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Abstract

Objectives

Acquired von Willebrand syndrome (AvWS) is associated with postoperative bleeding com-

plications in patients with continuous flow left ventricular assist devices (CF-LVADs). The

aim of this study is to analyze the perioperative vWF profile comparing an axial pump (HMII)

to a centrifugal pump (HVAD) regarding the correlation between perioperative occurrence of

AvWS, early- and late-postoperative bleeding events.

Methods

From July 2013 until March 2015 blood samples of 33 patients (12 HMII/ 8 HVAD/ 13 con-

trols) were prospectively collected at 12 different time points and analyzed for the vWF anti-

gen (vWF:Ag), its activity (vWF:Ac) and the vWF:Ac/vWF:Ag-ratio (vWF:ratio). The follow

up period for postoperative bleeding events was from July 2013 until July 2016.

Results

Postoperatively, there was no difference in the vWF-profile between HVAD and HMII groups.

However, a subgroup of patients already had significantly lower vWF:ratios preoperatively.

Postoperatively, both CF-LVAD groups presented significantly lower vWF:ratios compared

to the control group. Bleeding events per patient-year did not differ between the two groups

(HMII vs. HVAD: 0.67 vs. 0.85, p = 0.685). We detected a correlation between vWF:ratio

<0.7at LVAD-start (r = -0.583, p = 0.006) or at the end of surgery (r = -0.461, p = 0.035) and

the occurrence of pericardial tamponade. In the control group, the drop in both vWF:Ag and

vWF:Ac recovered immediately postoperatively above preoperative values.
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Conclusion

A subgroup of patients with end-stage heart failure already suffers AvWS preoperatively. In

both CF-LVAD groups, AvWS begins immediately after surgery. Intraoperative vWF:ratios

<0.7 correlate with higher incidences of pericardial tamponade and re-operation. The pre-

sumably dilutive effect of the heart lung machine on vWF vanishes immediately at the end of

surgery, possibly as part of an acute-phase response.

Introduction

Continuous-flow left ventricular assist devices (CF-LVADs) have gained broad acceptance in

the therapy of end-stage heart failure as either a bridge to transplantation or destination ther-

apy [1, 2]. With an incidence between 18% and 40%, thromboembolic and bleeding events,

especially gastrointestinal (GI) bleeding, still present a major postoperative complication [3].

Several factors contribute to the high incidence of bleeding after CF-LVAD implantation.

Among the most discussed factors is the acquired von Willebrand syndrome (AvWS) as a

result of mechanical destruction and proteolysis of high-molecular-weight multimers

(HMWM) of von Willebrand factor (vWF), induced by shear stress [4–6]. Previous studies

investigated the time-course and onset of AvWS before/after CF-LVAD implantation and its

correlation to bleeding events. It has been proven that virtually all patients develop AvWS after

CF-LVAD implantation [7–9]. Timewise, analysis and comparison were only made between

preoperative values of vWF and the first postoperative day [10].

There remains a lack of information about the perioperative changes in vWF profile, the

onset of AvWS in CF-LVADs patients and its correlation to early postoperative bleeding

events.

Materials and methods

We prospectively investigated the perioperative vWF profile in patients undergoing CF-LVAD

implantation, comparing an axial pump (HeartMate II (HMII): St. Jude Medical, Minneapolis,

USA) to a centrifugal pump (HVAD: HeartWare, Inc., Framingham, Massachusetts, USA)

regarding the correlation between perioperative occurrence of AvWS and early-postoperative

bleeding events.

As control-group, we analyzed changes in the vWF profile in patients undergoing routine

coronary artery bypass grafting (CABG) surgery with heart lung machine (HLM) (CABG

group).

Patients and data collection

This was a prospective single-center cohort study. After approval by the local ethic committee

(Ethik Komission an der RWTH, Aachen, Germany, EKK 150/09), 162 patients were screened

from September 2013 to July 2015. All patients who were planned to receive a CF-LVAD

implantation during the mentioned period were screened for this study. The exclusion criteria

were: 1) preoperative need of extracorporeal life support (ECLS), 2) preoperative use of intra-

aortic balloon pump (IABP), 3) preoperative use of Impella1, 4) moderate to severe aortic or

mitral valve stenosis, 5) bleeding and/or 6) history of thromboembolic events (Fig 1).

Twenty CF-LVAD patients were eligible for the study. Informed written consent was

obtained from each patient. 12 patients had HMII implantation (HMII group) (mean age 60.1
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±7.3 yrs, 1 female), 8 patients received an HVAD (HVAD group) (mean age 67±6.4 yrs, 3

females). 13 patients undergoing CABG as on-pump surgery (CABG group; mean age 67.6

±8.4 yrs, 5 females) were recruited as control patients. Demographic characteristics, medical

history, blood test values, medications, peri-, postoperative data and amount of transfusions

were prospectively collected and stored in the clinical electronic database. European System

for Cardiac Operative Risk Evaluation II (EuroSCORE II) was calculated for all patients and

INTERMACS levels were determined for CF-LVADs patients. All CF-LVAD patients were

routinely followed-up in our outpatient department. Last patient was included in March 2015

and the follow-up period was from July 2013 until July 2016.

Fig 1. Study design and groups characteristics. CABG: coronary artery bypass graft; DVT: deep vein thrombosis; ECMO:

extracorporeal membrane oxygenation; GI bleeding: gastrointestinal tract bleeding; HMII: HeartMate II; MVR: mitral valve

reconstruction; IABP: intra-artery balloon pump; LVAD: left ventricular assist device PFO: patent foramen ovale; TVR: tricuspid valve

reconstruction.

doi:10.1371/journal.pone.0171029.g001
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Bleeding events

Each patient’s bleeding history was evaluated during the stationary treatment and at every out-

patient visit from July 2013 until July 2016. Bleeding types were defined as followed: 1) Intra-

thoracic bleedings (hematothorax or pericardial tamponade): decreased hemoglobin level, the

need of transfusions and re-exploration; 2) GI bleeding: presence of melena, decreased hemo-

globin level, required transfusions and endoscopic confirmation; 3) Epistaxis: nasal bleeding

requiring medical intervention; 4) Intracerebral bleedings: onset of neurological dysfunction

with confirmation through cerebral computer-tomography.

Bleeding events occurring during the first 30 days postoperative (POD) were considered

early bleeding events.

Anticoagulation regimen after implantation of CF-LVAD

Continuous infusion of heparin was initiated within a 12-hour postoperative period when the

chest tube drainage was <50 mL/h, in order to achieve an activated partial thromboplastin

time of 50–60 seconds. For platelet inhibition, acetylsalicylic acid (100 mg/d) was added to the

medication on POD 1. At POD 3, phenprocoumon was given orally with a target international

normalized ratio (INR) of 1.8–2.2 for HMII patients and 2.5–3.0 for HVAD patients.

Blood collection and laboratory assays

Next to routine parameters, 12 pre-, peri- and postoperative blood samples were drawn for

vWF assessment. Blood was collected in citrate containers (S-Monovette, 3,2% trisodium cit-

rate/citric acid buffer solution, Sarstedt GmbH, Germany), processed to platelet poor plasma

by centrifugation (10 min @ 8,000g) and stored at -80˚ until analyzed. vWF constitution was

assessed via changes to the vWF antigen level (vWF:Ag, vWF Ag1 test kit, normal range 50–

160%) and to the platelet binding activity level (vWF:Ac, INNOVANCE1 VWF Ac test kit

normal range 47.8–173.2%), by turbidimetric analysis on a Sysmex CA 560 (test kits and

device: Siemens Healthcare Diagnostic Products GmbH, Erlangen, Germany). Low specific

activity (vWF:Ac/vWF:Ag ratio, in the following described as vWF:ratio for better readability)

correlates with the loss of high-molecular-weight multimers (HMWM) and is therefore a mea-

sure for AvWS (vWF:ratio <0.7) [11]. For the CF-LVAD patients’ 2-months follow-up sam-

ples, analyses were derived from the clinical database and performed in the reference

laboratory (MVZ labor, Dr. reising-Ackerman, Leipzig, Germany) as a routine diagnostic in

our out-patient department using western blot technique for vWF multimer analysis and

using enzyme-linked immunosorbent assay (ELISA) for vWF: Ristocetin Cofactor (vWF:

RCo = vWF:Ac) and vWF:Ag measurements. Many previous studies did analyze a large sample

of healthy individuals and patients with von Willebrand disease using these two different

assays, the turbidimetric method (INNOVANCE1 vWF:Ac kit) and the ELISA method (vWF:

RCo), finding a very good correlation between the two methods [12–14].

