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Rationale: Air trapping and ventilation defects on imaging are char-
acteristics of asthma. Airwaywall thickening occurs in asthma and is
associated with increased bronchial vascularity and vascular perme-
ability. Vascular endothelial cell products have not been explored as
a surrogate to mark structural airway changes in asthma.
Objectives: Determine whether reporters of vascular endothelial cell
perturbation correlate with airway imagingmetrics in patients with
asthma of varying severity.
Methods: Plasma from Severe Asthma Research Program subjects
was analyzed by ELISAs for soluble von Willebrand factor mature
protein (VWF:Ag) and propeptide (VWFpp), P-selectin, and platelet
factor 4. Additional subjects were analyzed over 48 hours after
whole-lung antigen challenge.We calculated ventilation defect vol-
ume by hyperpolarized helium-3 magnetic resonance imaging and
areas of low signal density by multidetector computed tomography
(less than2856Hounsfield units [HU] at functional residual capacity
and2950 HU at total lung capacity [TLC]).
Measurements and Main Results: VWFpp and VWFpp/Ag ratio corre-
lated with and predicted greater percentage defect volume on
hyperpolarized helium-3 magnetic resonance imaging. P-selectin
correlated with and predicted greater area of low density on chest
multidetector computed tomography less than 2950 HU at TLC.

Platelet factor 4 did not correlate. Following whole-lung antigen
challenge, variation in VWFpp, VWFpp/Ag, and P-selectin among
time-points was less than that among subjects, indicating stability
and repeatability of the measurements.
Conclusions: PlasmaVWFppandP-selectinmaybeuseful as surrogates
of functional and structural defects that are evident on imaging. The
results raise importantquestions aboutwhyVWFppandP-selectin are
associated specifically with different imaging abnormalities.
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Air trapping, airflow obstruction, ventilation defects, and thicken-
ing of the airway wall (all established characteristics of asthma) can
be demonstrated by hyperpolarized helium-3 magnetic resonance
imaging (HPHe-MRI) and multidetector computed tomography
(MDCT) (1–6). HPHe-MRI depicts inhaled gas distribution
and provides 3- to 10-mm spatial resolution where areas with
diminished signal are caused by local airway obstruction (Figure
1A) (2, 4–7). MDCT, which provides much higher (0.5–1 mm)
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Increased air trapping and ventilation defects demonstrated
by airway and functional techniques are characteristics of
asthma, particularly in severe disease. Airway wall thick-
ening also occurs in asthma, caused in part by increased
airway wall arterial blood flow (i.e., increased vascular mass,
formation of new vessels, and increased vascular perme-
ability leading to edema). However, it is not known if
indicators of vascular endothelial cell perturbation can be
surrogate markers of changes in airway structure.

What This Study Adds to the Field

Plasma concentration of von Willebrand factor propeptide
(VWFpp) and the propeptide/mature protein ratio (VWFpp/
Ag), indicators of vascular endothelial cell perturbation,
correlate with and predict ventilation defect volume on
hyperpolarized helium-3 magnetic resonance imaging.
Plasma concentration of soluble P-selectin, an indicator of
vascular endothelial cell and platelet activation, correlates
with and predicts high percentage area of low density on chest
multiple detector computed tomography at TLC in asthma.
Thus, VWFpp or VWFpp/Ag and P-selectin are associated,
respectively, with different specific imaging abnormalities
characteristic of asthma.We present a model of how VWFpp
and P-selectin may associate with the two different types
of changes.
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spatial resolution and a calibrated scale of attenuation proportional
to tissue density, is capable of measuring airway wall thickness and
lung parenchymal tissue density (1–3, 6, 8). MDCT is commonly
done at both FRC and TLC to measure different components of
obstructive disease. Parenchymal density at FRC decreases in asthma
because of air trapping (1, 6, 9), whereas decrease in peripheral lung
density at TLC because of dilation of alveolar space and destruction
of alveolar walls is a hallmark of emphysema (10, 11). In nonsmokers
with severe or unstable asthma, however, low-attenuation areas at
TLC have also been observed in a diffuse pattern (Figure 1C). This
pattern has been attributed in various publications to hyperinflation,
airflow limitation, and complexity of terminal airspace geometry (6,
12–17) and remains comparatively understudied in asthma relative to
the more common air trapping measure at FRC.

Insights into pathophysiology and progression of airway injury
in asthmamay be gained by linking results of imaging tomore read-
ily measured biomarkers. The asthmatic bronchial tree is marked
by new blood vessels, increased vessel area and length, and in-
creased vascular permeability, resulting in edema (1, 18–27). Fur-
thermore, the pulmonary endothelium may be activated in asthma
(28, 29). We hypothesized that imaging changes and increased
vasculature in asthma are accompanied by increases in two prod-
ucts of activated endothelial cells: von Willebrand factor (VWF)
and P-selectin. VWF originates from endothelial cells and plate-
lets (30, 31) and is increased in various pulmonary diseases, includ-
ing acute bronchitis (32), acute lung injury (33), and pulmonary
hypertension (34). P-selectin, which also originates from endothe-
lial cells and platelets (35–38), may be elevated under certain
circumstances in asthma (37–39) and is increased in other diseases,
including hemolytic uremic syndrome, thrombotic thrombocytope-
nic purpura, and acute myocardial infarction (35, 36, 40). VWF is
synthesized as pro-VWF and cleaved in the endothelial cell

secretory apparatus into N-terminal polypeptide (VWFpp) and C-
terminal mature protein (VWF:Ag); VWFpp and VWF:Ag may be
secreted constitutively or stored as a complex in Weibel-Palade
granules (Figure 2A) (30, 31). P-selectin is a type-I membrane pro-
tein sequestered in Weibel-Palade granules. The granules translo-
cate to the endothelial surface in response to inflammatory and
thrombogenic mediators, resulting in secretion of VWFpp and
VWF:Ag and cell-surface display of P-selectin and its subsequent
proteolytic release (Figure 2A) (30, 31, 35, 36, 41–43). Platelet
a-granules also contain P-selectin and VWFpp and VWF:Ag; ani-
mal studies indicate that platelets are a major source of plasma P-
selectin, whereas most VWF originates from endothelial cells (30,
35, 36, 44).

