks >7 as HMWM, as shown in the manu-
facturer's protocol.

2.4. Study groups

We categorized patients with abnormalities in the multimer structure
before SAVR as group B. Abnormalities of VWF multimers were defined
by either VWF:Ac/VWEF:Ag-ratio < 0.7, and/or loss of HMWM [38]. To
clarify the etiological or pathological reasons for the pre-surgery
abnormal VWF status in group B, it is essential to highlight that these
patients have a smaller aortic valve annulus size and higher Pmean and
peak aortic gradient (Pmax) values compared to group A. These factors
contribute to shear stress related VWF multimer loss, as extensively
documented in the literature [4,22,48]. The relevant echocardiographic
data of our patients is provided in Table 1.

2.5. Surgical procedure and postoperative care

A standard anesthetic protocol was performed using sufentanil,
etomidate, and rocuronium for induction of anesthesia followed by
endotracheal intubation. Anesthesia was maintained using sufentanil
and sevoflurane. During CPB, sevoflurane was administered continu-
ously. Surgical procedure was similar in all patients: full median or su-
perior median mini sternotomy was performed. To achieve an activating
clotting time of >450 s, anticoagulation with 400-500 U/kg sodium
heparin was initiated. After cannulation of the ascending aorta and the
right atrium, CPB was established using a Terumo Advanced Perfusion
System-1 (Terumo Cardiovascular Systems, Ann Arbor, Michigan, USA).
The non-heparin coated tube system was primed with crystalloid solu-
tion (1.000 ml Jonosteril, Fresenius, Bad Homburg, Germany) and
10.000 U of heparin. In all patients, retrograde autologous blood
priming (RAP) was performed before beginning of heart-lung-machine
(HLM). Cardioprotection and myocardial arrest were achieved using
Bretschneider HTK-cardioplegia (Custodiol, Dr. Franz Kohler Chemie
GmbH, Bensheim, Germany). A non-pulsatile pump flow of 2.2-2.6 1/
min/m? was conducted to maintain a mean arterial pressure (MAP) of
50-60 mmHg during CPB.

After the surgical procedure, all patients were transferred to the
intensive care unit (ICU), where sedation was achieved using propofol
(Fresenius) and sufentanil (Piramal Critical Care GmbH, Hallbergmoos,
Germany). Early extubation and transfer to the intermediate care (IMC)
ward were attempted in all cases. Further analgesic regimen followed
piritramide bolus injection (3-5 mg intravenous, Piramal).

Blood loss from chest tube drainages after arrival on the ICU was
monitored after 1, 2, 3, 6 and 24 h after surgery. In addition, transfusion
of RBC, fresh frozen plasma (FFP) and platelet concentrates (PC) during
surgery, ICU stay, and further hospital stay as well as adverse events
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Table 1

Patients baseline characteristics and preexisting conditions. Baseline charac-
teristics, symptoms, underlying health conditions, and laboratory parameters in
patients received SAVR with normal multimer (A) compared to patients with
abnormal multimer analysis (B). For metric data, Mann-Whitney-U test was
used, for categorial variables, Chi2- or Fisher Exact Test was performed. Mean
and SD are shown. Significant p-values are shown in bold italics. Abbreviations:
ACTA-PORT Score: Association of Cardiothoracic Anesthetists (ACTA) perioperative
risk of blood transfusion score; APTT: activated partial thromboplastin time; ASA:
Acetylsalicylate acid; AVA: Aortic Valve Area; EuroScore II: European System for
Cardiac Operative Risk Evaluation II; INR: international normalized ratio; LVEF: left
ventricular ejection fraction; NOAC: non-vitamin K oral anticoagulant; NYHA: New
York Heart Association; PBRP-Score: Papworth Bleeding Risk Score; Pmax: peak
aortic gradient; Pmean: mean aortic gradient; STS-Score: The Society Thoracic of
Surgeons-Score; Vmax: maximum jet velocity; VKA: vitamin K antagonist.