Statistical analyses

Continuous variables are expressed as means ± standard deviation (SD) and categorical vari-

ables as absolute numbers and percentages. The comparison of demographics, pre- and post-

operative data between the groups were performed with the two-tailed student’s t-test for

continuous variables and Fisher’s exact test or χ2 test for categorical variables.

The comparisons of the repeated measured values of vWF:Ag, vWF:Ac and vWF:ratio,

within each group and between the groups were carried out using the two-way ANOVA test

with Tukey’s or Sidak’s test for correction of multiple comparisons, when appropriate.
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All p values were then reported as adjusted p values to the count of comparisons. Bleeding

rate was calculated as bleeding events per patient-years. Comparisons of the bleeding events

per patient-years between groups were carried out with Cochran-Mantel-Haenszel test. For

the correlation between vWF:ratio, bleeding events and transfused blood products the Pearson

product moment correlation test was used. All statistical analyses were performed using SPSS

software, version 23.0 (Chicago, IL, USA). An adjusted p-value of< 0.05 was considered sig-

nificant. All p-values were reported at least as three digit numbers.

Results and discussion

Demographics, pre-, peri-, postoperative data are listed in Tables 1 and 2. HVAD patients

were older than HMII patients (67±6.4 yrs. vs. 60.1±7.3 yrs., p = 0.043) and had a lower body

Table 1. Demographic and perioperative data.

Variables HVAD (n = 8) HVAD vs. CABG CABG (n = 13) HMII vs. CABG HM II (n = 12) HVAD vs. HMII

Age 67 ± 6.4 0.731 67.6 ± 8.4 0.017 60.1 ± 7.3 0.043

Female 3 (37.5) 0.999 5 (38.5) 0.160 1 (8.3) 0.255

BMI kg/m2 21.6 ± 2.7 0.005 26.4 ± 4 0.800 26.8 ± 3.8 0.002

ICM n (%) 5 (62.5) - - - 9 (75) 0.624

DCM n (%) 3 (37.5) - - - 3 (25) 0.624

LVEF % 17.8 ± 2.1 0.0001 50.3 ± 6.4 0.0001 20.5 ± 4.5 0.132

DMID n (%) 2 (25) 0.399 6 (46.1) 0.999 5 (41.6) 0.655

PAD n (%) 2 (25) 0.655 5 (38.4) 0.168 1 (8.3) 0.563

CVD n (%) 1 (12.5) 0.606 4 (30.8) 0.321 1 (8.3) 1.000

AF n (%) 5 (62.2) 0.163 3 (23) 0.999 2 (16.6) 0.062

Prior cardiac surgery n (%) 2 (25) - 0 - 3 (25) 0.999

Prior PCI with stenting n (%) 5 (62.2) 0.659 6 (46.2) 0.999 5 (41.6) 0.649

EuroSCORE II % 10.2 ± 5.7 0.0002 2.5 ± 1.4 0.0001 7.1 ± 2.7 0.117

INTERMACS n (%):

1 1 (12.5) - - - 1 (8.3) 1.000

2 1 (12.5) - - - 2 (16.6) 0.999

3 5 (62.2) - - - 6 (50) 0.669

4 1 (12.5) - - - 3 (25) 0.618

Blood Type O 2 (25) 1.000 3 (23.1) 0.593 1 (8.3) 0.536

Pre-Op data:

VKA n (%) 4 (50) 0.345 3 (23) 0.999 2 (16.6) 0.161

ASA n (%) 8 (100) - 13(100) - 12 (100) 1.000

Clopidogrel 0 - 6 (46.2) - 0 -

Hb g/dL 11.6 ± 1.2 0.018 13.9 ± 1.4 0.150 12.7 ±2.4 0.136

Platelets c/nL 237.9 ± 53.5 0.750 231.3 ± 60.7 0.072 287.8 ± 87.9 0.113

Peri-op data:

Bypass-time min. 104 ± 38.6 0.606 117 ± 66.8 0.963 118 ± 32.6 0.362

PRBCs 1.8 ± 1.8 0.588 1.4 ± 1.5 0.028 2.9 ± 1.7 0.182

FFPs 1.1 ± 2.1 0.694 0.7 ± 2.3 0.007 3.2 ± 1.8 0.027

PCs 1.1 ± 0.9 0.044 0.4 ± 0.6 0.013 1.7 ± 1.2 0.244

BMI: Body Mass Index; ICM: Ischemic Cardiomyopathy; DCM: Dilative Cardiomyopathy; LVEF: Left Ventricular Ejection Fraction; DMID: Diabetes Mellitus

Insulin Depended; PAD: Peripheral Arterial Disease; CVD: Cerebrovascular Disease; AF: Atrial Fibrillation; PCI: Percutaneous Intervention; EuroSCOREII:

European System for Cardiac Operative Risk Evaluation II; INTERMACS: Interagency Registry for Mechanically Assisted Circulatory Support; VKA:

Vitamin-K-Antagonist; ASA: Acetylsalicylic Acid; Hb: Hemoglobin; PRBCs: Packed Red Blood Cells; FFPs: Fresh Frozen Plasmas; PCs: Platelet

Concentrates. Continuous variables are expressed as mean ± SD and categorical variables as absolute numbers and percentages.

doi:10.1371/journal.pone.0171029.t001
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mass index (21.6±2.7 kg/m2 vs. 26.8±3.8 kg/m2, p = 0.002). Neither group, HMII or HVAD,

differed in any other preoperative data and risk factors. Patients who received CF-LVADs

implantation had a significantly lower left ventricular ejection fraction (LVAD vs. CABG: 19.1

±3.3% vs. 50.3±6.4%, p = 0.0001) and a significantly higher EuroSCORE II than patients who

underwent routine CABG surgery (LVAD vs. CABG: 8.6±4.2% vs. 2.5±1.4%, p = 0.0001).

Concomitant procedures were performed in 8 patients of the HMII group (n = 12) and in 6

patients of the HVAD group (n = 8) (Fig 1). All patients survived surgery. In both CF-LVADs

groups there was 100% survival during the first 30 POD. The median CF-LVAD support time

for HMII patients was 512±277 days (range: 33 to 904 days) versus 462±377 days (range: 36 to

983 days) for the HVAD patients (p = 0.739). During the follow-up period, five patients in the

HVAD group and two patients in the HMII group (p = 0.065) died. One patient in the HMII

group suffered ischemic cerebrovascular accident. During the follow-up period, no device

thrombus could be detected in either HVAD or HMII group.

vWF profile within each group

vWF:Ag and vWF:Ac levels and vWF:ratios are presented in Tables 3–5 and Fig 2.

HMII group (n = 12). HMII patients pre-operatively presented with a high vWF:Ag

(237.6 ± 47.9%) which was above the normal range and decreased significantly between HLM

start and VAD start and two months postoperatively (186.3±43.3%, p = 0.0107). All postopera-

tive values at 6hr, 12hr and 24hr were significantly higher compared to the 2-month postop

value. Comparing the baseline value of vWF:Ag to all other peri-operative values no significant

changes were detected.

