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Summary

Background—Increased von Willebrand factor (VWF) and reduced ADAMTS13 activity are
associated with arterial thrombosis. This may also be the culprit mechanism implicated in delayed
cerebral ischemia after aneurysmal subarachnoid hemorrhage (SAH).

Objective—To determine plasma VWF and ADAMTS13 in patients with SAH and healthy
subjects; and to explore the levels of those markers and outcome after SAH.

Methods—40 consecutive patients were enrolled between September 2007 and April 2014 in a
pilot study. Plasma samples were collected from SAH patients on post-bleed day (PBD) 0, 1, 3, 5,
7 and 10 and healthy controls. VWF antigen (VWFAgQ) and VWF activity (VWFACc) were
determined by enzyme-linked immunoassay and collagen binding assay, respectively. ADAMTS13
activity was determined by the cleavage of a fluorescent substrate. Univariate descriptive statistics
and cluster analyses were performed based on outcomes in the group with SAH only.

Results—Mean age of SAH patients was 52.4 years (26-84 years) and 30 (75%) were women.
12/40 (30%) had a high Hunt and Hess grade (IV-V) and 25 (62.5%) were treated with coil
embolization. Plasma VWFAg and VWFACc were significantly higher in SAH patients than those
in healthy subjects on each PBD (p<0.0001). Concurrently, plasma ADAMTS13 activity in SAH
patients was significantly lower than that in healthy subjects (p<0.0001). Among those with SAH,
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cluster analysis demonstrated that patients with higher VWFAg and VWFAc and/or lower
ADAMTS13 activity might be at risk of increased mortality.

Conclusions—The relative deficiency of plasma ADAMTS13 activity in SAH patients may
associate with worse outcome.

Keywords

Subarachnoid hemorrhage; delayed cerebral ischemia; von Willebrand factor; ADAMTS13;
platelet hypercoagulability; microvascular thrombosis; and brain aneurysm

Introduction

von Willebrand factor (VWEF) is a multimeric protein that plays a critical role in hemostasis.
In plasma, VWF binds and transports clotting factor VIII, helps platelets tether to injured
endothelium, and promotes platelet adhesion and aggregation under flow conditions. Plasma
VWE is primarily synthesized and secreted from vascular endothelial cells and its expression
and release are increased when endothelial cells are activated or injured (1). Therefore,
increased plasma levels of VWF may signify endothelial dysfunction and/or predispose to
thrombosis. Recent studies have demonstrated that an accumulation of circulating ultra large
VWF may be associated with arterial thrombotic disorders including myocardial infarction
(2, 3) and ischemic cerebral stroke (2, 4-6).

ADAMTS13, a plasma metalloprotease, regulates the function of ultra large VWF by
proteolytic cleavage of VWF at its central A2 domain (7). This cleavage results in reduction
in circulating VWF multimer size, thereby reducing its thrombotic potential while retaining
its hemostatic activity. Newly synthesized ultra large VWEF is stored in the Weibel-Palade
bodies of endothelial cells and released upon stimulation by inflammatory cytokines (8, 9).
These ultra large VWF multimers are highly thrombogenic, which can form string-like
structures and recruit platelets to the site of injury (10). Plasma ADAMTS13 is highly
efficient in removing ultra large VWF anchored on endothelial cells and/or during the
thrombus growth (11). The importance of ADAMTS13 and VWF interaction is clearly
demonstrated by the overwhelming burden of spontaneous microvascular thrombi in small
arterioles and capillaries in patients with thrombotic thrombocytopenic purpura (TTP) (12,
13). This is a potentially fatal syndrome caused by severe deficiency (usually less than 10%
of normal) of plasma ADAMTS13 activity, resulting from acquired autoantibodies against
ADAMTS13.