Total Group A Group B p-value
n =52 n=28 n=24
Baseline data
Age 67.9 + 68.2 + 67.5 + 0.736
7.2 8.0 6.3
Male 28 (53.8 14 (50.0 14 (58.3 0.548
%) %) %)
BMI 28.5 + 28.9 + 28.0 + 0.602
5.5 5.2 5.9
Blood groups
0 24 (46.4 13 (46.4 11(45.8 >0.999
%) %) %)
A 22 (42.3 13 (46.4 9 (37.5 0.581
%) %) %)
B 4 (7.7 %) 1 (3.6 %) 3125 0.324
%)
AB 2(3.8%) 1 (3.6 %) 1 (4.2 %) >0.999
Scores
EuroScore II in % 2.0+ 0.6 1.9+1.0 20+1.2 0.869
STS-Score 1.2 £ 0.6 1.2 +£0.7 1.2 £ 0.6 0.582
PBRS-Score 1.5+ 0.6 1.5+ 0.7 1.5+ 0.6 0.785
HAS-Bled-Score 2.6 + 0.9 2.6 + 0.9 2.5+ 0.9 0.645
PORTScore in % 33.0 £ 33.6 £ 323+ 0.555
14.1 13.5 15.1
Previous medical history
Diabetes mellitus 14 (26.9 10 (35.7 4 (16.7 0.209
%) %) %)
Hypertension 43 (82.7 26 (92.9 17 (70.8 0.036
%) %) %)
Hyperlipidaemia 38 (73.1 20 (71.4 18 (75.0 0.772
%) %) %)
Nicotine abuse 17 (32.7 7 (25.0 10 (41.7 0.245
%) %) %)
Peripheral arterial vascular 5 (9.6 %) 1 (3.6 %) 4 (16.7 0.169
disease %)
Cerebrovascular disease 10 (19.2 4(14.3 6 (25.0 0.483
%) %) %)
Previous stroke 6 (11.5 2(7.1 %) 4 (16.7 0.397
%) %)
Atrial fibrillation 12 (23.1 5(17.9 7 (29.2 0.510
%) %) %)
Chronic kidney failure 6 (11.5 3(10.7 3(12.5 >0.999
%) %) %)
Chronic obstructive 14 (26.9 9(32.1 5(20.4 0.532
pulmonary disease %) %) %)
Coronary artery disease 7 (13.5 4(14.3 3(12.5 >0.999
%) %) %)
Prior PCI/Stent-therapy 2 (3.8 %) 1 (3.6 %) 2 (4.2 %) >0.999
Angiodysplasia 4 (7.7 %) 3(10.7 1(4.2%) 0.615
%)
Anemia 12 (23.1 8 (28.6 4 (16.7 0.346
%) %) %)
Clinical presentation
NYHA I 3 (5.8 %) 1 (3.6 %) 2(8.3%) 0.590
NYHA II 5 (9.6 %) 4(14.3 1 (4.2 %) 0.358
%)
NYHA III 42 (80.8 21 (75.0 21 (87.5 0.309
%) %) %)
NYHA IV 2 (3.8 %) 2 (7.1 %) 0 (0.0 %) 0.493
Angina pectoris 30 (57.7 19 (67.9 11 (45.8 0.109
%) %) %)

(continued on next page)
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Table 1 (continued)

Total Group A Group B p-value
n =52 n=28 n=24
Syncope 5 (9.6 %) 3(10.7 2 (8.3 %) >0.999
%)
Preoperative anticoagulation
therapy
ASA 28 (53.8 16 (57.1 12 (50.0 0.606
%) %) %)
Dual platelet aggregation 1 (1.9 %) 1 (3.6 %) 0 (0.0 %) >0.999
therapy
VKA 3 (5.8 %) 1 (3.5 %) 2 (8.3 %) 0.590
NOAC 8 (15.4 5(17.9 3(125 0.190
%) %) %)
Preoperative
echocardiographic data
AVA (cm?) 0.74 + 0.79 + 0.69 + 0.043
0.19 0.21 0.15
Pmax (mmHg) 76.2 £ 64.4 + 879 + <0.001
26.5 20.3 27.3
Pmean (mmHg) 47.6 + 43.2 + 53.1 + 0.032
15.4 11.8 17.7
Vmax (m/s) 4.2 +0.6 4.1+ 0.5 4.5+ 0.6 0.044
LVEF (%) 61.0 + 60.4 + 61.6 + 0.589
8.2 7.8 8.9
Preoperative laboratory data
Platelet count (10°/L) 214.6 + 219.7 + 208.6 + 0.338
39.4 38.5 40.6
INR 1.01 + 1.01 + 1.00 £ 0.750
0.06 0.06 0.07
APTT (s) 25.6 + 26.5 + 245 + 0.250
6.0 7.6 3.2
Hemoglobin (g/dL) 13.2 + 13.2 + 13.2 + 0.931
1.6 1.7 1.5
White blood cells (10°/L) 7.2+1.6 7.3+ 1.5 7.1+1.7 0.355
Creatinine (mg/dL) 0.97 + 0.87 + 1.09 + 0.538
0.68 0.19 0.97
Lactate (mmol/L) 1.07 £ 1.09 + 1.04 + 0.859
0.29 0.32 0.24

during the hospital stay were documented. Bleeding was defined as a
mean blood loss exceeding 400 ml/h measured between arrival on ICU
and the earliest of the following events: the elapse of 3 h or re-
thoracotomy due to major blood loss, as generally accepted.

Duration of surgery, CPB and aortic cross-clamping time, parameters
of organ function, and other routine postoperative laboratory parame-
ters were recorded. Outcome data included: pneumonia, need for rein-
tubation or tracheostomy, renal failure with need for continuous veno-
venous hemofiltration or -dialysis (CVVH/HD), postoperative stroke or
myocardial infarction, length of ICU, IMC and hospital stay, nurse
workload score (“Therapeutic Intervention Scoring System” [TISS]-10),
and monitoring of the ‘Simplified Acute Physiology Score II’ (SAPS II), as
well as 30-day mortality.

Transthoracic echocardiography (TTE) was performed at the same
day of blood sample collection. The mean and peak transvalvular aortic
pressure gradients were calculated using the modified Bernoulli equa-
tion, and the effective orifice area (EOA) was calculated with the con-
tinuity equation and the left ventricular ejection fraction (LVEF) was
calculated using the Simpson's equation.

2.6. Statistical analysis

Statistical analysis was performed using the IBM SPSS statistics
version 25 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version
8.4.3 (La Jolla, CA, USA). Data were tested for normal distribution by
using Kolmogorov-Smirnov and Shapiro-Wilk tests. Normally distrib-
uted demographic and clinical data were analyzed using the students t-
test. Not normally distributed data were compared using the Mann-
Whitney U test. Categorial variables were evaluated with the Pearson
chi-square-test or Fisher's exact test, as indicated. The Wilcoxon signed-
rank test was used to compare significant differences between each
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timepoints. Correlation between two continuous variables was
measured with the bivariate Pearson correlation. For the tables,
continuous variables were expressed as mean + standard deviation (SD)
and categorical variables were given as absolute values and percentages.
For the diagrams, violine plots were generated to visualize the median
(line), first and third quartiles (dotted lines) and individual values as
well as their distribution are shown. A p-value of <0.05 was considered
statistically significant.