The vWF:Ac mean value at baseline (198.6 ± 24.7%) was also above the normal range. The

vWF:Ac decreased significantly beginning at 6hr postoperatively and continued its decrease

until two months postop (Table 3).

HMII patients presented with normal baseline vWF:ratio (0.87 ± 0.23) which decreased sig-

nificantly during the postoperative period. Beginning at the 6hr postoperative point, this

Table 2. Postoperative data.

Variables HVAD (n = 8) HVAD vs. CABG CABG (n = 13) HMII vs. CABG HM II (n = 12) HVAD vs. HMII

Pneumonia 3 (37.5) 0.252 1 (7.7) 0.160 4 (33.3) 1.000

Sepstic shock 2 (25) 0.133 0 0.220 2 (16.6) 1.000

ARF 3 (37.5) 0.042 0 0.220 2 (16.6) 0.347

PRBCs 4.7±4.5 0.004 0.6±0.9 0.003 4.3±4.0 0.837

FFPs 1.7±3.9 - 0 - 1.5±1.9 0.879

PCs 0.5±1.5 0.335 0.09±0.2 0.387 0.2±0.4 0.513

ICU stays hrs. 234.7±202.2 0.013 67.7±80.5 0.014 289.3±292.3 0.652

Hospital LOS d 25±15 0.057 14±10 0.025 25±13 0.925

30 days mortality 2 (25) 0.133 0 0.488 1 (8.3) 0.563

Post-op bleeding n (%) <30d/ >30d <30d / >30d <30d/ >30d

GI 0 / 2 (25) 0.133 0 / 0 0.488 0 / 1 (8.3) 0.563

Hemothorax 1 (12.5)/0 1.000 1 (7.6) / 0 0.073 3 (25) / 0 0.321

Pericardial tamponade 3 (37.5)/0 0.042 0 / 0 0.481 1 (8.3)/0 0.255

Epistaxis 0 / 0 - 0 / 0 0.488 1 (8.3) / 0 1.000

Intracerebral 0 / 0 - 0 / 0 0.488 0 / 1 (8.3) 1.000

ARF; Acute Renal Failure; ICU: Intensive Care Unit; LOS: Length of Stay; GI: Gastrointestinal; for further abbreviation please refer to Table 1.

doi:10.1371/journal.pone.0171029.t002
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significant decrease continued until 24hr postoperatively (0.64±0.17) and values normalized

after two months (0.80 ± 0.13, Table 5). Despite that, we could detect a loss of HMWM of vWF

via multimer analysis two months after surgery in all patients from HMII group (one patient

died during the first 60 days after implantation). However, the limited comparability of

2-months to perioperative data based on two different diagnostic assays should be considered.

Table 3. Von Willebrand factor antigen levels.

Time points

LVAD groups/

CABG group

HVAD

(n = 8)

p-values

within HVAD

group

HM II

(n = 12)

p-values

within HMII

group

CABG

(n = 13)

p-values within

CABG group

p-values

HM II vs.

HVAD

p-values

HMII vs.

CABG

p-values

HVAD vs.

CABG

vWF:Ag % compared to

baseline

vWF:Ag % compared to

baseline

vWF:Ag % compared to

baseline

Baseline 278.1±46.6 - 237.5±47.8 - 178.8±64.6 - 0.315 0.034 0.001

HLM start 272.7±47.4 0.972 208.7±67.6 0.220 138.3±69.9 0.023 0.058 0.008 <0.0001

30min 220.1±56.1 0.001 204.3±41.9 0.0007 107.3±42.4 0.0001 0.840 0.0001 0.0002

VAD start/60min 246.3±48.1 0.117 223.4±51.7 0.593 126.1±59.9 0.0001 0.690 0.0001 <0.0001

20min/90min 248.6±47.9 0.515 223.2±53.8 0.603 137.7±65.2 0.001 0.636 0.0009 0.002

40min/ 120min 256.3±45.6 0.648 219.4±55.3 0.611 141.9±61.8 0.009 0.384 0.003 0.0001

60min/ 150min 262.8±53.5 0.724 222.3±60.9 0.901 135.6±74.8 0.016 0.315 0.0008 <0.0001

End of OP 248.2±74.7 0.674 238.1±63.9 0.999 156.5±78.8 0.526 0.930 0.0017 0.0027

6h post 269.5±50.6 0.994 242.3±49.7 0.999 221.2±67.1 0.112 0.592 0.640 0.185

12h post 269.1±58.5 0.993 242.2±54.5 0.999 261.5±56.6 0.0005 0.602 0.691 0.959

24h post 266.1±67.9 0.993 255.5±46.4 0.666 258.6±54.4 0.0006 0.925 0.991 0.612

2-months 206.4±26.9 0.006 186.3±43.3 0.012 - 0.998 - -

CABG: Coronary artery bypass graft; End of OP: End of Operation; HLM: Heart Lung Machine; post: postoperative; VAD: Ventricular Assist Device; vWF:

Ag: Von Willebrand Factor Antigen level. Results are expressed as means ± SD, p-values computed with the two-way-ANOVA test.

doi:10.1371/journal.pone.0171029.t003

Table 4. Von Willebrand factor activity levels.

Time points

LVAD groups/

CABG group

HVAD

(n = 8)

p-values

within HVAD

group

HM II

(n = 12)

p-values

within HMII

group

CABG

(n = 13)

p-values

within CABG

group

p-values

HMII vs.

HVAD

p-values

HMII vs.

CABG

p-values

HVAD vs.

CABG

vWF:Ac % compared to

baseline

vWF:Ac % compared to

baseline

vWF:Ac % compared to

baseline

Baseline 162.5±29.2 - 198.6±24.7 - 159.5±44.1 - 0.135 0.048 0.985

HLM start 158.7±31.2 0.677 182.8±37.7 0.781 128.7±58.3 0.052 0.274 0.003 0.241

30min 152.6±27.3 0.114 189.8±23.9 0.994 106.9±47.3 0.0001 0.120 <0.0001 0.038

VAD start/

60min

153.1±22.6 0.734 195.7±31.9 0.999 120.7±45.3 0.009 0.016 <0.0001 0.182

20min/90min 160.6±20.4 0.999 191.8±27.5 0.999 131.3±49.6 0.090 0.224 <0.001 0.256

40min/120min 160.5±23.4 0.999 189.9±24.7 0.994 146.1±44.7 0.814 0.263 0.023 0.720

60min/150min 163.9±23.4 0.971 185.6±29.1 0.895 125.4±50.3 0.364 0.485 <0.001 0.097

End of OP 153.6±26.9 0.917 178.9±27.6 0.377 160.4±74.2 0.999 0.372 0.501 0.929

6h post 161.6±21.9 0.999 160.4±30.2 0.0002 223.6±69.7 0.021 0.992 <0.001 0.002

12h post 154.9±25.3 0.994 150.9±28.1 <0.0001 233.8±62.1 0.005 0.975 <0.0001 <0.0001

24h post 152.8±24.6 0.899 158.2±23.9 <0.0001 232.4±61.6 0.004 0.933 0.0001 0.0001

2-months 157.7±46.7 164.1±29.7 - 0.999 - -

vWF:Ac: Von Willebrand Factor activity level; For further abbreviation please refer to Table 3.

doi:10.1371/journal.pone.0171029.t004
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HVAD group (n = 8). The baseline vWF:Ag mean value (278.1±46.6%) was above the nor-

mal range in the HVAD group. The perioperative values did decrease, but despite the time point

30min. after HLM start, not significantly compared to the baseline value. The 2-months postop-

erative value was significantly lower than the baseline value (206.4±26.9% vs. 278.1±46.6%,

p = 0.0042). The baseline vWF:Ac mean value (162.5±29.2%) was in the normal range, no signif-

icant changes were observed over time. Patients who were chosen for HVAD implantation

already presented preoperatively with a decreased vWF:ratio, indicating a preexisting AvWS.

