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ABSTRACT  

 

Plasma von Willebrand factor (VWF), produced in and released from vascular 

endothelial cells by various stimuli including hypoxia, induces platelet aggregation 

under high shear stress and plays dual pivotal roles in hemostasis and thrombosis 

within arterioles, that are regulated by the size of VWF multimers (Ms). 

Patients with obstructive sleep apnea (OSA) have increased risk of thrombotic 

cardiovascular events, but the pathogenesis is unclear. We examined the 

relationship between VWF and OSA by measuring VWF antigen, VWFMs, VWF 

collagen binding activity (VWF:CB), and ADAMTS13. Fifty-eight OSA patients 

were enrolled. Blood samples were collected before sleep, after sleep, and after one 

night of nasal continuous positive airway pressure (CPAP) therapy.  

Based on VWFM analysis, OSA patients were classified into 3 groups; consistently 

normal VWFM (Group 1, n=29), increased high molecular weight (HMW)-VWFM 

at 6 am (Group 2, n=18), and decreased or absent HMW-VWFM at 6 am (Group 3, 

n=11). Patients in Group 3 had significantly worse apnea-hypopnea index; 

VWF:CB followed a similar pattern. We observed a significant decrease in platelet 

count between 9 pm and 6 am in OSA patients, potentially associated with reduced 

larger VWFMs together with decreased VWF antigen levels. Severe OSA may 

contribute to an arterial pro-thrombotic state.  
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Obstructive sleep apnea (OSA) is characterized by the collapse of the upper airway and 

associated intermittent hypoxia during sleep [1]. OSA is associated with excessive 

daytime sleepiness and cardiovascular disease. Patients with OSA often suffer from 

obesity, hypertension, hyperlipidemia, and impaired glucose tolerance, and OSA is an 

independent risk factor for cardiovascular diseases [2-4]. Consistent with this, 

cardiovascular risk returned to baseline in OSA patients treated with nasal continuous 

positive airway pressure (CPAP), whereas those severe untreated OSA maintained a high 

risk [5]. Recently, some association of OSA with venous thromboembolism in regard to 

pulmonary embolism has been implicated [6, 7]. However, the mechanism of 

OSA-associated thrombosis might be multifactorial, and in fact it has not been evaluated 

on a basis of arterial thrombosis generated under high shear stress in microvasculatures, 

where von Willebrand factor (VWF) plays a critical role. 

 

VWF is a macromolecular plasma protein, exclusively produced in and released from 

vascular endothelial cells, and exerts pivotal effects on both hemostasis and thrombosis. 

VWF assembles into unusually large VWF multimers (UL-VWFMs) consisting of 

identical 250 kDa subunits, before it is released into the circulation. Under normal 

circumstances, UL-VWFMs are rapidly cleaved by a specific plasma protease, 

ADAMTS13 (a disintegrin-like, metalloproteinase, and thrombospiondin type 1 motifs 

13), under the high shear stress generated in the microvasculature; consequently, VWF 

circulates in the plasma as a heterogeneous family of multimers ranging in size from 500 

to 15,000 kDa. UL-VWFMs play an essential role in primary hemostasis by binding 

platelets to denuded vascular endothelial tissue. However, in the absence of ADAMTS13 

activity (ADAMTS13:AC) due to gene mutation or acquired autoantibodies, 

UL-VWFMs remain uncleaved and generate platelet hyperaggregation. Uncleaved 

UL-VWFMs lead to the formation of vast platelet thrombi, known as thrombotic 

thrombocytopenic purpura (TTP), a life-threatening generalized disease [8-11].  

 

It is now well established that high plasma levels of VWF antigen (VWF:Ag) are linked 

to increased risk for ischemic heart disease and ischemic stroke [12-14]. Further, the 

relative risks of stroke and acute myocardial infarction are higher in individuals with 

lower ADAMTS13:AC [14, 15]. Furthermore, hypoxia leads to increased VWF release 

from cultured vascular endothelial cells, both directly, by upregulating VWF expression, 



 

4 

and indirectly via autocrine and paracrine signaling downstream of hypoxia-induced 

inflammatory cytokines including interleukin-6 (IL-6), IL-8, and tumor necrosis factor-α 

[16, 17]. Despite these important reports of hypoxia-induced VWF secretion, no 

subsequent studies have addressed the relationship between VWF and the severity of 

OSA [18, 19]. In particular, no studies have been performed on plasma samples obtained 

in chronological order relevant to the sleep cycle.  

