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Abstract
The Calibrated Automated Thrombogram (CAT), a plate-based assay that measures thrombin
generation and inhibition in plasma samples, is modified to measure the procoagulant activity of
phospholipid associated with plasma microparticles (MP). The assay uses a tissue factor trigger
without addition of 4 µM exogenous phospholipid (PL) used in the standard CAT. Calibrated with
4:1 posphatidylcholine- phosphatidylserine (PCPS) liposomes, the assay defines a median of 40
nM procoagulant phospholipid (PPL) equivalents in plasma containing MPs from 50 normal
donors, with a range from 20 – 200 nM. Like the standard CAT, the modified assay detected no
difference in plasma from 36 individuals with a history of a single episode of venous
thromboembolism. However the male cases had double the PPL activity, as measured by rate of
thrombin generation, of females; and there was a significant correlation among cases of increased
thrombin generation with age. In contrast, there were no gender disparities or age correlations
among control plasmas. The findings suggest that procoagulant activity of plasma microparticles,
facilitated by a simplified, one-stage plate-based assay, offer a promising avenue of investigation
of mechanisms and management of venous thromboembolic disorders.
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Introduction
Thrombosis can occur when a vascular lesion activates the hemostasis system, or when the
hemostasis system itself becomes hypersensitive to an otherwise benign vascular anomaly.
This hyperresponsiveness of the system, viewed as “thrombophilia” or “propensity to
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thrombosis” [1] is clearly dependent upon components within blood [1,2] but is otherwise
undefined [1,3]. The presymptomatic diagnosis and subsequent prediction of thrombosis
after disease is established remain elusive. Elucidation of mechanisms of thrombosis,
development of sensitive and specific diagnostics, and design of effective but benign
therapeutics calls for better insight into the biochemistry and cell physiology of hemostasis,
the pathobiology of vascular disease, and the pathophysiology of the thrombotic process
itself.

The risk of recurrence after an initial VTE is the highest within six months and as high as
30%within 10 years. Standard medical practice is that all VTE patients are prescribed
prophylactic anticoagulants [4,5]. Complications of prolonged anticoagulation therapy can
be serious, so patients who would not require treatment are exposed to unnecessary risk
[6,7]. Known risk factors for recurrence of VTE include indications of ongoing thrombosis,
such as a high D-dimer level, residual thrombosis detected by ultrasound and increased
thrombin generation [8–13]. Male gender has also been found to be associated with a higher
risk for VTE recurrence, but a plausible mechanism is not apparent [14–17].

The presence of increased circulating procoagulant phospholipid (PPL) has been detected in
a number of pre-thrombotic conditions, including myocardial infarction (MI), cancer and
trauma but has not been reported for VTE [18,19]. Triggers for venous thrombosis are not
known, but the process of clot formation requires PPL and definition of thrombophilia could
most certainly include increased levels of circulating procoagulant phospholipids [20]. Most
PPL detected in other disease states appears to be associated with microparticles derived
from platelets. PPL-positive microparticles shed from platelets are thought to result as a
consequence of platelet activation and therefore an indicator of ongoing thrombosis
(reviewed in [21]). Although platelets do not generally appear to be prevalent within venous
thrombi [22,23], microparticles derived from circulating platelets have been shown to be
very potent activators for both factor X and prothrombin [19,24]. To determine whether
procoagulant phospholipids associated with microparticles are present in VTE patients, we
modified an established thrombin generation assay, the calibrated automatic thrombogram
(CAT) [25], to be sensitive to the PPL associated with procoagulant microparticles. Since
annexin V binding has been equated to procoagulant activity, we also assayed isolated
platelet microparticles by flow cytometry. We find that procoagulant phospholipid
associated with microparticles is increased in VTE patients with increasing age but not with
the number of annexin V-positive microparticles derived from platelets. Furthermore,
significantly higher rates of thrombin generation are supported by microparticles in male
compared to female VTE patients.