Possible relationships of VWF and P-selectin with abnormali-
ties on HPHe-MRI andMDCT were explored in subjects enrolled
in the Severe Asthma Research Program (SARP) (9, 45, 46).
VWF:Ag and VWFpp can increase acutely because of regulated
release from Weibel-Palade granules in response to various stim-
uli (30, 31); thus, we also measured the analytes in subjects with
nonsevere asthma over a 48-hour period after whole-lung antigen
challenge, a model of asthma exacerbation (47) and provocation
that is known to increase plasma P-selectin (37). Finally, because
the platelet activation that accompanies asthma (48, 49) could in
itself result in increased plasma VWF and P-selectin, we measured
platelet factor 4 (PF4), a platelet-specific a-granule protein (37).
Some of these results have been reported in abstract form (50, 51).

METHODS

Subjects and Assessments

The SARP was a HIPAA-compliant prospective study (Table 1) on
subjects with severe (based on American Thoracic Society criteria

Figure 1. Hyperpolarized he-

lium-3 magnetic resonance
imaging (HPHe-MRI) (A and

B) and multidetector com-

puted tomography (MDCT)

(C and D) of four Severe
Asthma Research Program sub-

jects with asthma illustrating

the associations between von

Willebrand factor propeptide
(VWFpp), VWFpp/VWF mature

protein (VWF:Ag), or P-selectin

and abnormalities. (A) Subject

with nonsevere asthma, P-
selectin of 18 ng/ml, VWFpp

of 171 U/dl, VWFpp/Ag of

1.65, and defect volume on
HPHe-MRI of 11.1%, above

the median of 1.8% for all

subjects with asthma. Red

arrows ¼ defective regions.
(B) Subject with severe asthma,

P-selectin of 16 ng/ml, VWFpp

of 109 U/dl, VWFpp/Ag of

0.68, and no detectable venti-
lation defect (0.0%) on HPHe-

MRI. (C) Subject with severe

asthma, P-selectin of 48 ng/
ml, VWFpp of 103 U/dl,

VWFpp/Ag of 1.10, and area

of signal density on MDCT less

than2950 HU at TLC of 7.9%, above the median of 1.16% for all subjects with asthma. (D) Subject with nonsevere asthma, P-selectin of 9.4 ng/ml,
VWFpp of 107 U/dl, VWFpp/Ag of 1.23, and area of signal density on MDCT less than2950 HU at TLC of 0.25%, below the median of 1.16% for all

subjects with asthma. Highlighted in yellow ¼ regions of signal density less than 2950 HU at TLC.
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[52]) or nonsevere asthma and normal subjects screened and enrolled
(9, 45) at the University of Wisconsin as described (46). Table 2 shows
SARP subject data generated as described previously (48). Indepen-
dent of SARP, subjects with allergic nonsevere asthma were studied
after whole-lung antigen challenge (48). SARP and the antigen chal-
lenge protocol were approved by the University of Wisconsin-Madison
Health Sciences Institutional Review Board. Informed written consent
was obtained from each subject. P-selectin and PF4 data from the
SARP subjects were used previously in a manuscript on platelet acti-
vation and eosinophil b1 integrin activation in asthma (48).

ELISAs

Plasma was collected by a procedure that minimizes platelet activation
(48). ELISAs for P-selectin and PF4 were described previously (48).
Plasma VWF:Ag and VWFpp concentrations were determined by
sandwich ELISAs (53); each sample was tested at 1:100, 1:200, and
1:400 dilutions, and values were averaged.

Imaging

HPHe-MRI and MDCT were performed as described (2) on Visit 5
(Table 1) within 48–72 hours of each other. HPHe-MRI and MDCT scan
parameters are summarized in Table 3. Details are in the online supplement.

Statistics

Mann-Whitney U, Kruskal Wallis, or chi-square tests were used to
compare data between or among groups. Spearman rank test was used
to analyze correlations. P less than or equal to 0.05 was considered
significant. Analyses were performed using Prism (GraphPad, La Jolla,
CA) or as described (54). Group data are reported as mean 6 SD or
median with 25th and 75th percentiles, if the variable was or was not
normally distributed, respectively. Receiver operating characteristic
(ROC) curve analysis was performed using MedCalc (Ostend, Bel-
gium, http://www.medcalc.org).

RESULTS

Subject Characteristics

ELISAs and HPHe-MRI and/or MDCT were performed on 78
subjects, 21 with severe asthma, 42 with nonsevere asthma, and

15 healthy control subjects (Table 2). Criteria for severe and
nonsevere asthma were previously described (45, 46, 52). Each
subject’s status was not known when ELISAs and image evalu-
ations were performed.

Mean age was higher in subjects with severe asthma than non-
severe asthma and lowest in normal subjects (Table 2). FEV1 was
different among the groups. FEV1/FVC was lower in asthma than
in normal subjects. Subjects with severe asthma had lower FVC
than subjects with nonsevere asthma, as described in larger studies
(45, 46). Serum IgE concentration was higher in subjects with
asthma than in normal subjects. Blood eosinophil concentration
in subjects with nonsevere asthma was significantly higher than in
normal subjects. The proportion of neutrophils in sputum was
greater in subjects with severe compared with nonsevere asthma.
Fraction of exhaled nitric oxide was higher in subjects with asthma
than in normal subjects. Of the severe and nonsevere subjects with
asthma, 100% and 64%, respectively, were being treated with
inhaled corticosteroids, whereas 38% and 5% also received oral
corticosteroids (CS). The daily inhaled corticosteroid dose in sub-
jects with severe asthma was higher than in nonsevere subjects.