The mean baseline vWF:ratio (0.57±0.11) was below the normal range. Changes during peri-

and early postoperative period were not significant compared to the baseline values for both

vWF:Ac and vWF:ratio (despite 30min. after HLM start time point). The vWF:ratio recovered

significantly and gained low normal levels two months after HVAD implantation (0.77±0.13 vs.

0.57±0.11, p = 0.0056). Nevertheless, we detected a loss of HMWM of vWF via multimer analysis

two months after implantation in all HVAD patients (2 patients died during the first 60 POD).

CABG group (n = 13). The baseline vWF:Ag mean value (178.8±64.6%) was above the

normal range.

The vWF:Ag decreased significantly perioperatively starting with HLM-start and continued

for 150 min. The vWF:Ag then significantly increased postoperatively compared to the base-

line value (baseline vs. 12hr: 178.8±64.6% vs. 261.5±56.5%, p = 0.0005; baseline vs. 24hr: 178.8

±64.6% vs. 258.6±54.2%, p = 0.0006). The baseline vWF:Ac mean value (159.5±44.1%) was in

the normal range. The vWF:Ac decreased significantly during the early perioperative phase

(baseline vs. HLM+30min:159.5±44.1% vs.106.9±47.3%, p = 0.0001; baseline vs. 60 min: 159.5

±44.1% vs. 120.7±45.3%, p = 0.009), was normalized during the rest of the operation, then sig-

nificantly increased again postoperatively.

The vWF:ratio was in the normal range at any time point. We did not detect any significant

changes in the ratio neither peri- nor postoperatively.

vWF profile between groups

vWF:Ag and vWF:Ac levels and vWF:ratios are presented in Tables 3–5 and Fig 2.

Table 5. Von Willebrand factor activity/Von Willebrand factor antigen ratio values.

Time points

LVAD groups/

CABG group

HVAD

(n = 8)

p-values within

HVAD group

HM II

(n = 12)

p-values within

HMII group

CABG

(n = 13)

p-values

within CABG

p-values

HMII vs.

HVAD

p-values

HMII vs.

CABG

p-values

HVAD vs.

CABG

vWF:Ac/

vWF:Ag

compared to

baseline

vWF:Ac/

vWF:Ag

compared to

baseline

vWF:Ac/

vWF:Ag

compared to

baseline

Baseline 0.57±0.11 - 0.87±0.23 - 0.95±0.30 - 0.019 0.683 0.0016

HLM start 0.58±0.11 0.999 0.92±0.20 0.870 0.99±0.31 0.948 0.0061 0.779 0.0006

30min 0.69±0.14 0.002 0.95±0.19 0.086 1.01±0.24 0.992 0.044 0.897 0.013

VAD start/ 60min 0.60±0.11 0.303 0.92±0.24 0.762 1.01±0.31 0.930 0.013 0.584 0.0006

20min/ 90min 0.63±0.12 0.666 0.90±0.23 0.987 1.01±0.23 0.944 0.041 0.484 0.0016

40min/ 120min 0.61±0.08 0.849 0.90±0.20 0.989 1.09±0.33 0.195 0.025 0.137 <0.0001

60min/ 150min 0.62±0.11 0.810 0.88±0.25 0.999 0.99±0.47 0.999 0.042 0.541 0.002

End of OP 0.62±0.12 0.968 0.79±0.23 0.521 1.09±0.29 0.081 0.265 0.007 <0.0001

6h post 0.57±0.06 0.999 0.68±0.19 0.060 1.05±0.30 0.705 0.577 0.0005 <0.0001

12h post 0.58±0.08 0.999 0.65±0.20 0.029 0.91±0.23 0.991 0.776 0.021 0.006

24h post 0.59±0.07 0.999 0.64±0.17 0.013 0.92±0.25 0.999 0.868 0.012 0.006

2-months 0.77±0.13 0.005 0.80±0.13 0.955 - 0.999 - -

vWF:Ac/vWF:Ag: Von Willebrand Factor activity/ von Willebrand antigen ratio; For further abbreviation please refer to Table 3.

doi:10.1371/journal.pone.0171029.t005
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Fig 2. Time course of vWF:Ag, vWF:Ac and vWF:ratio in HMII, HVAD and CABG group. a) Time course

of vWF:Ag, b) Time course of vWF:Ac, c) Time course of vWF:ratio. 1: Comparable time-points were chosen

for the CABG control group, for more details please refer to Tables 3–5; Symbols: * indicates significance

within group compared to baseline value; # indicates significant differences within groups compared to

2-month postop value (Black: HMII group, Red: HVAD group); + indicates significant differences between

HMII and CABG; Areas: significant difference as compared to CABG (blue: both CF-LVAD groups; red: HVAD

vs. both CABG and HM II). 2 months values were measured with ELISA as indicated by the dotted line; For

further abbreviation please refer to Tables 3–5.

doi:10.1371/journal.pone.0171029.g002
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HMII vs. HVAD. The vWF:Ag did not differ significantly at any measured time point

between the two groups HVAD and HMII. The vWF:Ac was significantly lower in HVAD

group compared to the HMII group only at time point VAD-start (HVAD vs. HMII: 153.1

±22.6% vs. 195.7±31.9%, p = 0.016), despite that the vWF:Ac did not differ significantly

between the two groups at any other time point. Although, the vWF:ratio did differ between

the two groups starting at baseline time point with a ratio significantly lower in the HVAD

group. This significant difference vanished at the end of surgery. Postoperatively, there was no

significant difference in the vWF:ratio between HVAD and HMII group.

HMII vs. CABG. The vWF:Ag levels were significantly higher in the HMII group com-

pared to the CABG group from the baseline until end of surgery. Postoperatively, there was no

significant difference in the vWF:Ag levels between the two groups.

The vWF:Ac levels were also significantly higher in the HMII group from the baseline until

60 min after VAD-start/150 min. after HLM-start. Postoperatively, the vWF:Ac levels of HMII

group were significantly lower than CABG levels. At the baseline and during the operation, the

vWF:ratio did not differ significantly between the two groups. The HMII patients had a signifi-

cantly lower vWF:ratio at end of surgery and at all postoperatively measured time points than

the CABG patients.

HVAD vs. CABG. Patients in the HVAD group had significantly higher vWF:Ag levels

than patients in CABG group from the baseline until end of the surgery. Postoperatively, the

vWF:Ag did not differ between groups significantly. The vWF:Ac level did not differ between

the two groups from baseline to end of surgery, despite HLM+30 time-point, when vWF:Ac

level was significantly lower in the CABG group. Postoperatively, the vWF:Ac levels were sig-

nificantly higher in the CABG group compared to the HVAD group. The vWF:ratio was sig-

nificantly lower in the HVAD group in all measured time points.

Bleeding events and blood transfusion products

The data for bleeding events and blood transfusion products are presented in Table 2. The

bleeding events per patient-years did not differ between the two groups HVAD and HMII

(HMII vs. HVAD: 0.67 vs. 0.85, p = 0.685). Early bleeding events occurred at a median of 6±5

POD. 4 patients of each group had an early bleeding event: 1 patient in the HMII group and 3

patients in the HVAD group had pericardial tamponade; 3 patients in the HMII group and 1

patient in the HVAD had hemothorax, all patients were re-operated (Table 2). Also, late bleed-

ing events per patient-years did not differ between the CF-LVAD groups (HMII vs. HVAD:

0.09 vs. 0.28, p = 0.785). One patient in the HMII group had two episodes of GI bleeding at 78

and 100 POD; the same patient had epistaxis requiring intervention and the transfusion of

packed red blood cells (PRBC) at 123 POD. Two patients in the HVAD group had three epi-

sodes of GI bleeding, at 53, 71 and 83 POD.