Methods
Patient and Control subjects

Mayo Clinic outpatients age 18 years or older with objectively-diagnosed DVT or PE
(confirmed by venography, pulmonary angiography, compression venous duplex
ultrasonography, ventilation/perfusion lung scan interpreted as high probability for PE,
computed tomographic pulmonary angiography, magnetic resonance imaging or pathology
examination of thrombus removed at surgery) who resided in the upper Midwest United
States and who were referred to the Mayo Clinic Special Coagulation Laboratory or Mayo
Clinic Thrombophilia Center were recruited over the study period, (10/13/2008 –
11/06/2009, 12 months), for study participation. The time between VTE and blood draw
ranged from <1–33 years, with a median of 5 years. We excluded patients with VTE related
to active cancer, an indwelling central venous catheter, transvenous pacemaker or other
mechanical cause for thrombosis, or a lupus anticoagulant or other antiphospholipid
antibodies. Controls were selected prospectively from persons undergoing outpatient general
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medical examinations during the same time period. VTE cases and controls were not
receiving anticoagulation (heparin, warfarin) or an antithrombotic (aspirin, non-steroidal
anti-inflammatory drug, thienopyridine) within the four weeks prior to blood sample
collection. We collected 51 controls (27 females and 23 males) and 36 VTE patients, (15
females and 21 males) to be assayed for thrombin generation. Ages ranged from 19–81, and
all were white of European ancestry. Except for one female control, no VTE cases or
controls were receiving hormone therapy.

Sample Collection and Processing
Blood was collected by venipuncture using an 18 gauge winged-infusion set (Becton
Dickinson, New Jersey, USA) into Vacutainer tubes containing 3.2% sodium citrate.
Platelet-poor plasma (PPP) was prepared by an initial centrifugation at 1500 ×g for 10 min
to remove platelets followed by a second centrifugation at 2750 ×g for 15 min. PPP for
thrombin generation or microparticle analysis experiments was stored at −70 °C.

Isolation of blood microparticles for flow cytometric analysis
Frozen samples were thawed in a 37 °C water bath for 5 min, vortexed, and then centrifuged
at 3,000 ×g for 15 min. The plasma sample was then centrifuged at 20,000 ×g for 30 min.
Supernatants were removed, and the remaining pellets (microparticles) were reconstituted
with Hanks’ solution buffered (pH 7.4) with 20 mM HEPES. Tubes containing reconstituted
microparticles were vortexed and centrifuged again at 20,000 ×g for 30 min. After
centrifugation, the pellets containing microparticles were reconstituted again and vortexed
for 1 to 2 min before analysis. All buffers were filtered twice through a 0.2-µm membrane
filter before use.

Experimental Procedures
Thrombin Generation Assay—Thrombin generation was measured with the Calibrated
Automatic Thrombinogram Assay (CAT Assay, Thrombinoscope BV, Maastricht, The
Netherlands) [26]. Either of two 20 µL triggers, the proscribed PPP-Reagent 5 pM (5 pM
tissue factor/4 µM phospholipid, Stago, US) or diluted Innovin (Dade Behring, Newark, DE)
was added to polypropylene 96-well microtiter plates (Nunc, Thermo Fischer Scientific,
Rochester, NY). Then, citrated platelet poor plasma (80 µL), containing 50 µg/mL of corn
trypsin inhibitor (CTI, Haematologic Technologies Inc. Essex Junction, VT) was added and
the plate was warmed to 37 °C for 5 minutes in the pre-equilibrated plate-reader. Thrombin
generation was initiated with pre-warmed Fluo-substrate (Stago, US) that contained calcium
and buffer (Fluo-buffer, Stago, US). Thrombin progress curves were recorded continuously
with a Fluoroskan FL instrument (Thermo Labsystems, Helsinki, Finland) under control of
Thrombinoscope software (Thrombinoscope BV, Maastricht, The Netherlands), filtered for
excitation at 390 nm and emission at 460 nm. For each plasma sample, a calibrator assay
was included in which the tissue factor/PL trigger was replaced with a solution that
contained a known concentration of thrombin-α2-macroglobulin complex (thrombin
calibrator, Stago, US). The calibrator corrects for inner filter effects and quenching variation
among individual plasmas. Each trigger and calibrator was assayed in triplicate for each
plasma sample analyzed.

