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Introduction 
Von Willebrand disease (VWD) is the most common inherited bleeding disorder first 
described in 1926 by Erik von Willebrand, with 0.1% of the population are symptomatic 
and 1% are affected as symptoms are often mild and diagnosis of VWD can be challenging 
(Berntorp et al., 2022). Thus, the level of primary care, approximately 1 in 1000 individuals, 
are affected and require medical attention for bleeding (James et al., 2021). 

VWD is a heterogeneous disorder caused by a deficiency (type 1 or 3) or defect (type 
2A, 2 B, 2N, or 2M) in the von Willebrand factor (VWF) (P. D. James et al., 2021).  
The most common symptoms include mucocutaneous bleeding, epistaxis, bruising, 
menorrhagia, heavy blood loss after trauma, childbirth, or surgery (Nichols et al., 2008). 
Another important condition called acquired von Willebrand syndrome (AVWS), is a rare 
and potentially underdiagnosed bleeding disorder that may be misdiagnosed as congenital 
VWD (Tiede et al., 2011). However, differentiating between the two conditions is 
important as the treatment options and prognoses may differ (Shetty et al., 2011; Tiede 
et al., 2011). 

Underrecognition of VWD can lead to increased patient morbidity and mortality, and 
may result in increased uncorrected bleeding complications in patients who undergo 
invasive medical procedures, surgery (Colonne et al., 2021), dental extractions (Baghaie 
et al., 2021), or postpartum hemorrhage (PPH) in patients with VWD (Brignardello-
Petersen et al., 2022). Overdiagnosis of VWD, in turn, can lead to increased patient 
morbidity and healthcare system burden, and can result in unnecessary evaluations for 
patients who require an invasive procedure or elective surgery (Colonne et al., 2021).  

Therefore, an accessible and accurate diagnosis is important for the appropriate 
management of VWD (Boender et al., 2018). However, assays for an accurate diagnosis 
are often available only at few specialized centers and are time-consuming and costly. 
Hence, new assays to support a simple and accurate diagnosis are necessary (Berntorp 
et al., 2022). 
 

The rationale for the study  
Prior to 2016, confirming a suspected case of VWD or AVWS in Estonia was not possible 
owing to the limited available VWF assays. Thus, the prevalence of VWD in Estonia 
remains unclear. The diagnosis of VWD is incomplete without assessment of VWF 
activity.  However, routine laboratories face challenges in selecting suitable assays for 
VWF activity (VWF:Ac). In particular, not all in vitro diagnostics (IVD) manufacturers offer 
a possibility to measure VWF:Ac. Moreover, several assays have been developed as an 
alternative to the imprecise and insensitive ristocetin cofactor activity (VWF:RCo) assay, 
which is traditionally considered as a “gold standard” for evaluating VWF function 
(Boender et al., 2018).  

One of commercially available alternative automated assays (INNOVANCE® VWF Ac 
by Siemens Healthcare Diagnostics, Germany) is based on the spontaneous binding of 
VWF to a gain-of-function mutant GPIb fragment and does not require ristocetin. 
However, analytical performance characteristics of this assay have been most 
extensively evaluated, specifically for Sysmex coagulation instruments (Patzke et al., 
2014), and data on its clinical validation in patients with VWD remains limited (Bodó  
et al., 2015). Currently, the Estonian hemophilia treatment centres use the STA-R 
Evolution platform (Stago, France) for coagulation testing. 
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Historically, VWF multimer (VWF:MM) analysis has been performed only by a limited 
number of expert laboratories as it is technically difficult, laborious, non-standardized, 
and time-consuming (Torres et al., 2012). In-house techniques are considerably difficult 
to standardize, and a relatively high proportion of laboratories generate unreliable 
VWF:MM results (E. J. Favaloro et al., 2014). To overcome technical difficulties and 
attempt to standardize the method, Sebia (Lisses, France) introduced a simplified,  
same-day semi-automated assay (Hydragel 5 von Willebrand multimers) in 2015, which 
provides visualization of VWF multimers on a gel, making quantification of multimer 
band patterns based on densitometric data possible. However, the analytical 
performance of WVF:MM was not evaluated in detail when this study began (2016),  
and information on clinical validation was not available. Furthermore, no reference 
values were provided by the manufacturer. Owing to the lack of reference values for  
VWF multimer fractions, the interpretation of results can be challenging in some VWD 
cases. VWF multimer interpretation using the new VWF multimer assay (Sebia) in  
clinical practice is largely based on individual decisions, and there is currently no 
consensus. 

The international standard EN ISO 15189 (Medical laboratories – Requirements for 
Quality and Competence) requires laboratories to evaluate the performance of new, 
non-standard, laboratory-designed methods.  

This thesis aimed to perform a preclinical and clinical evaluations of new VWF activity 
and VWF multimer assays for the diagnosis of VWD and AVWS.  

In the first part of the study, the analytical performance characteristics of the new 
VWF activity assay (Publication I) and the new VWF multimer assay (Publications II–III) 
were investigated. These became the first reports of a new VWF multimer technique 
evaluation in Northern Europe and Baltic countries, and one of the few published data 
from Europe. Additionally, reference intervals for VWF multimers were established 
(Publication VI) in a multicenter trial in Estonian, USA and French centers. 

The second part of the study (Publications IV–V) focused on the validation of a 
clinical-laboratory approach for the diagnosis of VWD and AVWS. The main objective  
was to analyze the value added by the incorporation of new VWF activity and new  
VWF multimer assays into the initial approach for the diagnosis of VWD and AVWS, 
thereby improving the detection of bleeding disorders. These were the first reports in 
Baltic countries to provide insight into the potential clinical significance of using new  
VWF activity and VWF multimer assays for the diagnosis of VWD and AVWS. 
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Abbreviations  
 
APTT  Activated partial thromboplastin time 
AT  Autoimmune thyroiditis 
AVWS   Acquired von Willebrand syndrome 
BAT  Bleeding assessment tools 
BT  Bleeding time 
CNP  Commercial lyophilized pooled normal plasma 
CV  Coefficient of variation 
DDAVP  Desmopressin  
EQA  External quality assurance 
ET  Essential thrombocythemia 
FVIII  Factor VIII 
FVIII:C  Factor VIII coagulant activity 
GPIb  Platelet glycoprotein Ib 
HA  Hemophilia A 
HMWM  High-molecular-weight multimers 
H5VW  Hydragel 5VWF multimer assay kit (Sebia) 
H11VW  Hydragel 11VWF multimer assay kit (Sebia) 
IMWM  Intermediate molecular weight multimers 
IRP  In-house reference plasma  
ISTH  International Society on Thrombosis and Haemostasis 
LMWM  Low molecular weight multimers 
MGUS  Monoclonal gammopathy of undetermined significance 
NHL  Non-Hodgkin’s lymphoma 
PFA  Platelet function analyzer 
PLT  Platelet 
PT  Prothrombin time  
PV  Polycythemia vera 
RIPA  Ristocetin induced platelet aggregation  
RistoHigh von Willebrand Factor and glycoprotein Ib-dependent platelet 

aggregation (high concentration) 
SD  Standard deviation  
TA  Tranexamic acid 
WFH  World Federation of Hemophilia 
VWD  von Willebrand disease 
VWF  von Willebrand factor 
VWF:Ac    von Willebrand factor activity 
VWF:Ag                 von Willebrand factor antigen 
VWF:CB                 von Willebrand factor collagen binding activity 
VWF:GPIbM von Willebrand factor activity by glycoprotein Ib binding assay 
VWF:GPIbR von Willebrand factor activity by GPIb and ristocetin 
VWF:MM von Willebrand factor multimer analysis 
VWF:RCo von Willebrand factor ristocetin induced activity 
WBA  Whole blood aggregometry 
WB-RIPA Whole blood ristocetin-induced platelet agglutination  
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1 Background and review of literature 

1.1 Hemostasis 

Hemostasis is the physiological mechanism that leads to the cessation of bleeding from 
a blood vessel and can be divided into four stages: blood vessel constriction, platelet plug 
formation, stable insoluble fibrin clot formation, and fibrin clot removal (LaPelusa & 
Dave, 2022). It involves multiple interlinked steps that depend on vascular response, 
platelet number/function, adequate VWF level/function, and adequate pro- and  
anti-coagulant factors’ levels (LaPelusa & Dave, 2022). Dysregulation of hemostasis can 
result in bleeding or thrombotic disorders (LaPelusa & Dave, 2022).  

Bleeding disorders are a group of disorders that share the inability to form a proper 
blood clot, including hemophilia A, hemophilia B, VWD, and other rare bleeding disorders 
(Figure 1). The most common of these is VWD, which is caused by deficiency and/or 
defects in the VWF (P. D. James et al., 2021). 
 

 
Figure 1. Identified bleeding disorders: global representation over time (1999–2021). The report on 
the Annual Global Survey 2021 is published by the World Federation of Hemophilia at 
https://wfh.org/data-collection/#wbdr.  

1.2 von Willebrand factor  
VWF is a large multimeric adhesive sialoglycoprotein (De Meyer et al., 2009; Millar & 
Brown, 2006) that mediates platelet adhesion to subendothelial structures and acts as a 
factor VIII (FVIII) carrier molecule, and thus stabilizing the procoagulant activity of FVIII 
in the circulation  (E. J. Favaloro, 2011a; Roberts & Flood, 2015; Stockschlaeder et al., 
2014). Endothelial cells and megakaryocytes are the primary sites of VWF production 
(Stockschlaeder et al., 2014). VWF is synthesized as a polypeptide and is composed of 
identical monomers (Figure 2). The VWF monomer is composed of identical repeated 
domains, where each domain completes a specific function, and mutations in some 
domains lead to the loss of specific functions (Hassan et al., 2012): 

https://www.sciencedirect.com/topics/medicine-and-dentistry/blood-stasis
https://wfh.org/data-collection/#wbdr
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• D1–D2 – domains represent the propeptide (Lenting et al., 2015) 
• D´–D3 – domains provide the binding sites for FVIII (Roberts & Flood, 2015)  
• A1 – binding site is for platelet GPIb, vascular collagen, ristocetin, heparin 

(Reininger, 2008; Roberts & Flood, 2015) 
• A2 – ADAMTS-13 cleavage site (Reininger, 2008) 
• A3 – binding site for vascular collagen (Roberts & Flood, 2015) 
• C4 – binding site for GPIIb/IIIa (Lillicrap, 2013) 
• CK – dimerisation site (Zhou et al., 2012) 

 

 
 
Figure 2. Schematic illustration of the domain arrangement of VWF (Lenting et al., 2015). 
 

The VWF monomers assemble into a series of multimers, and multimer organization 
is critical for the function of VWF (Stockschlaeder et al., 2014). The size of multimers may 
range from 500 kDa to ˃ 20,000 kDa, and are usually classified into categories 
according to the number of multimers (dimers) and size: low-molecular-weight (LMW, 
1–5 dimers, 500–2,500 kDa); intermediate-molecular-weight (IMW, 6–10 dimers,  
3,000–5,000 kDa); high-molecular-weight (large) (HMW, 11–20 dimers, 5,500–10,000 kDa); 
and ultra-high-molecular-weight (ultra-large) (UHMW, > 20 dimers, up to 20,000 kDa) 
forms (E. J. Favaloro et al., 2016; Stockschlaeder et al., 2014). UHMW multimers do not 
typically circulate in blood because of rapid proteolysis by the disintegrin and 
metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS-13), which 
cleaves UHMW forms into smaller multimers soon after secretion (Stockschlaeder et al., 
2014). HMW multimers being most functionally effective (Schneppenheim, 2011).  
The function of VWF correlates with its multimer structure (Budde & Schneppenheim, 
2014). 

VWF levels are regulated by both genetic and nongenetic factors. The most important 
genetic factor is ABO blood group. Individuals with blood group O have approximately 
25% lower levels of VWF than those with non-O blood group, and there is also an increase 
in VWF levels in African ancestry (E. J. Favaloro et al., 2005). Increased VWF levels can be 
associated with age, sex hormone changes during pregnancy, oral contraception, nicotine 
and caffeine exposure, previous or current thromboembolic events, inflammation, and 
physical exercise; thus, contributing to the high biological variability of VWF (Colonne  
et al., 2021). 



15 

1.3 von Willebrand disease 
VWD is considered the most common autosomal inherited bleeding disorder in humans 
and is caused by a deficiency or functional abnormality in VWF (P. D. James et al., 2021).   

Symptoms usually include excessive mucocutaneous bleeding, epistaxis, heavy 
menstrual bleeding in women, prolonged bleeding from minor wounds, gastrointestinal 
bleeding, easy bruising, bleeding after surgery, childbirth, and in the most severe cases, 
musculoskeletal bleeding (P. D. James et al., 2021). 

1.3.1 Epidemiology 
The estimated prevalence of VWD appears to be between 0.01% and 1% (E. J. Favaloro, 
2011b). Most patients are asymptomatic or have mild type 1 VWD, which may be  
difficult to distinguish from healthy individuals (E. J. Favaloro, 2011b). The estimated 
numbers of VWD cases in the Nordic hemophilia centers were type 1 (n = 725), type 2  
(n = 409), and type 3 (n = 73). Data on type 2 VWD subtypes were available only from three 
centers: type 2A (n = 163), 2 B (n = 68), 2M (n = 27), and 2N (n = 5) (Szanto et al., 2018). 

Estonia is a northeastern European country with approximately 1.3 million 
inhabitants.  Unfortunately, accurate data on the prevalence of VWD in Estonia are lacking.  

1.3.2 Classification of VWD    
VWD is classified into partial or total quantitative deficiencies of the VWF (VWD types 1 
and 3) and qualitative variants (VWD types 2A, 2B, 2M, and 2N), (P. D. James et al., 2021) 
as summarized in Table 1. The National Heart, Lung and Blood Institute Expert Panel 
report (Nichols et al., 2008) suggested that VWD type 1 can be diagnosed when VWF 
antigen (VWF:Ag) or VWF activity is < 30%, and levels of VWF:Ag between 30% and 50% 
should be classified as low VWF.  
 
Table 1. Classification of von Willebrand disease (Itzhar-Baikian et al., 2019; P. D. James et al., 2021). 

Type of VWD  Pathophysiology of VWD 
1 
 

Partial deficiency of functionally normal VWF with plasma VWF 
levels usually between 5 and 30%. “Low VWF” (mild/moderate 
VWD) – partial deficiency of functionally normal VWF with plasma 
VWF levels between 30 and 50%. 

2A Decreased GPIb binding due to a deficiency of high molecular weight 
multimers of VWF. 
Enhanced proteolysis by ADAMTS-13, defective secretion, defective 
dimerization or defective multimerization of VWF. 

2B Enhanced, spontaneous GPIb binding due to gain-of-function 
mutations. 

2M Decreased GPIb binding and/or decreased collagen-binding due to 
loss-of-function mutations. 

2N Decreased factor VIII binding due to loss-of-function mutations. 
3 Total deficiency of VWF. 

 
Correct classification of the type and subtype of VWD is important for patient 

management and therapeutic approaches (E. J. Favaloro, 2011a). Figure 3 shows the 
locations of VWF mutations resulting in various VWD subtypes. 
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Figure 3. Schematic illustration of the locations of VWF mutations in various VWD subtypes 
(Lillicrap, 2013). 