 

In this study, we sequentially analyzed plasma VWF:Ag levels, VWFM patterns, and 

ADAMTS13:AC in OSA patients not only before and after sleep, but also before and 

after CPAP treatment. We found that the reduced larger VWFMs together with decreased 

VWF:Ag levels in OSA patient plasmas taken at dawn are correlated with the clinical 

severity of apneic episodes. 

 

 

PATIENTS, MATERIALS, and METHODS 

Patients 

Between Feb 2004 and Apr 2011, 284 patients received full standard diagnostic 

polysomnography (PSG) at Nara Medical University Hospital. Among them, 86 patients 

were diagnosed with normal or mild OSA (AHI<15), and 198 patients were diagnosed 

with moderate or severe OSA (AHI≥15) and received nasal CPAP therapy. Within the 

latter group, 140 patients with the following underlying diseases were excluded: stroke, 

coronary artery disease, asthma, chronic obstructive pulmonary disease, arthritis, 

autoimmune disease, rhinitis, and malignant diseases. The 58 remaining OSA patients 

were enrolled in this study; detailed clinical information about these 58 patients is shown 

in Supplementary Table 1. Written informed consent was obtained from all patients, and 

the study was approved by the Human Subjects Ethics Committee of Nara Medical 

University (No. 04-012). As sleep controls, 25 healthy volunteers (88% male) who had 

undergone PSG studies were also enrolled. 

 

Blood sampling 

Plasma samples were collected from OSA patients at three time points; at 9 pm before 

PSG, at 6 am after the PSG without CPAP, and at 6 am after CPAP treatment. From sleep 

control subjects, plasma samples were collected at 6 am. Blood was collected in plastic 
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tubes containing 1/10th volume of 3.8% Na3-citrate as an anticoagulant, and 

platelet-poor plasma was prepared by centrifugation at 3,000g for 15 minutes at 4°C. 

Aliquots were stored at –80°C prior to use. To obtain platelet counts, blood was collected 

into tubes containing EDTA as an anticoagulant and analyzed with a Coulter counter. 

 

Sleep Study 

Polysomnography (PSG) was performed using a computerized polysomnography system 

(Alice 4; Respironics; Pitteburgh, PA, USA). Data acquisition began at 9:00 pm and 

continued until 6:00 am the following morning. Apnea was defined as a cessation of 

airflow for 10 seconds or more, and hypopnea was defined as a decrease in airflow at least 

50% for a minimum of 10 seconds or a clear decrease in airflow (>20%) followed by 

either oxygen desaturation of more than 3% or signs of physiological arousal. The 

apnea-hypopnea index (AHI) was calculated as the number of apnea-hypopnea events per 

hour of total sleeping time. We also calculated the ODI (oxygen desaturation index), 

defined as the number of >3% dips in oxygen saturation per hour of sleep.  

 

During the night following diagnostic PSG, patients were treated with nasal CPAP 

(REMstar Auto; Respironics; Pittsburgh; PA; USA), with PSG monitoring. Apneic 

episodes were substantially reduced or eliminated during treatment with nasal CPAP. 

 

Analyses of VWF:Ag, VWFM, and VWF:CB 

Plasma VWF:Ag levels were measured by sandwich ELISA using a rabbit anti-human 

VWF polyclonal antiserum (DAKO, Denmark) [20]. The VWF:Ag level contained in 1 

mL of pooled normal human plasma was defined as 100%; VWF:Ag levels in the 20 

healthy controls were 102 ± 33% (mean ± SD) [21].  