During the CF-LVAD implantation, the need of PRBCs and platelet concentrates (PCs)

transfusion did not differ between the two groups HVAD and HMII. Patients receiving HMII

required significantly more fresh frozen plasma (FFPs) transfusions during surgery than

HVAD patients. HMII patients required significantly more PRBCs, FFPs and PCs transfusion

during surgery compared to CABG group (HMII vs. CABG: 2.9±1.7 vs. 1.4±1.5, p = 0.028 and

3.2±1.8 vs. 0.7±2.3, p = 0.007 and 1.7±1.2 vs. 0.4±0.6, p = 0.013).

The need of postoperative blood products transfusion did not differ between the two

CF-LVADs groups HVAD and HMII. Both CF-LVADs groups had significantly more postop-

erative PRBCs and FFPs transfusions than CABG patients (HVAD vs. CABG: 4.7±4.5 vs. 0.6

±0.9,p = 0.004 and 1.7±3.9 vs. 0.0; HMII vs. CABG: 4.3±4.0 vs. 0.6±0.9, p = 0.003 and 1.5±1.9

vs. 0.0).
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After performing Pearson’s correlation test, we could not detect any linear correlation

between the vWF:ratio and the need of blood products transfusion, at any measured time

point neither during surgery nor postoperative.

We could detect a correlation between vWF:ratio < 0.7 and the incidence of pericardial

tamponade at time point VAD-start (r = -0.583, p = 0.007) and a correlation between vWF:

ratio <0.7 with pericardial tamponade at the end of surgery (r = -0.461, p = 0.035) (Fig 3).

Discussion

Tiede et al. [15] showed that the combined interpretation of vWF:Ag, vWF:Ac and vWF:Rco/

vWF:Ag = vWF:Ac/vWF:Ag increases the sensitivity of AvWS diagnosis to a maximum of

86%. Additionally, the vWF multimer analysis is still an important diagnostic method in

detecting AvWS [15, 16], especially for the detection of structural abnormalities [17]. In a pre-

vious study, we demonstrated a very strong correlation between the selected method to mea-

sure vWF:Ac, vWF:Ag and its ratio with the loss of HMWM detected by electrophoresis and

western blot [11]. These findings are in agreement with other clinical AvWS studies: A study

by Vincentelli et al. [18] analyzed AvWS in patients with moderate or severe aortic stenosis,

and they found a good correlation between vWF:RCo/vWF:Ag with the loss of HMWM only

in patients with severe aortic stenosis, while patients with moderate aortic stenosis still had a

ratio above 0.7 while loss of HMWM still could be detected via multimer analysis. According

to our results from the previous in-vitro study and to the findings from Vincentelli et al. and

Tiede [11, 15, 18] findings, multimer analyses are highly sensitive for predicting of vWS even

when only slight changes in VWF are presented, but for patients with moderate to severe deg-

radation of vWF, the vWF:RCo/vWF:Ag or vWF:AC/vWF:Ag correlated well with the loss of

HMWM, which applies to the patients with high risk for bleeding. In our study, we now used

this knowledge to detect the perioperative onset of AvWS with the limitation, that little devel-

oped AvWS might not reliably be detected.

In the last years, the loss of HMWM of vWF after CF-LVAD implantation has gained large

attention as a presumable cause for bleeding after CF-LVAD implantation, very similar to

Heyde syndrome described in patients with severe aortic stenosis [19]. High shear stress

changes the three-dimensional structure and enhances proteolysis of the vWF by ADAMTS-

Fig 3. Correlation between vWF:ratio, postoperative pericardial tamponade and blood product transfusion. a) Demonstrates

no correlation between vWF:ratio at end of surgery and the need of RPBC transfusion, b) Demonstrates the correlation between

vWF:ratio at LVAD start and at end of surgery with the incidence of postoperative pericardial tamponade. LVAD: left ventricular assist

device, PRBC: packed red blood cell.

doi:10.1371/journal.pone.0171029.g003
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13 [4, 20]. The loss of HMWM of vWF leads to the loss of the ability to bridge the binding of

platelets to collagen resulting in disturbed hemostasis.

Geisen et al. [21] first reported loss of HMWM of vWF in patients supported with

CF-LVADs (HMII) and pulsatile VADs despite comparable vWF:Ag values to heart transplan-

tation (HTX) recipients. Many previous studies [7–10] demonstrated the onset of AvWS in

CF-LVADs in the early postoperative period, yet the earliest time window monitored was 24

hours after surgery by Malehsa et al. [10].

In our study, we proved that the onset of AvWS is either a very early postoperative phenom-

enon that occurs immediately at the end of surgery or is already present before surgery. In

addition, our results show that at the end of surgery the vWF:Ac/vWF:Ag ratio was signifi-

cantly lower in both CF-LVAD groups compared to the control group. In accordance with

Meyer et al. [22], we could not detect any significant differences in the postoperative vWF pro-

file while comparing an axial pump (HMII) to a centrifugal pump (HVAD). Although, there

were perioperative differences between both pump types with regards to AvWS development,

which are most likely due to significant differences in patients’ baseline vWF:ratios. It seems

like a patient’s already diminished preoperative vWF:ratio could not be diminished further by

LVAD. The important finding that a subgroup of end-stage heart failure patients already had a

very low preoperative vWF:Ac/vWF:Ag ratio<0.7, indicating the onset of AvWS even before

CF-LVAD implantation, confirms the divers results of other groups: Heilmann et al. [8] and

Crow et al. [23] could also identify AvWS in some LVAD patients prior to surgery. There are

several studies and reviews examining the pathophysiology of AvWS: Michiels et al. [24] gives

a good review about vWF for congenital and acquired vWS, including aortic stenosis, cancer

or autoimmune pathologies. Furthermore, strong correlations between vWF levels and Helico-
bacter pylori, C-reactive protein (CRP) and age [22, 25] were reported in literature. We exam-

ined these parameters in our patient cohort with the following results: None of these patients

had a severe aortic stenosis or other pathological findings, which could explain the low vWF:

Ac/vWF:Ag ratio preoperatively. Helicobacter pylori were not analyzed preoperatively in any

patient. All patients had normal CRP values preoperatively; otherwise the surgery was post-

poned until normalized CRP values were presented. However, the subgroup of patients who

had a low vWF:Ac/vWF:Ag ratio were older compared to the rest of patients, who underwent

CF-LVAD implantation.

In our study, both CF-LVADs groups presented with supra-normal baseline vWF:Ag, sig-

nificantly different to our control group. We believe this is due to the severity of heart failure

of these kind of patients (LVAD candidates, NYHA III-IV) and which is in accordance with

results of Chin et al. [26] showing abnormal high vWF:Ag levels in patients with decompen-

sated (NYHA III-IV) and acute heart failure compared to control group.

Control patients who underwent routine CABG surgery experienced a drop in both levels

of vWF:Ag and vWF:Ac during surgery, which might be due to dilution effects of HLM, but

recovered immediately after surgery to reach supernormal values compared to the baseline,

possibly due to an HLM-associated acute phase reaction. This immediate recovery of both

vWF:Ag and vWF:Ac is possibly due to increased endothelial and thrombocyte-derived release

of vWF, an acute-phase response of vWF as described by Lippi et al. and Pottinger et al. [27,

28], as well as due to postoperative diuretic effects. We could not detect an AvWS generating

effect of the HLM on the vWF profile.