3. Results

Baseline characteristics, comorbidities, symptoms at admission and
preoperative echocardiographic parameters are shown in Table 1. No
differences in baseline demographic data were found between both
groups. According to the surgical risk scores, the patients were on low
risk for surgery, e.g., EuroScore II < 2.0 % and STS-Score < 1.2 %. There
were no significant differences with respect to the documented bleeding
scores.

Patients of group A suffered more frequently from hypertension.
About 13 % of all patients had a medical history of coronary artery
disease (CAD), explaining the frequent anti-platelet drug therapy with
ASA. No difference was observed with respect to anti-platelet drug
therapy and oral anticoagulation in both groups. Nearly one quarter of
all patients suffered from anemia. Most of the patients presented with
dyspnea according to NYHA class III and angina pectoris. The pre-
operative echocardiographic data revealed normal LVEF in both
groups. Notably, parameters revealing AS, e.g., Pmean, Pmax and Vmax,
were enhanced, while aortic valve area (AVA) was reduced in group B
compared to A.

Fig. 1 shows the course of the VWF:Ag (Fig. 1A), VWF:Ac (Fig. 1B)
and the VWF:Ac/VWF:Ag-ratio (Fig. 1C). In both groups, VWF:Ag and
VWF:Ac levels significantly increased seven days after SAVR compared
to preoperative values, decreasing again after three months. VWF:RCo
showed a similar course (supplemental Fig. S2A). While VWF:Ac, VWF:
RCo and VWF:Ag were significantly higher in group B compared to A
before SAVR only VWF:Ac and VWF:Ag were significantly elevated
seven days after SAVR. Both groups showed a significant increase of
VWF:Ac/VWF:Ag-ratio as well as WWF:RCo/VWF:Ag-ratio (supple-
mental Fig. S2B) seven days after SAVR, whereas after three months a
further significant increase is only observed in VWF:Ac/VWEF:Ag-ratio
for group B.

Fig. 2 shows the temporal alteration of HMWM, IMWM and LMWM,
as detected by the HSVWM assay. A loss of HMWM was detected in 20 of
all 52 patients before surgery (38.5 %). It was significantly more pro-
found in group B before surgery compared to group A. This could be
recognized as a plausibility check, as patients were categorized as
groups A and B based on VWF:Ac/VWF:Ag-ratio < 0.7 and/or HMWM
loss. This means that there are patients who do not have HMWM loss but
still end up in group B due to VWF:Ac/VWF:Ag-ratio < 0.7, but their
number was quite low (n = 4). Group B showed a significant increase of
the HMWM levels seven days and three months after SAVR, catching up
with group A (Fig. 2A). At the same time, a significant decrease of
IMWM levels was seen in group B after SAVR over time, which was also
observed in group A, but to a lesser extent (Fig. 2B). LMWM levels only
somewhat decreased in group B three months after SAVR (Fig. 2C). The
ratio of HMWM/(LMWM+IMWM) showed a significant increase after
SAVR in group B in contrast to group A. This reflects the data of VWF:
Ac/VWF:Ag-ratio, however, it shows an even more distinct difference
between both groups. Notably, values were significantly lower in B
compared to A before and seven days after SAVR but reached levels of
group A after three months (Fig. 2D).

Valve function was assessed by evaluation of the Pmax and the AVA
(Fig. 3A-B). Fig. 3A reveals a significant drop of Pmax in both groups
after SAVR (day 7 and 3 months) compared to preoperative values.
However, the Pmax was significantly higher in group B compared to A.
Fig. 3B shows significantly smaller preoperative AVA in group B
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Fig. 1. Violine plots show the median (line), first and third quartiles (dotted lines) and individual values as well as their distribution. Von Willebrand factor antigen
(VWF:Ag) (A), von Willebrand factor activity (VWF:Ac) (B) and von Willebrand activity-to-antigen ratio (VWF:Ac/VWF:Ag ratio) (C) before, 7 days and 3 months
after SAVR. p < 0.05 was considered statistically significant (*). **, p < 0.01; ***, p < 0.001. Abbreviations: SAVR: Surgical Aortic Valve Replacement.

compared to A.

The correlation between HMWM and HMWM/(IMWM+LMWM)-
ratio with echocardiographic parameters is demonstrated in Fig. 4.
HMWM was negatively correlated with Pmax (Fig. 4A) and positively
correlated with the AVA (Fig. 4B), while HMWM/(IMWM+LMWM)-
ratio was negatively correlated with Pmean (Fig. 4C). Furthermore,
VWF:Ac/VWF:Ag ratio was negatively correlated with Pmean (Fig. 4D).

3.1. Intraoperative data and postoperative outcome

Table 2 summarizes intra-operative and post-operative data. Sur-
gery- and cardiopulmonary bypass (CPB)-related times, as well as body
temperature and fluid balance did not differ between both groups and
mean implanted valve size was similar. Thirty-day and one-year mor-
tality were comparable between both groups. As shown in Table 2, no
further outcome parameters differed between both groups. No signifi-
cant difference could be detected regarding ventilation time, ICU-, IMC-
and total hospital stay as well as TISS10 and SAPS-II scores 24 h after
SAVR between both groups. Postoperative bleeding was not followed by
the need for intra- and postoperative transfusion products, or the need
for re-thoracotomy in both groups.