1.3.3 Acquired von Willebrand syndrome 
AVWS was first defined by the VWF subcommittee in 2000 (Federici et al., 2000). 
A diagnosis of AVWS can be made based on the following criteria: lack of previous lifelong 
bleeding incidents, relevant family history, clinical picture, and laboratory investigation 
results (A. H. James et al., 2016). AVWS is a rare but frequently underdiagnosed bleeding 
disorder with an unknown prevalence that may develop in various underlying disorders 
(Ichinose et al., 2022).  The mechanisms VWF abnormalities depend on the type of 
underlying disorder (Michiels et al., 2001). The pathogenesis of AVWS (Federici et al., 
2000; Mital, Prejzner, Bieniaszewska, et al., 2015; Tiede, 2012) is as follows: 
• Reduced VWF synthesis: severe hypothyroidism, drugs (e.g., valproic acid);
• Increased shear stress and proteolysis of VWF: aortic valve stenosis, artificial heart

valves, left ventricular assist devices, other heart defects with disturbed flow (mostly
congenital), and extracorporeal membrane oxygenation (ECMO);

• Inhibition/clearance by paraproteins or autoimmune inhibitors: autoimmune
disorders, multiple myeloma, Waldenström macroglobulinemia, monoclonal
gammopathy of undetermined significance (MGUS), B-cell lymphomas;

• Adsorption of VWF high-molecular weight multimers: myeloproliferative disorders
(e.g., polycythemia vera, essential thrombocythemia), Wilms’ tumors, and solid
tumors.

1.4 Diagnosis 
The diagnosis of VWD is based on the presence of bleeding symptoms and/or family 
history, and laboratory evidence of abnormal VWF levels or function. In AVWS, there 
were no previous lifelong bleeding episodes or relevant family history. 

1.4.1 Bleeding Assessment Tool 
It is recommended that a Bleeding Assessment Tool (BAT) should be used before 
laboratory testing to evaluate a patient’s personal and family bleeding history (P. D. James 
et al., 2021). The BAT is a questionnaire used for the quantification of bleeding symptoms 
based on their severity and to generate an overall quantitative bleeding score (Tosetto 
et al., 2006). In 2010, the International Society on Thrombosis and Haemostasis (ISTH) 
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proposed a single BAT to standardize the reporting of bleeding symptoms for use in adult 
and pediatric populations (Rodeghiero et al., 2010). The normal bleeding score values 
are presented in Table 2. 
 
Table 2. ISTH BAT normal ranges (Elbatarny et al., 2014). 

 Normal Abnormal 

Children  0–2  3 or greater 

Adult female  0–5  6 or greater 

Adult male  0–3  4 or greater 

1.4.2 Laboratory methods 
Laboratory testing for the diagnosis or exclusion of VWD and AVWS is based on a complex 
of different diagnostic assays (Baronciani & Peyvandi, 2020; Roberts & Flood, 2015): 
platelet count (PLT), bleeding time (BT) performed on the skin of the patient or closure 
time (CT) on platelet function analyser (PFA), prothrombin time (PT), activated partial 
thromboplastin time (APTT), fibrinogen, VWF:Ag, VWF activity, coagulation factor VIII 
(FVIII:C), VWF multimer analysis (VWF:MM), VWF collagen binding assay (VWF:CB),  
VWF-FVIII binding assay (VWF:FVIIIB), propeptide of VWF (VWFpp), ristocetin-induced 
platelet agglutination assay (RIPA) and molecular analysis of VWF gene. PT and fibrinogen 
concentration are both normal in the VWD. Activated partial thromboplastin time (APTT) 
is usually normal but can be prolonged depending on the FVIII level and sensitivity of the 
APTT reagent. Currently, standardized diagnostic algorithms for the laboratory 
evaluation of VWD are unavailable because of variable technical and analytical 
availability in different laboratories and countries (Berntorp et al., 2022). 

To reduce errors caused by preanalytical issues and variability in assay performance, 
all measurements of VWF and its functions should be repeated (at least twice) on a 
separate (new) sample to confirm or negate the initial investigation results (E. J. Favaloro 
et al., 2018). 
 
PLT count 
Fully automated hematology analyzers are widely used for platelet reliable counting.  
 
Screening tests for primary hemostasis 
The BT test is designed to evaluate in vivo primary hemostasis and assess the ability of 
platelets to develop a hemostatic plug by recording the time taken by platelets to occlude 
the skin wound to stop bleeding (Quick, 1975). The technique is quick and simple but is 
poorly standardized and dependent on many variables (i.e., operator’s skills, skin 
thickness, temperature) (Paniccia et al., 2015). 

Platelet function analyzers (PFA-100 and PFA-200; Siemens Healthineers, Germany) 
were introduced as a screening tool to detect problems with primary hemostasis. These 
analyzers, in part, replaced the BT because of their superior standardization and 
demonstration of a high negative predictive value (Paniccia et al., 2015). Nevertheless, 
PFA results may be affected by various factors (e.g., hematocrit, PLT count, conditions 
associated with thrombocytopathies) (Paniccia et al., 2015). 
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Ristocetin-induced platelet aggregation (RIPA) 
Optical density-based light transmission aggregometry (LTA), designed by Born in the 
1960s, is the historical “gold standard” for assessing platelet-to-platelet clump formation 
via in vitro aggregation (Paniccia et al., 2015). It is the most widely used method for 
evaluating platelet function disorders (Kaiser et al., 2022). However, this assay has some 
drawbacks: it is sensitive to preanalytical conditions (i.e., low PLT, lipids in plasma, 
hemolysis, plasma preparation technique), may be affected by the type of reagents and 
final concentration of agonists, time-consuming, and requires large sample volume 
(Paniccia et al., 2015). A multicenter study (Kaiser et al., 2022), which included five 
coagulation centers and performed Born-based LTA platelet function assays reported 
that despite the international and national guidelines on LTA, the method continues to 
be handled differently. The differences were found to be associated with the preanalytical 
conditions, types of reagents and their final concentrations, and the analyzers, which differ 
in the wavelengths used in their detection systems (Kaiser et al., 2022). 

Multiplate® (Roche, Germany) is another widely used platelet aggregometry analyzer 
for screening platelet function disorders (PFDs) (Moenen et al., 2019). It incorporates 
impedance whole-blood aggregometry (WBA) technology, which allows for the 
assessment of platelet function in anticoagulated whole-blood samples. Sample 
processing is not required and the test is run under physiological conditions, given the 
fact that other blood elements contribute to platelet function (Paniccia et al., 2015). 
Moreover, WBA has potential diagnostic value for VWD by performing ristocetin-induced 
platelet aggregation in whole blood (WB-RIPA) (Schmidt et al., 2017). The diagnostic 
accuracy of WB-RIPA has been proven in patients with previously diagnosed VWD and is 
in agreement with the Born aggregometry results (Valarche et al., 2011). In a study of  
30 patients with VWD, WB-RIPA was as sensitive as LTA in detecting VWD, with a 76% 
correlation between the two methods (Valarche et al., 2011). 
 
VWF antigen 
The VWF antigen (VWF:Ag) represents the quantitative level of VWF. VWF:Ag assays are 
based on enzyme-linked immunosorbent assays (ELISA), which are predominantly used 
in research laboratories. Latex-enhanced immunoassays (LIA) dominate clinical diagnostic 
laboratories (E. J. Favaloro et al., 2017). Both methods demonstrated high sensitivity and 
low imprecision (Colonne et al., 2021). 
 
VWF functions and their measurements 
The approved nomenclature of VWF activity assays, suggested by the Scientific and 
Standardization Committee of the International Society on Thrombosis and Haemostasis) 
characterizes the differences between the available methodologies (Bodó et al., 2015): 
 
Platelet-dependent VWF activity 
Numerous VWF activity assays assess the ability of VWF to bind platelets. 
• VWF:RCo (Ristocetin cofactor assay) – historically “gold standard” assay that 

assesses the capacity of VWF to agglutinate platelets in the presence of ristocetin. 
However, its clinical utility is compromised by an extremely high limit of detection 
(LOD) for VWF, suboptimal sensitivity, and large assay imprecision (E. J. Favaloro  
et al., 2008). LOD of 10–20% aggravates the diagnosis of severe VWD cases. A high 
coefficient of variation may lead to a false diagnosis at slightly reduced or borderline 
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VWF levels (Bodó et al., 2015), and poor precision at low VWF values may lead to 
uncertainty in the diagnosis of all VWD types (E. J. Favaloro et al., 2016). 

 
The relatively new VWF activity assays overcome these disadvantages as they are 

independent of lyophilized platelets and/or ristocetin (E. J. Favaloro & Mohammed, 
2014): 
• VWF:GPIbR assays – based on ristocetin-induced binding of VWF to a recombinant WT 

GPIb fragment. Currently, two fully automated methods (one immunoturbidimetric 
and the other based on chemiluminescence) are available for coagulation 
instruments, HemosIL AcuStar and ACL TOP (Instrumentation Laboratory, Bedford, 
MA, USA), which demonstrate impressive sensitivity to low VWF levels and are highly 
precise (E. J. Favaloro & Mohammed, 2016). 

• The newest automated VWF-GPIbM assay is based on a gain-of-function mutation 
in glycoprotein GPIb, which does not require ristocetin to bind to VWF. The mutated 
GPIb fragments were captured onto latex particles using a monoclonal mouse 
antibody. VWF from the test plasma-agglutinated latex particles, and the turbidity 
was measured against a calibration curve (Higgins & Goodwin, 2019). Recent studies 
have shown acceptable comparability of this method with the VWF:RCo assay, with 
high sensitivity and low variability (Patzke et al., 2014). However, the analytical 
performance was most extensively evaluated only for Sysmex coagulation 
instruments (Patzke et al., 2014). 

• The VWF-FVIII binding activity assay is useful for identifying or excluding defective 
VWF:FVIII binding in patients with type 2N VWD (E. J. Favaloro, 2020; E. J. Favaloro 
et al., 2016). 

• VWF collagen-binding activity (VWF:CB) is usually determined using ELISA or 
chemiluminescent immunoassay (CLIA) (E. J. Favaloro et al., 2016). 

 
Nordic centers collaborate because some of the tests, such as the VWF:FVIII binding 

assay and VWF:CB binding assay, are not available at all laboratories (Szanto et al., 2018). 
 
Coagulant activity of FVIII 
A one-stage APTT-dependent assay of ‘coagulant’ FVIII activity (FVIII:C) is simple and 
commonly used by laboratories to assess FVIII levels on automated analyzers. The Factor 
VIII chromogenic assay is less commonly performed and is generally only available in 
hemophilia centers (E. J. Favaloro et al., 2016). 
 
VWF multimers 
Historically, multimer analysis has been performed only by a limited number of expert 
laboratories because it is technically difficult, laborious, non-standardized, and  
time-consuming (Torres et al., 2012). The main methods for visualizing VWF multimers 
in clinical practice are electrophoresis techniques developed “in-house”. Typically, 
electrophoresis is performed on agarose gels (alternatively, nitrocellulose or polyvinylidene 
difluoride) at concentrations ranging from 1–3% overnight, followed by different options 
of immunological detection and multimer visualization (e.g.,  radioactive, colorimetric, 
luminographic, or fluorometric methods) (Laffan et al., 2014; Ledford-Kraemer, 2010; 
Torres et al., 2012). Radioactive techniques set special requirements for working 
environment, and conventional non-radioactive methods lack sensitivity and optimal 
resolution power (Budde et al., 2006), potentially leading clinicians to misclassify VWD 
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subtypes (Pruthi et al., 2010). Luminographic methods are remarkably safer and allow 
the visualization of multimers with confidence and high sensitivity (Budde et al., 2006). 
In-house techniques are considerably difficult to standardize, and a relatively high 
proportion of laboratories may generate unreliable VWF multimer results (E. J. Favaloro 
et al., 2014). 

To overcome technical difficulties and attempt to standardize the method, Sebia 
(Lisses, France) introduced a simplified, same-day-results semi-automated assay 
(Hydragel 5 and 11 von Willebrand multimers) that provides visualization of VWF 
multimers on a gel and allows quantification of multimer band patterns based on 
densitometric data (Figure 4). The multimer methodology developed by Sebia has been 
previously described in detail elsewhere (Oliver et al., 2017). 
 
Genetic analysis 
Genetic testing is recommended only in selected cases as confirmatory testing of types 
2A, 2B, 2M, 2N, and PT-VWD, given their diagnostic difficulty and selectively as an 
investigation of type 3 VWD (E. Favaloro, 2014). 
 
 

 
Figure 4. Schematic representation of multimer profiles: gel and quantification of multimer band 
patterns based on densitometric data. One band on the gel and one peak in the densitogram 
correspond to one multimer band. Densitometry curves shown from left to right, peaks representing 
LMWM, IMWM and HMWM, corresponding to bands at the top, middle and bottom of the 
electrophoresis gels. LMWM, low molecular weight multimers; IMWM, intermediate molecular 
weight multimers; HMWM, high molecular weight multimers. 
 

Due to the known variability and limited availability of appropriate VWF testing in 
different countries, diagnosis of VWD and AVWS remain challenging, and new laboratory 
assays to support a simple, accurate, timely diagnosis and management are necessary 
(Berntorp et al., 2022). It is important for laboratories, as mentioned in recent guidelines 
(P. D. James et al., 2021), to focus on implementation of assays that have the best quality 
performance characteristics (the lowest limits of detection, lowest CV, method-specific 
calibration, standardization, accurate VWF assays cut-offs and ratios that are crucial in 
the VWD diagnostic workup). 
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1.5 Treatment 
Treatment of VWD bleeding involves the use of desmopressin (DDAVP), tranexamic acid 
(TA), and plasma-derived recombinant VWF concentrates (Fogarty et al., 2020). A DDAVP 
test is recommended to evaluate individual responses, which depend on various factors 
(e.g., phenotype and genotype) (Castaman & Linari, 2017). Replacement therapy with 
VWF concentrates is used for DDAVP non-responders or patients with type 2B disease 
for whom DDAVP is contraindicated (Castaman & Linari,2017). 

In AVWS cases, treatment of the patient’s underlying condition is important and 
includes immunosuppressants, chemo- or radiotherapy, and surgery, which can lead to 
AVWS remission but is not always feasible and successful (Tiede et al., 2011). 
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2 Aims of the study 
This study aimed to improve the diagnostic possibilities of VWD and AVWS, gain insight 
into the value of innovative techniques, and evaluate the applicability of relatively new 
assays for the diagnosis of VWD and AVWS. 
 
Specifically, this study aims to: 
• Evaluate the analytical performance characteristics of selected VWF activity assay; 
• Evaluate the usefulness of the VWF activity/antigen ratio in VWD and AVWS 

screening; 
• Evaluate the analytical performance characteristics of the new VWF multimers 

assay; 
• Determine the reference intervals for LMW, IMW, and HMW multimers; and 
• Develop a diagnostic workflow and evaluate the usefulness and fitness for clinical 

purpose of the aforementioned techniques for diagnosing VWD and AVWS. 
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3 Methods 

3.1 General study design 
This study consisted of two parts: preclinical and clinical evaluations. An outline of this 
thesis is presented in Figure 5. 
 

 

 
 

Figure 5. General study design. VWF, von Willebrand factor; VWD, von Willebrand disease; AVWS, 
acquired von Willebrand syndrome. 

3.1.1 Preclinical evaluation (Publications I, II, III and VI) 
We evaluated the analytical performance of the selected relatively new VWF activity and 
VWF multimer assays (Figure 6). To establish reference intervals for the VWF multimer 
fractions, international cooperation was initiated between four countries (Estonia, 
Latvia, France, and the USA) to collect a larger sample size. Data and samples were 
collected from 131 healthy volunteers (80 nonpregnant females and 51 males). We used 
densitometry to determine the reference intervals for the LMWM, IMWM, and HMWM 
fractions. 
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Figure 6. Preclinical evaluation study design. 
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3.1.2 Clinical evaluation (Publications IV and V) 
We retrospectively selected 138 individuals from the laboratory information system (LIS). 
The selection was based on an existing request for VWF profile tests between May 2016 
and December 2020. Samples were obtained from patients visiting the outpatient  
clinic and hospitalized patients. Clinical information of the patients was provided by 
clinicians and was available in the LIS. The adult and pediatric ISTH-BAT was primarily 
translated into Estonian and has already been incorporated into routine practice to 
identify individuals with clinically relevant bleeding tendencies and symptoms.  
The diagnostic criteria for VWD were based on the revised VWD classification (P. D. James 
et al., 2021). 