Subarachnoid hemorrhage (SAH) is a devastating neurological condition that affects nearly
30,000 people annually in the United States. Although this subtype comprises only 3-5% of
all strokes, it accounts for up to 25% of stroke-related deaths (14). A major morbidity of
SAH is delayed cerebral ischemia (DCI), which is thought to be due in part to microvascular
and macrovascular thrombosis (15, 16). DCI may be reversible, or it may progress to
cerebral infarction, which is associated with increased mortality and poor functional
outcome (17).
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There is increasing evidence suggesting that the pathophysiology of DCI may be primarily
platelet-mediated. Autopsy studies demonstrate accumulations of platelet thrombi as
opposed to erythrocyte-rich thrombi in parenchymal small vessels after SAH (18). Platelet-
mediated microvascular thrombosis after SAH has been demonstrated in animal models (18,
19). Increased levels of B-thromboglobulin, thromboxane B2, P-selectin, and platelet
activating factor suggest increased platelet activation, possibly initiated by subarachnoid
blood-induced endothelial injury (20). However, the role of the relative deficiency of plasma
ADAMTS13 activity and increased levels of plasma VWF in pathogenesis and outcomes
after SAH has not been investigated. Therefore, the goals of this pilot study are: 1) to
determine the plasma levels of VWF and ADAMTS13 in comparison with those in healthy
subjects and to explore the difference in the levels of those biomarkers and mortality rates
only in patients with SAH; 2) to provide information regarding effect size on outcomes to
aid with sample size calculations in designing future large or multicenter studies.

Forty consecutive patients with moderate-to-severe SAH (defined as Fisher group I11) were
prospectively enrolled in a study of inflammatory biomarkers at the University of
Pennsylvania, Philadelphia, PA, a tertiary care academic hospital. Approval from the
Institutional Review Board (IRB) was obtained. Criteria for inclusion were diffuse thick
subarachnoid clot on admission head computed tomography (CT) (e.g. Fisher group I11),
hospital admission within 24 hours of ictus, and projected intensive care unit (ICU) care of
greater than 24 hours. Patients who received treatment using investigational drugs were
excluded from analysis. Patients with SAH from antecedent head trauma, ischemic or
hemorrhagic stroke, vascular malformation, or other secondary causes were also excluded.

Demographic data, including age and sex as well as clinical and laboratory data were
recorded. Hunt and Hess classifications were determined by the admitting physicians and
based on the clinical examination obtained in the Emergency Department. Fisher group was
recorded on the basis of the initial head CT. Aneurysm size and location were recorded
based on information from catheter angiography and operative reports.

All patients were treated according to a local standard protocol that included aggressive pre-
hospital and preoperative resuscitation, early aneurysm occlusion, and aggressive
prevention, and treatment of intracranial hypertension and delayed cerebral ischemia
according to published recommendations (21). No patient received anti-fibrinolytic
treatment. Transcranial Doppler (TCD) ultrasound studies were performed daily from
admission to hospital day 14 for all patients with adequate temporal bone windows. Mean
velocities of >200 cm/s in the middle cerebral arteries and Lindegaard ratios of >3 were
recorded as evidence of TCD vasospasm. Continuous electroencephalography (cEEG) for
alpha variability was performed for all patients between post bleed days (PBD) 2 and 10.
Patients experiencing DCI received hypertensive euvolemic therapy. Intra-arterial
vasodilator therapy, balloon angioplasty, and/or intraventricular administration of nicardipine
were considered if TCD elevations persisted despite induced hypertension, if cEEG
demonstrated worsening alpha variability, or if neurological state declined. Intracranial
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hypertension was treated according to a step-wise local protocol. Patients were treated for
hypovolemia to a goal of normal volume status. Sodium levels were monitored serially and
maintained >135 g/dL. In addition, for comparison, plasma from 40 healthy adult
individuals was collected and stored until analysis.

Plasma VWFAg by ELISA

Plasma VWF antigen was determined by a laboratory-developed enzyme-linked
immunosorbent assay (ELISA) as described previously (22). Briefly, maxisorp plates (Nalge
Nunc International, Rochester, NY) were coated with 1:2,000 dilution of polyclonal rabbit
anti-human VWF antibody (Dako, Denmark) at 4 °C for overnight. Plasma samples at
various dilutions and standards were incubated at room temperature for 2 hours after
blocking with 1% casein in PBS. After washing with phosphate buffered saline (PBS)
containing 0.05% Tween-20 for 3 times, a horseradish peroxidase (HRP) conjugated
polyclonal rabbit anti-human VWF (Dako, Denmark) antibody at 1:3,000 was applied as the
detection antibody. Following the final wash steps, one single tetramethylbenzidine (TMB)
solution (Invitrogen, Camarillo, CA) was used for color development. The absorbance at 450
nm was determined with a ThermoMax190 micro-titer plate reader (Molecular Device,
Sunnyvale, CA). Pooled normal human plasma (NHP, George King Bio-Medical, Overland
Park, KS) was used as the standard, defined as having 100% of VWFAg.