Intraoperative and postoperative bleeding within 24 h after SAVR as
well as the need of RBC transfusion and hemostatic products (FFP and
PC) were comparable between both groups (Fig. 5A and B). The he-
moglobin values significantly decreased until seven days after SAVR in
both groups, but no difference was observed between both groups
(Fig. 5C). One week after SAVR, a significant increase of the platelet
count could be observed in group B. After three months, both groups

showed a significant increase of platelet count compared to the
respective baselines (Fig. 5D).

4. Discussion

Our study investigated the presence of HMWM before and after
SAVR, its relationship with aortic stenosis severity and the impact of
AVWS on postoperative bleeding in patients suffering from sAS. More-
over, we aimed to explore a potential correlation between echocardio-
graphic parameters for sAS and the alteration of VWF multimers, e.g., a
lowering of HMWM, as AVWS is linked to high aortic gradient [49]., For
this evaluation, we used the new HSVWM assay.

In our study, significantly reduced HMWM levels were shown in
38.5 % of all patients with sAS undergoing SAVR (group B), going along
with a significantly reduced VWF:Ac/VWF:Ag-ratio before surgery as
indicator for a decrease in the functional activity of VWF. This suggested
an impaired ability to form platelet hemostatic plugs and subsequently
blood clots properly [50]. In stenotic aortic valves, high shear forces
unravel VWF, exposing binding sites for the VWF protease ADAMTS13,
leading to inactivation of VWF. Of course, the role of other pathologies,
such as hypertension, in AVWS is debated due to its potential to increase
shear stress. Elevated blood pressure can exacerbate turbulent blood
flow, particularly in those with preexisting aortic valve abnormalities
[51]. However, our data did not support this association, as patients in
group B suffered less frequently from hypertension. After SAVR,
diminished shear stress stimuli enable VWF recovery, reflected by
significantly increased HMWM and decreased IMWM and LMWM, which
is supported by a recent study showing longer-term (>1 week)
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Fig. 2. Violine plots show the median (line), first and third quartiles (dotted lines) and individual values as well as their distribution. Serum levels of high (A),
intermediate (B), low (C) molecular weight multimers and the ratio of HMWM and the sum of LMWM and IMWM (D) before, seven days after and three months after
SAVR. p < 0.05 was considered statistically significant (*). **, p < 0.01; ***, p < 0.001. Abbreviations: HUWM: high molecular weight multimers; IMWM: intermediate
molecular weight multimers; LMWM: low molecular weight multimers; SAVR: surgical aortic valve replacement.
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Fig. 3. Violine plots show the median (line), first and third quartiles (dotted
lines) and individual values as well as their distribution. Pmax (A) before, seven
days and three months after SAVR (A), and AVA before SAVR (B). p < 0.05 was
considered statistically significant (*). **, p < 0.01; ***, p < 0.001. Abbrevia-
tions: AVA: aortic valve area; Pmax: peak aortic gradient; SAVR: surgical aortic
valve replacement.

improvements in HMWM after TAVR in patients with sAS [52].
Accordingly, group B, with pronounced preoperative VWF shredding
due to high pressure gradient and smaller AVA, benefits most from
SAVR, further evidenced by the normalization of the HMWM/

(IMWM-+LMWM-ratio). Importantly, no significant changes were
observed in group A after SAVR, where no preoperative disturbance in
HMWM or the HMWM/(IMWM+LMWM)-ratio were noted. This is
underlined by a significant postoperative increase of the VWF:Ac/VWE:
Ag-ratio only in group B, likely due to the significantly lower VWF:Ac/
VWF:Ag-ratio before SAVR in group B compared to A, again resulting
from higher preoperative shear stress in patients with sAS.

Moreover, Egger et al. had shown a close correlation between the
VWF:RCo/VWF:Ag-ratio and HMWM loss [50]. Now, we can confirm
this for the HSVWM assay as well. These results are in accordance with
other studies showing HMWM loss and reduced VWF:Ac/VWEF:Ag-ratio
before TAVR, using standard multimer analyses [37,28,53,54]. In line,
we could show a restoration of HMWM in patients with preoperatively
reduced HMWM to normal levels after SAVR (group B), being accom-
panied a significant increase of preoperatively reduced VWF:Ac/VWF:
Ag- and HMWM/(IMWM+LMWM)-ratio, as described above. In
contrast, we used the HSVWM assay.