All patients met the criteria for VWD or AVWS based on laboratory findings, bleeding 
symptoms, and presence or absence of a history of a bleeding disorder. 

3.2. Participants 
In Publications II to VI, the study volunteers were relatively healthy individuals without  
a history of hemorrhagic episodes who were not taking any medication for at least  
10 days before blood collection, had a normal coagulation screen profile and normal  
VWF screening assays results, and provided written consent. The exclusion criteria 
consisted of a positive personal and/or family history of bleeding, inflammation, 
pregnancy, and oral contraceptive use. Blood donor plasmas were not used because the 
questionnaire for blood donors did not include information regarding family bleeding 
history, individual mild bleeding episodes, and that donors were not routinely screened 
for VWD. 

In Publication II, 10 plasma samples were obtained from patients with known VWD 
type 1, type 2 (subtypes 2A, 2 B, 2N), or type 3. Of whom, nine patients were from 
Finland, and one from Estonia; one patient with hemophilia A was from Estonia.  
This study was performed in collaboration with Helsinki University Hospital, HUSLAB 
Laboratory Services, Coagulation Disorders Unit, Finland. 

In Publications IV and V, patients from North Estonia Medical Centre and Tallinn 
Children’s Hospital referred for bleeding tendency evaluation were recruited.  

3.3 Samples 
All samples were collected in 3.2 % sodium citrate tubes (BD Vacutainer; BD Diagnostics, 
Plymouth, UK) for coagulation assays and hirudin blood tubes (Roche Diagnostics, Basel, 
Switzerland) or hirudin tubes (Sarstedt, Nümbrecht, Germany) for platelet aggregation 
evaluation. 

Samples for reference interval studies were collected according to locally approved 
venous blood sampling procedures of the participating institutions. Samples were 
aliquoted and stored frozen (at least –20 °C) until testing, which was performed within 
30 days. Aliquots were thawed in a water bath (+37 °C) for 5 minutes and mixed well 
before testing. 
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3.4 Laboratory investigations 
All parameters were analyzed using standard methodology in an ISO 15189 accredited 
laboratory (Table 3). 
 
Table 3. Analytical platforms used in the study. 

Parameter Reagents Analyzer 
PLT Component of complete blood count Sysmex XE-5000 (Roche 

Diagnostics, Germany) 
PT Neoplastine Cl Plus 

(Diagnostica Stago, France) 

STA-R Evolution 
(Diagnostica Stago, 

France) 

APTT PTT-A (Diagnostica Stago, France) 
FVIII:C STA Deficient VIII, STA PTT-A 

(Diagnostica Stago, France) 
 FVIII:C STA-ImmunoDef VIII, STA-C.K.Prest 

(Diagnostica Stago, France) 
VWF:Ag STA Liatest VWF:Ag 

(Diagnostica Stago, France) 
VWF:Ac 
(VWF:GPIbM) 

INNOVANCE VWF Ac  
(Siemens Healthineers, Germany) 

RISTOhigh  Ristocetin (final concentration 0.77 
mg/mL) (RISTOtest, Roche, Germany, or 
Hart Biologicals, USA) 

Multiplate 
(Roche Diagnostics, 

Germany) 
RISTOlow Ristocetin (final concentration 0.2 

mg/mL) (RISTOtest, Roche, Germany, or 
Hart Biologicals, USA) 

VWF:MM H5VW, H11VW 
(Sebia, France) 

Hydrasys 2 Scan  
(Sebia, France) 

3.5 Statistical analysis 
In Publication I, descriptive statistics was used to analyze the mean, median, standard 
deviation (SD), and coefficient of variation (CV, %) of the different VWF activity assays. 
Differences between the VWF activity assays were tested using the non-parametric 
Mann–Whitney U test. Statistical analyses were performed using IBM SPSS software 
version 20 (Chicago, IL, USA). Statistical significance was set at P < 0.05. 

In Publication III the results are reported as the mean % of the corresponding 
molecular weight fraction of multimers ± SD and CV. The difference between the two 
commercial kits (H5WV vs H11VW) was evaluated using the nonparametric Mann–Whitney 
U test in IBM SPSS software, version 21.0 (Chicago, IL, USA). Values were considered 
statistically significant at P < 0.05. 

In Publication V, baseline patients’ characteristics are presented as median and 
interquartile range (IQR) or number of cases (in percentage, counting data). Spearman’s 
correlation coefficient was calculated to test the association between HMWM and the 
ratio of VWF:GPIbM to VWF:Ag, and RISTOhigh vs. VWF:GPIbM. Differences between 
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variables were tested using the Mann–Whitney U test. Statistical analysis was performed 
using IBM SPSS software, version 23 (Chicago, IL, USA), and statistical significance was 
set at p < 0.05. 

In Publication VI statistical analyses were performed using MedCalc® software version 
18.11.6. (MedCalc Software, Belgium), and IBM SPSS Statistics version 23 (Chicago, IL, 
USA). Descriptive statistics were used to analyze demographic data and laboratory 
characteristics. Data were analyzed according to age, gender, and geographical location. 
Results were expressed as median (interquartile range [IQR]). Differences between 
variables were tested using the Mann-Whitney U test. Reference intervals were 
established according to a robust method following CLSI C28-A3 standard to calculate 
the 2.5th and 97.5th percentiles, and associated 90% confidence intervals (CI) for each 
VWF multimeric fraction. Data distributions were tested for normality using the  
Shapiro–Wilk test. Outlier detection was performed using Grubs double-sided and Tukey 
methods. Statistical significance was set at P < 0.05.  

3.6 Ethical considerations 
The study was performed in accordance with the Declaration of Helsinki and was 
approved by the appropriate local or national ethical committees or the local 
Institutional Review Board of each participating institution. 
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4 Results and discussion 

4.1 Preclinical evaluation (Publications I, II, III and VI) 
The analytical performance evaluation of relatively new VWF:GPIbM and H5VW / H11VW 
multimers for routine application was done in line with current laboratory practices and 
guidelines of Clinical and Laboratory Standards Institute (CLSI: H57-P, EP5-A2, and  
EP28-A3c).   

4.1.1 VWF activity assay, VWF:GPIbM (Publication I) 
In recent years, numerous VWF activity assays have been developed to evaluate the 
functions of VWF (Higgins & Goodwin, 2019). One of which is the Innovance VWF Ac 
(Siemens Healthineers, Germany) reagent kit intended for automated Siemens or Sysmex 
coagulation instruments (Higgins & Goodwin, 2019). It fits well with the current 
nomenclature of VWF activity methodologies (Bodó et al., 2015): 

• Assays based on platelets and ristocetin (VWF:RCo); 
• Assays based on antibody directed against the GPIb-binding site on VWF 

(VWF:Ab); 
• Assays based on the GPIb containing gain-of-function mutations (VWF:GPIbM) 

(used in this study); 
• Assays based on wild type GPIb and ristocetin (VWF:GPIbR). 

 
In May 2016, an adapted protocol for measuring VWF activity using Siemens reagents 

was implemented on STA-R Evolution (Diagnostica Stago, France) analyzer. 
     In our study, we used Standard Human Plasma (Siemens Healthineers, Germany),  
in which VWF activity was calibrated against the WHO standard. The linearity between 
the assigned values of the original and newly adapted methods demonstrated an 
excellent correlation (y = 0.9951x + 0.4266; r2 = 0.9999). 

Imprecision was found to be acceptable (coefficient of variation (CV) < 10%).  
Intra-assay precision (representing repeatability) showed CV 4.00% for Control Plasma N 
and 5.02% for Control Plasma P. Inter-assay precision (representing reproducibility) CV 
was 4.69% for Control Plasma N and 5.00% for Control Plasma P. Similar results for intra- 
and inter-assay imprecision (CV < 3.0% for normal control and CV < 3.5% for pathological 
control) were reported in study (Lawrie et al., 2013) using reagents from Siemens but on 
a Sysmex CS-2000i analyzer (Sysmex UK Ltd). Boender et al. previously demonstrated 
that the VWF:GPIbM assay had the lowest coefficient of variation compared to the 
VWF:RCo and VWF:GPIbR assays, making it the most precise assay in their study 
(Boender et al., 2018). 

Evaluation of stability demonstrated that in fresh and frozen thawed plasma VWF 
activity results were comparable: the correlation was excellent (Spearman’s r = 0.952,  
p < 0.001; y = 1.0892x – 14.626; r2 = 0.9386), and the difference was statistically 
insignificant (114.70 ±50.77% vs 110.30 ±57.08%, p = 0.201). 

As an individual performance indicator used in this study, the Z-scores obtained from 
the external quality assurance (EQA) survey reports for VWF assays (ECAT Foundation, 
The Netherlands) were acceptable (Z-score <±2), and confirmed that the results were 
reliable and accurate. 

By diluting Standard Human Plasma (Siemens Healthineers, Germany), we found that 
threshold for VWF activity was similar to manufacturer’s declared value of 4%. Similar 
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results for limit of detection (LOD) were found by the WiN study group (Boender et al., 
2018). We additionally examined 20 consecutive runs of 0.9M NaCl solution that 
revealed undetectable results or results below 4% of VWF activity. 

Historically, assays based on platelets and ristocetin reagents (particularly termed 
VWF:RCo) were considered as “gold standard” assay for evaluation of VWF activity; 
however, the technical limitations of most VWF:RCo assays used in laboratories 
worldwide make the ratio of VWF:RCo to VWF:Ag unreliable, especially at levels of 
VWF:Ag < 15–20 IU/dL (%) (Sadler et al., 2006). The LOD for VWF:RCo > 10 IU/dL (%) is 
unacceptable, makes the assay be imprecise (E. J. Favaloro et al., 2008). Furthermore, 
VWF:RCo is technically challenging. Consequently, the diagnosis of VWD in some 
countries is often difficult or delayed (Lawrie et al., 2013). Therefore, the superior 
precision of the VWF:GPIbM assay and better LOD allow improved discrimination of the 
activity-to-antigen ratio compared to VWF:RCo (Graf et al., 2014). 

We performed a VWF:GPIbM comparison study using two alternative VWF:RCo 
activity assays (both reagents and an analyzer from the Instrumentation Laboratory, 
USA). The correlation of the implemented VWF:GPIbM activity assay with the two 
HemosIL assays showed to be perfect: Spearman’s correlation coefficients were 0.986 
and 0.982 (HemosIL VWF:RCo and HemosIL VWF:Ac, respectively; both p < 0.001). 
Previously, a good correlation was reported (Patzke et al., 2014) between VWF:GPIbM 
and VWF:RCo, and the mean difference between methods was 6 IU/dL (%) to 7 IU/dL (%) 
lower by VWF Ac Innovance. In addition, the WiN study group reported an excellent 
correlation between VWF activity assays: VWF:RCo, VWF:GPIbR, and VWF:GPIbM 
(Boender et al., 2018). The clinical utility of VWF:GPIbM for the diagnosis and subtyping 
of VWD has been demonstrated in several independent studies (Graf et al., 2014; Patzke 
et al., 2014); however, the analytical performance characteristics of VWF:GPIbM have 
been extensively evaluated only for Sysmex coagulation instruments (Patzke et al., 2014). 

In conclusion, the analytical performance of the new VWF:GPIbM assay (a combination 
of Siemens reagents and a Diagnostica Stago analyzer) was found to be acceptable.  
The simplicity of implementation of the adapted protocol, together with its improved 
sensitivity and precision, make this new VWF:GPIbM assay suitable for the diagnosis of 
VWD, especially in clinical laboratories that are unable to utilize Sysmex coagulation 
instruments. 

4.1.2 VWF multimers (Publications II and III) 
The measurement of VWF multimers has become a part of the laboratory workflow for 
the identification and classification of VWD (E. J. Favaloro, 2011a). 

In this study, we analyzed the following analytical performance characteristics of  
VWF multimers: repeatability (intra-assay variability/in-gel between-track variation), 
reproducibility (inter-assay variability/between-gel variation), sensitivity, and differences 
between two commercially available VWF multimer kits (H5VW and H11VW). We used 
samples from patients with previously confirmed VWD diagnoses and from EQA 
organizers. 

Internal quality control (IQC) materials were not provided by the manufacturer. 
Therefore, the plasma pool of healthy volunteers, the so-called in-house reference 
plasma (IRP) samples, and commercial lyophilized pooled normal plasma (CNP) samples 
(Diagnostica Stago, France) were compared and evaluated. We found a relative loss of 
HMW multimers in the CNP samples, probably due to lyophilization during the 
preparation of commercial plasma (Meijer & Haverkate, 2006), as demonstrated by 
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visual and quantitative evaluations. Our study findings were confirmed by researchers 
from Australia (Oliver et al., 2019) who identified the loss of HMWM in Diagnostica Stago 
control plasmas. Therefore, IRP was preferred as the control (reference) plasma in 
further studies. 

In this study, the H11VW kit was used for intra-assay variability (repeatability/in-gel 
between-track variations) analysis, and 11 measurements were performed, each for a 
single healthy individual’s plasma, which was applied to 11 tracks of the gel. We have 
demonstrated intra-assay variability performance equivalent to previously published 
H5VW kit repeatability values (Bowyer et al., 2018): CVs were 6.9% for LMWM, 10.3% for 
IMWM, and 4.8% for HMWM. To evaluate inter-assay variability (reproducibility/ 
between-gel variation), the VWF multimer fractions’ results of the same IRP from 55 
different gel runs were analyzed. Calculated CV values were 16.6 % for LMWM, 6.2% for 
IMWM, and 8.1% for HMWM. 

Moreover, we assessed sensitivity of new gel diluting the single volunteer’s plasma 
with known VWF:Ag values in dilution series (1:2, 1:4, 1:6, 1:8, 1:16, and 1:32), which 
resulted in final VWF antigen values of 52%, 19%, 13%, 9%, 5%, and 2%, respectively. 
Sensitivity analysis with serial dilutions revealed a cut-off (VWF:Ag value of 9%). Our 
study results were confirmed in another study (Crist et al., 2018) wherein researchers 
found that VWF protein concentrations of approximately 5–10% of normal are required 
to adequately visualize multimers. 

We evaluated the differences between two commercial kits (H5WV and H11VW). 
There was no statistically significant difference detected between H5VW and H11VW kits 
for different fractions of multimers: LMWM 17.95 ±2.94 vs 18.31 ±3.32, p = 0.807; IMWM 
33.24 ±1.98 vs 32.47 ±2.48, p = 0.183; HMWM 48.82 ±3.65 vs 49.22 ±3.57, p = 0.774. 