Plasma VWF activity by CBA

Plasma VWFAc was determined by the ELISA-based collagen-binding assay (CBA) (23),
similarly to VWF antigen measurement with the only difference in the first coating step. The
coating reagent (100 ul) for the CBA was 6 pg/ml of type Il collagen (Southern Research
Institute, Birmingham, AL) in 20 mM of acetic acid instead of primary antibody (rabbit)
against human VWEF. The rest of steps remained the same as measurement of VWFAg as
described as above. Same NHP was used for calibration.

Plasma ADAMTS13 activity by FRETS

Recombinant human VWF73 peptide derived from the central A2 domain of VWF (i.e. rF-
VWEF73) was expressed and fluorescein-labeled, and purified to homogeneity according to
the protocol described previously (24). The final concentrations of rF-vWF73 peptides were
determined by using a NanoDrop spectrophotometer (Thermo Scientific) at the absorbance
of 280 nm with a correction at 495 nm. Purified rF-VWF73 (1 pmol/L) was incubated with
either 2.5 ul of NHP or patient’s plasma in 5 mmol/L Bis-Tris, pH 6.0, 25 mmol/L CaCl,,
and 0.005% Tween-20 at 25 °C. The rate of fluorescence generation was monitored every 2
min for 60 min on a GeminiXPS microtiter plate reader (Molecular Devices, Sunnyvale, CA,
USA). Relative activity (%) was determined based on the standard curve generated with
pooled NHP. ADAMTS13 activity in pooled NHP was defined as having 100% of
proteolytic activity.

Statistical analysis

Because of the difference in the nature of two main goals in this pilot study, different
statistical methods were employed. The analysis of variance (ANOVA) was used to
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determine the differences among group means of plasma levels of VWFAg, VWFAc, and
ADAMTS13 activity between SAH patients and healthy subjects. For exploratory analysis
between each of the biomarkers and mortality outcome in patients with SAH, the statistical
analyses concentrated on hypothesis generation (such as effect size for sample size
calculation) for a subsequent larger study. Primarily, using only the data from patients with
SAH, univariate analysis was performed with descriptive statistics to summarize both
quantitative and categorical variables. The means and standard deviations were reported for
quantitative variables. Likewise, frequencies and percentages were reported for categorical
variables. The non-parametric Wilcoxon group comparison p-values were reported with
adjusted multiple testing using false discovery rates (FDR) (25). Per Sullivan and Feinn’s
recommendation, we report the effect size (Cohen’s D equivalent) which “is the main
finding of a quantitative study” and represents the magnitude of difference between 2
variables (26). We also follow the guidelines to quantify the effect size as low (0.2-0.5),
moderate (0.5-0.8), and high (>0.8) (27). Furthermore, we calculated the simultaneous
confidence intervals of the reported effects sizes using the FDR method (28) at 10% level
with Fisher’s Z transformation for categorical variables (29). Overall for the univariate
analysis, rather than just reporting p-values, we also follow recommended practice and
report FDR and effect sizes along with simultaneous confidence intervals (30). Therefore,
the p-values are used only for reporting purposes in exploratory analyses.

Following univariate analysis, we explored the data for repeated measures of VWFAg,
VWFACc, and ADAMTS13 in SAH patients on mortality, the primary outcome, using cluster
analysis. Briefly, cluster analysis is an exploratory data analysis tool to sort data into groups
in a way that the degree of association between data is maximal if they belong to the same
group and minimal otherwise. As a first step in cluster analysis, we used the “‘elbow
method,” which is one of the most common techniques used to estimate the number of
clusters. This involved using a plot of within-cluster error measure wherein the location of
the “elbow’ provides the optimal number of clusters (31). Subsequently, a k-means
clustering algorithm was fit to the data. All statistical analyses were performed using R
statistical software (Vienna, Austria). Cohen’s D was calculated using the Isr package. The
confidence interval for effect size d was calculated using MBESS package. Everitt &
Hothorn (2009) R function was used to plot the cluster elbows.

