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Abstract

We correlated von Willebrand factor activity indices and brain natriuretic peptide (BNP) with
measures of aortic stenosis (AS) severity, bleeding, symptoms, and freedom from death or aortic
valve replacement. Patients with AS (n=66 [16 mild, 20 moderate, 30 severe]) and aortic valve
replacement (n=21) were assessed with VWF antigen (VWF:Ag), VWF latex agglutination
immunoturbidic activity (VWF:Ltx), platelet function analyzer collagen plus adenosine
diphosphate (PFA-CADP), VWF multimer ratio (VWF:mult ratio), and BNP level after
echocardiography. In AS patients, mean gradient correlated with BNP (Spearman r=0.29, P=.02),
VWF:Ltx/VWF:Ag (r=-0.41, P<.001), PFA-CADP (r=0.49, P<.001), and VWF:mult ratio (r=—
0.76, P<.001). The area under the curve (95% CI) for detection of severe AS was 0.62 (0.48-0.77)
by elevated BNP, 0.81 (0.69-0.92) by PFA-CADP closure time, 0.69 (0.55-0.82) by VWF:Ltx/
VWEF:Ag ratio, and 0.86 (0.76-0.95) by VWF:mult ratio. For VWF:mult ratio, a threshold of 0.15
yielded sensitivity and specificity for severe AS of 77% and positive predictive value of 74%.
Bleeding (in 14%) was associated with prolonged PFA-CADP and reduced VWF:Ltx/VWF:Ag.
Symptoms were associated with elevated BNP and low Duke Activity Status Index score. In 66
AS patients, freedom from death (n=4) or aortic valve replacement (n=22) was associated with
PFA-CADP (P=.003), VWF high molecular weight multimers (HMWM) (P=.009), and VWF:Ltx/
VWF:Ag (P<.001), but not BNP (P=.32). In severe AS vs aortic valve replacement, PFA-CADP
and VWF:mult ratio differed (P<.001), but BNP and VWF:Ltx/VWF:Ag did not. In conclusion,
VWEF activity indices are associated with AS severity and bleeding, and predictive of
cardiovascular outcome.
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Introduction

Methods

Decision making in aortic stenosis (AS) is confounded by overlapping moderate and severe
designations (1-3) and uncertainty whether symptoms might be undetected or originate from
other clinical conditions (4-6). Various echocardiographic severity criteria are inconsistent
in assessments of prognosis (7,8). The case for the use of a biomarker that reflects disease
severity, reliably detects progression, and assesses prognosis and response to therapy was
made in a recent comprehensive review of natriuretic peptides by Steadman and colleagues
(9). In light of the strong graded relationship between functional abnormalities of von
Willebrand factor (VWF) and AS gradient in surgical cases (10-14) and in hypertrophic
cardiomyopathy with obstruction (15) and the correction of laboratory VWF functional
abnormalities and clinical bleeding tendency with aortic valve replacement (AVR) (10,16)
or septal myectomy in hypertrophic cardiomyopathy (17), we sought to assess the
performance of VWEF activity indices as biomarkers of AS severity across a broad range of
disease, in patients who had undergone aortic valve replacement, and in comparison with
brain natriuretic peptide (BNP).

Patients referred for echocardiography with AS, peak transvalvular velocity greater than 2.5
m/s, or aortic valve replacement were eligible. Clinical data were collected and a bleeding
questionnaire modified from the consensus conference on the assessment of von Willebrand
disease (18) (Supplemental Table 1) and the Duke Activity Status Index (19) (supplemental
material) were administered prospectively. Exclusion criteria were inadequate images,
hemoglobin less than 8 g/dL, thienopyridine therapy, or severe left heart regurgitant lesions
or mitral stenosis. Outcomes were determined by medical record review and/or contact by
telephone to establish vital status and dates of surgery or death. Written informed consent
was obtained, and the study complied with the Declaration of Helsinki and was approved by
the Mayo Clinic Institutional Review Board.