In collaboration with the European Hemophilia Comprehensive Care Center (EHCCC) 
from Helsinki, we evaluated 11 samples: nine samples from Finland (VWD types 1, 2A,  
2B, 2N, or 3), one VWD type 2N sample from Estonia, and one hemophilia A sample from 
Estonia. All measurements were performed without prior knowledge of previous 
measurements or diagnoses. We demonstrated that VWF multimer electrophoresis 
interpretations were successfully reproduced and were in agreement with a previously 
confirmed diagnosis. The VWF multimer electrophoresis results for healthy individuals 
and different VWD types are depicted in Figure 7. Healthy volunteers’ and three patients’ 
with type 1 VWD plasma showed a normal VWF multimer pattern, although a relative 
decrease in the intensity of the multimer bands was observed in patients with type 1 
VWD (Figure 7B). As expected, loss of HMWM was identified in both patients with type 
2A (Figure 7C) and type 2B (Figure 7D) VWD. Patients with type 2N VWD showed normal 
multimeric patterns (Figure 7E). No signal was detected in the two patients with type 3 
VWD (Figure 7F), leading to the interpretation of undetectable VWF multimers. 
Hemophilia A results were completely normal. 
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Figure 7. VWF multimer electrophoresis results of healthy individuals and different VWD types:  
A – electrophoresis gel of plasma samples from 4 different healthy individuals (tracks 1-4) and an IRP 
sample (track 5) and densitogram of IRP; B – electrophoresis gel of IRP (track 1) vs type 1 VWD patient 
plasma (track 4) and densitograms: IRP vs type 1 VWD patient plasma; C – electrophoresis gel of IRP 
(track 1) vs type 2A VWD patient plasma (track 5) and densitograms: IRP vs type 2A VWD patient 
plasma; D – electrophoresis gel of IRP (track 1) vs type 2B VWD patient plasma (track 2) and 
densitograms: IRP vs type 2B VWD patient plasma; E – electrophoresis gel of IRP (track 1) vs type 2N 
VWD patient plasma (track 4) and densitograms: IRP vs type 2N VWD patient plasma; F – electrophoresis 
gel of IRP (track 1) vs type 3 VWD patient plasma (track 3) and densitograms: IRP vs type 3 VWD 
patient plasma. IRP, in-house reference plasma; LMWM, low molecular weight multimers; IMWM, 
intermediate molecular weight multimers; HMWM, high molecular weight multimers. 
 

Throughout the study period, our laboratory successfully participated in 13 external 
quality assessment (EQA) schemes of VWF modules, including VWF:Ag, VWF:GPIbM, 
FVIII:C, VWF multimers, and the final conclusion (interpretation), provided by the ECAT 
Foundation (Netherlands). We demonstrated that the VWF multimer electrophoresis 
interpretation and final interpretation of the VWD type were in agreement with expert 
opinions. In our study, all EQA samples (including those from patients with type 1 and 
type 2A VWD) were correctly visualized and interpreted using a new commercial VWF 
multimer assay (H5VW and/or H11VW), demonstrating its reliability. 

Historically, VWF multimer analysis has been performed by only a limited number of 
expert- or reference laboratories mainly because the assay is technically laborious, 
complex, requires specially trained personnel, is time-consuming, and is non-standardized 
(Torres et al., 2012). Previously, it was noted that only 16–18% of ECAT Foundation EQA 
participating laboratories were registered for VWF multimer evaluation (Meijer & 
Haverkate, 2006). In addition, a certain proportion of interpretative errors arose because 
the test panels lacked a VWF multimer assay (E. J. Favaloro et al., 2014). ECAT Foundation 
collected data revealed substantial error rates for VWF multimer evaluation ranging from 
10 to 52% (Meijer & Haverkate, 2006). Furthermore, the North American Specialized 
Coagulation Laboratory Association (NASCOLA) has shown an overall 14.7% (7–22%) 
erroneous survey response rate from laboratories performing in-house VWF multimer 
analyses (Chandler et al., 2011). Because high precision is needed for VWF multimer 
quantification, standardization of its measurements is crucial for accurate diagnosis,  
and the role of quality assurance in hemostasis laboratories is considerably important  
(E. J. Favaloro, 2019). Other researchers have evaluated the accuracy of the new Sebia 
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VWF multimer assay using different approaches. They compared plasma samples from 
patients presenting with different types of VWD with those from healthy volunteers 
(Vangenechten & Gadisseur, 2020), commercial Standard Human Plasma (E. J. Favaloro 
et al., 2020), donors, and commercial frozen normal donor plasmas (Bowyer et al., 2018). 
Our results not only support previously published data (Oliver et al., 2019) but also 
provide additional insights into analytical performance characteristics. 

Another important issue is the turnaround time of VWF multimer analysis.  
The abovementioned in-house methods are time-consuming, and although several of 
them have been somewhat optimized, they still require several hours or even 3–4 days 
to complete (Budde et al., 2006). In our case, the Sebia Hydragel H5VW/H11VW VWF 
multimer electrophoresis assay produced same-day results within 6 h and 40 min.  
A significantly shorter turnaround time could encourage clinical laboratories to select this 
method instead of traditional, time-intensive procedures. Furthermore, in the case of 
analytical failure, same-day multimer analysis is more attractive because laboratories can 
repeat testing and release results relatively quickly, although confirmation of the VWD 
type is not an urgent analysis. 

Recently, the Sebia method was extensively evaluated by other authors who provided 
positive comments on the fundamental consistency of our data (Bowyer et al., 2018; 
Oliver et al., 2017; Crist et al., 2018). 

In conclusion, the new commercial VWF multimer assay (Sebia, France) represents a 
good alternative to traditional in-house assays. We conclude that the analytical 
performance of the Hydragel 5/11 von Willebrand multimer assay is acceptable and 
provides a perspective to standardization of the VWF multimer assay (Sebia, France), 
which can help reduce interlaboratory variability and the variability between different 
measurement runs. Both visual and densitometry-based investigations make 
interpretation easier, allow the overlay of patient curves with normal controls, and 
enable the estimation of the relative quantification of each multimer subset, providing 
useful information for the diagnosis of VWD. 

Following the success at the EQA schemes and with the above performance data,  
the VWF:GPIbM and VWF:MM assays with H5VW/H11VW kits were accredited in the 
North Estonia Medical Centre laboratory according to ISO 15189. 

4.1.3 Reference intervals for VWF multimers (Publication VI) 
The current classification of VWD does not consider the magnitude of HMWM loss 
(Pruthi et al., 2010). However, quantitative results can provide objective measures of 
VWF structure to better define subtle changes in VWD subtypes (Michiels et al., 2017). 
The Sebia method provides quantitative VWF multimer results and allows, if desired, the 
splitting of curves into multimer subsets, as shown in Figure 4. The reference intervals 
were not originally defined by the manufacturer. Owing to the lack of reference values 
for VWF multimer fractions, the interpretation of results can be challenging in some 
cases. However, quantitative multimer analyses may be required to detect subtle 
abnormalities and changes following therapeutic interventions (Torres et al., 2012).   

An important goal of this study was to determine the reference intervals for LMW, 
IMW, and HMW multimers. 

International cooperation provided an opportunity to collect higher numbers of 
samples. In total, 131 samples of relatively healthy individuals were analyzed for VWF 
multimers (51 males and 80 non-pregnant females aged 17–69 years).  The institutions 
that participated in this study are as follows:  
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• Coded L1 and represented two institutions from Baltic countries: L1A – 
Laboratory of North Estonia Medical Center, Tallinn Estonia; and L1B – Riga East 
University Hospital, Riga, Latvia; both Estonian and Latvian samples were 
analyzed in the Laboratory of North Estonia Medical Centre, and thus accounted 
for one group L1; 

• Coded L2 and representing Department of Biology, Foch Hospital, Suresnes, 
France; 

• Coded L3 and representing University of Utah / ARUP Laboratories, Salt Lake 
City, Utah, United States. 
 

In this study, we found that the values of the three testing locations for LMWM, 
IMWM, and HMWM were normally distributed; thus, the reference values were 
calculated based on a normal distribution. The main result of this study was the proposal 
of reference intervals for VWF:MM fractions: LMWM 10.4–22.5%, IMWM 22.6–37.6%, 
HMWM 45.6–66.6%. 

In 2018, other researchers (Bowyer et al., 2018),  investigated multimeric patterns in 
51 samples collected from healthy volunteers and using commercial frozen normal donor 
plasma (Cryocheck; Precision Biologic, Halifax, NS, Canada). They suggested variable 
ranges for HMWM (35–58.5%) but noted that Gaussian distribution was not observed. 
Importantly, the storage conditions for their commercial Cryocheck Normal Donor Set 
were as low as –40 to –80 °C. Any storage and/or transport issues, due to which the plasma 
could have reached temperatures outside the acceptable range, could have potentially 
affected the establishment of the lower limit of the reference HMWM interval. 

A group of researchers from Belgium (Vangenechten & Gadisseur, 2020) calculated 
the normal reference intervals for VWF multimer fractions using samples from 40 healthy 
volunteers. They have reported 40.8–63.2% interval for HMWM. 

The reference intervals determined in these two previous studies were similar to our 
results but were calculated using a relatively low-powered sample size. According to the 
CLSI guidelines C28-A3, a sample size > 120 can be considered representative. In our 
study, we collected and established reference intervals for the LMWM, IMWM, and 
HMWM fractions using acceptable amounts (n = 131) of samples from relatively healthy 
adults, thereby obtaining more accurate results. 

It should be noted, that multimer fraction separation and their percentage values 
calculation is based on the scanned gel and are not directly measured quantitatively, and 
thus an interpretation of “gray zone” should be considered in future studies evaluating 
clinical decision making possibilities. 

To assess possible differences in VWF multimer fractions from the three participating 
regions, we additionally compared the results, which were reported for the first time: 
• We found that geographical locations related differences in VWF multimer fractions 

existed only in LMWM results, which were higher in group L2 (16.1%, CI 14.5–19.1%) 
than in groups L1 (15%, CI 12.7–17.2%) and group L3 (14%, CI 12.4–16.0%).  
The differences between L2 vs. L1 and L2 vs. L3 were statistically significant (p < 0.05) 
but clinically irrelevant, and the difference between L1 and L3 was insignificant  
(p = 0.260). There were no significant differences in IMWM and HMWM between 
geographical locations. 

• Moreover, we demonstrated that there was no gender-related difference in the 
VWF multimer fractions: LMWM, p = 0.067; IMWM, p = 0.507; and HMWM p = 0.060. 
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• An interesting finding was the relationship between certain multimer fractions and 
age of the studied individuals. The tendency of LMWM scores to increase and 
HMWM scores to decrease with increasing age was observed in our data. 
Meanwhile, the IMWM values vary during adulthood. Nevertheless, definitive 
conclusions could not be drawn because of the small sample size. The discovered 
tendencies, especially that of HMWM to decrease with increasing age, could 
potentially be analyzed in detail in future larger studies. It is well known that VWF 
levels increase with age among healthy adults (E. Favaloro et al., 2014). A thorough 
search of the literature did not reveal any studies on the variation in HMWM 
depending on age. Several authors (Abou-Ismail et al., 2023) have noted that it 
remains unclear whether the normalization of VWF levels in older patients results in 
decreased bleeding symptoms, and this could potentially be evaluated in future 
larger studies. 

In conclusion, the quantification of VWF multimer fractions is an additional valuable 
tool to supplement the qualitative visual assessment of VWF multimer patterns. It has 
the potential to aid in the differential diagnosis of the VWD and AVWS subtypes.  
The reference values calculated in this study can be used in future studies to establish 
clinical decision limits. 

4.2 Clinical evaluation (Publications IV and V) 

4.2.1 von Willebrand disease (Publication IV) 
We retrospectively evaluated the data of 131 patients who were referred for the 
evaluation of bleeding tendency between 2016 and 2020. The frequency of complaints 
indicating VWD testing are demonstrated in Figure 8. Diagnostic criteria for VWD were 
based on the latest revised classification (P. D. James et al., 2021). 

 
Figure 8. Reasons (indications) for VWD testing and their frequencies. 
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Currently, there is no standardized diagnostic algorithm for laboratory evaluation of 
VWD due to the technical/analytical availability and variability of VWF assays in different 
laboratories and countries. (Berntorp et al., 2022). Therefore, based on available 
international recommendations, we created a complex diagnostic algorithm for VWD 
and AVWS (Figure 9), which was widely discussed at the World Hemophilia Federation 
Congress in 2018. 

 

Figure 9. Diagnostic algorithm for VWD and AVWS. Source: Pikta et al., 2018: Development of 
diagnostic algorithm for von Willebrand disease within WFH the Twinning Tallinn-Helsinki program. 
WFH 2018 World Congress, Glasgow, Scotland, May 20-24, 2018. Available at: 
www.postersessiononline.eu/173580348_eu/congresos/WFH2018/aula/-M-P_139_WFH2018.pdf 
 

In our study, all measurements of VWF:Ag, VWF:GPIbM, FVIII:C, and whole blood 
ristocetin-induced platelet agglutination (WB-RIPA), were repeated at least twice on a 
separate (newly collected) sample to confirm or negate initial investigation results. Based 
on the laboratory investigations (results are presented in Publication IV (Appendix)),  
all study participants were divided into different groups (Figure 10 and Table 4). Patients 
in Groups 4–7 were designated as suspected cases. Their results in relation to genetic 
testing will be analyzed in greater detail in the future.  

In Figure 10, more than half of the study participants are as suspected to have type 1 
VWD (including “low VWF” cases), with suspected VWD types 2A or 2M, representing the 
second largest group. Similar frequencies have been reported in population-based 
studies conducted in other countries (Nummi et al., 2018; Szanto et al., 2018). 
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Figure 10. Distribution of VWD types. 
 
   In publication IV, we illustrated the platelet aggregation (RISTOhigh) test results in 
different study groups. However, WB-RIPA was not performed in the control group. 
Patients in groups 2, 3, and 6 had partly overlapping results with the reference intervals 
provided by the manufacturer. Platelet aggregation was reduced at a ristocetin 
concentration of 0.77 mg/mL in the group with suspected type 1 VWD and progressively 
reduced in the group with suspected type 2A or 2M VWD. Furthermore, the patients in 
these groups had low VWF and GPIbM values. No response to ristocetin was observed in 
group with suspected type 3 or severe type 1 VWD. RISTOhigh positively correlated with 
VWF:Ag (r = 0.518, p < 0.01) and VWF:GPIbM (r = 0.484, p < 0.01) in all participants.  

Similar to our study, Swedish researchers (Schmidt et al., 2017) investigated the 
diagnostic accuracy of the WBA. They performed aggregation with a high ristocetin 
concentration, studied 100 patients with VWD, and reported that reduced WB-RIPA 
correlated with reduced VWF activity, making it a sensitive screening test to exclude 
VWD. Another group from Finland (Nummi et al., 2018) proposed the use of Multiplate 
WB-RIPA to rule out VWD and reported that patients with type 2A, 2M, and 2N exhibited 
clearly decreased RIPA with high ristocetin concentration in “low VWF” or type 1 VWD 
cases compared with normal controls. These findings are consistent with our data. 
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Table 4. Definition of study groups and laboratory phenotype of participants. 