Patient characteristics

In this cohort of 40 consecutive patients with SAH, the mean age was 52.4 years (range 26—
84 years). Thirty of 40 (75%) patients were women. Twelve (30%) patients had a high Hunt
and Hess grade (IV-V) on admission and more than half (25/40) were treated with coil
embolization. 60% of patients had a clinical history of hypertension, while 68% (26/40)
endorsed current or prior tobacco use. The observed incidence of mortality in this cohort
was 18% (7/40) (Table 1).
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Plasma levels of VWFAg, VWFAc, and ADAMTS13 activity in patients with SAH vs. healthy

subjects

Plasma levels of VWFAg were significantly elevated in patients with SAH compared to
healthy subjects on every PBD (p<0.0001) (Fig. 1A). There was a progressive increase in
plasma VWFAg levels over the study period; the averaged levels increased by 9 pg/mL per
time point [coefficient 0.089; 95% CI (1.1-1.66), p=0.025] when clustered by patient using
regression analysis. Plasma levels of VWFAc were also significantly higher in the SAH
group than in the healthy subject on every PBD (Fig. 1B). There was no significant
difference in the ratio of VWFACc to VWFAg between patients with SAH and healthy
subjects (p=0.31) and the ratios remained stable throughout the 10-day hospitalization (Fig.
1C). These results suggest that both VWF antigen and VWF activity are proportionally
increased after subarachnoid hemorrhage.

Reduced plasma ADAMTS13 activity and the ratio of ADAMTS13 to VWF in patients with
SAH compared with healthy subjects

Plasma ADAMTS13 activity in SAH patients and healthy subjects were determined by
FRETS described in the Methods. Plasma ADAMTS13 activity in SAH patients was
significantly lower than that in healthy subjects (p<0.0001) and remained persistently low
throughout 10 PBDs (Fig. 2A). The ratio of plasma ADAMTS13 activity to VWF antigen
was strikingly lower in SAH patients than in healthy subjects (p<0.0001) (Fig. 2B). These
results suggest the persistent relative deficiency of plasma ADAMTS13 activity in patients
suffered from SAH.

Exploratory analysis between plasma VWFAg, VWFAc, and ADAMTS13 activity in patients
with SAH and mortality outcome

Using only the data from patients with SAH, univariate analysis of both quantitative and
categorical variables is categorized by mortality (Tables 1 & 2). Only were the laboratory
parameters obtained on PBD1 and PBD3 used in the statistical analysis because of high
frequency of missing data on other days of hospitalization. The entire patient cohort
including 10 men and 30 women were available for analysis: 1 man and 6 women died. Five
of 7 (72%) non-survivors had a high Hunt and Hess grade (p<0.02) (Table 1), consistent
with the association of severe injury with mortality.

Because of low number of patient samples on PBDO and other subsequent days available for
analysis, we chose the results of PBD1 and PBD3 for further analysis. As shown in Table 2,
the mean plasma levels of VWFAg on PBD1 and PBD3 were 322.9% and 372.5%,
respectively. The mean values of VWFAc on PBD1 and PBD3 were 301.4% and 394.1%,
respectively. The mean plasma ADAMTS13 activity on PBD1 and PBD3 were the same
(~63%). The patient group with mortality had a higher mean value of plasma VWFAg on
both PBD1 (397.7% vs. 307.9%, £=0.06) and PBD3 (563.2% vs. 330.8%, p<0.05) as
compared with those survived (Table 2). However, after accounting for multiple testing, the
false discovery rate (FDR) did not show any statistical significance. Nonetheless, the effect
sizes (d) for plasma VWFAg on PBD1 and PBD3 were 0.87 (90% CI: —0.15, 1.88) and 0.88
(90%ClI: -0.13, 1.89), respectively (Table 2). These d values are large enough to indicate
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that these differences have practical significance and may reach statistical significance if
sample size is increased.

Similarly, the plasma VWFAc on PBD1 (353.2% vs. 291.1%, p=0.43) and PBD3 (786.2%
vs. 320.6%, p=0.24) was much higher in the group with mortality than in those without
(Table 2). While there was no statistically significant difference between the two groups, the
effect size (Cohen’s d) revealed low to moderate values for both PBD1 (d=0.35, 95% CI:
-0.48, 1.19) and PBD3 (d=0.53, 90% CI: —0.38, 1.44) (Table 2). The mean plasma levels of
ADAMTS13 activity on PBD3 in the group with mortality (53.3%) was lower compared to
those without (65.9%) with a moderate effect size (Cohen’s d=0.62, 90% CI: —0.25, 1.50)
(Table 2). These results suggest the association of low plasma ADAMTS13 activity with
mortality.