Data Analysis—Raw fluorescence data were converted to thrombin activity (nM), relative
to the calibrator by the Thrombinoscope software [27]. For each plasma sample and trigger
combination, four parameters were derived by the software: lagtime (LT, min), endogenous
thrombin potential, (area under the curve; ETP, nM-min), peak thrombin activity (Peak, nM)
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and time to peak (TTP, min). Rate of thrombin generation (nM/min) was calculated by:

.

PPL Standard Curve—A standard curve was constructed from dilutions of synthetic
phospholipid (1.3 mM) composed of 20 mol% phosphatidylserine and 80 mol%
phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL, USA) [28] combined with dilute
Innovin (approximately 5 pM tissue factor). Approximate TF concentration was determined
by titration of diluted Innovin (Dade Behring, Newark, DE) against the PPP-Reagent 5 pM,
as judged by equivalent peak height. The PC/PS-Innovin reagent was added, from zero to 4
µM PC/PS, constant Innovin, into Cryocheck control pool plasma (Precision BioLogic,
Dartmouth, NS, Canada) that had been depleted of MP by centrifugation at 49,000 ×g for
10minutes, room temperature, in an Airfuge (Beckman Coulter, Brea, CA). The CAT assay
was initiated with the substrate-calcium reagent and resulting Peak height (nM thrombin)
was plotted versus concentration of PC/PS (µM).

Procoagulant Phospholipid Assay—To measure endogenous procoagulant
phospholipid content in individual plasma samples, the CAT assay was triggered only with
the diluted Innovin reagent in absentia of excess, exogenously added phospholipid. As
demonstrated by the addition of purified PC/PS to MP-depleted plasma, under these
conditions the extent of thrombin generation becomes dependent upon the concentration of
PPL in the plasma samples. In order to define the contribution of MP to the total plasma
PPL, a sample that had been depleted of MP by centrifugation at 49000 ×g for 10 minutes is
also assayed with the diluted Innovin trigger. The PPL derived from microparticles is
determined by subtracting the amount of thrombin generated from the MP-depleted sample
from that of the non-centrifuged plasma.

Flow Cytometric Analysis of MP
Flow cytometry (FACS-Canto, BD Biosciences) was used to define microparticles by size
and positive fluorescence using marker-specific antibodies and annexin V as described
previously [29].

Statistical Analysis
Box and Whisker plots were constructed for each CAT parameter measured for both control
and case samples. Range, median, mean, and standard deviation were calculated using
Sigmaplot 8 (Systat Software, Inc. San Jose, CA). The upper and lower edge of each box
within the Box and Whisker plot defines the 75th and 25th percentiles, respectively and the
line within the box defines the median. The upper and lower whiskers on each box define
the 95th and 5th percentile, respectively and any outliers are indicated with symbols.
Quartiles, Spearman coefficients and p-values of select thrombin generation data were
determined using Analyze-it software (Analyze-it Software, Ltd., Leeds, UK). Groups were
compared with use of the Mann-Whitney-Wilcoxon (MWW) rank-sum test, and
dependencies used the Spearman rank correlation. Linear plots of data were constructed and
analyzed using Sigmaplot 8 linear regression software (Systat Software, Inc. San Jose, CA).

Results
The endogenous thrombin potential, or ETP, is the total amount of thrombin generated in
plasma after addition of a defined trigger. The nominal assay for the calibrated automatic
thrombogram (CAT), from which the ETP is calculated comprises 5 pM tissue factor and 4
micromolar phospholipid in citrated, platelet poor plasma, and thrombin generation after
recalcification is measured continuously with a fluorogenic substrate [26]. We assayed 36
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individuals with a single prior VTE, during a one year period, for their endogenous thrombin
potential using the high TF and PL trigger. During this same time period, 51 plasma samples
without documented VTE (controls), were also collected (Table 1).