Groups  Laboratory phenotype  
Group 1  
Control group  

Healthy individuals without bleeding symptoms and family 
history 

Group 2  
Non-VWD  

Patients who do not currently fulfil the diagnostic criteria for 
VWD 

Group 3  
Low VWF   

Patients with VWF:Ag and/or VWF:GPIbM values 30–50% 
and normal VWF:GPIbM/VWF:Ag ratio (> 0.7) 

Group 4  
Suspected VWD type 1  

Patients with VWF:Ag and/or VWF:GPIbM values < 30% and 
normal VWF:GPIbM/VWF:Ag ratio (> 0.7) 

Group 5  
Suspected VWD type 2A 
or 2M  

Patients with ratio of VWF:GPIbM/VWF:Ag < 0.7 and WB-
RIPA results without enhanced response with low-dose 
ristocetin 

Group 6  
Suspected VWD type 2N 
or mild hemophilia A 

Patients with VWF:Ag and VWF:GPIbM values within 
reference intervals and decreased FVIII:C results 

Group 7  
Suspected VWD type 3 or 
severe type 1  

Patients with VWF:Ag values < 10% 

 
The FVIII levels in healthy individuals were comparable to those in non-VWD patients 

(p = 0.787) and were lower in other groups (p < 0.05). VWF is the carrier of FVIII and 
therefore can be found in equal amounts in circulation as FVIII/VWF complex with 
FVIII/VWF ratio equal to one (Eikenboom et al., 2002) and the calculated FVIII/VWF:Ag 
ratio can be a useful laboratory marker, because such a ratio is > 1 in VWD type 1 and 
< 1 in VWD type 2N. We found that this ratio in healthy individuals and non-VWD 
patients was 1.17 and 1.42, respectively. Moreover, we confirmed that the FVIII/VWF: 
Ag ratio increased to ≥ 2 in patients with suspected type 1 VWD, demonstrating that a 
defect in VWF secretion from endothelial cells was the main cause of quantitative 
deficiency. Similar results were reported in other studies (Eikenboom et al., 2002; 
Michiels et al., 2017). Concomitantly, the ratio of FVIII/VWF:Ag was < 1 in patients with 
suspected type 2N VWD or mild hemophilia A, supporting the hypothesis of defective 
binding affinity of VWF to FVIII or FVIII deficiency in patients with hemophilia A. In our 
study, we found that the ratio of FVIII/VWF:Ag has the lowest results (0.33; 0.12–0.52) 
in patients with suspected type 2N VWD or mild hemophilia A and was statistically 
different compared with the other groups (p < 0.05). Our results are in agreement with 
other studies (Eikenboom et al., 2002) that demonstrated reduced FVIII/VWF:Ag ratio 
(0.24) in homozygotes for type 2N mutations. 

Multimeric analysis of VWF was conducted for all patient samples. Of all the VWF 
multimer fractions, HMWM played the greatest role in terms of hemostasis (binding 
capacity for collagen and platelet receptor glycoproteins Ib and IIb/IIIa, and platelet 
aggregation) (Stockschlaeder et al., 2014). Qualitative and/or quantitative abnormalities 
in multimers result in defective hemostasis because the hemostatic activity of multimers 
is directly proportional to their size (Vangenechten & Gadisseur, 2020). 

The reference ranges for HMWM (45.6–66.6%), as established in preclinical evaluation 
were used to interpret and decide whether HMWM fraction is decreased or not. 
Currently, no consensus exists regarding decision making. In this study, based on the 
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results from EQA schemes, we used 40% and 38% as cut-offs for HMWM in patients’ and 
in lyophilized samples, respectively. HMWM values 40–45% were regarded as gray zone 
results in our study. However, our suggested cut-offs need to be clarified in larger 
studies. 

VWF antigen and activity values in the control group were similar to those in group 2 
(p = 0.68) and in the group with suspected type 2N VWD or mild haemophilia A 
(p = 0.621), and were statistically different from those in other groups. A normal VWF 
multimeric pattern was observed in the control group, and the multimer fractions were 
within the established reference intervals. Group 2 (50 of 131 samples; 38%) did not fulfil 
the diagnostic criteria for VWD, and therefore were defined as non-VWD cases. Their 
multimeric pattern was normal with normal VWD phenotypic profile, except HMWM was 
36% (lower than the cutoff of 40%) in one patient. One international research group 
(Bowyer et al., 2018) evaluated the Sebia VWF multimer assay in comparison to in-house 
assays. This group demonstrated that a quantitatively normal pattern was observed with 
both multimer methods in 51 of 55 healthy normal donors (HMWM ranged 35–58.5%). 
Additionally, they found a loss of HMWM using the H5VW assay in patients classified as 
having normal VWF or type 1 VWD with genetic mutations in VWF linked to type 2 VWD. 
Bowyer et al. noted that VWF multimer assays should be performed in all patients with 
reduced levels of VWF activity and VWF:Ag and that testing should also be considered in 
individuals with normal VWF activity and VWF:Ag who experience significant bleeding of 
unknown cause (Bowyer et al., 2018). 

In group 3, 46 of 131 (35%) suspected patients were identified to have low VWF 
(ranged 30–50%). Of which, 43 samples had a normal multimeric distribution. However, 
VWF multimer interpretation was difficult or impossible in three cases (interestingly, 
single-family members) because a smear-like appearance was visible on the gel. HMWM 
ranged from 25–37% by densitometry, and these family members had a normal ratio of 
VWF activity to antigen and normal platelet aggregation results. One group of 
researchers (Michiels et al., 2017) reported normal VWF multimer patterns with minor 
smearing in type 1 VWD (due to mutations in the D4–B1-3–C1-3 domain). 

Group 4 included 17 patients of 131 (13%) categorized as suspected type 1 VWD (VWF 
antigen or activity value < 30%). All 17 samples showed normal multimeric pattern, but 
HMWM was 36% in one patient. The cut-off value of 30% (VWF antigen or activity level) 
used in this study for VWD type 1 diagnosis was based on expert consensus and previous 
guidelines (Nichols et al., 2008). In our study, VWF:Ag levels were < 50% and < 30% in 
52% and 18% of the patients, respectively. Moreover, the values of VWF:GPIbM were  
< 50 % and < 30 % in 36% and 17% of the cases, respectively. In different studies, patients 
with VWF levels of 30–50% had VWF mutations detected 44–60% of cases (Lavin et al., 
2017; Flood et al., 2016). Recently updated guidelines (P. D. James et al., 2021) recommend 
using VWF cutoffs of < 30% or < 50% in the presence of abnormal bleeding phenotypes. 

Another important aspect is whether the VWF multimer assay is required in the VWD 
testing panel if the VWF:RCo (alternatively, VWF activity) to VWF:Ag ratios are 
successfully used as surrogate markers for the loss of HMW multimers (E. J. Favaloro  
et al., 2016). The VWF activity/VWF:Ag ratio can be used to aid in the diagnosis of type 2 
VWD, with a ratio < 0.7, indicating the presence of dysfunctional VWF (Lawrie et al., 2013; 
P. D. James et al., 2021). In this study, we demonstrated a visible HMWM decrease 
(ranged 1.3–39 by densitometry) in all patients with suspected type 2A or 2M VWD. One 
of them showed a visual loss of IMWM and HMWM on the gel and quantitatively (IMWM, 
7.1%; HMWM, 1.3%). Several authors (E. J. Favaloro et al., 2021) have also demonstrated 
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a loss of HMWM in patients with types 2A and 2B VWD (in most cases), and type 2A VWD 
is sometimes associated with IMWM loss. However, the recognition of the 2A and 2M 
subtypes based on multimer patterns is sometimes ambiguous because detecting the 2M 
phenotype with non-proteolyzed multimers is not possible using low-resolution gels 
(Budde et al., 2008). Group of researchers (Bowyer et al., 2018) found normal multimer 
patterns by in-house method in 28 patients classified as type 2M VWD, however, six of 
them had reduced HMWM (20.2–33.4%) on H5VW densitometry, exhibiting a flattened 
appearance of the HMWM peak. 

Furthermore, we found that the ratio of VWF:GPIbM to VWF:Ag was lower in this 
group,  suspected type 2A or 2M VWD, (0.51;  0.39–0.59), and the difference with the 
other groups was statistically significant (p < 0.05) demonstrating a dysfunctionality of 
VWF. However, the technical and analytical limitations of most VWF:RCo assays used in 
laboratories worldwide make the VWF:RCo/VWF:Ag ratio unreliable, especially at the 
levels of VWF:Ag < 15–20% (Sadler et al., 2006). In such cases, the VWF multimer assay 
is remarkably helpful in confirming or neglecting evidence of the loss of HMW multimers 
(Lillicrap, 2013). Moreover, we found that decreased levels of the VWF activity-to-antigen 
ratio were related to a reduction in HMWM. VWF:GPIbM/VWF:Ag positively correlated 
with HMWM (r = 0.35, p < 0.01) in all participants. Recently, a good correlation was 
found between various VWF activity/Ag ratios and HMWM (E. J. Favaloro et al., 2020). 

Group 6 comprised of 5% of all patients who were classified as suspected VWD type 
2N or mild hemophilia A. All samples showed normal multimeric pattern, but HMWM 
was 38% (lower than the cutoff of 40%) in one patient. In one study (Bowyer et al., 2018), 
11 samples from patients with type 2N VWD demonstrated a normal multimer 
distribution evaluated by an in-house method, and 10 of them were normal according to 
the H5VW assay. Researchers found some loss of HMWM in one patient (31.7%) who 
was homozygous for p.Q1053H. 

In group 7 two patients were categorized as having suspected VWD type 3 or severe 
VWD type 1. Consequently, VWF multimers were undetectable in both cases. According 
to VWF multimer assay sensitivity (9%), which was illustrated in preclinical study, it was 
not possible to perform densitometric analysis of the patients (VWF antigen levels were 
2% and 8%). Similarly, the absence of multimers using both methods (in-house and 
H5VW) has been demonstrated in type 3 VWD samples (Bowyer et al., 2018). 

Genetic testing has limited utility in the routine evaluation of VWD, given the highly 
polymorphic structure of the VWF gene; however, it should be available for specific, 
more challenging cases (Abou-Ismail et al., 2023). Genetic analyses have not been 
routinely performed for type 1 VWD. However, this procedure is often performed for 
VWD types 2 and 3 (Roberts & Flood, 2015b). In the current study, genetic testing was 
performed to differentiate between type 2N VWD and HA in four patients. Two of these 
patients were previously diagnosed with HA. Differential diagnosis between VWD and 
HA is important because HA therapy is monospecific (e.g., recombinant FVIII) and the 
management of VWD may be less effective if DDAVP or VWF replacement therapy is not 
provided (Michiels et al., 2017). 

Generally, there are several issues in the diagnosis of VWD, which are mainly 
attributable to the heterogeneity of the disorder, limitations of laboratory assays, and 
the significant impact of various physiological processes on VWF (Abou-Ismail et al., 
2023). Currently, there are no Food and Drug Administration (FDA)-cleared VWF:GPIbR, 
VWF:GPIbM, or VWF:CB assays; however, in Australia and Europe, all such assays are 
available (E. J. Favaloro, 2022). Medical information initially provided by clinicians is 
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required for appropriate laboratory evaluation of patients with bleeding disorders  
(E. J. Favaloro & Lippi, 2018). Moreover, non-specific results are considerably difficult to 
interpret and patient-related preanalytical issues should be taken into consideration  
(E. J. Favaloro & Lippi, 2018) especially in terms of perceived “diagnosis/exclusion” where 
values are close to important cut-off values (e.g., 30 or 50% for VWF activity or antigen). 
It is well understood that: 
• FVIII and VWF are acute-phase proteins, and their levels are elevated after exercise 

and during inflammatory disorders; thus, repeat testing is needed after the 
resolution of these conditions; 

• High estrogen levels are associated with increased VWF levels and can lead to a 
confounding diagnosis of VWD during pregnancy or hormonal replacement therapy 
in postmenopausal women (Abou-Ismail et al., 2023); 

• Oral contraception and menstrual-related variations (estrogen level increases in the 
mid-follicular phase of menstrual cycles may be taken into consideration) can affect 
VWF levels. 

 
In conclusion, this is the first report of a VWD laboratory evaluation in Estonia, which 

provides insights into the potential clinical significance of utilizing new VWF activity 
(VWF:GPIbM) and VWF multimer assays. The interpretation of VWF multimers must be 
complemented by quantification of multimer fractions by densitometry and visual gel 
examination. 

4.2.2 Acquired von Willebrand syndrome (Publication V) 
This retrospective study was performed in collaboration with North Estonia Medical 
Centre and Helsinki University Hospital, HUSLAB laboratory services, Coagulation 
Disorders Unit, in partnership with The Twinning Program of the World Federation of 
Hemophilia (WFH). All cases were discussed in interdisciplinary meetings between 
laboratory and clinical staff. 

In contrast to inherited VWD, AVWS is not inherited and is associated with an 
increased risk of bleeding (Tiede et al., 2011). The diagnosis of AVWS is challenging, 
because no single automated VWF assay is sufficient to exclude or confirm AVWS 
(Janjetovic et al., 2022). In the absence of a family history of bleeding, AVWS is diagnosed 
based on laboratory assays used to diagnose inherited VWD (Tiede, 2012). The diagnostic 
algorithm presented in Figure 9 was used in this study. 

All patients in our study met the criteria for AVWS diagnosis based on laboratory 
findings and bleeding symptoms, together with the absence of any previous history of a 
bleeding disorder. The most common clinical symptoms were easy bruising, epistaxis, 
menorrhagia, and bleeding complications after tooth extraction. The demographic and 
laboratory characteristics, and case series of the study participants are described in detail 
in Publication V (Appendix). 

In the current study, we present the clinical and laboratory data of seven patients with 
AVWS and various underlying diseases, including non-Hodgkin’s lymphoma (NHL), 
essential thrombocythemia (ET), polycythemia vera (PV), secondary polycythemia due to 
cardiovascular diseases with obstructive sleep apnea syndrome, monoclonal gammopathy 
of undetermined significance (MGUS), and autoimmune thyroiditis (AT). Previous studies 
(Michiels et al., 2001) have shown that MGUS, NHL, ET, and AT are associated with AVWS. 
The mechanisms behind VWF abnormalities depend on the type of underlying disorder 
and may include increased clearance, inhibition of VWF functions, adsorption to the 
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platelet surface, enhanced shear stress, and subsequent proteolysis, or rarely, decreased 
synthesis (Michiels et al., 2001). As reported in a registry of the ISTH, collected data 
showed that in 211 AVWS cases, lymphoproliferative disorders were the most 
frequent underlying disorder (48% of cases), whereas solid tumors and myeloproliferative 
neoplasms (e.g., ET, PV) accounted for 15% and 5% of cases, respectively (Federici et al., 
2013). 

We described the clinical-laboratory data of two patients with diagnosis of NHL and 
MGUS who had the laboratory phenotype characterized by significantly reduced levels 
of FVIII (42% and 21%), reduced VWF (25% and 29%), diminished VWF function (14% and 
11%), associated with decreased levels of HMWM (10.8% and 31.8%). In line with a 
previous study (Valarche et al., 2011), our results revealed that AVWS was associated 
with a decreased response to higher ristocetin concentrations (RISTOhigh 12 U and  
38 U), demonstrating a defect in primary hemostasis. In lymphoproliferative disorders 
and monoclonal gammopathies, the common mechanism is the increased clearance or 
inhibition of VWF by paraproteins or autoantibodies (Kumar et al., 2002). Mechanisms 
involving the selective adsorption of HMW multimers on tumor cells, leading to 
enhanced plasma clearance, have been described in lymphoproliferative diseases 
(multiple myeloma, Waldenström’s macroglobulinemia, NHL, MGUS, and hairy cell 
leukemia), and solid cancers (Franchini & Mannucci, 2020). Antibodies that neutralize 
platelet-related VWF activity (inhibitors) have seldom been reported. However, in most 
cases, they are difficult to detect (Sadler et al., 2006) because standardized assays are 
not yet available (Federici et al., 2013). 