Clustering analysis

Prior to performing cluster analysis, simple outlier analysis using ranges of each quantitative
variable reveled a few outliers in ADAMTS13 activity (both on PBD1 and PBD3) and one
outlier in VWFACc (on PBD1 and PBD3). After removing outlier (values outside the 2
standard deviation) and performing a list-wise deletion by individual combination of
variables (e.g. VWFAc PBD1 and PBD3, VWFAg PBD1 and PBD3, and ADAMTS13
PBD1 and PBD3), there were a total of 34 usable observations in VWFAc, VWFAg, and 33
usable observations in ADAMTS13.

The scree plots (not shown) for within group sums of squares versus the number of clusters
for VWFAc, VWFAg, and ADAMTS13 for PBD1 and PBD3 indicated an optimal solution
containing 2 clusters. Consequently, a k-means clustering algorithm with 2 clusters was fit
individually for observations of PBD1 and PBD3 on the same variables (Fig. 3). For plasma
VWEFAg, the first cluster average for PBD1 (n=12) was 481.8% and 240.1% for cluster 2
(n=22). Similarly, for PBD3 the first cluster average was 475.4% and second cluster average
was 254.3%. This indicates that first cluster had higher average VWFAg compared to second
cluster for both PBD1 and PBD3 and there were 4/8 (80%) mortalities in cluster 1 compared
to 1/21 (20%) in cluster 2. In other words, the mortality risk was 7.33 times higher if the
patients had high mean VWFAg levels. For plasma VWEFACc, cluster 1 (n=11) had higher
values (~1.5 — 1.8 times higher) compared to cluster 2 (n=23) for both PBD1 and PBD3.
Again, the mortality risk is higher in cluster 1 compared to cluster 2 (1.39 times higher).
Finally, for ADAMTS13, for PBD1, cluster 1 had an average of 60.4% and 76.9% for cluster
2. The size of the cluster was almost equally split (Cluster 1=16 and Cluster 2=17). For
PBD3, cluster 1 had an average of 49.9% and cluster 2 had an average of 84.1%. This
clearly indicates that cluster 1 had lower ADAMTS13 level compared to cluster 2 for both
PBD1 and PBD3. Thus, it is not surprising that the mortality rates were higher in cluster 1
(66%) compared to cluster 2 (33%). Specifically, the risk of mortality increased by 2.1 times
in patients with lower ADAMTS13 levels on PBD1 and PBD3 (Fig. 3). The mean plasma
VWEFAg was not significantly higher in those with angiographic vasospasm [OR=1.08 95%
Cl (0.67 — 1.81); p=0.78] or sonographic vasospasm [OR= 0.96 95% CI (0.58 — 1.58);
p=0.87] compared with those without (data not shown). In summary, exploratory analysis
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using cluster analysis suggested the association between mortality and increased levels of
plasma VWFAg and VWFACc or reduced plasma ADAMTS13 activity.

Discussion

In the first part of this pilot study, plasma VWFAg and VWFACc, as well as ADAMTS13
activity were determined in a cohort of patients with SAH and compared with healthy
subjects. In the second part, various exploratory statistical analyses have been performed to
determine the correlations or effect sizes between each biomarker and mortality outcome in
patients with SAH. We demonstrate the statistically significant elevation of plasma VWFAg
and VWFACc levels and reduced plasma ADAMTS13 activity when compared with the
healthy subjects (p<0.0001). The elevated plasma VWFAg levels on PBD1 and PBD3 or the
mean levels of plasma VWFAg of all 10-PBDs (not shown) were significantly associated
with in-hospital mortality. Additionally, we found a significant reduction of plasma
ADAMTS13 activity in SAH patients compared with healthy subjects, which is potentially
correlated with increased mortality and disease severity.

Persistently high plasma VWFAg levels over the 10-day study period are very surprising to
us and are of potentially clinical significance, as this period after SAH is often marked by
microvascular and macrovascular thrombosis, similar to what has been previously observed
with the elevations of VWFAQg levels (4, 6, 32). The increased plasma VWFAg and VWFAc
levels were associated with a concomitant decrease in plasma ADAMTS13 activity levels,
resulting in relatively moderate to severe deficiency of plasma ADAMTS13 activity in
patients with SAH. These findings are consistent with clinical and experimental studies
demonstrating a relationship between elevated VWFAg levels and decreased ADAMTS13
activity in ischemic stroke.