The echocardiographic assessment of AS followed American Society of Echocardiography
guidelines (20). Wall shear was calculated as 4 times blood viscosity estimated at 0.035
poise, times mean transvalvular blood velocity divided by the radius of the stenosis (10).
Correlations between biomarkers and all usual measures of AS severity and wall shear stress
were calculated, but for associations with bleeding risk, symptoms, and high-molecular-
weight multimer (HMWM) loss, we used mean aortic gradient higher than 40 mm Hg as the
definition of severe AS, 25 to 40 mm Hg as moderate AS, and less than 25 mm Hg as mild
AS.

Citrated plasma was stored frozen until testing, usually after 1 to 3 months. VWF antigen
(VWF:Ag) and VWF latex agglutination immunoturbidic activity (VWF:Ltx), were both
expressed as a percentage of control as previously described (21,22). The primary clinical
interpretation of VWF multimers at our institution is based on visual inspection of a patient's
plasma and control pooled plasma (figure 1) recorded as subjective loss of highest molecular
weight multimers (HMWM) or normal HMWM. This was recorded as a dichotomous
variable. Quantification of VWF multimers, a research tool at our institution, involved
scanning of raw fluorescent intensity of patients” multimer electrophoresis using an Odyssey
Infrared Imager version 2.0 (22), enclosing bands 2-15 containing low molecular weight
multimers and then another adjacent one enclosing intermediate and high molecular weight
mulimers, bands 16-20 (figure 1). The fluorescent intensity of bands16-20 divided by bands
2-15 was designated as VWF:mult ratio, and recorded as a continuous variable.. It was
elected not to include the first band in our calculations due to significant artifact associated
with this band, as can be seen in samples from type 3 von Willebrand disease. Platelet
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function analyzer collagen plus adenosine diphosphate (PFA-CADP) closure time (Siemens
USA) was determined. The reference interval in the laboratory is 57 to 121 seconds.

The BNP immunoenzymatic assay (Biosite) was performed using patients’ fresh serum
samples (Beckman Coulter DXI 800 immunoassay system). Normal values for this assay are
age and sex adjusted (women have considerably higher normal values than men). In general,
values of 200 to 400 ng/L suggested moderate heart failure, and values higher than 400 ng/L
indicated moderate to severe heart failure.

Patients were defined as having nonclinically significant bleeding if they had all negative
questionnaire responses or if they had incidental bruising, epistaxis, or blood in stool but no
clinically relevant events in the history over the past 3 years; received remote surgery-
related transfusion; or were postmenopausal women who reported remote menorrhagia. The
Duke Activity Status Index is a 12-point activity index that yields a raw score and an
estimate of maximum exercise oxygen consumption (19).

Associations of biomarkers with echocardiographic measures of AS severity were estimated
by the Spearman rank correlation coefficient (r) and bootstrapped 95% Cls. Receiver
operating characteristic curves were constructed to explore the diagnostic utility of these
biomarkers for severe AS (defined as a mean gradient higher than 40 mm Hg); area under
the curves and 95% confidence intervals were estimated. Comparison of the areas under the
curve of each VWF biomarker to that of BNP was performed on the basis of methods
proposed by DeLong et al (23). Sensitivity and specificity with exact binomial 95%
confidence intervals were estimated for BNP above the individual's upper limit of normal
value, PFA-CADP closure time longer than 121 seconds, VWF:Ltx/VWF:Ag ratio less than
0.8, and VWF:mult ratio higher than 0.15.

In secondary analysis, Kaplan-Meier curves estimating freedom from death and aortic valve
replacement were constructed on the basis of predetermined cutoff values; age-adjusted
hazard ratios from Cox regression models were estimated. Comparisons between patient
groups were based on the Mann-Whitney test for numerical variables and the Fisher exact
test for categorical variables. Because of the exploratory nature of the analyses, adjustment
for multiple testing was not done. P values less than .05 were considered statistically
significant. Analyses were performed using SAS (version 9.2; SAS Institute Inc) and R
Statistical Software (version 2.14.0; R Foundation for Statistical Computing).

A total of 87 patients had research biomarkers obtained, 32 women and 57 men, 66 with AS
and 21 with aortic valve replacement (11 mechanical, 10 bioprosthetic). In 65 (75%),
biomarkers were obtained within 48 hours of the echocardiogram. One AS patient's plasma
was processed incorrectly for VWF measures, but PFA-CADP and BNP were performed.
Baseline characteristics of the 66 AS patients are summarized in Table 1. Thirty-one patients
(47%) had physician-identified AS-related symptoms. Over a median duration of 11.7
months, 4 AS patients died and 22 underwent aortic valve replacement.