Bleeding events and blood transfusion

In our study, early bleeding events (hemothorax and pericardial tamponade) with required re-

exploration, occurred in 50% of HVAD patients and in 33.3% of HMII patients. Our findings
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about the incidence of early bleeding events in CF-LVAD patients are consistent, although

higher, with results from various groups: Genovese et al. [29] found an incidence of 25% of re-

operation due to early bleeding in 195 HMII patients. John et al. [30] observed early bleeding

and re-exploration in 16% of HMII patients. Slaughter et al. and Aaronson et al. [31, 32] found

early bleeding and re-operation in only 14.8% and 14.3% respectively of HVAD patients. Our

finding about the incidence of GI bleeding during the monitored period in both groups

HVAD (25%) and HMII (8.3%) are in accordance with many previous studies [2, 31–34]. We

could not detect any significant difference in any bleeding rates between the two groups

HVAD and HMII; these findings are consistent with Stulak et al. [35].

In accordance with Goda et al. [7], we could not detect linear correlation between vWF lev-

els with the amount of blood products being transfused peri- and postoperatively. Also in

accordance with Goda et al. and Meyer et al. [7, 22], we found no correlation between low

postoperative vWF:ratio and incidence of postoperative pericardial tamponade with required

re-operation. But we found a correlation between the vWF:ratio < 0.6 at early perioperative

time points (VAD-start and end of surgery) with the incidence of postoperative pericardial

tamponade with required re-operation.

Perspectives

INNOVANCE1 Ac kit is a fast and easy to use method for screening of AvWS in heart failure

patients undergoing cardiac surgery. Identifying patients with AvWS before surgery will give

surgeons the opportunity to act early and start with prophylactic procedures to avoid bleeding

events, such as administration of Desmopressin (1-desamino-8-D-arginine vasopressin) [36,

37] or vWF concentrate replacement with Haemate-P1 for surgeries and bleeding events [38,

39].

Limitations of the study

Our data suffers the usual shortcomings of a small-cohort single-center non-randomized

study. A higher patient number enrolled in a multicenter trial would be preferable. Lack of

randomization might potentially lead to selection bias. In this study, the selection of whether

patients were to receive HMII or HVAD was made by the cardiac-surgeon team independently

of this study protocol. Although HVAD and HMII cohorts only differed in age and BMI,

patients receiving an HVAD had a significant lower preoperative vWF:ratio indicating preop-

erative AvWS. Neither the surgeon nor the study team had had information about the baseline

vWF profile before or during surgery. But this fact may limit generalizability of the results.

Another limitation of this study is the absence of a continuous perioperative vWF multimer

analysis as a still used standard. The vWF multimer analysis is a costly and time-consuming

analysis, which makes it an unsuitable method to be clinically used for perioperative screening.

As different groups already demonstrated a correlation between the selected method of mea-

suring vWF:ratio to the vWF multimer analysis in previous studies [15, 17, 18](see discussion

section), we did not further follow this method, accepting that little developed AvWS may not

be detected.

Conclusion

As a leadoff group, we investigated perioperative vWF profiles in LVAD patients in frequent

intervals prior to and during the surgery as well as in the postoperative time frame. We com-

pared vWF profiles and bleeding events in two CF-LVAD cohorts (HVAD, HMII) and

patients undergoing CABG procedure, acting as a control group. We could find no incidence

of AvWS amongst the control group over the investigated timeframe. The presumably dilutive
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effect of the heart lung machine on vWF:Ag level vanishes immediately at the end of surgery,

possibly as part of an acute-phase response. In our LVAD cohorts, we found a subgroup of

patients, who already suffered preoperative AvWS. In this patient cohort we could show, that

the preoperative diminished vWF was not diminished even more by CF-LVAD implant. In

the CF-LVAD group without preoperative AvWS the onset of AvWS begins immediately after

the end of surgery, at this time there was no more difference between LVAD cohorts. A vWF:

ratio < 0.7 at VAD start or end of surgery was found to be a risk factor in LVAD patients cor-

relating to higher incidences of pericardial tamponade and re-operation. Our results show that

there are still open questions to address with regard to LVAD-related AvWS since we think

that vWF contributes to the complex puzzle of bleeding and thrombosis complications in

LVAD patients.

Supporting information

S1 File. Include all dataset of pre-, peri- and postoperative information.

(XLSX)

S2 File. All vWF:Ag measurments.

(CSV)

S3 File. All vWF:Ac measurmnets.

(CSV)

S4 File. All vWF:ratio measurments.

(CSV)

Acknowledgments

We thank Thomas Berg, MS, Department of Thoracic and Cardiovascular Surgery, RWTH

University Hospital Aachen, for his organization of the blood sample collecting, transportation

and storage, and Niklas Steuer and Mario Klein, Department of Cardiovascular Engineering,

Institute of Applied Medical Engineering, RWTH Aachen, Germany, for the blood sample

measurements.

Author Contributions

Conceptualization: CF RZ AM.

Data curation: AG AM.

Formal analysis: AG RZ LT.

Funding acquisition: CF AG.

Investigation: CF RZ AA EW LT JM.

Methodology: CF US TSR.

Project administration: CF AM.

Resources: US TSR RA.

Supervision: US RA AM.

Validation: EW LT JM.

Writing – original draft: CF RZ.

Perioperative onset of acquired von Willebrand syndrome

PLOS ONE | DOI:10.1371/journal.pone.0171029 February 24, 2017 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171029.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171029.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171029.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171029.s004


References
1. Slaughter MS, Rogers JG, Milano CA, Russell SD, Conte JV, Feldman D, et al. Advanced heart failure

treated with continuous-flow left ventricular assist device. N Engl J Med. 2009; 361(23):2241–51. doi:

10.1056/NEJMoa0909938 PMID: 19920051

2. McIlvennan CK, Magid KH, Ambardekar AV, Thompson JS, Matlock DD, Allen LA. Clinical outcomes

after continuous-flow left ventricular assist device: a systematic review. Circulation Heart failure. 2014;

7(6):1003–13. Epub 2014/10/09. doi: 10.1161/CIRCHEARTFAILURE.114.001391 PMID: 25294625

3. Harvey L, Holley CT, John R. Gastrointestinal bleed after left ventricular assist device implantation: inci-

dence, management, and prevention. Annals of Cardiothoracic Surgery. 2014; 3(5):475–9. doi: 10.

3978/j.issn.2225-319X.2014.08.19 PMID: 25452907

4. Baldauf C, Schneppenheim R, Stacklies W, Obser T, Pieconka A, Schneppenheim S, et al. Shear-

induced unfolding activates von Willebrand factor A2 domain for proteolysis. J Thromb Haemost. 2009;

7(12):2096–105. doi: 10.1111/j.1538-7836.2009.03640.x PMID: 19817991

5. Uriel N, Pak S-W, Jorde UP, Jude B, Susen S, Vincentelli A, et al. Acquired von Willebrand Syndrome

After Continuous-Flow Mechanical Device Support Contributes to a High Prevalence of Bleeding During

Long-Term Support and at the Time of Transplantation. Journal of the American College of Cardiology.

2010; 56(15):1207–13. http://dx.doi.org/10.1016/j.jacc.2010.05.016. doi: 10.1016/j.jacc.2010.05.016

PMID: 20598466

6. Slaughter MS. Hematologic effects of continuous flow left ventricular assist devices. J Cardiovasc

Transl Res. 2010; 3(6):618–24. doi: 10.1007/s12265-010-9222-6 PMID: 20835786

7. Goda M, Jacobs S, Rega F, Peerlinck K, Jacquemin M, Droogne W, et al. Time course of acquired von

Willebrand disease associated with two types of continuous-flow left ventricular assist devices: Heart-

Mate II and CircuLite Synergy Pocket Micro-pump. J Heart Lung Transplant. 2013; 32(5):539–45. Epub

2013/04/11. doi: 10.1016/j.healun.2013.02.006 PMID: 23570742

8. Heilmann C, Geisen U, Beyersdorf F, Nakamura L, Trummer G, Berchtold-Herz M, et al. Acquired Von

Willebrand syndrome is an early-onset problem in ventricular assist device patients. European journal

of cardio-thoracic surgery: official journal of the European Association for Cardio-thoracic Surgery.