There were no significant differences in ETP between VTE cases and controls, or in males
compared to females in cases or controls (Fig. 1a). Thrombin generation in the female case
group showed a skewed distribution with two thirds of the samples at or below the median
and one third at or above the 75th percentile. Although there was no difference in the ETP
between males and females in the control group, a bimodal distribution for females was not
seen. Except for male controls, the distributions showed a three-fold data range.

For control and case samples, there is no correlation between increasing age and thrombin
generation, in either male or females, as measured by total thrombin (ETP) generated using
a trigger that contains high tissue factor and high phospholipid (Fig. 1b). However, there is a
weak trend (p = 0.22) towards a positive correlation between age and ETP in the VTE case
samples (Fig. 1c). We do not mean to imply that the relationship between ETP and age is
linear, which would require much larger sample size to determine, but rather to illustrate the
difference between control and case samples. These differences are primarily reflecting the
sample number from the short duration of the study and exclusion of patients on
anticoagulants.

Procoagulant phospholipid in plasma microparticles
We modified the standard CAT assay to detect procoagulant phospholipid associated with
microparticles in patient plasmas. The modification uses a trigger without supplemental lipid
and contains the equivalent to 5 pM tissue factor. At this concentration, the PPL associated
with the TF is insignificant. A pooled reference platelet poor plasma, supplemented with 50
µg/mL of corn trypsin inhibitor (CTI) to inhibit contact activation, was separated into three
fractions (Fig. 2a), either containing endogenous microparticles (I and II) or depleted of
microparticles by centrifugation at 49000 ×g (III). Fraction I, which contains endogenous
microparticles, is assayed for maximal thrombin generation in the presence of excess
phospholipid. Fraction II, which also contains endogenous microparticles, is activated with
a trigger that contains 5 pM tissue factor (Innovin, Baxter, diluted 1:400), but without
exogenous lipid, resulting in thrombin generation substantially lower than that of fraction I.
These results imply that the microparticles endogenous to the reference plasma can support
about 25% of the thrombin that is generated compared to that which is generated with the 4
µM phospholipid present in the commercial trigger (compare I and II, Fig. 2b) also
containing 5 pM TF. Most of the procoagulant phospholipid in this reference plasma is
contained in the microparticle fraction, as fraction III which lacks microparticles after
centrifugation at 49000 ×g generates very little thrombin (Fig. 2b and inset). Mean peak
thrombin was measured for each fraction on 10 individual reference plasma samples thawed
and assayed on 10 different days in triplicate: 362 ± 43 nM, 96 ± 14 nM and 9 ± 2 nM, for
fractions I, II, and III respectively.

Peak thrombin is directly proportional to procoagulant phospholipid
The results in Fig. 2b imply that peak thrombin is sensitive to endogenous procoagulant
phospholipid. Using fraction III prepared from the reference plasma illustrated in Fig. 2,
which is devoid of microparticles, we added increasing amounts of purified PC/PS vesicles
to the diluted Innovin as a trigger for thrombin generation. Fig. 3a shows the thrombin
generation curves plotted as thrombin versus time as the concentrations of PC/PS increase
from 0–4000 nM. Plots of thrombin peak height versus log PC/PS concentration yield a
straight line (r2 = 0.987) resulting in the standard curve shown in (Fig. 3b).
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We then determined whether the relationship between peak thrombin and procoagulant
phospholipid was maintained when the source of lipid was supplied by microparticles,
concentrated within the reference plasma by repetitive centrifugations in the same tube at
49000 ×g. The microparticles were reconstituted at 2, 5, and 10-fold the original plasma
concentrations with particle-free reference plasma (49000 ×g supernatant) and then assayed
for thrombin generation using the 5 pM tissue factor trigger. The peak thrombin obtained for
each fold-concentrated MP (x-axis) sample is shown as an open circle in Fig. 3b, inset. The
peak height is proportional to MP concentrations as high as 10X that of the parent plasma,
but recovery was less than quantitative. The peak height for fraction II-III (Fig. 2) averaged
90 nM thrombin. From the slope (linear fit) in the Fig. 3 inset of the dependence on MP
concentration, the recovery of PCPS equivalent activity of the MP averaged 50%.