Figure 2. Secretory pathways of von Willebrand factor

(VWF) and P-selectin from endothelial cells and proposed
explanation for differential associations of VWF propeptide

(VWFpp) and P-selectin with airway changes or defects in

asthma. (A) VWF mature protein (VWF:Ag) and VWFpp are

constitutively secreted into blood plasma and packaged
together as a complex in tubular structures within Weibel-

Palade granules, from which they are secreted in a regu-

lated manner. P-selectin is a type I membrane protein

sequestered in Weibel-Palade granules with its extracellu-
lar domain jutting into the granule. P-selectin becomes

displayed on the endothelial cell surface when granules

translocate to the surface on endothelial cell activation,

and may be released subsequently into blood plasma by
proteolysis. Endothelial cells of capillary cells lack Weibel-

Palade granules and thus have only constitutive secretion

of VWF and P-selectin. (B) Left, airway from subject with
normal extent of vascularity and level of VWFpp secretion.

Right, airway from subject with increased vascularity and

high plasma VWFpp originating from the increased mass

of endothelial cells. The increased vascularity reported by
high VWFpp is thought to be associated with obstruction

and ventilation defects in the larger and more central airways as detected by hyperpolarized helium-3 magnetic resonance imaging. (C) Left, normal

terminal airspace and normal level of P-selectin secretion. Right, abnormal terminal airspace structure detected by multidetector computed

tomography at TLC is associated with abnormal vasculature containing endothelial cells with increased synthesis and release of P-selectin into
plasma. Green ¼ VWF:Ag; purple ¼ VWFpp; red ¼ P-selectin. Based on present data and published information (22, 24, 25, 27, 30, 31, 35, 36, 41–

43, 65, 66, 70).

TABLE 1. SEVERE ASTHMA RESEARCH PROGRAM STUDY DESIGN

Visit 1 2 3 4 5 6 7 8

Consent and medical history x

Spirometry x

Methacholine challenge x

Allergy skin test x

Blood draw: IgE, leukocyte (including eosinophil and

neutrophil) and platelet counts

x

Blood draw: plasma preparation x x x

Hyperpolarized helium-3 magnetic resonance imaging x

Multiple detector computed tomography x

Fraction of exhaled nitric oxide x

Sputum induction x

Inhaled b agonist was withheld for 4 hours before Visits 1 and 2.

Visit 4 was at least 2 weeks after Visit 1, Visits 5 and 6 were within 4 weeks of

Visit 4, Visit 7 was 6 weeks after Visit 4, and Visit 8 was 12 weeks after Visit 4.
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Concentrations of the plasma markers and imaging data in
subjects with severe asthma, nonsevere asthma, all asthma,
and no asthma are shown in Table 4. VWF:Ag was not signif-
icantly different among groups, in accord with a previously pub-
lished study (55). VWF:Ag is known to vary considerably
among normal subjects (56, 57). We found similar variation
here. No instances were found of increases in VWF:Ag of more

than threefold, whereas such increases have been observed in
patients with acute bronchitis, lung injury, or pulmonary hyper-
tension (32–34). VWFpp was not different among groups. The
VWFpp/Ag ratio was significantly lower in all subjects with
asthma and subjects with severe asthma compared with normal
subjects, and in subjects with severe asthma compared with
subjects with nonsevere asthma. P-selectin was not significant

TABLE 3. MRI AND MDCT SCAN PARAMETERS

MRI Parameter T1-weighted Fast-Spin Echo Hyperpolarized 3He-MRI

TR/TE ‘/8 ms 8.4/3.1 ms

Flip angle 908 78

Bandwidth 31.25 kHz 31.25 kHz

Acquisition matrix 128 3 64 128 3 128

Imaging time 7–8 s 18–24 s

Axial plane FOV 32–38 3 24–29 cm2 32–38 3 24–29 cm2

Slice FOV 13–19 3 1.5 cm slices 13–19 3 1.5 cm slices

MDCT Parameter 16 Detectors 64 Detectors

Collimation 1.25 mm 1.25 mm

Pitch 1.675 0.95

Source current/voltage 100–300 mA/120 kV(p) 100–300 mA/120 kV(p)

Gantry speed 0.5 s/rotation 0.5 s/rotation

Matrix 512 3 512 512 3 512

Lung volume FRC (end expiration) and TLC (end inspiration) FRC (end expiration) and TLC (end inspiration)

Reconstruction kernel “Standard” and “lung” “Standard” and “lung”

Reconstructed slice thickness 0.625 mm (quantitative) and 5 mm (qualitative) 0.625 mm (quantitative) and 5 mm (qualitative)

Definition of abbreviations: FOV ¼ field of view; 3He-MRI ¼ helium-3 magnetic resonance imaging; kV(p) ¼ peak kilovolt; MDCT ¼ multidetector computed

tomography; MRI ¼ magnetic resonance imaging; TE ¼ time to echo; T1 ¼ longitudinal relaxation time; TR ¼ time of repetition.

TABLE 2. SEVERE ASTHMA RESEARCH PROGRAM SUBJECT CHARACTERISTICS

Group

Variable Severe Asthma Nonsevere Asthma No Asthma

N 21 42 15

Sex (female, male) 13, 8 19, 23 10, 5

Age, yr (mean 6 SD) 42 6 14*,† 32 6 13‡ 23 6 6

Race/ethnicity (white, African American, Asian American,

Hispanic)

15, 6, 0, 0‡ 37, 4, 0, 1 12, 0, 1, 2

FEV1, % predicted (mean 6 SD) 71 6 24x,† 87 6 14† 102 6 12

FEV1/FVC, % predicted (mean 6 SD) 85 6 18jj 89 6 10† 99 6 7

FVC, % predicted (mean 6 SD) 82 6 17¶,† 98 6 12 103 6 10

PC20, mg/ml (median [25th, 75th percentiles]) 1.8 (0.9, 4.4)jj 1.7 (0.9, 8.0)† 50 (50, 50)

IgE, IU/ml (median [25th, 75th percentiles]) 150 (42, 280)† 120 (42, 300)† 9 (2, 20)

Positive skin tests, number (mean 6 SD) 5 6 3‡ 6 6 3† 0 6 0

Blood eosinophils, per ml (mean 6 SD) 190 6 200 260 6 180‡ 150 6 110

Blood neutrophils, per ml (mean 6 SD) 5,000 6 3,400 3,600 6 1,200 3,500 6 1,200

Platelets, thousands per ml (mean 6 SD) 270 6 50x 230 6 50‡ 270 6 40

Sputum eosinophils, % of WBC (median [25th, 75th

percentiles])