The pathophysiological role of VWEF in ischemic stroke has recently gained increased
attention. In fact, deficiency of VWF results in reduced ischemic volume compared to
healthy controls in a VWF knock out murine stroke model (33). Animal studies using the
transient middle cerebral artery occlusion model have demonstrated involvement of the
collagen-VWEF-glycoprotein (GP) Ib axis in progression of ischemia (34). A recent meta-
analysis of prospective cohort studies assessing the relationship between plasma VWFAg
and ischemic stroke (n=1,500 patients) demonstrated an odds ratio of 1.17 [95% CI (1.08 —
1.26)]. If all case-controlled studies (n=2,532) were included in the analysis, the odds ratio
increased to 1.55 [95% CI (1.31-1.83)] (2).

The relationship between VWF and thrombosis in part depends on VWF multimer size.
VWE, synthesized in endothelial cells and megakaryocytes, undergoes considerable
processing, including multimerization and lateral association under flow to form UL-VWF
forms that are hyperactive. These ULVWF multimers can recruit circulating platelets to the
site of injury (35). Smaller multimers of VWF, which represent newly synthesized proteins
and processed by plasma ADAMTS13, are typically found in circulation and are hemostatic,
but not prothrombotic. While the mechanisms underlying altered ratio of ADAMTS13 to
VWEF after SAH are not fully understood, inflammatory cytokinesis and damage-associated
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molecular pattern molecules (DAMPs) are known to stimulate a massive release of VWF
from endothelial cells and suppress the biosynthesis of ADAMTS13 in the liver (12, 36).

The inability to cleave ULVWEF resulting from severe deficiency of ADAMTS13 activity
leads to a potential fatal blood disorder TTP. Patients with TTP are found to develop
disseminated microvascular thrombosis in the brain, heart, pancreas, kidneys, and intestine,
resulting in multi-organ failure (12, 36). The absence of VWF cleavage allows for the
accumulation of ULVWEF and platelets (as opposed to thrombi composed of erythrocytes)
that eventually occlude arterioles and capillaries. Although TTP results from severe
reductions (<10% baseline) in ADAMTSL13 activity, a tendency toward thrombosis may be
observed with milder reductions in activity. Reduced plasma ADAMTS13 activity may be a
risk factor for myocardial infarction (2, 5), ischemic stroke (4, 5). In a longitudinal cohort
study of nearly 6,000 Swiss patients, with a median follow up of 10.7 years, patients with
reduced baseline ADAMTS13 levels were at an increased risk of ischemic stroke (37).
Those with ADAMTS13 levels in the lowest quartile had an absolute increase in stroke risk
of 11%. This corroborates associations observed in smaller cohort studies (5, 38).

One of the putative mechanisms of thrombosis after SAH is platelet-hyperactivity. Platelet
aggregation and isolated thromboemboli have been observed after SAH in the cortical
arteries of experimental animals (39, 40) and in patients at autopsy (41) Subarachnoid
hemorrhage results in considerable injury to the vascular endothelium (40, 42), resulting in
elevation of markers of endothelial activation in blood, cerebral dialysate, and cerebrospinal
fluid. A surrogate for platelet activation, platelet activating factor (PAF), has also been
shown to be elevated post SAH. Elevations in PAF on PBD4~14 as well as transient
increases in systemic inflammatory markers, such as IL-6 and IL-1 beta from internal
jugular vein samples of patients have been observed after SAH (43).

Increased ADAMTS13 expression has also been shown to reduce ischemic burden in
experimental stroke (44). In contrast, reduced ADAMTS13 levels may increase both the
incidence and size of ischemic strokes (38). In our study, both reduced ADAMTS13 activity
and increased VWFA( associated with mortality by cluster analysis. Thus, this corroborates
a hypercoagulable state after SAH. Although only a few studies have been performed
evaluating ADAMTS13 levels in patients with ischemic stroke, a meta-analysis of 616
patients demonstrated a clear association between reduced ADAMTS13 levels and increased
risk of stroke [OR 2.72; 95% CI (1.52 — 4.86)] (2). Experimental murine models of SAH
demonstrate that Adamts13~~ mice sustain larger areas of microvascular thrombosis than do
wild-type mice, but that with recombinant ADAMTS13 treatment, the knock out mice can
experience smaller thrombosis areas, similar to wild type mice (45). Therefore, recombinant
ADAMTS13 may be a putative treatment option in SAH patients at risk for DCI.