According to the available data, AVWS may develop in every fifth patient with ET 
(Mital, Prejzner, Bieniaszewska, et al., 2015). Furthermore, from 5–30% of patients with 
ET may develop bleeding disorders of various severities (Rupa-Matysek et al., 2015). We 
present two cases of AVWS associated with an ET-positive JAK2 (V617F) mutation. In 
both patients normal VWF:Ag levels (61% and 83%) with low VWF:GPIbM levels (34% and 
29%) and decreased activity to antigen ratio (0.55 and 0.35) were observed, 
demonstraing the VWF dysfunctionality. VWF multimeric analysis revealed a decrease in 
HMW multimers, supporting AVWS in both cases. Similar results were reported in a study 
(Lancellotti et al., 2015), consists of 69 ET patients; laboratory findings were associated 
with high VWF:Ag levels, with a parallel reduction in VWF activity, a major decrease in 
VWF:Ac/VWF:Ag ratios, and atypical cleavage bands of VWF multimers. In a retrospective 
analysis of 170 patients the adsorption of VWF onto cell membranes and subsequent 
clearance were also involved in AVWS associated with ET (Mital, Prejzner, Bieniaszewska, 
et al., 2015). Moreover, adsorption on platelets is the mechanism of ET, with an inverse 
relationship between platelet count and defects in HMW multimers, and may cause 
increased VWF proteolysis (Mital, Prejzner, Bieniaszewska, et al., 2015). This mechanism 
has been reported in ET and PV, as well as in chronic myeloid leukemia, primary 
myelofibrosis, and sometimes in acute leukemia (Tiede et al., 2011). 

The prevalence of AVWS in patients with ET and PV has not yet been established, as 
the available data are based on small case series and case reports. In retrospective study 
involving 142 consecutive patients, AVWS was observed in 17 patients with PV (12%) 
(Mital, Prejzner, Świątkowska-Stodulska, et al., 2015). Features that correlated with 
AVWS in this group included younger age, higher red blood cell, white blood cell, and 
platelet counts, bleeding symptoms, and lack of PV remission. In our study, we described 
clinical-laboratory profile of a patient with PV and demonstrated that RIPA, FVIII, 
VWF:Ag, and VWF:GPIbM levels were normal; however, the VWF activity to antigen ratio 
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(0.61), and HMW multimers were decreased (28.4%), confirming diagnosis of AVWS. 
These findings are similar to the study, which included 142 patients with PV (Mital, 
Prejzner, Świątkowska-Stodulska, et al., 2015), and reported a decrease in VWF activity 
to antigen ratio in 17 (12%) patients. Defects in the composition of VWF multimers have 
been reported less frequently in patients with PV and thrombocytosis (Franchini & 
Mannucci, 2020). 

Cardiovascular conditions associated with AVWS include aortic stenosis, congenital 
cardiac defects, angiodysplasia, atrial septal defects, and mitral valve prolapse (Federici 
et al., 2013). Under these conditions, the synthesis of VWF and its release into circulation 
are normal, and decreased levels of HMW multimers are the result of increased shear 
stress and subsequent proteolysis (Tiede, 2012). Moreover, one review reported that the 
association of cardiovascular diseases with AVWS increased during the past 20 years: 
from 12% in the early published literature (31/288) to 41% in the reports of the German 
registry (344/840) (Federici et al., 2013). It was previously noted (Federici et al., 2000) 
that 77% of these patients were classified as bleeders. In our study, we evaluated a 
patient with cardiovascular disease and obstructive sleep apnea syndrome. The levels of 
VWF:Ag, VWF:GPIbM, and FVIII:C increased, whereas the VWF function/antigen ratio 
decreased (0.65). In this patient, we did not detect any abnormalities in the VWF pattern 
during the visual investigation of gel, yet densitometric data provided additional 
information about the VWF multimeric structure (HMW multimers decreased to 29%). 
Our results are consistent with the literature (Tiede et al., 2008) showing that in most 
cases, VWF:Ag and VWF:RCo are normal or even increased, and the VWF:RCo/Ag ratio is 
often, but not always, reduced. Another study  have illustrated that in some cases, a loss 
or decrease in HMW multimers is the only laboratory abnormality indicative of AVWS 
(Tiede et al., 2011). 

In patients with hypothyroidism (caused by autoimmune thyroiditis), AVWS is induced 
by decreased synthesis of an otherwise qualitatively normal VWF (Franchini & Mannucci, 
2020). The earliest reports (Michiels et al., 2001; Federici et al., 2013) demonstrated a 
link between thyroid disorders and coagulation abnormalities. In the current study,  
we present a patient with autoimmune thyroiditis with decreased levels of VWF:Ag and 
VWF:GPIbM, and a normal VWF function/antigen ratio. Platelet aggregation was normal 
and multimeric analysis revealed a normal distribution pattern. Similar results were 
reported in a cohort study of 90 hypothyroid patients, 33% of whom had AVWS 
(Ordookhani & Burman, 2017). 

The main treatment goals for patients with AVWS are prevention of acute bleeding in 
high-risk situations and achievement of stable remission or cure of AVWS (Tiede et al., 
2011). Treatment of the patient’s underlying condition with immunosuppressants, 
chemo- or radiotherapy, and surgery can lead to remission of AVWS, but is not always 
feasible and successful (Tiede et al., 2011). In our study, we showed that patient (case 7) 
who was treated with l-thyroxine and a year later had normal thyroid-stimulating 
hormone (TSH) values and normalized VWF levels, indicating that AVWS was reversed.  
It was previously reported that bleeding symptoms in patients with hypothyroidism were 
negatively correlated with VWF levels, and that after the restoration of hypothyroidism, 
VWF levels significantly increased (Ordookhani & Burman, 2017). 

Differential diagnosis of VWD and AVWS is important because treatment approaches 
may differ (Tiede, 2012). Important hallmarks for the differential diagnosis are summarized 
in Table 5. 
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Table 5. Differential diagnosis between VWD and AVWS (Tiede et al., 2011). 

 

In clinical practice there is one intriguing question: should we routinely order VWF 
screening panel to all patients with AVWS-associated disorders? Consistent with previous 
studies (Federici et al., 2000; Tiede et al., 2011), we implemented a strategy for routine 
VWF screening panel use, as illustrated in Figure 11. 
 

 
Figure 11. Reason for testing in patients with AVWS-associated disorders: A – patients with AVWS-
associated disorders before invasive procedure/surgery with high bleeding risk; B – every new patient 
with bleeding tendency/symptoms who does not have another obvious etiology (Tiede et al., 2011). 

 
As reported previously, AVWS often correlates with a reduced ratio of VWF:RCo to 

VWF:Ag (Federici et al., 2013). The same findings were observed in our study in all cases, 
except in a case where the patient’s clinical presentation was caused by decreased 
synthesis of VWF. In our case series, we found that decreases in the levels of VWF:GPIbM 
and the ratio of VWF:GPIbM to VWF:Ag were associated with the selective loss or 
decrease in HMW multimers. Our results are in line with those of other clinical study 
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(Tiede et al., 2008), which suggested that a reduced VWF:RCo/Ag ratio in AVWS indicates 
inhibitory antibodies and selective loss or decrease in HMW multimers.  

Notably, we found that patients with lower HMW multimers by densitometric 
evaluation presented with more severe bleeding complications. 

In conclusion, the current study demonstrates that the diagnosis of AVWS is complex 
and requires extensive laboratory evaluation. Our results confirm that the new 
VWF:GPIbM assay and VWF multimer analysis are important tools for the diagnosis  
of AVWS. Complex laboratory evaluations and interdisciplinary collaboration are of 
paramount importance for the early recognition of AVWS and the selection of appropriate 
clinical management protocols. 
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5 Conclusions 
Current study findings allow to draw several conclusions.  

   First, the Innovance VWF Ac assay (Siemens Healthineers, Germany) has proven to be 
reliable and precise, can be easily implemented on an STA-R Evolution analyzer 
(Diagnostica Stago, France) by a simple adapted protocol, and can be utilized as a 
component of a screening panel for the detection, classification, and monitoring therapy 
of VWD and/or AVWS.  

Second, we confirmed that a VWF activity/antigen ratio (where VWF activity is 
measured by a newly implemented assay) cut-off < 0.7 may serve as a simple screening 
tool for VWD and AVWS.  

Third, the new semiautomated VWF multimer assay (Sebia, France) may represent a 
good alternative to traditional in-house assays and can be successfully implemented for 
the second-stage evaluation of VWD and/or AVWS. Visualization of the multimer 
distribution and densitometric analysis, together with the applied LMW, IMW, and HMW 
multimer classifications, provided adequate resolution to correctly classify type 1, 2A,  
2B, 2N, and 3 VWD cases.  

Fourth, the established reference intervals for VWF multimers is a useful tool for 
results interpretation.  

     Last, these results prove that new laboratory assays, standardized diagnostic 
approaches followed by the three Estonian hemophilia treatment centres and their 
association with clinical information provide the possibility of a more accurate diagnosis 
and management of VWD and AVWS (the most common bleeding disorder) in Estonia. 

Future perspectives 
This work is envisioned to support the improvement of VWD and AVWS diagnoses in 
Estonia, and it is suggested that the actual VWD prevalence should be evaluated in the 
future.   

It is of great interest that the results of this study will be analyzed in relation to the 
correlation between laboratory phenotypes and genotypes. This plan is in the project 
preparation phase at our center, in collaboration with geneticists. 

The reference values calculated in this study can be used in future studies to establish 
clinical decision limits. 
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Abstract 

Implementation of innovative techniques in the diagnostic 
work-up of von Willebrand disease 
Background 
Von Willebrand disease (VWD) is the most common autosomal inherited bleeding 
disorder in humans and is caused by a deficiency or functional abnormality in VWF. 
Acquired von Willebrand syndrome (AVWS) is a rare but frequently underdiagnosed 
bleeding disorder with unknown prevalence and develops in various underlying 
disorders. Accessible and accurate diagnosis is considerably important for the correct 
management of VWD or AVWS, as treatment options and prognoses may differ. 
However, these diagnostic assays are often available only at a few specialized centers 
and can be time-consuming and costly. Prior to 2016, it was not possible to confirm the 
diagnosis of VWD or AVWS in Estonia because of the limited availability of VWF assays. 

This thesis aimed to provide a preclinical and clinical evaluations of new VWF activity 
and VWF multimer assays for the diagnosis of VWD and AVWS. 
 
Methods 
 In the first part of the study, the analytical performance characteristics of the new VWF 
activity and VWF multimer assays were investigated, and data for VWF multimer 
reference intervals were collected. The second part of the study focused on validating 
the clinical laboratory approach for the diagnosis of VWD and AVWS. The main objective 
was to analyze the value of incorporating new VWF activity and VWF multimer assays 
into the initial approach for the diagnosis of VWD and AVWS. 
 
Results  
Data from preclinical and clinical investigations demonstrated acceptable precision and 
accuracy of the new VWF activity and new VWF multimer assays, which were also 
accredited in the North Estonia Medical Center laboratory, according to ISO15189:2012. 
The proposed reference intervals for VWF:MM were calculated for LMWM 10.4–22.5%, 
IMWM 22.6–37.6%, HMWM 45.6–66.6%.  
 
Conclusion 
The new techniques evaluated in this study have been shown to be precise and reliable, 
and can be used as components of VWD and AVWS diagnostic algorithms.  
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Lühikokkuvõte 

Innovaatiliste meetodite juurutamine von Willebrandi tõve 
diagnostikas 
Taust 
Von Willebrandi tõbi (VWD) on kõige sagedasem autosomaalne kaasasündinud 
veritsushäire. Selle põhjuseks on kas kvantitatiivne või kvalitatiivne von Willebrandi 
faktori puudulikkus. Omandatud von Willebrandi sündroom (AVWS) on aladiagnoositud 
ja harvaesinev (esinemissagedus ei ole teada) veritsushäire, mis on seotud mitmete 
allasetsevate haigustega. Kättesaadavad ja täpsed VWD ja AVWS diagnoosimise meetodid 
on vajalikud antud haiguste korrektseks käsitluseks, raviks ja haiguskulu prognoosimiseks. 
Samas on spetsiifilised diagnostilised meetodid sageli kättesaadavad ainult vähestes 
spetsialiseerunud keskustes, samuti võivad need olla aeganõudvad ja kallid. Eestis ei 
olnud enne 2016. aastat võimalik kinnitada VWD ja AWVS diagnoosi, sest puudusid 
vajalikud laboratoorsed meetodid.  

Selle väitekirja eesmärgiks on prekliiniliselt ja kliiniliselt hinnata VWD ja AVWS 
diagnostikaks kasutatavaid uusi laboratoorseid meetodeid VWF aktiivsuse ja VWF 
multimeeride (MM) määramiseks. 
 
Meetodid 
Me hindasime uuringu esimeses faasis uute VWF aktiivsuse ja VWF multimeeride 
määramise meetodite analüütilisi parameetreid ja kogusime andmeid VWF multimeeride 
referentsväärtuste kindlakstegemiseks. Uuringu teine faas keskendus VWD ja AVWS 
kliinilis-laboratoorse diagnostilise algoritmi valideerimisele. Uuringu peamine eesmärk 
oli analüüsida uute VWF aktiivsuse ja VWF multimeeride määramise meetodite poolt 
antavat lisaväärtust VWD ja AVWS varasemale diagnostikale.  
 
Tulemused 
Prekliiniliste ning kliiniliste uuringute andmed näitavad uute VWF aktiivsuse ja VWF 
multimeeride määramise meetodite piisavat diagnostilist täpsust. Need uued meetodid 
on ka akrediteeritud Põhja-Eesti Regionaalhaigla laboris ISO15189:2012 alusel.  
Meie poolt pakutavad VWF:MM referentsväärtused on arvutuslikult järgnevad: LMWM 
10.4–22.5%, IMWM 22.6–37.6% ja HMWM 45.6–66.6%.  
 