2011; 40(6):1328–33; discussion 233. Epub 2011/04/26.

9. Klovaite J, Gustafsson F, Mortensen SA, Sander K, Nielsen LB. Severely impaired von Willebrand fac-

tor-dependent platelet aggregation in patients with a continuous-flow left ventricular assist device

(HeartMate II). J Am Coll Cardiol. 2009; 53(23):2162–7. doi: 10.1016/j.jacc.2009.02.048 PMID:

19497443

10. Malehsa D, Meyer AL, Bara C, Struber M. Acquired von Willebrand syndrome after exchange of the

HeartMate XVE to the HeartMate II ventricular assist device. European journal of cardio-thoracic sur-

gery: official journal of the European Association for Cardio-thoracic Surgery. 2009; 35(6):1091–3.

Epub 2009/03/24.

11. Egger C, Maas J, Hufen T, Schmitz-Rode T, Steinseifer U. Establishing a method for in vitro investiga-

tion of mechanical parameters causing acquired von Willebrand syndrome in ventricular assist devices.

Artif Organs. 2013; 37(9):833–9. doi: 10.1111/aor.12116 PMID: 23834027

12. Graf L, Moffat KA, Carlino SA, Chan AK, Iorio A, Giulivi A, et al. Evaluation of an automated method for

measuring von Willebrand factor activity in clinical samples without ristocetin. International journal of

laboratory hematology. 2014; 36(3):341–51. Epub 2014/04/23. doi: 10.1111/ijlh.12218 PMID:

24750681

13. Geisen U, Zieger B, Nakamura L, Weis A, Heinz J, Michiels JJ, et al. Comparison of Von Willebrand fac-

tor (VWF) activity VWF:Ac with VWF ristocetin cofactor activity VWF:RCo. Thrombosis research. 2014;

134(2):246–50. Epub 2014/06/04. doi: 10.1016/j.thromres.2014.04.033 PMID: 24891215

14. Lawrie AS, Stufano F, Canciani MT, Mackie IJ, Machin SJ, Peyvandi F. A comparative evaluation of a

new automated assay for von Willebrand factor activity. Haemophilia: the official journal of the World

Federation of Hemophilia. 2013; 19(2):338–42. Epub 2012/12/05.

15. Tiede A, Priesack J, Werwitzke S, Bohlmann K, Oortwijn B, Lenting P, et al. Diagnostic workup of

patients with acquired von Willebrand syndrome: a retrospective single-centre cohort study. J Thromb

Haemost. 2008; 6(4):569–76. Epub 2008/01/23. doi: 10.1111/j.1538-7836.2008.02909.x PMID:

18208537

16. Federici AB, Budde U, Castaman G, Rand JH, Tiede A. Current diagnostic and therapeutic approaches

to patients with acquired von Willebrand syndrome: a 2013 update. Semin Thromb Hemost. 2013; 39

(2):191–201. doi: 10.1055/s-0033-1334867 PMID: 23397553

17. Tiede A. Diagnosis and treatment of acquired von Willebrand syndrome. Thrombosis research. 2012;

130 Suppl 2:S2–6. Epub 2013/03/06.

Perioperative onset of acquired von Willebrand syndrome

PLOS ONE | DOI:10.1371/journal.pone.0171029 February 24, 2017 15 / 17

http://dx.doi.org/10.1056/NEJMoa0909938
http://www.ncbi.nlm.nih.gov/pubmed/19920051
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001391
http://www.ncbi.nlm.nih.gov/pubmed/25294625
http://dx.doi.org/10.3978/j.issn.2225-319X.2014.08.19
http://dx.doi.org/10.3978/j.issn.2225-319X.2014.08.19
http://www.ncbi.nlm.nih.gov/pubmed/25452907
http://dx.doi.org/10.1111/j.1538-7836.2009.03640.x
http://www.ncbi.nlm.nih.gov/pubmed/19817991
http://dx.doi.org/10.1016/j.jacc.2010.05.016
http://dx.doi.org/10.1016/j.jacc.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20598466
http://dx.doi.org/10.1007/s12265-010-9222-6
http://www.ncbi.nlm.nih.gov/pubmed/20835786
http://dx.doi.org/10.1016/j.healun.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23570742
http://dx.doi.org/10.1016/j.jacc.2009.02.048
http://www.ncbi.nlm.nih.gov/pubmed/19497443
http://dx.doi.org/10.1111/aor.12116
http://www.ncbi.nlm.nih.gov/pubmed/23834027
http://dx.doi.org/10.1111/ijlh.12218
http://www.ncbi.nlm.nih.gov/pubmed/24750681
http://dx.doi.org/10.1016/j.thromres.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24891215
http://dx.doi.org/10.1111/j.1538-7836.2008.02909.x
http://www.ncbi.nlm.nih.gov/pubmed/18208537
http://dx.doi.org/10.1055/s-0033-1334867
http://www.ncbi.nlm.nih.gov/pubmed/23397553


18. Vincentelli A, Susen S, Le Tourneau T, Six I, Fabre O, Juthier F, et al. Acquired von Willebrand syn-

drome in aortic stenosis. N Engl J Med. 2003; 349(4):343–9. Epub 2003/07/25. doi: 10.1056/

NEJMoa022831 PMID: 12878741

19. Heyde E. Gastrointestinal bleeding in aortic stenosis. N Engl J Med 1958; 259(196).

20. Siedlecki CA, Lestini BJ, Kottke-Marchant KK, Eppell SJ, Wilson DL, Marchant RE. Shear-dependent

changes in the three-dimensional structure of human von Willebrand factor. Blood. 1996; 88(8):2939–

50. PMID: 8874190

21. Geisen U, Heilmann C, Beyersdorf F, Benk C, Berchtold-Herz M, Schlensak C, et al. Non-surgical

bleeding in patients with ventricular assist devices could be explained by acquired von Willebrand dis-

ease. European journal of cardio-thoracic surgery: official journal of the European Association for Car-

dio-thoracic Surgery. 2008; 33(4):679–84. Epub 2008/02/20.

22. Meyer AL, Malehsa D, Budde U, Bara C, Haverich A, Strueber M. Acquired von Willebrand syndrome in

patients with a centrifugal or axial continuous flow left ventricular assist device. JACC Heart failure.

2014; 2(2):141–5. Epub 2014/04/12. doi: 10.1016/j.jchf.2013.10.008 PMID: 24720921

23. Crow S, Chen D, Milano C, Thomas W, Joyce L, Piacentino V 3rd, et al. Acquired von Willebrand syn-

drome in continuous-flow ventricular assist device recipients. Ann Thorac Surg. 2010; 90(4):1263–9;

discussion 9. Epub 2010/09/28. doi: 10.1016/j.athoracsur.2010.04.099 PMID: 20868825

24. Michiels JJ, Berneman Z, Gadisseur A, van der Planken M, Schroyens W, van de Velde A, et al. Classi-

fication and characterization of hereditary types 2A, 2B, 2C, 2D, 2E, 2M, 2N, and 2U (unclassifiable)

von Willebrand disease. Clinical and applied thrombosis/hemostasis: official journal of the International

Academy of Clinical and Applied Thrombosis/Hemostasis. 2006; 12(4):397–420. Epub 2006/09/27.