Procoagulant phospholipid (PPL) on microparticles increases with age
Each VTE control or case plasma fraction was assayed as described in Fig. 2. There is an
increase in MP-associated thrombin generation as measured by peak height in male (median
= 50) compared to female (median = 33) VTE cases (Fig. 4a). This is not seen in the control
samples, where the median thrombin peak height for females (41 nM, range 18–167) is
higher and has a much broader range than it does for males (38.5 nM, range 23–92). Since
the CAT assay is a kinetic measurement it allows assessment of the rate of thrombin
generation. There were no significant differences in the Lag time (LT, min; data not shown)
between any of the groups (case versus control) within each condition (I, II, III) assayed.
However, male VTE cases show more than a 2-fold increase (p = 0.007, Mann-Whitney-
Wilcoxon rank sum) in the rate of thrombin generation compared to female VTE cases (Fig.
4b). Again, this difference was not seen in the control group, where females had slightly
higher rates of thrombin generation compared to males. Although the median rate of
thrombin generation for female cases was lower than for males, four of the fifteen female
case samples had rates of thrombin at or above the 75th percentile (6 nM/min, range 6–10
nM/min).

As noted previously, males in this study are significantly older than females. (Table 1)
Although age and gender are better matched in the control group, with males being only
slightly older than females, the total age range for each group spans over six decades. When
procoagulant microparticles, as measured by peak thrombin, are plotted against age of
individual the VTE cases, but not controls, show a significant, positive correlation (p = 0.02,
Spearman rank, compare Fig. 5b to 5a). Additional statistical analysis showed that the VTE
case data also fit a quadratic function (p = 0.07). This would suggest that peak thrombin is
essentially flat for younger ages and increases after about age 45, and that male VTE cases
tended to have more microparticle-associated procoagulant phospholipid than male controls,
while female cases tended to have lower microparticle-associated procoagulant phospholipid
than female controls. This alternative model recapitulates our previous findings concerning
age at time of incidence of first VTE [Heit, 2001], where incidence was nearly flat for both
males and females until age 45, at which point incidence rises sharply and is slightly higher
(18%) in males compared to females in non-hospitalized individuals. Further analysis with a
larger sample size will be required to determine whether the apparent increase in
microparticle-associated procoagulant phospholipid in males detected in this study is related
to the incidence difference of VTE between males and females. These findings suggest that
either procoagulant microparticles increase in number, or that the total procoagulant
phospholipid surface concentration of the microparticles is increased in VTE case samples.

Thrombin generation by MP does not correlate to annexin V binding
Annexin V binds to exposed phosphatidylserine on either cells or microparticles and has
provided quantitative measurement for procoagulant phospholipid. In parallel to
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measurements of thrombin generation, microparticles derived from all samples were
analyzed for annexin V binding by flow cytometry, using fluoroscein-labeled annexin V.
Greater than 90% of all annexin V positive microparticles were also positive for the platelet-
specific marker CD42. In contrast to peak thrombin generation, there was no correlation
with annexin V-positive/CD42-positive microparticle numbers with age for either control or
case samples (Fig. 6a). Furthermore, in contrast to what was seen for both increasing peak
height and rate of thrombin generation derived from microparticles in VTE case samples,
the number of annexin V-positive/CD42-positive microparticles in case samples was lower,
with a mean value of 65.2 ± 67.7, than that compared to control samples, with a mean of
97.3 ± 132.5 (t-test, p = 0.09), Fig. 6a. This finding suggest discordance between
procoagulant activity and annexin V binding. This was verified by plotting annexin V-
positive/ CD42-positive microparticles (number/microliter plasma) versus peak thrombin
generation. There is substantially more functional PPL in VTE case samples (mean 61 ± 40,
median 54, nM IIa) and controls (mean 49 ± 30 median 40, nM IIa) than can be accounted
for by numbers of annexin V/ MP in VTE case samples compared to controls. These data
suggest that there are procoagulant factors not detected by annexin V, presumably
phospholipid in nature, that may contribute to thrombin generation, as had been previously
suggested by studies using the XACT assay [30]. Alternatively, since annexin V binding
requires a minimum density of phosphatidylserine for binding, thrombin generation may still
occur at densities lower than that detectable by annexin V. These findings also indicate that
the amount of procoagulant PPL that will trigger thrombin generation cannot be directly
determined by measuring only the amount of annexin V-positive MP.