The reported prevalence of AVWS in patients with sAS varies from
33 % to over 80 % in the literature and remains a topic of ongoing debate
[6,55,56]. Diagnosing AVWS remains challenging and depends on the
method and diagnostic criteria employed [4,57-59]. The gold standard
for detecting structural abnormities of VWF is the standard multimer
assay [60]. As previously reported, we used the HSVWM gel-based assay
to assess VWF multimer patterns and characterized fractions with the
“Sebia” analysis software. This rapid, semi-automated method,
employing an almost ready-to-use kit system, holds potential for future
laboratory diagnostics of AVWS. It has the advantage of reducing the
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Fig. 4. Correlation analysis before SAVR; Scatter plot shows negative correlation between the high molecular weight multimers (HMWM) and the Pmax (A), positive
correlation between HMWM and the AVA (B), negative correlation between HMWM/(IMWM-+LMWM)-ratio and Pmean (C), and negative correlation between VWF:
Ac/VWF:Ag-ratio and Pmean (D). Correlation curves are shown in a straight line. Abbreviations: AVA: aortic valve area; HMWM: high molecular weight multimers;
IMWM: intermediate molecular weight multimers; LMWM: low molecular weight multimers; Pmax: peak aortic gradient; Pmean: mean aortic gradient.

workload compared to traditional multimer methods and — in contrast to
standard multimer analysis — provides same-day results. However, the
H5VWM gel-based assay may not detect the highest molecular weight
multimers and lacks the resolution to visualize VWF multimer triplets,
potentially impeding precise VWD diagnosis [43].

Thus, the novelty of our study lies in the revelation that, in addition
to the VWF:Ac/VWF:Ag-ratio, the HMWM/(IMWM+LMWM)-ratio
highlights the disparity between abnormal VWF multimers and their
degradation. Hence, this ratio can be used for detection of abnormal
VWF molecules in patients with sAS before surgery, using the HSVWM
assay. To our knowledge, the HSVWM assay as well as the HMWM/
(IMWM-+LMWM)-ratio have not been described yet with regard to
detection of a AVWS in patients with sAS and could be useful as a so-
phisticated screening tool with similar expressiveness as the VWF:Ac/
VWF:Ag-ratio and less expensiveness than standard multimer analysis.
Besides, this new diagnostic method carries the advantage that the
measurement of AVWS multimers is significantly simpler and less time-
consuming compared to standard multimer analysis, allowing for a
quicker assessment of bleeding probability in patients with sAS before
SAVR. A comprehensive data set with this information is provided in
Table 3.

Nevertheless, it is noteworthy that these diagnostic markers are
reduced only in patients of group B and normalize to levels observed in
patients without pre-existing abnormal VWF multimers after correcting
sAS through SAVR. In this context, it has been demonstrated that pre-
operatively reduced HMWM multimers are associated with an elevated
transvalvular gradient in AS [37]. As to this, we were able to confirm a
correlation between the severity of AS and the loss of HMWM, as
described [37]. In our study, HMWM was negatively correlated with the
Pmax. Furthermore, we could show an influence of aortic valve size on
HMWM multimers: The AVA positively correlated with HMWM. Note-
worthy, the authors of the above-described studies used a large multi-
mer index, where the results of the VWF-ratio were normalized to values

of a reference patient. In contrast, we correlated the loss of HMWM with
the Pmax and the AVA. This has the advantage that the evaluation is less
confusing, and results are more robust and comparable. Most impor-
tantly, analogous to the HMWM, it correlated with functional parame-
ters in sAS, e.g., the Pmean. While it must be acknowledged that there
are currently no reference values for the HMWM/(IMWM+LMWM)-
ratio, it is worth mentioning that this is the subject of ongoing in-
vestigations [61].

In line with previous studies [4,11,56,62], our data suggests that
Pmax is a major cause for HMWM loss and reduced VWF:Ac/VWF:Ag-
ratio in patients with preoperatively detectable AVWS. Most impor-
tantly, our data, for the first time, reveal an association between Pmax
and AVWS in patients undergoing SAVR, without a concurrent associ-
ation with bleeding complications. In this regard, in case of post-
operative bleeding complications, most hemostatic products are
transfused early after surgery. Therefore, a potential influence of
abnormal preoperative VWF multimers on early postoperative bleeding
seems reasonable. Notably, while our report does not actually examine
the multimer structure, we could show that the preoperative loss of
HMWM in group B did not affect postoperative bleeding in the first 24 h
after SAVR. This could be explained by the observed rapid postoperative
increase of HMWM multimers and therefore normalization of VWF
functionality, which is likely attributed to the reduction of shear stress
by correcting the pathologically elevated Pmax by SAVR. [28,63,64]
Our results are consistent with recent research on HMWM loss and blood
loss after SAVR, suggesting no correlation between preoperative multi-
mer pattern changes and cumulative blood loss within the initial 24 h
[56,65]. Accordingly, we found no difference with respect to the amount
of transfusion products in our work. On the other hand, other studies
described that VWF abnormalities, e.g., development of an AVWS, are
predictive of major bleedings after surgery, e.g. in SAVR patients and
after systemic-to-pulmonary shunt implantation in infants, advocating
the advantages of a more rapid assay for assessment of the perioperative
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Table 2

Summary of data on intra- and postoperative outcome and adverse events in
patients with normal (A) and abnormal (B) VWF multimer analysis. Values are
expressed as mean + SD, or as number and percentage (in brackets). For metric
data, Mann-Whitney-U test was used. For categorial variables, Chi2- or Fisher
Exact Test was performed. Significant p-values are shown in bold italics. Ab-
breviations: ACT: activated clotting time; CABG: coronary arterial bypass grafting,
CPB, cardiopulmonary bypass, ECMO extracorporeal membrane oxygenation; CPR:
Cardiopulmonary Resuscitation; FFP: fresh frozen plasma; ICU, intensive care unit;
IMC: intermediate care unit; LVEF: Left ventricular ejection fraction; MIS: minimally
invasive surgery; PC: platelet concentrates; postop: postoperative; PM: pacemaker;
Pmax: peak aortic gradient; Pmean: mean aortic gradient; RBC: red blood cell
concentrate; SAPS II, Simplified Acute Physiology Score II; TAA: tachyarrhythmia
absoluta; TISS-10: Therapeutic Intervention Scoring System; Vmax: maximum jet
velocity.