There are some limitations to this study. Firstly, our analysis was performed at a single
center with a limited sample size and therefore, the conclusions should be regarded as
hypothesis generating and not causal. However, despite a small cohort of patients in this
pilot study, cluster analysis demonstrated that high plasma VWFAg levels and low plasma
ADAMTS13 activity levels may associate with increased mortality after SAH. Secondly,
while our data demonstrate a potential relationship between VWFAg elevation and mortality
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after SAH, this relationship may not be unique to SAH. Other forms of brain injury (e.g.
traumatic brain injury) may incite a similar response, and not consequently DCI, alone.
Further studies in other brain injury models would help clarify this issue. Third, the
hypercoagulability noted in this study could have been in part due to surgical clipping of the
aneurysm. However, the surgical intervention did not alter the relationship between elevated
VWEF and mortality. Similarly, aneurysms were not identified in 5 patients from this
prospective study. However, removal of these patients from analysis did not change the
association between VWF and in-hospital mortality. Therefore, these patients were included
in the study. Lastly, given the lack of a clear temporal relationship between the studies
variables, these data do not imply causality, only association.

Conclusions

Our study suggests that plasma VWEF antigen levels and VWF activity are significantly
increased and plasma ADAMTS13 activity is concomitantly reduced in patients with SAH
when comparing with healthy subjects. Furthermore, an increase in plasma VWFAg and
VWFACc and a concomitant reduction of ADAMTS13 activity after SAH are associated with
mortality in patients with SAH. This effect may be mediated through micro- and
macrovascular thrombosis as the VWEF elevation was also associated with evidence of
radiographic infarction. The relatively severe deficiency of plasma ADAMTS13 activity may
be associated with cerebral ischemic and thrombosis after SAH. Further larger study is
warranted to determine whether ADAMTS13 supplementation could mitigate microvascular
thrombosis and ischemia in patients with SAH. The effect sizes between different laboratory
parameters and mortality outcome provided in this pilot study should facilitate sample size
calculations for such future multicenter studies.
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What is known on this topic?

. Increased von Willebrand factor (VWF) and reduced ADAMTS13 activity are
risk factors for arterial thrombosis.

. Whether those are also the culprit mechanisms underlying delayed cerebral
ischemia after aneurysmal subarachnoid hemorrhage (SAH) is not known.

What this paper adds?

. This study demonstrates that plasma levels of VWF antigen and activity are
significantly increased with concomitant reduction in plasma ADAMTS13
activity in patients with SAH comparing to the healthy subjects.

. In the SAH group alone, such changes in plasma VWF levels are associated
with mortality.
. The effect sizes (Cohen’s d) between various laboratory parameters and

mortality in SAH patients provide valuable information for the sample size
determination in future multicenter studies.
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Fig. 1. Plasma VWFAg, VWFACc, and the ratio of VWFAc to VWFAg in patients with SAH and
healthy controls
Plasma levels of VWFAg (A), VWFAc (B), and the ratio of VWFAc/VWFAg (C) were

determined by a modified ELISA as described in the Method. The horizontal lines indicate
the median + 95% confidential interval. ANOVA with Kruskal-Wallis test was used to
determine the statistical significance between the each PBD and the control. Pvalues <0.05
and <0.01 are considered to be statistically significant and highly significant, respectively.
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Fig. 2. Plasma ADAMTS13 activity and the ratio of ADAMTS13 activity to VWFAg in patients
with SAH and healthy controls
Plasma ADAMTS13 activity (A) was determined by the cleavage of rF-VWF73 as described

in the Method. The ratios of plasma ADAMTS13 activity to VWFAg in patients and controls
are shown in B. ANOVA with Kruskal-Wallis test was used to determine the statistical
significance between the each PBD and the control. All p values were <0.0001, indicating
that the difference was statistically highly significant between patients at each PBD and
control.
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Fig. 3. Cluster analysis

Mortality is
7.3x higher
in cluster 1 than
Cluster 2

4 died

8 survived
1 died

21 survived

Mortality is
1.4x higher
in cluster 1 than
Cluster 2

Mortality is
2.1x higher
in cluster 1 than
Cluster 2

2 died
15 survived

This analysis demonstrated that mortality risk was higher in patients with high plasma levels
of VWFAg and VWFACc levels (~7.3 and 1.4 times, respectively) and low plasma levels of

ADAMTS13 activity (2.1 times).
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