Included as a control group were 21 patients who had prior aortic valve replacement. Their
median age was 81 years (interquartile range, 76-86 years). Compared to the 30 severe AS
patients, aortic valve replacement patients had significantly higher VWF:mult ratio (median,
0.173 vs 0.128; P<.001), had shorter PFA-CADP closure time (median, 92 vs 187 seconds;
P<.001), and were less likely to have a loss of HMWM (10% vs 87%; P<.001). The BNP
level and VWF:Ltx/VWF:Ag ratio were not significantly different between severe AS and
patients with aortic valve replacement (Table 2). Indexed valve areas in valve replacement

AmJ Cardiol. Author manuscript; available in PMC 2014 February 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blackshear et al.

Page 4

patients, not corrected for pressure recovery, suggested the presence of patient prosthesis
mismatch (aortic valve area index <0.65 cm?/m?) in 5/21 patients, one of whom had
VWF:mult ratio < 0.15, and none with loss of HMWM.

Loss of HMWM was detected in 37 of the 65 patients with AS (Table 3), which was highly
associated with severity of AS, as indicated by mean gradient (P<.001), peak aortic velocity
(P<.001), and wall shear stress (P=.001). Those with versus those without HMWM loss had
lower VWF:Ltx/VWF:Ag (median, 0.887 vs 0.956; P=.02) and VWF:mult ratios (median,
0.132 vs 0.171; P<.001). Among patients with VWF:mults interpreted as normal there were
10/ 47 in whom the VWF:multimer ratio was < 0.15, while among those with VWF:mults
interpreted as abnormal, 10 / 39 had VWF:multimer ratio > 0.15. Loss of HMWM was
associated with higher PFA-CADP closure times (median, 151 vs 107 seconds; P=.004) and
Cornell ECG left ventricular hypertrophy scores (median, 2,720 vs 1,665; P=.001). Loss of
HMWM was not associated with clinical symptoms, BNP level, or clinically significant
bleeding.

Spearman rank correlations of biomarkers with mean AS gradient are shown in Table 4. The
VWEF:mult ratio demonstrated the strongest relationship to mean gradient (r=-0.76; 95% ClI,
—0.65 to —0.86; P<.001; Figure 2A). Significant associations with the mean gradient were
demonstrated for BNP (P=.02), PFA-CADP (P<.001), and VWF:Ltx/VWF:Ag (P<.001)
(Figure 2B-D). Similar results were found when examining the correlations between the
plasma biomarkers and other echocardiographic measures of AS.

In the detection of severe AS based on a mean gradient > 40 mm Hg, estimates of the area
under curves (Figure 3; Supplemental Table 2) showed that the PFA-CADP and VWF:mult
ratio were best at detecting severe AS, with areas under curve of 0.81 and 0.86, respectively,
while the areas under curve for VWF:Ltx/VWF:Ag and BNP were 0.69 and 0.62,
respectively. Compared to BNP, the VWF:mult ratio had a significantly higher area under
the curve in the detection of AS (P=.004), while neither PFA-CADP nor VWF:Ltx/VWF:Ag
had a significantly higher area under the curve than BNP in the detection of AS (P=.06 and
P=.45, respectively). In an exploratory analysis of possible cutoff points of VWF:mult ratio
(Supplemental Table 3), a threshold of 0.15 demonstrated 77% sensitivity, 77% specificity,
and 74% positive predictive value for the detection of a mean gradient higher than 40 mm
Hg.

Clinically significant bleeding, noted in 9 of the 66 patients (14%, 7 gastrointestinal
bleeding, 1 transfusion dependent anemia without underlying hematologic disease and
bleeding from trivial wounds, 1 recurrent hemoptysis), was associated with significantly
longer PFA-CADP closure time (median, 219 vs 115 seconds; P=.003) and lower VWF:Ltx/
VWEF:Ag ratio (median, 0.76 vs 0.91; P=.02), and multiple echocardiographic AS severity
parameters (P<.04) and symptoms (P=.01) (Supplemental Table 4).