Kokkuvõte 
Käesolevas uuringus leidsime, et ülalkirjeldatud uued metoodikad on täpsed ja 
usaldusväärsed, mistõttu saab neid kasutada VWD ja AVWS diagnostilises algoritmis.  
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Publication I 
 
Pikta M, Zolotareva V, Tõnne J, Viigimaa M, Banys V. (2016). Implementation and 
Verification of New VWF:Ac Assay System with Components from Different Manufacturers. 
Laboratorine medicina, 72, 185–188. 
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#��"�A�����o�A��{A�{o�%������##��������������#����""����� �����'���!�������"����"���&������l�����������������������&���������"���������"�!�� �����������#�����"������"�������){o����������&��������w������������������'���l��������$������&���������������������&��"�������������������&��'���������"����������������%���Ao�����������'������� ���������������"��������#���������#�����<=@���$�'��){|���"��� �������"�����������"������#���������������������������%�&������l�������#�"����"����%�������#������������� ���������&��')AoC��PHX�]MNGHWLVW�]KKaP�]K�W_P�WaHVLHGaV̂�W]MP�GQ�YZg�MaOW]!"�������'���)�m����$�&�!�"�����������!�������"�������������"�!������"�� ������������ ����&������#����"���&��$������"�%��������"�l�������'���������w�������l�����#�����������&���o!�����'�������"�����)Ao�{|�������������������&��������(�$����'��� �����&���=����$�����"����"�����������������������'������������"�!���'���!KaOWK�]V�GVOX���_GaHK�LV̂�t��M]VaWPKe�C�K]dV]Q]̀LVWOX�K_GHWPH�WaHV!���������"��������������� �������������$���������������������������"���������������#��������������������"�!��������&������������)�>������"������������������#�����'������#����������"�!���'�"����"�������'�������"������������&��$���������$����������������������������� ���������������������w�����'�������� �����#��"�������#�����<=@��'��������������� ��������'���)CVGW_PH�̂ ]KL̂�LVWLdP�W_LW�MLVX�]V��_GaKP�POP̀WHGN_GHPK]K�"���������������������������$����'��������'�����w���������&������'�����#�<=>�"����"���)Ao�{|�����������&�����������������&�����$�����&��"���������#�����<=>��������������$��������#������$�������� ����������<=@���$�'���������������"������<=@��'���A�{~����~���������"����������������@o���"����%�����$��������������������������������������#�������$�������������������������$������� ������%����������!��&����������������=�"����"���){��{����%�&����������������������#�!�������#���<=@�����������������������w������'��#�������#�������=�"����"���){|�m���(�$���"���������&�����w���������&��<=>�"����"�������������������%����#������������������ ����&��������"����"�����$����)���$����������"�'�$���$����������$��������"������ ���#�����##������"����"�����l������=����=��������=������w�����#'������������!� ���#����������$���"�����"����)�m���w���������&�����#��"������#�����(�$���<=>�"����"�������'����#���������� ������������������������"������������$��������������#�������������)���#���������'������(�$���"�������������������%�����&������l�������#�<=>�"����"�����������)�m����#���������"������##��������#�������"������%���������""�������LKKLXKD�]K�W_P���aLVW]Q]̀LW]GV��]WKPOQD�LOW_Gad_�W_]K�̀LV�bP�P�aLOOX�L̂!��������$'�������!�������"��������w�������%�����������"�����������������������#�%���)�=�����&���"�������������������##�������������%����������������$$���������$���"���������������������������$!���&���������������� ���������������%�����n�������$���������) ���������'����&��$������������������������������¡#����n�"������������$����'������#�����������������������������������'¡��  ���!�� �����w���������&����������#�����"�����������������'������"�����������������'���%������������"���)A����%�&�����������"�������������%����'��&����$���#��������������$���������������#����� ����������#�����������������""�������'��&����$���<=>�"����"���"�����)��������'��<=>�"����"�������'������"������������������&��'��� �������������v�"����'���#�������$'��������������"���n���������#�W_P�L�L]OLbOP�MPW_ĜGOGd]PKe�f_P�\kCf�gGaV̂LW]GV�̀GOOP̀WP̂�̂LWL�
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XYZ[\�]̂�_Ỳ\[ab\�cdYeYcf\eàfac̀�gh�̀fijk�̀iZl\cf̀�me\h\e�fg�XYZ[\�no�� pA5;@q=�3r�s�t=E� pA5;@qC�3r�s�uDE� pA5;@qt�3r�s�v8E� pA5;@qv�3r�s�=wE� pA5;@qu�3r�s�=DE� pA5;@q8�3r�s�8E� pA5;@qw�3r�s�CE�xY[\yh\xY[\� wJCv� =uJtu� =zJCw� uJ=C� vJ8� uJ=� qJC�{|\�eYb|\}�k\Yè� =~�8z� v�88� =�uv� v�uC� =�ww� v�vt� w�=t��YZgeYfgek�habjab|̀}�ibaf̀}�e\h\e\bc\�eYb|\̀}����Y[i\�mab�cgx�Yeàgb��afd�|egi��]o� �����{|}�������]���� ~8�38u�=DCE�� 8z�3uz�zzE���s�D78~� vt�3tz�vwE����D7Du� Cv�3CD�C~E����D7Du� Cu�3=w�ttE����D7Du� ~C�38~�==8E���s�D78C=� C�~����D7Du��������Z�}��������]����m��|egi�o��]��]����mbgb��o� ~u�3w=�=DuE� ww�38u�=CDE���s�D7C~u� u=�3v8�uwE����D7Du� C8�3CD�tvE����D7Du� ==7u3zq=t7tE����D7Du� ~z�38u�=t~E���s�D7z=~� t�=C����D7Du��������Z��y�����{|���̂�� =7Dv3D7zwq=7=uE�� =7Dz3=7D=q=7CuE���s�D7Dw~� =7=w3=7Dzq=7tCE����D7Du� =7Du3D7zC�=7CCE���s�D7zt=� D7u=3D7tzqD7uzE����D7Du� =7Dv3D7zuq=7=8E���s�D7z=~� =7uD����D7Du��������}�������]���� =D=�3~C�=CvE�� =Dt3~~�=C8E���s�D7w~w� wC�38z�~tE����D7Du� 8u�3vu�~8E����D7Du� tw�3C8�vuE����D7Du� Cz�3=t�tuE����D7Du� u�t=����D7Du��������y����{|���̂�� =7=w3=7D8q=7tuE� =7vC3=7CCq=78vE���s�D7Du� =78v3=7vwqC7DvE����D7Du� C7~=3C7Dwqt7uzE����D7Du� =7vu3D7ztq=7~zE���s�D7vtD� D7tt3D7=CqD7uCE����D7Du� C7uD�t7~~����D7Du��àfg�a|d}������]����� r5R�U<R<AHBr<U�� ==~3zw�=tzE� zw�3~w�==8E� 88�3Cu�===E� CD�3z�u=E� =Dz�3wv�=vCE� u�=D��àf�g�}�����n���� r5R�U<R<AHBr<U�� ~�38�=DE� w�3v�==E� u�3t�zE� 8�3t�==E� 8�38�~E� v�u��������heYcfagb̀�����}���]�̂���nn̂���� =u7D�3=C7w�=w7CE� =w7z�3=v7w�=z7zE���s�D7Du� =87z�3=v7v�CD7tE����D7Du� CC7C�3=~7u�tD7DE����D7Du� vv7=�3tC7w�ut7zE����D7Du� =87w�3=v7C�C=78E���s�D7CDz� ��;rU<R<IRS�6<�����}���nn̂�����̂���� Cz7C�3C87w�t=7CE� Cz7z3C87t�tt7tE���s�D7utw� C87v�3CC7~�tD78E����D7Du� Cu78�3tC7=�Cz7wE����D7Du� Cu7u�3C=7D�t=7=E���s�D7=tw� tD78�3Cv7t�tt7zE���s�D7~tw� �;rU<R<IRS�6<�����}�����̂�����̂���� uu7v�3u=7=�8D7CE� ut7w�3vw7u�u87zE��� D7Du� uu78�3uD7=�8D7tE���s�D7wCv� uD7~�3vu7u�u87=E����D7Du� tC7D�3CD78�t87zE����D7Du� ut7t�3vv7~�u~7wE���s�D7ttt� �;rU<R<IRS�6<����� ���
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X=YZ�[STS65A5�\K>�L5QSHH<U�]>�MB@@B� 7̂�_5:RS̀S6aRBIS6�I5̀:BU<ASRB5̀:�RQSR�HSa�BH@A5T<�RQ<�UBSP̀5:B:�5A�<bI6;:B5̀�5c�QS<H5@QB6BS�S̀U�T5̀� dB66<eAS̀U� UB:<S:<7� f#!g%h2$&$#�CD=ijCY>8kiYlmi8=7��X=nZ�MS::B6S�N>�o56H<�_>�MS̀U5A@Q�?>�_<RAB̀B�_>�p̀ ;̀USA:5̀�_>�oB66SA@�?7�q5AUBI�oS<H5@QB6BS�r5;̀IB6s:�@ASIRBIS6�P;BU<6B̀<:�5̀�UBSP̀5:B:�S̀U�HS̀SP<H<̀R�5c�T5̀�dB66<eAS̀U�tB:<S:<7�u!g$��v2"%g.�f!g%1 CD==j�wxkYlnynDC7��X=8Z�LBIQB<6:�KK>�]H<GzS6�_>�_<̀zS�L>�{SR5A5TS�?>�_ABIS̀P5TS�|>�{;UU<�}>�4S̀P<̀<IQR<̀�9>�ŜUB::<;A�?7�tBSP̀5:RBI�tBcc<A<̀RBSRB5̀�5c�T5̀�dB66<eAS̀U�tB:<S:<�|a@<:�=�S̀U�C�ea�T5̀�dB66<eAS̀U�[SIR5A�L;6RBH<A�?̀S6a:B:�S̀U�tt?4_�rQS66<̀P<�|<:R7�~&$��hh&�v2"%g.�f!g%1 �CD=xjCw>8kn=imnw=7�X=xZ�qP�r>�L5RR5�t̂ >�tB�_S56S�K7�tBSP̀5:RBI�S@@A5SIQ�R5�T5̀�dB66<eAS̀U�UB:<S:<7��&%%+�CD=nj=Cn>=wkCDClmCDwx7�X=iZ�L5<̀<̀�[rK9>�4AB<:�LK?>�q<6<HS̀:�_K>�TS̀�N55a��KL>�4AS̀z<̀�KNN?>�4<AQ<�<̀�_dL>�d<R�<6:�NKo>�|<̀�rSR<�o>�]IQ5;R<̀�or>�{<Iz<A:�\?L>�o<̀:z<̀:��Lr7�]IA<<̀B̀P�c5A�@6SR<6<R�c;̀IRB5̀�UB:5AU<A:�FBRQ�L;6RB@6SR<�S̀U�@6SR<6<R� c;̀IRB5̀� S̀S6a�<A7� �&# !&! 1�CD=ljwD>=ki=mix7��X=lZ�]IQHBUR�t\>�{A;�<6B;:�L>�LSG<<U�?>�pU<e<AP�K>�o56H:RA�H�L>��PA<̀�?7�dQ56<�e655U�AB:R5I<RB̀mSIRBTSR<U�@6SR<6<R�BH@<US̀I<�SPPA<P5H<RAa�3L;6RB@6SR<E�c5A�RQ<�AS@BU�U<R<IRB5̀�5c�45̀�dB66<eAS̀U�UB:<S:<7�v2"%g.�f#!g%1 �CD=xj==x>ik=nCim=nww7�XCDZ�4S6SAIQ<�4>�t<:I5̀I65B:�r>�{5;R<z<UGBA<R�|>�tA<ac;:�L>�_A5;66<�47�L;6RB@6SR<�FQ56<�e655U�BH@<US̀I<�SPPA<P5H<RAak�S�̀<F�R556�c5A�T5̀�dB66<eAS̀U�UB:<S:<7�'�v2"%g.�f#!g%1 �CD==j�lk=8Yny=8Yx7�XC=Z�̂A<:<6<�_>�{;Aa�M>�L<��S:5HS�?L>�[S6IB̀<66B�\7�_6SR<6<R�c;̀IRB5̀�S::Sa:�B̀�UBSP̀5:B:k�S̀�;@USR<7���h!" �0!��f!g# %&�CD=lj=C>=kClmY87�XCCZ�q;HHB�4>�MS::B6S�N>�K5;R:Bm�5AQ5̀<̀�M>�?AH:RA5̀P�\>�]�S̀R5�|7�r5H@A<Q<̀:BT<�A<m<TS6;SRB5̀�5c�QB:R5ABIS6�T5̀�dB66<eAS̀U�UB:<S:<�
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�� � ��
��������������������d�?;RQ5A:�U<I6SA<U�\5�I5\_6BIR�5_�B\R<A<:R����������������������������d�sB6�9\R<A\SRB5\S6�K5;A\S6�5_�L<UBIS6�MS̀5ASR5Aa�N<:<SAIQ�39KLMNE�f��@<\�?II<::�m56BIa��?;RQ5A:J[5\RAB̀;R5A:�SA<�A<:@5\:B̀6<�_5A�5ABPB\S6BRa�5_�I5\R<\R:>�RA;<�A<_<A<\I<:>�S\U�<RQBIS6�B::;<:7��9KLMN�@;̀6B:Q<:�S66�SARBI6<:�;\U<A�[A<SRBT<�[5HH5\:�?RRAB̀;RB5\f�s5\f[5HH<AIBS6�z7D�9\R<A\SRB5\S6�MBI<\:<�3[[�q�fs[E7��QRR@:dJJIA<SRBT<I5HH5\:75APJ6BI<\:<:J̀af\IJz7DJ6<PS6I5U��
�����������������mBnRS�L>�̂Sn:�o>�4SABn�L>�raRRB�L>96T<:�o>�N5::�L7�?::<::H<\R���5_�RQ<��T5\��bB66<̀AS\U��_SIR5A��H;6RBH<A:��@A5_B6<��B\��@SRB<\R:��A<_<AA<U��_5A��̀6<<UB\P��R<\U<\Ia�<TS6;SRB5\��B\��e:R5\BSd��S��@A<6BHB\SAa��A<@5AR��5_��RQ<�T5\��bB66<̀AS\U��UB:<S:<��UBSP\5:RBI:��@A5G<IR7�9\R7�K7�L<U7�MS̀7�N<:7�CDC=i�8>=d=vfCv7������������������� ¡¡� ��¢£���¤�¤��¥�� ��





 

97 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication V 
 
Pikta M, Banys V, Szanto T, Joutsi-Korhonen L, Vaide I, Varik M, Lehtinen A. E,  
Giangrande P, Laane E. (2021). Von Willebrand Factor Multimeric Assay in Acquired von 
Willebrand Disease Diagnosis: A Report of Experience from North Estonia Medical 
Centre. Journal of Laboratory Physicians, 13(3), 195–201. https://doi.org/10.1055/s-
0041-1730818 

https://doi.org/10.1055/s-0041-1730818
https://doi.org/10.1055/s-0041-1730818




������ ���	
�������
��������������
��������
��������
������������� ��
���!��������
���"�������"�������#���$�%�
���&�'(%�
�����&
���)�
�*�'��������������+��
�,-./0-�1/02-3454�6-78-9�:-;<9=�>/?@-�AB-;2CD�EC22-�FCG29/HIC.JC;@;K��L;@9�6-/8@M�,/.N-�6-./0O�P;;-HQ7/;-�E@J2/;@;R�1-G7�S/-;T.-;8@U�Q8V-.8�E--;@M3W@X-.2?@;2�CY�Z@-72J�>@[J;C7CT/@94�>-77/;;�\;/]@.9/2<�CY�>@[J;C7CT<4�>-77/;;4�Q92C;/-5W@X-.2?@;2�CY�E-̂C.-2C.<�,@8/[/;@4�_C.2J�Q92C;/-�,@8/[-7�@̀;2.@4�>-77/;;4�Q92C;/-=W@X-.2?@;2�CY�1J<9/C7CT<4�:/C[J@?/92.<4�,/[.Ĉ/C7CT<�-;8�E-̂C.-2C.<�,@8/[/;@4�a-[G72<�CY�,@8/[/;@4�L;92/2G2@�CY�:/C?@8/[-7�A[/@;[@94�6/7;/G9�\;/]@.9/2<4�6/7;/G94�E/2JG-;/-Db@9@-.[J�1.CT.-?�\;/2�CY�A<92@?9�c;[C7CT<4�Z@79/;0/�\;/]@.9/2<�ZC9X/2-74�\;/2�CY�̀C-TG7-2/C;�W/9C.8@.94�Z@79/;0/4�a/;7-;8KW@X-.2?@;2�CY�̀7/;/[-7�̀J@?/92.<4�\;/2�CY�̀C-TG7-2/C;�W/9C.8@.94�Z\AEP:�E-̂C.-2C.<�A@.]/[@94�Z@79/;0/�\;/]@.9/2<�ZC9X/2-7�-;8�\;/]@.9/2<�CY�Z@79/;0/4�Z@79/;0/4�a/;7-;8MZ@?-2CHc;[C7CT<�̀7/;/[4�L;92/2G2@�CY�̀7/;/[-7�,@8/[/;@4�>-.2G�\;/]@.9/2<4�>-.2G4�Q92C;/-OZ@?-2C7CT<�W@X-.2?@;24�_C.2J�Q92C;/-�,@8/[-7�̀@;2.@4�>-77/;;4�Q92C;/-RW@X-.2?@;2�CY�Z@?-2C7CT<4�\;/2�CY�̀C-TG7-2/C;�W/9C.8@.94�Z@79/;0/�\;/]@.9/2<�ZC9X/2-7�̀C?X.@J@;9/]@�̀-;[@.�̀@;2@.�-;8�\;/]@.9/2<�CY�Z@79/;0/4�Z@79/;0/4�a/;7-;8US.@@;�>@?X7@2C;�̀C77@T@4�\;/]@.9/2<�CY�cdYC.84�cdYC.84�\;/2@8�I/;T8C?