0.4 (0.0, 6.3) 0.8 (0.1,1.6) 0.2 (0.0,1.0)

Sputum neutrophils, % of WBC (mean 6 SD) 56 6 19* 40 6 21 52 6 22

FENO, ppb (median [25th, 75th percentiles]) 30 (16, 60)jj 25 (15, 37)jj 14 (10, 20)

n (%) on ICS 21 (100)*,† 27 (64)† 0 (0)

n (%) on oral CS 8 (38) ¶,jj 2 (5) 0 (0)

ICS dose, mg/d (median [25th, 75th percentiles]) 1,000 (910, 1,000)¶,† 250 (0, 500) 0 (0, 0)

Definition of abbreviations: CS ¼ corticosteroid; FENO ¼ fraction of exhaled nitric oxide; ICS ¼ inhaled CS; PC20 ¼ provocative concentration of methacholine producing

a 20% fall in FEV1; ppb ¼ part per billion; WBC ¼ white blood cells.

The allergen extracts used for skin testing were Eastern seven-tree mix, grass mix, short ragweed, common weed mix, dog, cat, Alternaria, Cladosporium, Aspergillus

mix, Dermatophagoides farinae, Dermatophagoides pteronyssinus, and American cockroach, with histamine as positive control and diluting fluid as negative control, and

were from Greer Laboratories (Lenoir, NC).

ICS dose is expressed as fluticasone equivalent, based on the equivalence of 1,200 mg budenoside or 1,260 mg beclomethasone with 880 mg fluticasone (52) (39

subjects were on fluticasone, 7 on budenoside, 1 on beclomethasone, and 1 on fluticasone and budenoside).

Exclusion criteria were current smoker or more than 5 pack-year previous smoking; diagnosis of vocal cord dysfunction, chronic obstructive pulmonary disease, cystic

fibrosis, or congestive heart failure (46).

* P less than or equal to 0.01 versus nonsevere asthma.
y P less than or equal to 0.001 versus no asthma.
z P less than or equal to 0.05 versus no asthma.
x P less than or equal to 0.05 versus nonsevere asthma.
jj P less than or equal to 0.01 versus no asthma.
¶ P less than or equal to 0.001 versus nonsevere asthma.
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between these groups, but there were trends to higher values in
subjects with asthma compared with normal subjects and in
subjects with severe compared with nonsevere asthma. Al-
though others have found increases in P-selectin after certain
provocations in asthma (37–39), most have not demonstrated
significant steady-state differences between subjects with
asthma and normal subjects or between groups of subjects with
asthma. PF4 was higher in severe asthma than in nonsevere
asthma, as described previously (48). Percentage defect volume
on HPHe-MRI was significantly higher in subjects with nonse-
vere asthma than in normal subjects. Percentage area with low
density on MDCT less than 2856 HU at FRC was higher in
severe than in nonsevere asthma. Percentage area with low
density less than 2950 HU at TLC was higher in all asthma
and in subjects with severe asthma compared with normal sub-
jects. In a somewhat larger study reported in abstract form (58)
(n¼ 101, of which 74 ¼ nonsevere, 16 ¼ severe, and 11 ¼ control
subjects, some subjects overlapping with the current manuscript)
of regional imaging metrics, it was similarly found that area of
low density on MDCT less than 2856 HU at FRC was signifi-
cantly greater in severe than in nonsevere asthma, and also that
defect volume on HPHe-MRI was significantly greater in all
asthma than in control subjects.

Most subjects with asthma in our study were also included in
a larger population from the multicenter SARP study that were
classified into five asthma phenotype groups using unsupervised
hierarchical cluster analysis (cluster 1 ¼ mild allergic asthma;
2 ¼mild-moderate allergic asthma; 3 ¼more severe older-onset
asthma; 4 ¼ severe variable allergic asthma; 5 ¼ severe fixed-
airflow asthma) (9, 59). Figure E1 in the online supplement
shows plasma marker concentrations in the different clusters.
We pooled clusters 3–5 here because of low numbers of subjects
in each of these clusters. VWFpp (see Figure E1A), VWFpp/Ag
(see Figure E1B), VWF:Ag (not shown), or PF4 (not shown)
were not significantly different among clusters. Plasma P-selectin
was significantly different among clusters with the highest concen-
trations in clusters 3–5 (see Figure E1C), indicating that P-selectin
is associated with more severe disease.

Because CS use may reduce vascularity in asthma (19, 23–25),
the possibility existed that systemic CS might also impact imaging
signals and plasma marker concentrations. To address this issue,
we compared subjects who were receiving oral CS with those who
were not (see Table E1). P-selectin, PF4, and area of low density

less than 2856 HU at FRC were higher in subjects on oral CS
versus those not on oral CS, possibly because the subjects on oral
CS have more severe underlying disease. No marker or imaging
parameter was significantly lower in those on oral CS, suggesting
that CS does not suppress the plasma markers or imaging signals.

Correlations

Because of the variations in plasma protein concentrations and im-
aging data among subjects (Table 4), we compared these measure-
ments directly to explore potential correlations, as described below.
Examples of HPHe-MRI images in Figures 1A and 1B reflect the
observed trend toward increased ventilation defect volume (arrows
in Figure 1A) in asthma and with increased VWFpp or VWFpp/Ag.
Examples of images of MDCT at TLC in Figures 1C and 1D depict
low-density pixels color-coded in yellow and reflect the overall
trend of decreased lung density observed in asthma, particularly
severe asthma, and with increased plasma P-selectin.