Discussion
Assays that address global hemostasis, in which both pro- and anti-coagulant processes are
determinants, have a greater potential for detecting a hypercoagulable state than
measurement of any single pathway. Thrombin generation assays having such global
sensitivity have become revitalized by using simplified and semi-automated plate-reader-
based approaches, and have become quantifiable through use of internal standardization
[31–33]. These assays, which use cell-deficient plasma, allow analysis of the composite
soluble factors involved in the coagulation process, including the balance of pro- and anti-
coagulant factors derived from a single individual. Although cellular and vessel wall
components, which also participate in the generation of thrombin in vivo, are missing,
microparticles derived from these sources are still present in the plasma. Microparticles shed
into circulation have been investigated both for their potential to report on prothrombotic
events that have occurred at the site of activity, and for their relation to propensity for
thrombosis [34]. However, existing methods for measuring the contribution of
microparticles to thrombin generation involve either isolation of washed microparticle
preparations and/or the use of specialized reagents, which make such assays impractical for
clinical application.

We have devised a modification of the assay originally conceived and developed by Hemker
et al. [35,36] to analyze the procoagulant phospholipid content of plasma and plasma-
derived microparticles. Tripodi et al. [37] found that by reducing both the TF and PL
concentrations from the nominal CAT, the assay becomes more sensitive to the Protein C
pathway. Similar to our findings and others, increases in ETP were not significant in those
with recurrent VTE compared to those without. However, when thrombomodulin was
included in the assay, there were significant differences between cases with recurrent VTE
in both ETP and peak height [37]. Our approach uses re-lipidated tissue factor (Innovin), a
well-characterized, commercially available reagent, for triggering thrombin generation. This
thromboplastin reagent is diluted to a level equivalent to 5 pM of purified tissue factor to
which no exogenous phospholipid has been added. The amount of thrombin generation then
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is limited to the amount of procoagulant phospholipid supplied by plasma components. In
this way, similar to addition of thrombomodulin which sensitizes the CAT assay to an
individual's protein C pathway components, our modification sensitizes the CAT to an
individual's procoagulant phospholipid.

A standard curve constructed with known amounts of purified PC/PS vesicles added to
microparticle-free plasma relates PPL-equivalents to thrombin peak height. We verified a
similar concentration dependence when the source of procoagulant phospholipid is supplied
only by adding MP to control plasma, although recovery is reduced by incomplete
suspension after the high-speed centrifugation. This finding may provide a means to validate
other approaches to MP analysis. The assay entails measuring the difference between
thrombin generation in platelet poor plasma with the diluted Innovin trigger and a second
measurement, with the same trigger in plasma that has been centrifuged to remove
microparticles (any table-top centrifuge capable of 15,000 – 20,000 ×g would suffice [38].
The difference between the two measurements is the contribution of microparticles to the
procoagulant phospholipid balance of the plasma. This subtractive method eliminates the
time-consuming process of isolating and washing microparticles, which also induces error
by decreasing their yield. Furthermore, once isolated, microparticles lack procoagulant
factors to support thrombin generation and must be assayed using yet another assay
requiring additional reagents and processing. For clinical research application, the CAT
measurements can be made simultaneously, in replicate, and with exactly the same reagents
and assay conditions. For a standard 96-well plate, 10 individual samples can be analyzed, in
triplicate, including a control.