Compared to patients without symptoms, those with AS-related symptoms had a higher BNP
(median, 208 vs 111 ng/L; P=.03), lower Duke Activity Status Index score (P=.001), and
echocardiographic and Doppler indices of AS severity (P<.005). None of the VWF activity
indices were associated with symptom status (Supplemental Table 5).

Overall survival curves (Figure 4) showed an increased risk of death or aortic valve
replacement with a loss of HMWM (hazard ratio, 3.12; 95% confidence intervals, 1.31-8.65;
P=.009); PFA-CADP closure time longer than 121 seconds (hazard ratio, 4.13; 95%
confidence interval, 1.74-11.37; P=.003); and VWF:Ltx/VWF:Ag ratio less than 0.8 (hazard
ratio, 4.59; 95% confidence interval, 1.94-10.53; P<.001). Elevated BNP was not
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significantly associated with aortic valve replacement or death (hazard ratio, 1.54; 95%
confidence interval, 0.67-3.96; P=.32).

Discussion

Defining symptoms and severity in AS is problematic, given the relatively high risk of
surgical intervention in the elderly (4,5), and resolution of AS severity may require
hemodynamic catheterization, dobutamine infusion, exercise testing, or biomarker
assessment (24). AS severity designation varied between moderate and severe in 40% to
76% of cases in the study by Minners et al (2), depending on whether mean gradient or
indexed aortic valve area was used. Bahlmann et al (3) reclassified 47.5% of severe AS
patients to nonsevere AS after adjustment for pressure recovery. In a recent study, prognosis
for patients with severe AS by valve area but with peak aortic velocity of 4 m/s or less and
mean gradient of <40 mm Hg was not different than moderate AS (7), while elsewhere it
was adverse for patients with low stroke volume (25), creating a quandary for writers of
guideline publications (26). Since HMWM degradation is directly associated with high shear
stress in AS, we tested the performance of VWF indices as AS severity biomarkers.

VWEF:mult ratio, VWF:Ltx/VWF:Ag ratio, and PFA-CADP closure time were significantly
associated with AS severity, as defined by mean gradient and other echocardiographic
indices, more so than was BNP. There were significant differences between severe AS and
prior aortic valve replacement patients in VWF:mult ratio, qualitative VWF HMWM loss
and PFA-CADP, but not with BNP. Qualitative loss of HMWM by visual inspection had
slightly better sensitivity (87%) for detection of severe AS than did VWF:mult ratio (77%),
but the latter method was more precise. The 77% sensitivity figure for VWF:mult ratio is
similar to prior reported surgical series of AS, in which the rates of abnormal quantitative
VWF multimers in severe AS varied from 71% to 80% (10-14). These estimates contrast
with other high shear entities: in hypertrophic cardiomyopathy with obstruction, VWF:mult
ratios were abnormal in 100% of patients (12), and VWF multimer abnormalities are also
universal in patients with nonpulsatile ventricular assist devices (27,28). Platelet function
analyzer test results were abnormal in similar percentages, 80% of our severe AS patients,
compared to 95% of hypertrophic cardiomyopathy patients with obstruction (15). These
differences in shear-related laboratory abnormalities between AS patients and those with
ventricular assist devices and hypertrophic cardiomyopathy patients could be consistent,
with overestimation of AS by echocardiographic techniques in 20% to 30% of patients.

Although it is considered the gold standard for defining and subtyping type Il von
Willebrand disease, determination of VWF HMWM loss by qualitative visual inspection is
not approved by the United States Food and Drug Administration and has a 15% error rate
(29). Quantitative VWF multimer analysis is not standardized but, as previously noted, has
been widely used in a variety of cardiovascular conditions, and pressure gradients have
demonstrated a good correlation with a noncommercial VWF collagen binding activity assay
using 95% equine tendon type | and 5% type 11 collagen (10,15). In commencing the
Biomarkers of Aortic Stenosis Severity study, we contracted with a commercial laboratory,
which performed an in-house VWF collagen binding assay using 100% human placental
type 111 collagen. In evaluation of the first 19 patients enrolled, VWF HMWM abnormalities
were seen in 5 patients, but none of these were detected by VWF collagen binding to VWF
antigen ratios less than 0.7 or 0.8. This test was not further pursued.