 

VWFM were analyzed by SDS-1.2% agarose gel electrophoresis followed by Western 

blotting with luminographic detection [22, 23]. The blots were scanned and subjected to 

densitometric analysis using ImageJ (National Institutes of Health). Multimers were 

classified as low molecular weight (LMW-VWFM; corresponding to bands 1−5 in 

VWFM analysis), intermediate molecular weight (IMW-VWFM; bands 6−10), and high 

molecular weight (HMW-VWFM; bands 11 and higher) [24]. High molecular weight 

bands that were not detected in normal plasma (NP) were defined as UL-VWFM. The 
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levels of LMW-, IMW-, HMW-VWFM were calculated using NIH ImageJ. For 

quantitative analyses, we calculated the ratios of the densities of VWFM, LMW, IMW, 

and HMW relative to total VWF multimer density. Further, multimeric VWF:Ag levels 

were calculated by multiplying VWF:Ag level by the LMW, IMW, and HMW ratios.  

 

The plasma VWF collagen binding activity (VWF:CB) was measured using an enzyme 

immunoassay using a commercially available kit (VWF:CB ELISA, PROGEN 

BIOTECHNIK, GMBH, Germany) according to the manufacturer’s instructions. 

 

Assay of ADAMTS13:AC  

ADAMTS13:AC was determined using a commercially available chromogenic 

ELISA/ACT (Kainos Co., Tokyo, Japan). The detection limit of this assay was 0.5%; the 

values obtained from 55 healthy controls were 99.1 ± 21.5% (mean ± SD) [25]. 

 

Statistical analysis 

Laboratory data are expressed as the means ± SD. Comparisons between OSA patients 

and controls were analyzed using the Mann−Whitney U-test or chi-square test. All 

comparisons among the three groups were tested for statistical significance using the 

Kruskal−Wallis H test or chi-square test, with Yates’ correction for 2×3 tables; 

significant differences between the three groups (overall p<0.05) were further analyzed 

using the Mann−Whitney U-test or chi-square test. All analyses were carried out using 

StatView (SAS Institute Cary, NC, USA). A p value less than 0.05 was considered 

significant. 

 

RESULTS 

 

Characteristics of patients with OSA and controls 

The demographics and sleep characteristics of patients with OSA and controls are shown 

in Table 1. Patients with OSA were slightly older than the control population but were 

otherwise similar demographically. Eighteen, seven, and four patients in the OSA group 

were being treated for hypertension, hyperlipidemia, and diabetes mellitus, respectively, 

but no diabetic patients were receiving insulin therapy. Based on the PSG results, the two 

populations differed significantly with respect to AHI, ODI3, and lowest SpO2 (%). 
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Plasma VWF:Ag levels at 6 am were significantly lower in patients with OSA compared 

to controls, but plasma ADAMTS13:AC at 6 am did not differ between these groups. 

Interestingly, the plasma ADAMTS13:AC at 6 am in both OSA patients and sleep 

controls were lower than those of above mentioned healthy controls (p<0.01). 

 

Chronological changes of plasma VWFM patterns categorize the patients with OSA 

into 3 groups  

We analyzed VWFM patterns in plasmas taken from OSA patients, obtained at 9 pm and 

6 am following sleep with or without CPAP. Based on these results, we categorized the 

patients with OSA into three groups (Fig. 1). Patients in Group 1 (n=29) had a 

consistently normal pattern of VWFM, almost indistinguishable from that of sleep 

controls (n=6). Patients in Group 2 (n=18) exhibited reduced HMW-VWFM at 9 pm and 

persistent UL-VWFM at 6 am, without or with CPAP. Patients in Group 3 (n=11) had 

normal VWFM patterns at 9 pm, reduced predominantly HMW-VWFM at 6 am without 

CPAP, and returned to a normal VWFM pattern after CPAP therapy.  

 

The decrease in HMW-VWFM and concomitant increase in LMW-VWFM could reflect 

either enhanced proteolysis by ADAMTS13 or extensive consumption secondary to 

platelet aggregation. Therefore, we first calculated the ratio of LMW-VWFM to total 

VWFM (LMW ratio) at 6 am without CPAP (Fig. 2A), and subsequently determined the 

relationship between LMW ratio and AHI. As shown in Fig. 2B, these two parameters are 

significantly correlated (p<0.05), suggesting that the degree of hypoxia during apneic 

events is related to VFWM processing and/or consumption.  