VWFpp and VWFpp/Ag Correlate with Defect Volume

on HPHe-MRI

VWFpp and VWFpp/Ag correlated significantly with percentage
defect volume on HPHe-MRI in asthma (Table 5; Figures 3A
and 3B). The rs (Spearman rank correlation coefficient) values
were similar in severe and nonsevere asthma and reached signif-
icance in nonsevere asthma (Figures 3A and 3B). When the sub-
jects with asthma were divided in two groups by median
percentage defect volume, subjects with greater defect volume
had significantly higher VWFpp and a trend to higher VWFpp/
Ag than those with lesser or no defect volume (Table 6; see Fig-
ures E2A and E2B). VWF:Ag did not correlate with percentage
defect volume (Table 5) or differ significantly between the two
groups defined by defect volume (Table 6). Similarly, P-selectin
and PF4 neither correlated with defect volume nor differed be-
tween the groups (Tables 5 and 6). VWFpp/Ag correlated only
with airway wall area in third-generation right upper lobe segment
(rs ¼ 0.30; P ¼ 0.02), whereas VWFpp did not (rs ¼ 0.05; P ¼
0.72); VWFpp/Ag or VWFpp did not correlate with airway wall
area of six other segments. VWFpp did not correlate with FVC,
whereas VWFpp/Ag correlated directly with FVC (see Table E2).
VWFpp or VWFpp/Ag did not correlate with FEV1 or FEV1/
FVC (see Table E2), even though defect volume correlated

TABLE 4. ENDOTHELIAL CELL AND PLATELET ACTIVATION MARKERS, AND IMAGING METRICS IN SEVERE ASTHMA RESEARCH PROGRAM
SUBJECTS WITH SEVERE ASTHMA, NONSEVERE ASTHMA, OR NO ASTHMA

Plasma Protein or Imaging Metric Severe Asthma Nonsevere Asthma All Asthma No Asthma

VWF:Ag, U/dl (mean 6 SD) 115 6 51 96 6 29 102 6 38 87 6 21

VWFpp, U/dl (mean 6 SD) 107 6 47 115 6 36 112 6 40 118 6 37

VWFpp/Ag (mean 6 SD) 0.97 6 0.20*,† 1.24 6 0.34 1.15 6 0.33‡ 1.36 6 0.37

P-selectin, ng/ml (mean 6 SD) 29 6 15 25 6 12 26 6 13 21 6 11

PF4, ng/ml (median [25th, 75th percentiles]) 14 (5.2, 38)x 6.3 (3.6, 13)‡ 7.1 (4.0, 17) 12 (8.0, 21)

Percentage defect volume on HPHe-MRI (median [25th, 75th

percentiles])

1.6 (0.0, 5.6) 2.1 (0.6, 4.6)‡ 1.8 (0.5, 4.6) 0.8 (0.2, 1.5)

Percentage area of low density on MDCT less than2856 HU at

FRC (median [25th, 75th percentiles])

13 (4.7, 31)x 6.2 (1.9, 11) 7.0 (2.9, 14) 6.9 (2.9, 8.2)

Percentage area of low density on MDCT less than2950 HU at

TLC (median [25th, 75th percentiles])

1.8 (0.6, 3.8)‡ 1.1 (0.4, 4.0) 1.2 (0.5, 3.9)‡ 0.8 (0.4, 1.2)

Definition of abbreviations: HPHe-MRI ¼ hyperpolarized helium-3 magnetic resonance imaging; HU ¼ Hounsfield unit; MDCT ¼multidetector computed tomography;

PF4 ¼ platelet factor 4; VWF:Ag ¼ von Willebrand factor mature protein; VWFpp ¼ von Willebrand factor propeptide.

n (number of subjects) ¼ 21, 42, and 15 in the three groups for the plasma markers; 10, 40, and 12 for MRI; 15, 28, and 9 for MDCT at FRC; and 21, 38, and 13 for

MDCT at TLC.

* P less than or equal to 0.001 versus nonsevere asthma.
y P less than or equal to 0.01 versus no asthma.
z P less than or equal to 0.05 versus no asthma.
x P less than or equal to 0.05 versus nonsevere asthma.
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inversely with FEV1 and FEV1/FVC (see Table E2) in a manner
similar to correlations described before between ventilation
defects or defect volume and FEV1 or FEV1/FVC (2, 7). VWFpp
did not correlate significantly with TLC, residual volume/TLC,
FRC/TLC, or FVC/slow vital capacity (not shown). VWFpp/Ag
correlated with TLC (% pred., rs ¼ 0.32; P ¼ 0.02), but not with
the other lung volumes (not shown). To summarize, VWFpp or
VWFpp/Ag correlated with defect volume on HPHe-MRI, indi-
cating that VWFpp is associated with ventilation defects.

To investigate the use of VWFpp or VWFpp/Ag as continu-
ous variables in predicting defect volume on HPHe-MRI, we
performed ROC curve analysis. As shown in Figures 3D and
3E, VWFpp and VWFpp/Ag significantly (P ¼ 0.007 and 0.008)
predicted defect volume on HPHe-MRI of greater than 6% and
greater than 8.25%, respectively, with areas under curve (AUC)
of 0.76 and 0.78. AUC values greater than 0.70 were obtained
for VWFpp or VWFpp/Ag using different cutoffs for percent-
age defect volume ranging from 4–8% (see Table E3).

TABLE 5. CORRELATIONS BETWEEN ENDOTHELIAL CELL AND PLATELET ACTIVATION MARKERS
AND IMAGING METRICS IN SEVERE ASTHMA RESEARCH PROGRAM SUBJECTS WITH ASTHMA

Plasma Protein

Plasma Protein versus

Defect Volume on

HPHe-MRI

Plasma Protein versus

Area of Low Density on

MDCT Less than 2856

HU at FRC

Plasma Protein Versus

Area of Low Density on

MDCT Less than 2950

HU at TLC

rs P rs P rs P

VWF:Ag 0.10 0.49 0.02 0.91 0.05 0.73

VWFpp 0.35 0.01 20.10 0.53 0.03 0.84

VWFpp/Ag 0.36 0.01 20.16 0.29 20.10 0.46

P-selectin 20.04 0.80 0.10 0.52 0.28 0.03

PF4 20.08 0.58 0.23 0.14 0.04 0.75

Definition of abbreviations: HPHe-MRI ¼ hyperpolarized helium-3 magnetic resonance imaging; HU ¼ Hounsfield unit; MDCT ¼
multidetector computed tomography; PF4 ¼ platelet factor 4; rs ¼ Spearman rank correlation coefficient; VWF:Ag ¼ von

Willebrand factor mature protein; VWFpp ¼ von Willebrand factor propeptide.

n ¼ 50 for MRI, 43 for MDCT at FRC, and 59 for MDCT at TLC.