Food and Drug Administration-approved and research-only methods widely used in special
coagulation laboratories to give normal versus abnormal results in assessment of possible
congenital von Willebrand disease have not been optimized for the detection of cardiac
lesion—mediated shear-related VWF abnormalities. Furthermore, VWF ristocetin cofactor
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activity is insensitive to loss of HMWM (21), and it and the noncommercial VWF collagen
binding assays have poor accuracy and precision (29). The VWEF latex activity assay we
employed has been shown to have good sensitivity in detecting HMWM loss in left
ventricular assist device recipients (21). As in the ventricular assist device recipients (27,28),
in native AS patients, VWF:Ltx/VWF:Ag was strongly associated with severe AS and AS-
related clinically significant bleeding. However, VWF:Ltx/VWF:Ag, while very specific
(see Table 2), was far less sensitive than HMWM loss for detecting AS-associated acquired
von Willebrand syndrome in all grades of severity, detecting only 9 of 37 subjects with
qualitative HMWM loss.

VWEF multimer visual interpretation is associated with severe AS, but it can also be seen in
mild and moderate AS, has significant operator to operator variation (29), and is not
adequate for quantifying HMWM loss from year to year, as would be desirable in
longitudinal studies. Multimer quantitation, as performed in our study and others (10-15),
appears to overcome this. However, VWF multimer analysis may be impractical on a large
scale because of its significant technical complexity, slow turnaround time, and high cost.

PFA-CADRP closure time was strongly associated with all clinical end points except for AS-
related symptoms. PFA-CADP tests whole blood under high shear and is sensitive to both
platelet and VWEF disorders. However, PFA-CADP testing must be performed on fresh
whole blood, not stored plasma, and is invalid in the presence of hemolysis, anemia with
hemoglobin less than 10 mg/dL, thrombocytopenia, or antiplatelet medications, such as
clopidogrel. In one study, these limitations invalidated PFA-CADP determinations in 29%
of patients (30).

A major finding of our study was that three independent VWF-related indices predicted
death or aortic valve replacement, with hazard ratios from 3.12-4.59, while BNP had a non-
significant hazard ratio of 1.54. Since the VWF indices were less predictive of symptoms
than the DASI score or BNP, their association with lesion severity and not overall clinical
status is the likely explanation for the prognostic value. Elsewhere BNP was found to be
elevated versus controls, was modestly associated with severity of stenosis, and was more
strongly associated with left ventricular mass, symptoms, and outcome (9). The ultimate
clinical utility of these and other biomarkers in serial evaluation of patients and in attempt to
slow disease progression remains to be defined.

Our study has several limitations. We did not record serial observations of VWF activity
indices over time, but the stability over a 24-hour period and directionally appropriate
gradient reductions have been seen with treatment of hypertrophic cardiomyopathy (15,17)
and with aortic valve replacement for AS (10,11). Small sample size prohibited a
multivariate analysis of predictors of bleeding, but the 14% bleeding rate is similar to
previously published estimates of 20% (10) and 17% (13). These are the only 3 published
estimates of bleeding in AS available. Aortic valve replacement patients, while a clinically
relevant comparison group, are not a true control population. Indeed, 2 / 21 AVR patients
had abnormal multimers, and 3 / 21 had VWF:mult ratio < 0.15, similar to the findings of
Vincentelli, et al (10).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Gel electrophoresis of von Willebrand factor in aortic stenosis patients with no, moderate, or
severe loss of high-molecular-weight multimer. The quantitative ratio is the in-gel infrared

intensity of bands higher than 15 to bands 2 through 15.
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Aortic stenosis (AS) severity and biomarkers plotted in 66 AS patients (closed circles) and

21 aortic valve replacement patients (open circles). Cutoff gradient values are dashed lines

for severe AS (>40 mm Hg) and moderate AS (25-40 mm Hg). Blue circles indicate patients
with no loss of high-molecular-weight multimer (HMWM) and red circles indicate HMWM
loss. A, von Willebrand factor multimer (VWF:mult) ratio. B, Platelet function analyzer
collagen plus adenosine diphosphate (PFA-CADP) closure time. C, Ratio of von Willebrand
factor latex agglutination immunoturbidic activity to von Willibrand factor antigen
(VWF:Ltx/VWF:AQ). D, Brain nutriuretic peptide (BNP) level plotted on a base 2 log scale.
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Figure 3.