Total Group A Group B p-
n =52 n=28 n=24 Value
Intraoperative data

MIS 25 (48.1 11 (39.3 14 (58.3 0.266
%) %) %)

Valve size in mm 22.7 + 229+1.9 227 +£1.6 0.778
1.8

Time to skin closure 231.4 + 228.7 + 234.7 + 0.586
28.9 38.6 39.8

CPB time in min 122.8 + 120.4 + 125.7 + 0.438
24.5 24.5 24.7

Aortic X-clamp time inmin ~ 91.4 £+ 89.9 + 93.2 + 0.524
18.2 16.9 19.9

ACT after antagonisation 122.7 + 121.6 + 1239 + 0.512

ins 121 11.4 13.1

CPB fluid balance in ml 669.9 £ 596.1 + 756.0 + 0.438
938.1 954.2 931.8
Min. body temperature 33.6 + 33.9+0.7 333+23 0.220
during CPB in °C 1.6
Postoperative outcome
Myocardial infarction 1 (1.9 %) 1 (3.6 %) 0 (0.0 %) >0.999
Re-CPB necessary 2 (3.8 %) 2(7.1 %) 0 (0.0 %) 0.493
CABG necessary 1(1.9%) 1 (3.6 %) 0 (0.0 %) >0.999
ECMO 1(1.9%) 1 (3.6 %) 0 (0.0 %) >0.999
Bleeding 8(15.4%) 4(143%) 4(16.7%) >0.999
Re-thoracotomy 5 (9.6 %) 3(10.7%) 2(8.3%) >0.999
pneumonia 8(15.4 %) 6 (21.4 %) 2 (8.3 %) 0.262
Re-intubation 2 (3.8 %) 1 (3.6 %) 1 (4.2 %) >0.999
TAA 28 (53.8 12 (42.9 16 (66.7 0.102
%) %) %)
PM implantation 1 (1.9 %) 1 (3.6 %) 0 (0.0 %) >0.999
CPR 2 (3.8 %) 2 (7.1 %) 0 (0.0 %) 0.493
Stroke 4 (7.7 %) 2(7.1 %) 2(8.3%) >0.999
Delirium 13 (25.0 9 (32.1 %) 4 (16.7 %) 0.336
%)
Mortality
30-day mortality 1 (1.9 %) 1 (3.6 %) 0 (0.0 %) 0.240
1-year mortality 3 (5.8 %) 3 (10.7 %) 0 (0.0 %) 0.240
wound infection 2 (3.8 %) 1 (3.6 %) 1 (4.2 %) >0.999
Transfusion (therapeutic units)
RBC intraoperative 1.0x15 1.2+1.6 09+13 0.545
FFP intraoperative 04+1.2 05+1.2 0.4+1.3 0.599
PC intraoperative 0.3+0.8 0.3+1.0 0.3 +£0.7 0.361
RBC postoperative 09+1.3 11+1.4 0.7 +1.3 0.265
FFPs postoperative 1.1+27 09+1.6 0.7 £ 1.5 0.446
PC postoperative 0.2+09 0.0+ 0.0 0.1 +£0.4 0.496
Ventilation time in min 22.2 + 17.8 = 170+6.5 0.811
35.6 10.1
ICU time in h 67.3 + 71.3 + 54.8 + 0.679
68.2 77.7 41.2
Length of hospital stay in d 15.6 + 171+7.7 142+49 0.103
6.6
Postoperative scores
TISS-10 24 h 16.2 + 179 + 4.1 16.4+39 0.070
4.4
SAPSII 24 h 37.7 £ 34.9+6.5 43.8 £ 3.5 0.414
7.1
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Table 2 (continued)

Total Group A
n =52 n=28

Group B p-
n=24 Value

Postoperative echocardiographic data
Day 7

Pmax (mmHg) 23.2 + 21.8 £ 4.4 24.7 £ 8.1 0.871
6.4

Pmean (mmHg) 11.2 £ 111 +46 11.3£55 0.894
5.0

Vmax (m/s) 2.6 £0.5 24+03 2.7+ 0.6 0.157

LVEF (%) 56.1 + 53.2 + 59.5+8.6 0.022
10.8 11.8

3 months

Pmax (mmHg) 223 + 21.2+53 223+68 0.993
8.5

Pmean (mmHg) 11.2 + 11.5+5.2 11.0 + 6.6 0.356
5.9

Vmax (m/s) 24 +05 24+04 2.5+ 0.6 0.837

LVEF (%) 60.6 + 57.7+6.3 640+57 0.003
6.7

bleeding risk [66,67]. Notably, unlike in our study, shear stress from
turbulent blood flow over the systemic-to-pulmonary shunt persists
postoperatively.