Figure 3. Correlations between

imaging metrics and von Wille-
brand factor (VWF) or P-selectin

in Severe Asthma Research Pro-

gram subjects with asthma and

receiver operating characteristic
(ROC) curves for the ability of

VWF and P-selectin to predict

defect volume on hyperpolar-

ized helium-3 magnetic reso-
nance imaging (HPHe-MRI) and

low-attenuation area on multi-

detector computed tomography
(MDCT), respectively. (A and B)

Percentage defect volume on

HPHe-MRI versus plasma con-

centration of VWF propeptide
(VWFpp) (A) or VWFpp/VWF

mature protein (VWF:Ag) (B).

(C) Percentage area of signal

density on MDCT less than
2950 HU at TLC versus

plasma concentration of solu-

ble P-selectin. (D) ROC curve
for the ability of VWFpp to

predict percentage defect vol-

ume on HPHe-MRI greater

than 6%; area under curve
(AUC) ¼ 0.76, P ¼ 0.007; for

criterion greater than 131.6

U/dl, sensitivity ¼ 70% and

specificity ¼ 82%. (E) ROC
curve for the ability of VWFpp/Ag to predict percentage defect volume on HPHe-MRI greater than 8.25%, AUC ¼ 0.78, P ¼ 0.008; for criterion

greater than 1.27, sensitivity ¼ 80% and specificity ¼ 73%. (F) ROC curve for the ability of P-selectin to predict percentage area of signal density

of MDCT less than 2950 HU greater than 0.8%; AUC ¼ 0.71, P ¼ 0.002; for criterion greater than 29 ng/ml, sensitivity ¼ 46% and specificity ¼
91%. P ¼ probability, rs ¼ Spearman rank correlation coefficient. U ¼ unit in which pooled normal plasma has 100 U/dl. Ratio was calculated
from U/dl VWFpp divided by U/dl VWF:Ag.
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P-Selectin Correlates with Area of Low Density on MDCT

at TLC

Plasma P-selectin correlated significantly with area of low den-
sity on MDCT less than 2950 HU at TLC in all subjects with
asthma (Table 5, Figure 3C). The rs value was greater in severe
than in nonsevere asthma (Figure 3C). P-selectin did not corre-
late with area of low density less than 2856 HU at FRC (Table
5). Subjects with asthma with area of low density less than 2950
HU at TLC above the median had higher P-selectin than sub-
jects with percentage area below the median (Table 7; see Fig-
ure E2C). VWF forms and PF4 did not correlate with area of
low density on MDCT at TLC (Table 5) and were not higher in
subjects with greater area of low density (Table 7). P-selectin
did not correlate with airway wall area measurements (not
shown). P-selectin did not correlate with measurements of lung
volumes (not shown) or lung function (see Table E2); even
though area of low density on MDCT less than 2950 HU at
TLC correlated with FEV1/FVC (see Table E2) as found previ-
ously (12, 14). The MDCT less than 2850 HU at FRC was also
associated with FEV1/FVC (see Table E2) as found before (3),
and with other obstructive measures (see Table E2), but did not
correlate with any vascular endothelial marker (Table 5). ROC
analysis demonstrated that P-selectin significantly (P ¼ 0.002)
predicted low-attenuation area on MDCT at TLC of greater
than 0.8% with an AUC of 0.71 (Figure 3F). AUC values
greater than or equal to 0.65 were obtained for cutoffs of 0.6–
1.5% (see Table E4).

VWF and P-Selectin after Whole-Lung Antigen Challenge

Plasma preparation and imaging were performed on different
visits (Table 1). To examine within-individual variability and
stability of markers during a maneuver that might be expected
to perturb endothelial cells and cause regulated release of con-
tents of Weibel-Palade granules, we studied 12 subjects with

mild allergic asthma undergoing whole-lung inhaled antigen
challenge, a model of asthma exacerbation (47).

Mean coefficients of variation (SD/mean) for VWFpp, VWF:
Ag, VWFpp/Ag, and P-selectin among the different time-points
in our subjects were 11%, 9%, 11%, and 18%, respectively; mean
coefficients of variation among the different subjects at the same
time-points were 23%, 37%, 23%, and 40%. Thus, differences in
VWF and P-selectin among subjects were greater than differen-
ces among time-points. There was no increase in VWFpp (Figure
4A), VWF:Ag (Figure 4B), or VWFpp/Ag (Figure 4C) after
challenge. There was a small but significant increase (mean
1.2-fold in absolute and 1.3-fold in relative values) in P-selectin
at 2 hours compared with before challenge (Figure 4D). The
small increase in P-selectin is likely caused by platelet activa-
tion, inasmuch as such activation has previously been reported
after whole-lung antigen challenge as assessed by increases in
plasma b-thromboglobulin and PF4 and approximately 1.5-fold
increase in P-selectin at 0.5 or 6 hours (37). Thus, although
whole-lung challenge leads to platelet activation, it does not
cause Weibel-Palade granule secretion.

DISCUSSION

In this study, we measured regional lung function using HPHe-
MRI and structure using MDCT in patients with asthma. Specif-
ically, we investigated the relationship between regional defect
volume on HPHe-MRI and low-attenuation area on MDCT
with circulating blood biomarkers reflecting alterations of vascu-
lar endothelial cells that are typically activated during inflamma-
tion and repair. We found that circulating VWF propeptide
(VWFpp) and the propeptide/mature protein ratio (VWFpp/
Ag), indicators of vascular endothelial cell perturbation, corre-
lated with and predicted lung ventilation defects detected
by HPHe-MRI. Surprisingly, P-selectin, an indicator of vascular
endothelial cell and platelet activation, correlated with and pre-
dicted a distinctly different abnormality manifested as a diffuse

TABLE 6. ENDOTHELIAL CELL AND PLATELET ACTIVATION MARKERS IN SEVERE ASTHMA RESEARCH
PROGRAM SUBJECTS WITH ASTHMA WITH GREATER OR LESSER DEFECT VOLUME ON HPHE-MRI