 

Chronological changes of plasma levels of VWF:Ag, VWFM ratio, and 

ADAMTS13:AC in 3 patient groups with OSA  

Plasma levels of VWF:Ag at 9 pm, 6 am without CPAP, and 6 am with CPAP were 

determined in all three groups of OSA patients. As shown in Fig. 3 (top), plasma 

VWF:Ag levels were almost unchanged in Group 1 patients, but significantly increased 

between 9 pm and 6 am in Group 2 patients. Notably, however, VWF:Ag levels 

remarkably decreased between 9 pm and 6 am in Group 3.  
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We then determined levels of HMW, IMW, and LMW in all three groups. In Group 1, 

HMW-VWFM was slightly increased at 6 am with CPAP, relative to 6 am without 

CPAP. In Group 2, HMW-VWFM significantly increased at 6 am compared to 9 pm, 

confirming the results of the VWFM analysis used for defining Groups 1−3. Consistent 

with this, in Group 3, the IMW-VWFM at 6 am was significantly lower than that at 9 pm; 

CPAP treatment reversibly increased the HMW-VWFM at 6 am, in accordance with the 

increase in plasma VWF:Ag level. 

 

In contrast, no changes in the plasma ADAMTS13:AC were seen at 9 pm, 6 am, or 6 am 

with CPAP in any of the three groups. These data argue that consumption of the 

HMW-VWFMs occurred overnight in OSA patients. 

 

Plasma levels of VWF:CB activity 

We observed dynamic chronological changes in plasma VWF: Ag levels and VWFM 

patterns in our subjects, especially in Group 3. VWF:CB represents a biological function 

of VWF, in which HMW-VWFM adheres to collagen with a higher binding affinity than 

IMW- or LMW-VWFM. In this study, we were able to examine plasma VWF:CB levels 

in 53 out of 58 OSA patients. As expected, plasma levels of VWF:CB at 6 am without 

CPAP were inversely correlated with the LMW ratio (p<0.01), as shown in Fig. 4A. 

Furthermore, as shown in Fig. 4B, plasma levels of VWF:CB at 6 am were significantly 

lower in Group 3 (85 ± 50%) than in either Group 1 (120 ± 36%) or Group 2 (138 ± 41%). 

These results argue that structurally and functionally impaired VWFMs were present at 6 

am in Group 3 patients. 

 

Decreased platelet counts at dawn in the untreated patients with OSA  

A pair of platelet counts at 9 pm and 6 am without CPAP was determined in 31 of 58 OSA 

patients and in 6 of 25 sleep controls, all of whom were involved in the later phase of this 

study. To correct for a possible hydration effect during sleep, we calculated the ratio of 

platelet count to hematocrit. The ratios in sleep controls did not exhibit significant 

changes between 9 pm and 6 am (Fig. 5A), whereas they were lower at 6 am in untreated 

OSA patients (p<0.01) (Fig. 5B). However, none of the patients who received CPAP 

treatment developed overt clinical signs of thrombotic complications. These results 
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suggest that in untreated OSA patients, albeit asymptomatic but platelet consumption to 

be a lesser extent might occur during sleep. 

 

Patient characteristics of Groups 1, 2, and 3 

Table 2 summarizes the demographic and measured parameters of OSA patients 

categorized into Groups 1−3. These three groups did not differ demographically, but AHI 

was significantly higher in Group 3 than in Groups 1 and 2. ODI3 in Group 3 was also 

significantly higher than in Group 1. These results unambiguously indicate that patients 

in Group 3, who exhibit lower levels of large VWF multimers at dawn (6 am), represent 

the highest severity of OSA among the three groups.  

 

Consistent with these results, decreased plasma levels of VWF:Ag in two time interval 

([6 am] − [9 pm]) was remarkable in Group 3, in comparison to those in Groups 1 and 2. 

Interestingly, the differences of LMW ratio in two times ([6 am] − [9 pm]) was 

significantly higher in Group 3 than those of Group 1 or Group 2. These results indicated 

that decreased VWF:Ag at 6 am was caused primarily by the reduction in larger VWFMs. 