Using the modified assay for detecting microparticle-derived PPL, median peak thrombin
generation for all VTE case samples were somewhat higher than controls, but not
statistically significant. After segregating the data based on gender, the difference between
male and female VTE case samples was statistically significant (Mann- Whitney-Wilcoxon
rank sum, p = 0.007), with males having a 2-fold increase in rate of thrombin generation
relative to female VTE cases. However, this difference may be attributable to the age
difference in male VTE case samples (10 to 20 years older) relative to female VTE case
samples, as well as both male and female control samples. There is a significant (Spearman
rank, p = 0.02) increase in peak thrombin generation associated with microparticles with
increasing age of VTE case samples. Although there is a positive trend between age and
MP-associated peak thrombin generation in control samples, it is not statistically significant.
With the standard assay, using a 5 pM trigger with high levels of PPL (4 µM), we did not
observe an increase in the total thrombin generated, as measured by the area under the curve
(ETP), between control and case samples or with age.

The recent development of the XaCT (Xa clotting time) assay for measuring the
procoagulant phospholipid activity in isolated microparticles has determined that the amount
of thrombin generated from microparticles is about 3-times greater than can be accounted
for by the phosphatidylserine content as measured by annexin V binding [16]. These
findings suggest that either additional procoagulant phospholipids or other factors bound to
the microparticle surface enhance thrombin generation. The XaCT assay has been used to
detect procoagulant phospholipids in a variety of diseases known to have increased platelet-
derived microparticles, such as cancer and in patients with multiple traumas [9]. An
approach similar to ours using a modified CAT assay has been used for assay of anti-
phospholipid antibodies for patients with lupus-like anticoagulants [39]. The ratio of peak
height to lag time is converted to an anticoagulant activity and related to a standard curve
based on the inhibition of thrombin generation by well-characterized anti-phospholipid
antibodies [40].
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Using a prothrombinase assay to measure procoagulant MP captured by immobilized
annexin V, Ay et al. did not detect a difference between VTE case and controls [41].
However, this assay would only measure MPs that were captured by annexin V. In another
study, which triggered thrombin generation with high TF/low PL ratio (71.6 pM/3.2 µM)
measured with the Technothrombin assay, VTE patients with less thrombin generation had a
60% lower relative risk for recurrence than those with more thrombin generation [10]. To
our knowledge, our results are the first using a novel modification of the CAT assay to
directly measure PPL-dependent thrombin generation associated with microparticles
including, but not limited to, those that are annexin V-positive.

Consistent with published results using the X-act assay, we also find more thrombogenic
activity on microparticles than can be accounted for by measuring the amount of surface
annexin V binding. We show that microparticles derived from VTE case samples generate
more thrombin per number of annexin V-positive microparticles than controls. It has been
shown that annexin V binding significantly underestimates the amount of procoagulant
phospholipid compared to that measured with lactadherin [42–44]. Furthermore, the amount
of PPL, as measured by thrombin generation, increases with increasing age of the individual
VTE patient. In contrast, there is no correlation between age and annexin V positive
microparticles, in either VTE case or control samples. It has been widely recognized that
initial VTE incidence increases with age; however, among patients with an initial
unprovoked VTE, a correlation between a later recurrence and the age of first VTE has not
been shown [45]. Interestingly, a 2-fold increase in recurrence has been detected in males
compared to females, and we find a comparable increase in the rate of thrombin generation
in male VTE cases compared to female VTE cases. However, our male VTE cases are also
significantly older than our female VTE cases, complicating the interpretation of our
findings. One limitation of our current study is the lack of younger male and older female
VTE case samples due to the small sample size collected during only one year. Therefore, it
is possible that the increase in procoagulant microparticles seen in older VTE case samples
may also be dependent on the sex of the individual. Even with this limitation, we regard this
to be the first report correlating increased functional procoagulant microparticles with
increased age of patient at time of diagnosis of VTE. Whether this correlation might be
exploited in tailoring anticoagulant therapy for prevention of VTE recurrence remains to be
tested.