efghijklm�nohiolFG;@�5R4�5p53

qmmrljj�snr�tnrrljenomlotl�,-./0-�1/02-4�,W4�W@X-.2?@;2�CY�E-̂C.-2C.<�,@8/[/;@4�_C.2J�Q92C;/-�,@8/[-7�̀@;2.@4�3U�Au2/92@�A2.4�>-77/;;4�3=D3U4�Q92C;/-�v@H?-/7w�?-./0-xX/02-y.@T/C;--7J-/T7-x@@zx

{g|lt}i~lj�P[�G/.@8�]C;��/77@̂.-;8�9<;8.C?@�vP6�Az�/9�-�.-.@�-;8�Y.@�G@;27<�G;8@.8/-T;C9@8�̂7@@8/;T�8/9C.8@.�V/2J�-;�G;0;CV;�X.@]-7@;[@x�>J@�8/-T;C9/9�CY�P6�A�/9�?-8@�̂-9@8�C;�7-̂C.-2C.<�/;]@92/T-2/C;9�-;8�2J@�X.@9@;[@�CY�[7/;/[-7�9<?XH2C?9x�Q]-7G-2/C;�-;8�?-;-T@?@;2�CY�-YY@[2@8�X-2/@;29�-.@�[C?X7@d�8G@�2C�2J@�;@@8�YC.�?G72/X7@�7-̂C.-2C.<�-99-<9x��}lri�hj��om��l}knmj�Z@.@4�V@�8@9[./̂@�2J@�[7/;/[-7�-;8�7-̂C.-2C.<�8-2-�CY�9@]@;�X-2/@;29�V/2J�-�8/-T;C9/9�CY�P6�Ax�P77�X-2/@;29�?@2�2J@�[./2@./-�YC.�P6�A�̂-9@8�C;�7-̂C.-2C.<�Y/;8/;T94�̂7@@8/;T�9<?X2C?94�-;8�2J@�-̂9@;[@�CY�-;<�X.@]/CG9�J/92C.<�CY�-�̂7@@8/;T�8/9C.8@.x�ljfh}j�L;�-77�[-9@94�2J@�7-̂C.-2C.<�Y/;8/;T94�7-[0�CY�̂7@@8/;T�-;-?;@9/94�-;8�Y-?/7<�J/92C.<�9GTT@92@8�2J@�X.@9@;[@�CY�P6�Ax�6C;��/77@̂.-;8�Y-[2C.�?G72/?@./[�-;-7<9/9�9JCV@8�8@[.@-9@8�J/TJH?C7@[G7-.�V@/TJ2�vZ,�z�?G72/?@.9�/;�9/d�[-9@9x�1-2/@;29�V/2J�7CV@.�Z,��?G72/?@.9�@dX@./@;[@8�?C.@�9@]@.@�̂7@@8/;T�[C?X7/[-2/C;9x�nothfjinoj�>J@�8/-T;C9/9�CY�P6�A�/9�[C?X7@d�-;8�.@�G/.@9�@d2@;9/]@�7-̂C.-2C.<�@]-7G-2/C;x�L;2@.8/9[/X7/;-.<�[C77-̂C.-2/C;�-;8�[C?X7@d�7-̂C.-2C.<�@]-7G-2/C;9�-.@�CY�X-.-?CG;2�/?XC.2-;[@�YC.�2J@�@-.7<�.@[CT;/2/C;�CY�P6�A�-;8�CX2/?-7�P6�A�8/-T;C9/9�-9�V@77�-9�9G[[@99YG7�[7/;/[-7�?-;-T@?@;2x
qgj}r�t}
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�¢���������¦�ĝc����£���	������¤��³�������¦¤��������µ��¤���������¤��³���¢����������¦�¦�¢����ª�����¢����¤�����������������������������£�������������¢����¦���¤�������������������¤�����������_�g�����������������¤��������������g�����¢�������������¤��������µ�����d�g�����¶¤�������������������¦���³������¦��¶¤��¦�������a���������_���������c���	¤������Z]�������¤¦�������������¢���¦���¢�
���������	�������¦�����������̂gc�����¤�¤�������¤́����	�����µ������������¤��������¤����¤�����������̈©�����������b�£�������������¢�����¤��¦��³¤�����������ª_Z�ª���]����������¤�[�����µ������£�������������¢����¦��̂ gc����¦��³¤������¤�¦��_�g�����̈����«����g�����©̈���©«��d�g�����©̈©©�©«��Z����������¦������¤������·����¤v5lj�6��F��C2s5Fj56El<̂gc��¢���g����������£�	�����̂gc�����¢��g����������£�	�����¤���������_�g�����§�����	¤����§���
��¤�����������g��������������������	¤����§���
���d�g��
��
�����	¤����§���
���¤���������̂g���¢���g�����������������



���������	���
��	�	�	��	����	���
������������

	���������������
���	��
������ !�"���#�����

	���������	��	�$#�%&�����'	���������(������'	���	���
		���)�������	��*��'�����++��,����	+�	��
	��	�����������-.�/�����'	�)	�	��
�+�+�
�����$�-0&1��
�'��)'��'	����	������	��	���������*��$2&�#�3�+
�4�������+���������
	�����	)�
��������������
'	�����������������
����	��+��)�	����������
		���)����'���������������	���*��'�+
��	
	������	����'	
��
�4����������$5-�&��#�%�����	����	�������������
���6���7����������	��������
���	�����������

	������������$#�3&1���
��)	���
���	����)
4��+���	���*��'��'	���	������������'���)'�������)����3#8881���+
��	
	��������	�)
4��+���	���1����������������	���������	����'	
��
�����	����	������	�$5-9&�#�%�����
������	�������0�������4+	����4+	��1��+�����
�7����������	��	����	��4:��4+	�.1���7��
������	�	�	����'����������'	����������	�������2����	)���	�1�.;1.<1�.=1�����.>:������4+	�01������+
	�	����	��	���#�3�$�&��?���	����
�����������������'	��4+	6����4+	����'	�#�%������+����������+���	���@�����)	�	�������'	��'	��+	������++����'�$�&��;��#�3�'������	��	����������1�
��������4��	����)����#�%�������'	��#�3(�	
��	��������	���$��	�1�'����������'������4��+	����+��+����$A&����������	�4�����������
	�������'����	��
������
	�����	����
��)	���
���	��1����'������������	)��)�������1������
��������(��	��41�����'4+	����+'����������4�+��'4�$B&&��	7���	���+
	,�
��������4����	���	���$01��C&��D'	������(
��	�	�����4+���

4����
��	�	��
����������#�3�����)	�$#�3�;)&1�����	�	���#�3��������4�$#�3�;�&�����4�$	�)��������	�����������������4�$#�3�?�&1�#�3�������(�4��	����	�����#�3�������)�����'	�)
4���(+���	���8��$E�8�&��	�	+��������'	�+
��	
	��������	$#�3�E�8�>&1���

�)	��������)�$#�3�?<&�	���&�����������#888��������4�$3#888�?&�$2&��#�3���
���	��������4�������	����(
��	����
4�����	������'	����)�����������
��������������������	�	��#�%�����4+	��$��&��#�3������
��	�����+
��������
�*1���	��	����	1�����'�)'���
	��
���*	�)'��$F>�>18>�>1�����G>�>1��	�+	����	
4&���
���	���$�.1�0&��D'	����	��	����G>�>�����'	��������
��	����	�'���������)���'	���4+	���������4+	�.;�����.<�#�%1*'	�	����'	�����	�	�������4+	������4+	�.�#�%������	

����	�	�����	���4����	�����
	��
�	������������'	����	���������	�������

	����
���	���$21��C1���&�G��������

41�#�3���
���	�����	����
4H	���4���('���	��	�	
�+	��	
	����+'��	�����	�'��7�	�������	�(�����	��������
4��������	��	����
����$91��2&��D'	�	�	�'���
�)�	����	��	�'����

4��������
�1�
��������1���	���������)��������(���������H	��$.1��.&��D'	�	�	
�+�	���������	
����	
4���+����	��(�������	�����	����
�#�3���
���	����������4�$G4���)	
56G4���)	
����������

	��������
���	��1�I	���13����	&���4��	+�	�	�������������	+���*�������������H�(������D'����	�'���*����
�	��4��'�*�����+�����	���	(7���	������������������'�����	��H�����������
��������(�����������)	����
�#�%�����4+	��$�.1��21��5&�>��	��	�1��	��
�������	
��	�*��'��'	��
�����
�������1���)�����������'	���	�������7���	��#�%1������	��������	�+�	�	���4�	,+	��	��	��+���	������
��$�.1��2&��8��������������7��
������	����	�+�	������������
��(�	��+���	���1��'	�I	�����GJKI8I�����*��	��

�*�7�����������������#�3�>>������+���	���1�������
��(
����������'	�+	��	���)	���
�	�����	��'���
	��
��*	�)'����
���	������������L����������	���
���	�����(
4������)'���	��		�	�������'	��	�	�������������
	�������
���	�������'��)	����

�*��)��'	��+	�������	��	�������$91���&��%�	����
��������	�	�	��	���
�	�����#�3�>>����������1��	��
�����	�+�	������������	�'�

	�)��)�������	����	��D'��1�����'	�+�	�	�������4�*	���	���	������	��4����	�	����	��	�	�	��	����	���
������F>�>1�8>�>����G>�>�����������MN�O�"NPQ�N���MO�R��QSTUVW�XUYZ[\TX�D����

	�����
��)	�����+
	���H	�������	��������
���+	�������*����������	���	�*		��2��������	�$K������1�F�����1�3����	1�����]I;&��D'	�
�������+������(+����)��������������*	�	������

�*���F��$�*�������������������<�
�����������	���F�;�-�F��������4����=���'K�������>	����
�?	���	1�D�

����K������:�F�<�-��)�K����]���	����4�G��+���
1��)�1�F�����&1�F.�$%	+����(�	������<��
�)41�3��'�G��+���
1�I��	��	�1�3����	&1����F0�$]���	����4����]��'�6�;]��F���������	�1�I�
�

�		�����8>�>�����G>�>�$+̂ C�CC������C�C0A&��D'	�	*������)	��	���	
��	������	�	��	����	��	���E	�)��+'���

4F>�>��	��
������3����	�*	�	�����	�	���������'	���'	��	)�����$+̂ C�C5&��L�����������������#�3�>>����������1��������(��������7��
������	����	���	������#�3�>>�+���	���1�'����'	+��	����
���������������	�	����
����)���������������

	��������	��	�$#�%&�����4+	���D'	��	�	�	��	���
�	����
��
��	�����'�������4������	���	����������	��	�	���'����	����
��'��
�����
�	�������
������_̀abcdefg������

	������������1�������

	��������������
���	��1�7����������	����
4���1��	�	�	��	����	���
�
8>�>���G>�>�$+�̂�C1CC����C1C0A&��=�h	���i	�����H
����	H����H��+�
��E	�)��������	H�
�����F>�>��H�3�������	���
������H
�i�����������
�'��	)�����$+�̂�C1C5&�j������������h	�������h��#�3�>>1�+��	�����
���(����	�+���	�	�#�3�>>��H�����1���k	����+���)�	�������	�	���h�
��h���h�)��H��+����+����������

	�������	�$#�%&��
	�����	�	�	���	���	��������H��i����	������h������h����)��	�����������������l��������k����h����H������m����h	�)�������
���i��'���
����_nopqr̀�d̀qsg������

	�	�������������1���
���	��������

	��������)��������1������������������
�H�1��	�	�	�������	���
��



���������	
�������������� �����������������
���������������������
� ��������������!�������"#���$�%�����#�&�������
����'�%���%���()�%�
� �����������	�#�����%����
*���		�*�����������+%�*"����,������#��-��
��#�
��!�#*����%��$�%��%�	%*����(�%��
�����*����'*���(��%��*�#��%��.	#*������-�����"#��$�%�����#�&��/�0����#�������1����2"%�+����(���#����+�����345����%��6		�"���	��	%���%��/����
����%���(�
���%%
�+�	�"�����������*��+���(���������%(�%��+�����	������(�%���#������������'�(�%��'#����	�##�	��������%��#�789%��*#����789/6+��789/6	�3�789/:;,'��������789/:;,'<����������789/<�����-���789/6	=789/6+%�������$%������	�������"%�!�������#��������%�"#�����$�%������*����'�	�*����
��>*���������%��(�%�'#�������%�����������	#*�����(�%�������%�+�%���+�(���#�'#�����+�
����%�������!��*�#���#��'#�����+��"�����������%�������	%������(�%�78?�%�*����#���@
����*��$���"�%(�%�����		�%���+�����
��?�	#�%�������(A�#����������$����""%�!���'���""%�"%�����#�	�#��%�������#���
�	�#�	�����������%�#�	�#�,�����*�����#<�!��$����%�������	
�������*�����BCDEFG�HIFFGHJKIL�CLM�NEGHKDGL�EOIHGNNKLP����"#���(�%��
��%�(�%��	������%!�#���*�����$�%�	�##�	����(%����""�%���#��
��#�
������!��*�#���		�%�2��+�����
��"�%��	�"����+�������*�����Q�#�	�##���""%�!��!���*��'#�������"#��+�"%�	��*%����������	��	�%2���	��$��
���
�	�#�#�$���(���	
�"�%��	�"����+�	�*��%���%��(#���"�%�"
�%�#�!���*��'#�����"�	������$�%��	�#2#�	���������#�+
��'#*�2��"�!�	**���*'���R-��S�����*�	��%�����*'�����?�7�	*�����%����6���-��%���%�����������%�-�1S�)���*((�%������%�����7�	*�����T,�6��%#�����U�	���%�(*+����$��
�����
�*%���(��%����"#��+�������"�������������%�>*�%������	���������#��"%��*	�"#���#��2"��%�"#������%����*�#�"#���#���	�*���#�����
����.�5��/��6�3��0�+(�%��0����*�������%�������"�%�2�*%�����3��0�+�(�%��0����*�������%�������"�%�2�*%����#�>*���������%���(%�&������2��V�������%���"�%�2�������%���	�������6���3���+�(�%��0����*��������0�V����$�	���-�3����+�(�%��0����*�������%�������"�%�2�*%� ���"#���$�%���#�>*������������%���(%�&������#�����3��V���*���#�������+��$��
���-��������6#�>*���$�%���
�$��������$���%�'��
��W-��V���(�%�0����*���������.���$�##�'�(�%��������+�XYZ�D[FJKDGON�DGJ\IM�CLM�MGLNKJIDGJO]@
��789��*#����%�����
������!�#�"���'���'����9%��	����������	%�'�����������#��#��$
�%���-�����

,��$���*����'���
��"�%��	�"����+�#�'�%���%����$��
�*���!�������(%����
���%�+���#���'���������"%���	�#��,�'%��(��	��%�����"#��������"#���$�%�����#�&�������
�A��%�����������%*��������'����9%��	���$��
�%�������*����?���+�%����+�#���A��%�+�#�0�!���8�##�'%����*#����%�����'�����?���������%���(�789��*#����%"����%���$���	�%%�����*��$��
����%������������	����%���'���:�#�	���,���%*������$
�	
��##�$���	�����+������������%�+���(��
��%��*#����?�����	>*����������"�%(�%����'����'�����������#�	�#�'%�������?������%�@
������%*������$
���	����	���������;��$��
��
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