25. Whincup PH, Danesh J, Walker M, Lennon L, Thomson A, Appleby P, et al. von Willebrand factor and

coronary heart disease: prospective study and meta-analysis. Eur Heart J. 2002; 23(22):1764–70.

Epub 2002/11/07. PMID: 12419296

26. Chin BS, Conway DS, Chung NA, Blann AD, Gibbs CR, Lip GY. Interleukin-6, tissue factor and von Will-

ebrand factor in acute decompensated heart failure: relationship to treatment and prognosis. Blood

coagulation & fibrinolysis: an international journal in haemostasis and thrombosis. 2003; 14(6):515–21.

Epub 2003/09/10.

27. Lippi G, Franchini M, Targher G, Poli G, Guidi GC. The significance of evaluating conventional inflam-

matory markers in Von Willebrand factor measurement. Clinica chimica acta; international journal of

clinical chemistry. 2007; 381(2):167–70. Epub 2007/04/17. doi: 10.1016/j.cca.2007.03.007 PMID:

17433810

28. Pottinger BE, Read RC, Paleolog EM, Higgins PG, Pearson JD. von Willebrand factor is an acute

phase reactant in man. Thrombosis research. 1989; 53(4):387–94. Epub 1989/02/15. PMID: 2467404

29. Genovese EA, Dew MA, Teuteberg JJ, Simon MA, Kay J, Siegenthaler MP, et al. Incidence and pat-

terns of adverse event onset during the first 60 days after ventricular assist device implantation. Ann

Thorac Surg. 2009; 88(4):1162–70. Epub 2009/09/22. doi: 10.1016/j.athoracsur.2009.06.028 PMID:

19766801

30. John R, Kamdar F, Liao K, Colvin-Adams M, Boyle A, Joyce L. Improved survival and decreasing inci-

dence of adverse events with the HeartMate II left ventricular assist device as bridge-to-transplant ther-

apy. Ann Thorac Surg. 2008; 86(4):1227–34; discussion 34–5. doi: 10.1016/j.athoracsur.2008.06.030

PMID: 18805167

31. Slaughter MS, Pagani FD, McGee EC, Birks EJ, Cotts WG, Gregoric I, et al. HeartWare ventricular

assist system for bridge to transplant: combined results of the bridge to transplant and continued access

protocol trial. J Heart Lung Transplant. 2013; 32(7):675–83. Epub 2013/06/26. doi: 10.1016/j.healun.

2013.04.004 PMID: 23796152

32. Aaronson KD, Slaughter MS, Miller LW, McGee EC, Cotts WG, Acker MA, et al. Use of an Intrapericar-

dial, Continuous-Flow, Centrifugal Pump in Patients Awaiting Heart Transplantation. Circulation. 2012;

125(25):3191–200. doi: 10.1161/CIRCULATIONAHA.111.058412 PMID: 22619284

33. Starling RC, Naka Y, Boyle AJ, Gonzalez-Stawinski G, John R, Jorde U, et al. Results of the post-U.S.

Food and Drug Administration-approval study with a continuous flow left ventricular assist device as a

bridge to heart transplantation: a prospective study using the INTERMACS (Interagency Registry for

Mechanically Assisted Circulatory Support). J Am Coll Cardiol. 2011; 57(19):1890–8. Epub 2011/05/07.

doi: 10.1016/j.jacc.2010.10.062 PMID: 21545946

34. Lahpor J, Khaghani A, Hetzer R, Pavie A, Friedrich I, Sander K, et al. European results with a continu-

ous-flow ventricular assist device for advanced heart-failure patients. European Journal of Cardio-Tho-

racic Surgery. 2010; 37(2):357–61. doi: 10.1016/j.ejcts.2009.05.043 PMID: 19616963

35. Stulak JM, Davis ME, Haglund N, Dunlay S, Cowger J, Shah P, et al. Adverse events in contemporary

continuous-flow left ventricular assist devices: A multi-institutional comparison shows significant

Perioperative onset of acquired von Willebrand syndrome

PLOS ONE | DOI:10.1371/journal.pone.0171029 February 24, 2017 16 / 17

http://dx.doi.org/10.1056/NEJMoa022831
http://dx.doi.org/10.1056/NEJMoa022831
http://www.ncbi.nlm.nih.gov/pubmed/12878741
http://www.ncbi.nlm.nih.gov/pubmed/8874190
http://dx.doi.org/10.1016/j.jchf.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24720921
http://dx.doi.org/10.1016/j.athoracsur.2010.04.099
http://www.ncbi.nlm.nih.gov/pubmed/20868825
http://www.ncbi.nlm.nih.gov/pubmed/12419296
http://dx.doi.org/10.1016/j.cca.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17433810
http://www.ncbi.nlm.nih.gov/pubmed/2467404
http://dx.doi.org/10.1016/j.athoracsur.2009.06.028
http://www.ncbi.nlm.nih.gov/pubmed/19766801
http://dx.doi.org/10.1016/j.athoracsur.2008.06.030
http://www.ncbi.nlm.nih.gov/pubmed/18805167
http://dx.doi.org/10.1016/j.healun.2013.04.004
http://dx.doi.org/10.1016/j.healun.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23796152
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.058412
http://www.ncbi.nlm.nih.gov/pubmed/22619284
http://dx.doi.org/10.1016/j.jacc.2010.10.062
http://www.ncbi.nlm.nih.gov/pubmed/21545946
http://dx.doi.org/10.1016/j.ejcts.2009.05.043
http://www.ncbi.nlm.nih.gov/pubmed/19616963


differences. J Thorac Cardiovasc Surg. 2016; 151(1):177–89. Epub 2015/11/08. doi: 10.1016/j.jtcvs.

2015.09.100 PMID: 26545967

36. Federici AB, Mazurier C, Berntorp E, Lee CA, Scharrer I, Goudemand J, et al. Biologic response to des-

mopressin in patients with severe type 1 and type 2 von Willebrand disease: results of a multicenter

European study. Blood. 2004; 103(6):2032–8. Epub 2003/11/25. doi: 10.1182/blood-2003-06-2072

PMID: 14630825

37. Mannucci PM, Ruggeri ZM, Pareti FI, Capitanio A. 1-Deamino-8-d-arginine vasopressin: a new pharma-

cological approach to the management of haemophilia and von Willebrands’ diseases. Lancet (London,

England). 1977; 1(8017):869–72. Epub 1977/04/23.

38. Michiels JJ, Berneman ZN, van der Planken M, Schroyens W, Budde U, van Vliet HH. Bleeding prophy-

laxis for major surgery in patients with type 2 von Willebrand disease with an intermediate purity factor

VIII-von Willebrand factor concentrate (Haemate-P). Blood coagulation & fibrinolysis: an international

journal in haemostasis and thrombosis. 2004; 15(4):323–30. Epub 2004/05/29.

39. Gill JC, Ewenstein BM, Thompson AR, Mueller-Velten G, Schwartz BA. Successful treatment of urgent

bleeding in von Willebrand disease with factor VIII/VWF concentrate (Humate-P): use of the ristocetin

cofactor assay (VWF:RCo) to measure potency and to guide therapy. Haemophilia: the official journal

of the World Federation of Hemophilia. 2003; 9(6):688–95. Epub 2004/01/31.

Perioperative onset of acquired von Willebrand syndrome

PLOS ONE | DOI:10.1371/journal.pone.0171029 February 24, 2017 17 / 17

http://dx.doi.org/10.1016/j.jtcvs.2015.09.100
http://dx.doi.org/10.1016/j.jtcvs.2015.09.100
http://www.ncbi.nlm.nih.gov/pubmed/26545967
http://dx.doi.org/10.1182/blood-2003-06-2072
http://www.ncbi.nlm.nih.gov/pubmed/14630825