Seven days after SAVR, we observed a significant increase in platelet
counts in patients with preoperatively altered VWF multimers (group B).
As this is not seen in patients with normal VWF multimers (group A) at
that time, the observed increase of platelet counts does not seem to be
exclusively related to the postoperative acute phase reaction but also
due to less shear stress and hence less platelet activation and VWF
unfolding. Thus, normalization of the VWF distribution pattern in-
creases and corrects HMW VWF, leading to less clearance of platelets
[68,69]. Platelet dysfunction is frequently observed in sAS patients [70],
exacerbated not only by shear stress but also by the loss of HMWM in the
VWF molecule [11]. On the other hand, platelet count increased 3
months after SAVR in both groups, which - along with comparable
platelet counts before SAVR - indicates some long-term recovery in both
groups and possibly also demonstrates the similarly low bleeding risk in
our study. Taken together, the easy assessment of VWF multimers (e.g.,
HMWM) using the HSVWM assay and Sebia-analysis software and its
correlation with echocardiographic parameters could serve as a valuable
tool for the early identification and hemostyptic management of SAVR
patients with possible AVWS. Although we did not observe excessive
bleeding in AVWS patients, anticipating potential bleeding complica-
tions by early identification of AVWS might help to improve the primary
VWF-dependent hemostatic function to reduce transfusion of blood
components. This is important, although conflicting evidence exists
regarding the relationship between altered VWF multimer structure and
periprocedural bleeding: Bolliger et al. found no link between preop-
erative alterations in VWF multimer structure and increased bleeding
after SAVR replacement, whereas Grodecki et al. reported that although
VWF abnormalities are corrected after TAVR and SAVR, they predict
major or life-threatening bleeding only in surgical patients [56,66].
While this data is in opposition with our findings, it is noteworthy that
patients who underwent re-thoracotomy due to bleeding after any car-
diac surgery had significantly higher unadjusted mortality at 30 and
over 90 days, and that re-thoracotomy was linked to longer ICU stays,
organ dysfunction and mechanical circulatory support [71]. However,
the mentioned study did not examine pre-existing AVWS.

With respect to perioperative coagulation therapy after aortic valve
replacement, an older RCT showed that tranexamic acid reduces post-
operative bleeding and transfusion needs after SAVR [72]. A meta-
analysis identified thrombocytopenia-related adverse events primarily
in TAVR compared to SAVR patients, while this could be, at least in part,
due to a more stringent pro-hemostatic therapy, such as platelet trans-
fusion, after SAVR compared to TAVR [73]. However, an observational
study revealed a more pro-thrombotic state in TAVR patients than SAVR
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Fig. 5. Violine plots show the median (line), first and third quartiles (dotted lines) and individual values as well as their distribution. Postoperative bleeding amount
in the first 24 h (A), intra- and postoperative amount of transfused package unites of red blood cells (RBC), fresh frozen plasma (FFP) and platelet concentrates (PC)
(B), relative changes of the hemoglobin (C) and the platelets counts (D) levels before, on day seven after and three months after surgery. p < 0.05 was considered
statistically significant (*). **, p < 0.01; ***, p < 0.001. Abbreviations: SAVR: surgical aortic valve replacement. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

and PCI cohorts [74]. Interestingly, one randomized controlled trial
found that prolonged collagen adenosine diphosphate closure time
(CADP-CT) indicates platelet dysfunction in sAS and guides effective
desmopressin use [75]. In the light of patients with AVWS undergoing
SAVR, it could be shown that administration of desmopressin reduced
the risk of bleeding and the perioperative need of transfusion [76]. This
was demonstrated in patients undergoing cardiac surgery who are at
high risk of excessive bleeding [76]. Specifically, patients with sAS and
impaired platelet function benefit from preoperative desmopressin
infusion [75]. Besides, Desmopressin and FVIII/VWF concentrate
temporarily improved bleeding time and factor levels in AVWS patients
undergoing surgeries like dental extractions and abdominal procedures
[77]. The main effects of desmopressin lie in the substantial stimulation
of the endothelium, leading to the release of VWF into the blood plasma.
This results in the release of intact HMW-VWF into circulation,
enhancing the adhesion of intact platelets [78]. This could therefore
help avoid excessive use of other coagulation and transfusion products,
along with the associated risks. Of note, the use of Desmopressin in
cardiovascular surgery has several restrictions, e.g., volume restriction
and hyponatremia, which can lead to increased risk of heart failure due
to fluid overload and neurological problems such as seizures or brain
swelling due to severely low sodium levels [79]. Hence, in our opinion, a
risk-benefit calculation should be made before administering Desmo-
pressin to patients after SAVR.

Of course, other factors not associated with AVWS also contribute to
postoperative bleeding after SAVR, such as cytokine-triggered post-CPB
platelet-leukocyte crosstalk leading to platelet activation or exhaustion
[80]. Otherwise, platelets seem not to be sufficiently pro-aggregatory to

increase thrombotic events due to the release of pro-inflammatory
substances from platelets during CPB supporting postoperative inflam-
mation [7]. The authors of the latter study hypothesized that this likely
results from effective hemostasis interventions and the use of protamine
to reverse anticoagulation post-CPB, preventing pro-aggregatory but not
pro-inflammatory platelet functions. However, we could nor demon-
strate any differences with respect to postoperative bleeding or platelet
transfusion in our study. Furthermore, since the above-described con-
ditions apply to both groups in our study, it is unlikely that any of these
effects — especially with the same platelet count in both groups — spe-
cifically impact group B.