On the other hand, no significant change in ADAMTS13:AC between two times ([6 am] 

− [9 pm]) was observed in Group 3, whereas such a change was observed in Groups 1 and 

2, leaving the physiological relevance unaddressed. 

 

Relationship of AHI and Groups 1~３  of VWF multimer patterns in OSA patients 

AHI is an excellent means showing OSA severity, to which here we have categorized into 

3 groups: AHI 15~<30 (moderate), 30 ~ <60 (severe), and 60 (extremely severe). As 

shown in Table 3, OSA patients with Group 1 and 2 consisted of those with variable AHI 

levels. Notably, however, none of OSA patients with Group 3 had AHI 15~<30, and they 

uniformly had AHI 30 and more predominantly with AHI 60. The incident of Group 1 

was lower in AHI groups of 30 ~ <60 and 60~ than those of 15 ~ <30 (p<0.05). In 

contrast, the incident of Group 3 was higher in AHI group of 60 ~ than those of 15 ~ <30 

(p <0.05). No significant relationship between AHI score and each parameter such as 

VWF, ADAMTS13, or platelet count was found. 

 

DISCUSSION 
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Plasma VWF:Ag levels increase after age 40 in normal individuals; by the age of 60, they 

may reach approximately 120−140% of the healthy normal baseline [26]. The mean age 

of OSA patients enrolled in this study was 44.7 years old, whereas that of control subjects 

was 38.3 years old. However, the plasma VWF:Ag levels collected at 6 am were 

significantly lower for OSA patients than for control subjects (Table 1). In contrast, 

plasma ADAMTS13 activity decreases after age 40 in normal individuals [27]. Among 

our study patients and controls, plasma ADAMTS13:AC was lower than in healthy 

controls aged 20−40 years (p<0.01), indicating that these two groups did not significantly 

differ (Table 1). 

 

Given the observed differences in VWF:Ag levels between OSA patients and control 

subjects, we analyzed VWFM patterns chronologically at three time points: at 9 pm, and 

at 6 am with or without overnight CPAP treatment. As expected, a majority of OSA 

patients (29/58, 50%) had consistently normal VWFM patterns, categorized as Group 1. 

Two smaller groups of patients had increased UL- and HMW-VWFM (18/58, 31%) or 

decreased UL- and HMW-VWFM (11/58, 19%) at 6 am; these were categorized as Group 

2 or Group 3, respectively. The ratio of LMW-VWFM to total VWFM, termed the LMW 

ratio, is a determination of the relative amount of degraded VWFM; in our study 

population, the LMW ratio correlated significantly with the AHI. 

 

The increased LMW ratio seen in OSA patients could arise from reduced production of 

VWF by vascular endothelial cells, increased clearance of HMW-VWFM from the 

circulation, or consumption during thrombosis. However, in vitro studies have clearly 

shown that VWF expression by cultured vascular endothelial cells is increased under 

conditions of hypoxia; it is unlikely that patients with OSA, a condition of intermittent 

hypoxia, would exhibit decreased expression of VWF overnight [17]. Additionally, no 

differences were seen in the plasma ADAMTS13:AC in any group at any time point, 

suggesting that enhanced proteolysis of HMW-VWFM was not occurring. Therefore, we 

hypothesized that the elevated LMW ratio seen in our OSA patients was likely due to 

enhanced degradation or consumption of HMW-VWFM. 

 

The cause of thrombotic complications in OSA patients might be multifactorial, but in 

this study we have clearly indicated that VWF appears to play an essential role in the 
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thrombogenesis in a certain population categorized as Group 3. Although the mechanism 

is not yet fully elucidated, the highly multimerized VWF released upon hypoxia from 

vascular endothelial cells is a most plausible factor. Thus, severe OSA could be a risk 

factor for both arterial and venous thrombosis as described in introduction.  