Receiver operating characteristic curves and areas under the curves for brain natriuretic
peptide (BNP), the ratio of von Willebrand factor latex agglutination immunoturbidic
activity to von Willibrand factor antigen (VWF:Ltx/VWF:Ag), platelet function analyzer
collagen plus adenosine diphosphate (PFA-CADP) closure time, and von Willebrand factor
multimer quantitative ratio (VWF:mult ratio).
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Kaplan-Meier estimates of surgery-free survival. A, von Willebrand factor high-molecular-
weight multimer (HMWM) loss vs normal. B, Platelet function analyzer collagen plus
adenosine diphosphate (PFA-CADP) closure time >121 seconds vs <121 seconds. C, Ratio
of von Willebrand factor latex agglutination immunoturbidic activity to von Willibrand
factor antigen (VWF:Ltx/VWF:Ag) <0.8 vs =0.8. D, Brain natriuretic peptide (BNP) level,

normal vs elevated. HR indicates hazard ratio.
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Table 1

Characteristics of Patients With Native VValve Aortic Stenosis Presenting for Clinically Indicated
Echocardiography

Variable Aortic Stenosis (N=66)
Men 43 (65%)
Age, (years) 79 (70-83)
Hypertension 46 (70%)
Glomerular filtration rate, (mL/min) 60 (58-60)
Documented coronary disease 15 (23%)
Stroke or emboli 8 (12%)
Diabetes mellitus 14 (21%)
Atrial fibrillation 14 (21%)
Heart failure 11 (17%)
Current/prior smoker 43 (65%)
Aspirin use 41 (62%)
Statin use 32 (48%)
Symptoms of aortic stenosis 31 (47%)
Left ventricular hypertrophy(ECG) 22 (33%)
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Comparison of Severe Aortic Stenosis (Mean Gradient>40 mm Hg) and Aortic Valve Replacement

Table 2

Page 14

Variable Severe Aortic Stenosis (n=30) Aortic Valve Replacement P Value
(n=21)

Mean gradient (mm Hg) 51 (45-62) 15 (12-19) <.001
Peak aortic velocity (m/s) 4.50 (4.30-4.93) 2.46 (2.40-2.80) <.001
Brain natriuretic peptide (ng/L) 177 (74-592) 203 (115-369) .84
Elevated brain natriuretic peptide 21 (70%) 17 (81%) .52
Platelet function analyzer adenosine closure time (seconds) 187 (128-223) 92 (82-106) <.001
VWEF latex activity / VWF antigen ratio 0.87 (0.76-0.94) 0.96 (0.86-1.00) .09
VWF:multimer ratio 0.128 (0.110-0.149) 0.173 (0.162-0.185) <.001
Loss of VWF high molecular weight multimers 26 (87%) 2 (10%) <.001
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Variables Associated With Loss of VWF high molecular weight multimers among 66 Aortic Stenosis Patients

High Molecular Weight Multimer

Variable Normal (n=28) L oss (n=37) P Value?
Mean gradient (mm Hg) 26 (19-34) 46 (38-56) <.001
Peak aortic velocity (m/s) 3.3(2.8-3.9) 4.4(3.9-4.8) <.001
Aortic valve area index (cm?/m?2) 0.68 (0.43-0.82) 0.43 (0.37-0.60) .005
Wall shear stress (dynes/cm?) 58 (39-72) 90 (68-108) <.001
Significant bleeding 2 (7%) 7 (19%) .28
Symptoms 12 (43%) 19 (51%) .62
Duke Activity Status Index score 36 (18-51) 35 (19-50) .57
Cornell left ventricular hypertrophy score 1,665 (1,077-2,568) 2,720 (1,950-3,268) .001
Brain natriuretic peptide (ng/L) 150 (67-240) 122 (74-386) .73
Platelet function analyzer collagen ADP closure time (seconds) 107 (83-134) 151 (104-214) .004
VWEF latex activity / VWF antigen ratio 0.956 (0.881-1.052)  0.887 (0.796-0.934) .02
VWEF:multimer ratio 0.171 (0.155-0.186)  0.132 (0.110-0.157) <.001
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