Plasma Protein

Defect Volume on HPHe-MRI

Greater than Median of 1.8%

Defect Volume on HPHe-MRI

Less than Median of 1.8% P

VWF:Ag, U/dl (mean 6 SD) 102 6 32 95 6 31 0.40

VWFpp, U/dl (mean 6 SD) 124 6 43 99 6 26 0.05

VWFpp/Ag (mean 6 SD) 1.26 6 0.40 1.09 6 0.25 0.07

P-selectin, ng/ml (mean 6 SD) 24 6 13 25 6 13 0.96

PF4, ng/ml (median [25th, 75th percentiles]) 6.9 (3.3, 24) 5.2 (4.0, 15) 0.99

Definition of abbreviations: HPHe-MRI ¼ hyperpolarized helium-3 magnetic resonance imaging; PF4 ¼ platelet factor 4; U ¼
unit; VWF:Ag ¼ von Willebrand factor mature protein; VWFpp ¼ von Willebrand factor propeptide.

n ¼ 25 in each group.

TABLE 7. ENDOTHELIAL CELL AND PLATELET ACTIVATION MARKERS IN SEVERE ASTHMA RESEARCH
PROGRAM SUBJECTS WITH ASTHMA WITH GREATER OR LESSER AREA OF LOW DENSITY ON MDCT
LESS THAN 2950 HU AT TLC

Plasma Protein

Area of Low Density on MDCT

Less than 2950 HU at TLC

Greater than Median of 1.16%

Area of Low Density on MDCT

Less than 2950 HU at TLC

Less than median of 1.16% P

VWF:Ag, U/dl (mean 6 SD) 100 6 28 102 6 48 0.49

VWFpp, U/dl (mean 6 SD) 106 6 27 117 6 49 0.48

VWFpp/Ag (mean 6 SD) 1.10 6 0.32 1.21 6 0.33 0.12

P-selectin, ng/ml (mean 6 SD) 29 6 14 22 6 12 0.05

PF4, ng/ml (median [25th, 75th percentiles]) 6.9 (4.3, 22) 11 (3.6, 17) 0.99

Definition of abbreviations: HU ¼ Hounsfield unit; MDCT ¼ multidetector computed tomography; PF4 ¼ platelet factor 4; U ¼
unit; VWF:Ag ¼ von Willebrand factor mature protein; VWFpp ¼ von Willebrand factor propeptide.

n ¼ 29 in Group 1 (area . median) and 30 in Group 2 (area , median).
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Figure 4. Concentrations of von Willebrand factor propeptide (VWFpp), VWF mature protein (VWF:Ag), and P-selectin after whole-lung inhaled

antigen challenge in subjects with mild allergic asthma. (A) VWFpp, (B) VWF:Ag, (C) VWFpp/Ag, and (D) P-selectin. Panels show individual values
(left), means of absolute values (center), and means of values expressed as percentage of baseline (right). U ¼ unit. **P less than or equal to 0.01 for

increase versus baseline at 0 hours. n ¼ 12.
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pattern of reduced parenchymal density on MDCT acquired at
TLC. Therefore, VWFpp, VWFpp/Ag, and P-selectin warrant
further investigation as possible surrogate biomarkers for spe-
cific airway structural alterations in asthma.

Because plasma concentrations of VWFpp and P-selectin are
both associated with endothelial cell activation through release
of Weibel-Palade granules, it is surprising that these two blood-
based measures correlate with different imaging metrics. This
raises challenging questions about how the features of the asth-
matic lung reported by the imaging techniques relate to determi-
nants of circulating VWFpp andP-selectin. The lack of correlation
between plasma PF4 and MDCT data indicates that endothelial
cells are largely responsible for the increase in plasma
P-selectin, although there may also be a small contribution from
P-selectin derived from platelets. The fact that whole-lung antigen
challenge did not result in increases of VWFpp or VWF:Ag or
increases in P-selectin other than those that can be attributed
to platelet activation indicates that the observed correlations
result from stable and not acute change in lung structure and
function.

In asthma,MDCT at end expiration (FRC) detects changes in
the more distal small airways that collapse at lower lung volume
and prevent air from leaving (1, 6, 9). Lung volume affected by
air trapping is generally estimated by calculating the percentage
less than 2856 HU at FRC. A regional mosaic of lower local
density occurs at FRC because of increased volume of trapped
air, which has a calibrated density of approximately21,000 HU.
Regional air trapping distal to obstructed small airways at the
level of secondary lobules is often made more visually apparent
when adjacent to normal lung regions in which the mean density
of residual air, blood vessels, and supporting tissue is approxi-
mately 2800 HU. At TLC, the HU numbers are expected to be
lower because the lung is fully inflated. Regionally, lung density
is less affected by air trapping at TLC because all normal air-
ways and secondary lobules are typically recruited. In emphy-
sema, density decreases in the lung parenchyma at TLC are
used to estimate change caused by hyperinflation and loss of
normal lung architecture, using an empirical threshold of the
percentage of lung tissue less than 2950 HU (10, 11). In non-
smokers with asthma, a mosaic of similarly attenuated areas on
MDCT at TLC has also been observed and has been proposed
to be associated with hyperinflation, airflow limitation, and al-
tered terminal airspace geometry (6, 12–17). In addition, hyper-
inflation has been implicated as a major determinant of altered
physiology in subjects with asthma (60).

HPHe-MRI can be thought of as being similar to nuclear scin-
tigraphy lung ventilation scans but with higher contrast and im-
proved spatial resolution caused by the use ofHPHe as a contrast
agent (5) and ability to obtain three-dimensional image resolu-
tion. In normal ventilated lung, the HPHe contrast agent should
distribute throughout the available alveolar and bronchial areas.
In obstructed lung, regions fed by partially or completely ob-
structed airways do not fill, leading to a pattern with low or no
signal regions adjacent to locally high-signal regions fed by un-
obstructed airways. The impact of structural defects on ventila-
tion caused by partial or near complete obstruction of the
airways is not as well seen on MDCT. Thus, whereas MDCT
lung density evaluates regional air trapping at FRC and possibly
hyperinflation at TLC (6, 12–17), HPHe-MRI measures the
change in signal intensity related to gas ventilation in the air-
trapped regions of the distal small airways and the larger central
airways (2, 4–7). A large defect percentage in the lung volume
measured on HPHe-MRI may be an indicator of more central
airway involvement and more pronounced functional narrowing
that falls beyond the limit of structural abnormalities detectable
with MDCT. Although a single mucous plug could be present at

one time-point and resolve shortly thereafter, 40–60% of ven-
tilation defects detected by HPHe-MRI persist in the same
locations on repeated study (61). In the cross-sectional imaging
studies described here, it is not possible to separate reversible
from more persistent defects.