Moreover, the correlation between VWF multimers and the aortic
valve gradients and AVA may help identify patients at risk for AS. For
instance, in cases where echocardiographic findings are not sufficiently
clear, the decrease of HMWM proportion of the VWF multimer pattern
could strengthen the suspicion of valve degeneration. These patients
would benefit from early presentation to a heart center as well as to a
hemostasis specialist to evaluate an intervention and anticipation of
bleeding complications in a team approach. Therefore, we advocate the
analysis of the VWF multimers (e.g., HMWM) and its correlation with
echocardiographic parameters as a sophisticated tool system for early
detection and confirmation of sAS. Furthermore, shear forces are also
important in paravalvular leakage. In this regard, a study focusing on
mild postoperative paravalvular regurgitation showed that nearly a
third of TAVR patients had impaired VWF functionality, which was not
observed in SAVR patients [81]. Van Belle et al. showed that the pres-
ence of HMWM defects is predictive of the presence of paravalvular
aortic regurgitation after TAVR and was even associated with higher
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Table 3

Thrombosis Research 241 (2024) 109094

Laboratory assays and their requirements for diagnosing AVWS before SAVR. Patients with known AVWS-associated disorder (like sAS) are suggested to undergo
testing before surgery. Diagnosing of AVWS is challenging and clinical features (e.g. personal and family history of bleeding) as well as further laboratory results (e.g.
PFA test, FVIII activity, platelet count) must be considered. Abbreviations: HMWM: high molecular weight multimers; IMWM: intermediate molecular weight multimers;
LMWM: low molecular weight multimers; Pmean: mean aortic gradient; sAS: severe aortic stenosis; VWF:Ac: Von Willebrand factor activity; VWF:Ag: Von Willebrand factor

antigen; VWS: Von Willebrand Syndrome.

Method Device requirements Costs Handling / Time Availability Sensitivity / Impact of the methods for AVWS
standardization detection in SAVR
VWEF:Ac/VWFAg - applicable to various -/l Easy /| 1 1/ 1135] 1. Determining VWF ratio (e.g.
ratio (VWF ratio) laboratory equipment VWEF:Ac/VWF:Ag) and multimer
- compared to - no special training - widely available - high variability: analyses are not competing

HMWM/
(IMWM-+LMWM)
ratio (Sebia) [47]

Standard multimer
analysis

- hard- and software
restricted to
manufacturer Sebia
(Hydrasys 2 Scan using
Phoresis software)

- various
electrophoresis and
blot transfer methods
including VWF
multimer visualization
[85-87]

Sebia-method
(reagents and
staff)

-/t

- compared to
VWEF ratio
(reagents and
staff)

1

- compared to
VWEF ratio
(reagents and
staff)

for medical
technologists
required

Moderate / ||

- personnel must be
trained for HSVWM.
- once established, its
results are available
within hours

Difficult / 11

- specially trained
staff with sufficient
expert knowledge
necessary

in most
laboratories
investigating
hemostasis

1
- restricted to

specialized
laboratories

H

- restricted to

results strongly
depend on the VWF
activity assay and
VWEF ratio used
[82,83]

/1

- low variability

- well standardized
assay

- inability to detect the
highest MWM

- lack of resolution to
visualize VWF
multimer triplet

/1

- highest sensitivity in

assays, and usually applied as a
two-stage procedure for diag-
nosing AVWS [84]. This might
increase the sensitivity of diag-
nosing AVWS in patients with
SAS.

2. VWF ratio and HSVWM based
HMWM/ IMWM+LMWM) ratio
negatively correlates with the
Pmean (Fig. 4C, D).

3. Due to the strong correlation
with transvalvular gradients, the
ratios can be useful for the
identification of patients with

- in house method - time-consuming

specialized diagnosing AVWS sAS and/or predicting patient/
laboratories with - diagnostic gold prosthesis mismatch after SAVR.
high expert level standard

needed

- not standardized

mortality one year after the procedure [64]. We are therefore convinced
that diagnosing of AVWS should be implemented in all patients before
and after TAVR and SAVR to address possible development of post-
operative Heydes' syndrome with all potential clinical risks. The key
findings of or work are summarized in the graphical abstract (Fig. 6).

5. Conclusion

In summary, diagnosing AVWS preoperatively in routine clinical
practice is challenging due to the absence of standardized diagnostic
algorithms, and the standard diagnostic process can be time-consuming.
However, we found that patients with abnormal VWF multimer analysis
did not exhibit an increased bleeding tendency after SAVR. Loss of

HMWM before surgery disappeared within 7d after SAVR. We showed a
strong and positive correlation between HMWMM and AVA, and nega-
tive correlation between HMWM and Pmax as well as HMWM/
(IMWM-+LMWM)-ratio and Pmean, suggesting that patients with
abnormal echocardiographic parameters should undergo VWF analysis
including the examination of VWF multimer pattern to detect AVWS in
clinical practice. Additionally, for patients with sAS, early detection of
valve degeneration can be facilitated. Finally, the HSVWM assay offers a
simple and rapid alternative to the time-consuming standard VWF
multimer analysis and could therefore become a sophisticated new tool
in the future for pre- and postoperative AVWS diagnostics.

before SAVR after SAVR
Group A (n=28)
Peak aortic gradient 64.4+20.3 21.8+4.4
(mmHg) o
HMWM @~ ——  — =
| >0.7
VWF:Ag
(<0.7
Group B (n=24)
Peak aortic gradient 87.9+27.3 24.7+8.1

(mmHg)
HMWM

< »
Aorta + valve, front view

1

Aortic valve, top view

Fig. 6. Graphical abstract, summarizing the key findings of our work. Abbreviations: HMWM: high-molecular-weight multimers; VWF: von Willebrand factor; VWF:Ag: von

Willebrand factor antigen; SAVR: surgical aortic valve replacement.
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