 

To better understand whether some degree of thrombosis was occurring overnight in 

untreated OSA patients, we determined platelet counts in 31 out of 58 patients; we 

observed a significant decrease in platelet count between 9 pm and 6 am. This decrease 

was associated with reductions in both the plasma VWF:Ag levels and HMW-VWFM in 

Group 3. Quantitative analyses of VWF multimers in Group 3 showed that levels of 

HMW-VWFM increased significantly after CPAP treatment, compared with 

measurements taken at 6 am without CPAP. This is consistent with low-level 

consumption of UL- and HMW-VWFM by microvascular thrombus formation and/or 

platelet aggregation during sleep in OSA patients; CPAP therapy might reduce such 

consumption. However, no patients have developed overt clinical signs of 

thromboembolic complications; therefore, we prefer to use the term “pre-clinical platelet 

consumption” to describe this phenomenon. This may represent a baseline 

pro-thrombotic state in OSA patients that can be corrected by CPAP therapy.  

 

In this study, the chronological analyses have unanimously indicated that reduced large 

VWFMs in plasmas at dawn reflect the clinical severity of apnea in OSA patients. The 

results obtained by VWF multimer analysis were solid, but the procedure was 

time-consuming and requires a high technical skill to perform. A reliable high-throughput 

method would be necessary for routine clinical use. In this regard, the assay for VWF:CB 

is a promising candidate for such a method, because HMW-VWFM adheres to collagen 

with a higher binding affinity than IMW- or LMW-VWFM. Our results indicated that 

VWF:CB at 6 am correlated well with VWFM patterns, and was consistent with earlier 

assignment of subjects to Groups 1−3. Thus, through this study we have provided the first 

convincing evidence that VWF at dawn in Group 3 was impaired not only structurally but 

also functionally, presumably due to hypoxia-induced release and consumption of VWF. 

This process might also involve platelet aggregation and consumption, even though the 

patients were asymptomatic. Thus, the large-scale studies, together with chronological 
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measurement of platelet counts and VWF:CB, would be the focus in the following 

studies. 
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Figure legends 

 

FIGURE 1. Patterns of VWFM correspond to three patient groups. 

 

OSA patients were categorized into three groups based on the results of VWFM analysis, 

using sequential samples. Representative results from each group are shown. The patients 

in Group 1 showed a consistently normal pattern of VWFM. The patients in Group 2 had 

increased unusually large (UL)- and high molecular weight (HMW)-VWFM at 6 am 

compared to 9 pm. Patients in Group 3 had decreased UL- and HMW-VWFM at 6 am 

compared to 9 pm. 
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FIGURE 2. Relationship between LMW ratio and hypoxia. 

 

A. Quantitative analysis of VWFM was performed by calculating the density of 

LMW-VWFM relative to total multimer density (LMW ratio). A representative result of 

VWF analysis at 6 am is shown. 

B. The LMW ratio of OSA patients was significantly correlated to AHI (p < 0.05). 
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FIGURE 3. Changes in serial VWF:Ag levels and ADAMTS13:AC in Groups 1-3 

 

VWF:Ag levels were divided into HMW-, IMW-, LMW-VWFM groups by multiplying 

the VWF:Ag level by the results of the multimeric analyses. Groups were first compared 

using the Kruskal−Wallis H test; significantly different groups were then analyzed using 

the Mann−Whitney U-test. * p<0.05, ** p<0.01 

 
 

FIGURE 4. Relationship VWF:CB and LMW ratio, and comparison of VWF:CB at 

6 am in each group. 

 

VWF:CB was measured in 53 out of 58 OSA patients. 

A. Significant inverse correlation between LMW ratio and VWF:CB at 6 am in OSA 

patients. 

B. VWF:CB at 6 am in Group 3 was significantly lower than in Groups 1 and 2.  

*p<0.05 
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FIGURE 5. Overnight platelet counts to hematocrit ratios decreased in patients 

with OSA. 
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Platelet counts were normalized to the patient’s hematocrit to control for differences in 

hydration status. Ratios of platelet count to hematocrit were obtained at 9 pm and 6 am in 

6 sleep controls (A) and in 31 OSA patients without CPAP treatment.  

A. In sleep controls, the ratios did not change between time points.  

B. In OSA patients, the ratio exhibited significant changes between time points. 

 
 

 