Why do VWFpp markers correlate exclusively with HPHe-
MRI measurements while P-selectin correlates exclusively with
MDCT measurements at TLC? Despite their common origins in
endothelial cells, control and pathways of synthesis and secretion
of VWF:Ag, VWFpp, and P-selectin are different. VWF:Ag and
VWFpp are constitutively secreted in tandem and packaged to-
gether in tubular structures within the Weibel-Palade granule,
whereas P-selectin is a type I membrane protein with its extra-
cellular domain jutting into the granule (Figure 2A) (30, 31).
Regulated release of VWFpp, VWF:Ag, and P-selectin from
Weibel-Palade granules into plasma may be controlled differen-
tially (62). VWFpp is secreted efficiently from endothelial cells,
whereas VWF:Ag may bind to subendothelial extracellular ma-
trix of endothelial cells and enter plasma (30), and P-selectin
must be proteolytically released after externalization (Figure
2A) (35, 36). VWF expression is variable among vascular beds
in ways that are incompletely understood (63). In addition,
Weibel-Palade granules are enriched in arterioles and venules
of the pulmonary circulation but lacking in capillary cells even
though the capillary cells express VWF and P-selectin (64).
Animal model studies indicate that repeated lung antigen chal-
lenges increase vascularity and VWF expression (27, 65) and that
this occurs in a vascular endothelial growth factor–dependent
manner (65), whereas distention or stretching of endothelial cells
(66) or inflammation (67) increases P-selectin expression.

In Figures 2B and 2C, we propose an explanation for the
differential associations between VWFpp or P-selectin with
imaging metrics. We depict increased plasma VWFpp as origi-
nating from endothelial cells of the more numerous and hyper-
trophied vessels in inflamed bronchi (Figure 2B) and increased
plasma P-selectin as originating in endothelial cells of blood
vessels of abnormal terminal airway structure detected by
MDCT at TLC (Figure 2C). The changes shown in Figure 2B
seem to occur in nonsevere and severe asthma inasmuch as
VWFpp concentration and the HPHe-MRI abnormalities were
not higher in severe than in nonsevere asthma and the rs values
for the correlation between VWFpp and the HPHe-MRI signal
were similar for both groups. The increased vascularity is pro-
posed to contribute to the obstruction and ventilation defects
affecting air flow in the larger and more central airways that are
detected by HPHe-MRI. There is precedence for chronically
increased VWFpp compared with VWF:Ag because of de-
creased survival and increased clearance of VWF:Ag in type
1C von Willebrand disease (53, 68).

Figure 2C is proposed to explain the association of plasma
P-selectin concentration with MDCT findings. In this model, the
pulmonary vasculature within the abnormal terminal airway
structure detected by MDCT at TLC is populated by endothe-
lial cells that are more susceptible to secretion of P-selectin. The
changes depicted in Figure 2C seem to occur in more severe
disease inasmuch as P-selectin was higher in more severe
asthma clusters, the MDCT signal at TLC was highest in severe
asthma, and P-selectin and the abnormal MDCT signal at TLC
correlated best in severe asthma. However, we are not aware of
pathologic studies of lung tissue biopsies linking abnormal ter-
minal airway structure with the diffuse pattern of attenuation
area at TLC observed in this study. Clearly, further work is
necessary to test and refine the proposed model.

Limitations of this study include the fact that the current
study was cross-sectional in time. The whole-lung antigen chal-
lenge data support the stability of endothelial cells in subjects
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with mild asthma over 48 hours after a major provocation. It is
reasonable to surmise that the plasma biomarkers report chronic
pulmonary changes that may evolve over years. It is likely that
longitudinal changes of VWFpp from baselinemay correlate bet-
ter with other manifestations of asthma on an individual basis.
Indeed, it is remarkable that we could discern correlations be-
tween VWFpp and HPHe-MRI signals given the wide range
of normal concentrations of VWF and without control of med-
ications. Concentration of normal plasmaVWF:Ag is sensitive to
polymorphisms in VWF itself, proteins determining ABO blood
type, and secretion and turnover of plasma VWF (69). Studies
are ongoing to follow VWFpp and P-selectin longitudinally and
relate changes to medications. Other limitations are that 83% of
the subjects with asthma studied were ethnically white and non-
Hispanic, and that the severe asthma, nonsevere asthma, and
normal groups differed in age. However, we did not find any
significant interactions between age and the associations of
plasma markers and imaging metrics (i.e., the associations be-
tween plasma markers and imaging metrics were similar in age-
adjusted and non–age-adjusted models [not shown]). Future
work should test the observed relationships in broader popula-
tions with different genetic backgrounds.

Potential impact and importance of our findings include the
prospects that serial measurements of VWFpp or VWFpp/Ag
may complement imaging in longitudinal assessment of asthma
and strategies to treat asthma. HPHe-MRI is limited by cost and
availability of He and MDCT is limited by cost and the need to
minimize lifelong radiation exposure. VWFpp or VWFpp/Ag
may provide a gauge of evolving airway injury, possibly leading
to a more progressed disease state, whereas P-selectin may be
sensitive to chronically altered structure of the peripheral air-
way. These possibilities need to be investigated in future studies.
Also importantly, we have identified a biologic correlate, increased
plasma P-selectin, of the low-attenuation areas detected byMDCT
at TLC, which is a poorly understood aspect of asthma that needs
more attention. Finally, our findings should focus more attention
on mediators and consequences of vascular perturbation and en-
dothelial activation in asthma and regional differences in vessels
of the asthmatic lung as proposed in our model.
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