Many procoagulant factors increase with age, including fibrinogen, factors V, VII, VIII, IX,
XIII, without a compensatory increase in anticoagulant factors, e.g. antithrombin, which is
decreased in males with age, in theory disturbing the hemostatic balance towards
prothrombotic [46]. However, this prothrombotic profile does not always result in
thrombosis, as evidenced by thrombosis-free centenarians [47]. These findings suggest that
additional components of the hemostatic system need to be assessed in order to gain a
clearer picture of the entire hemostatic balance. For example, it has been shown recently that
the protein C activation pathway is reduced with increasing age despite an increase in the
actual protein C concentration [47].

In conclusion, we have developed a simple method based on the CAT assay [26] to measure
procoagulant phospholipid associated with plasma microparticles. The technique does not
require microparticle isolation or additional reagents or procedures, making it amenable for
future use within the clinical laboratory setting. Furthermore, we determine that
procoagulant microparticles increase with the age of an individual that has experienced a
single VTE. Although our sample numbers are small in this observational study, given the
findings of several retrospective studies that conclude that increased thrombin generation is
associated with recurrence of VTE, we propose that this assay might prove to be a valuable
tool in addressing the basis of VTE and responses to prophylactic anticoagulation. We find
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similar to van Dreden et al. [16] that there is more procoagulant phospholipid associated
with microparticles than can be measured by annexin V binding, which suggests that
alternative assays may be needed for accurately measuring the full procoagulant capacity of
microparticles.
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Fig. 1.
Total thrombin generation potential using maximal trigger. Thrombin generation is triggered
with 5 pM tissue factor and 4 µM phospholipid and integrated to derive the ETP (nM −min.
a) Box and whisker plot of either control (open, males (n = 24) and filled, females (n = 27)
or case, n = 36 (triangle; open, males (n = 21) and filled, females (n = 15) plasma samples as
indicated, with the median represented by the line within the box, the upper boundary of the
box represents the 75% of the data and the lower boundary of the box the 25%, and the
whiskers (95%, upper and 5%, lower). b, c) Linear regression analysis of ETP versus age for
control and case samples, respectively and symbols are as indicated for 1a.
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Fig. 2.
Assay to measure the procoagulant phospholipid from microparticle and non-microparticle
sources in plasma. Platelet poor plasma with corn trypsin inhibitor (CTI) is assayed for
thrombin generation using a 5 pM tissue factor trigger with or without additional PPL before
and after high-speed centrifugation to remove microparticles. a) Schematic representing the
processing, fractionating, and assaying steps for thrombin generation. Three different
conditions for each plasma are assayed, as indicated by I, II, or III, “(± MP)” denotes the
absence or presence of microparticles. b) Representative thrombin generation profiles,
plotted as thrombin concentration versus time for each condition (I, II, or III) represented in
a. The inset shows enlargement of the profile generated for condition III.
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Fig. 3.
Peak height is proportional to procoagulant phospholipid (PPL). a) Thrombin generation
after addition of PC/PS as indicated by the legend. b), Peak height of thrombin in (a) plotted
versus PC/PS concentration. Each data point represents the average of three individual
measurements with error bars as indicated. Inset) The microparticles were concentrated by
centrifugations of repetitive plasma aliquots in a single Airfuge tube, and then resuspended
by reciprocal movement through a micropipette tip. The peak height of concentrated plasma
microparticles is plotted versus fold concentrated over parent plasma.
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Fig. 4.
The amount and rate of thrombin generation with endogenous microparticle-derived PPL is
increased in male VTE cases. The trigger is 5 pM tissue factor without added PPL and the
non-sedimentable activity has been subtracted, as described for Fig. 3. a) Box and whisker
plots showing the peak height for VTE control or case plasmas, symbols as described in Fig.
1a. b) Rate of thrombin generation, calculated by dividing the peak height by the time to
reach the peak. Single asterisk (*) indicates p-value (Mann-Whitney-Wilcoxon rank sum) of
0.007.
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Fig. 5.
Thrombin generation in MPs is increased with age. The linear regression lines are shown, a)
Female and male controls, with symbols the same as in Fig. 1a. b) Female and male cases,
with symbols the same as in Fig. 1a.
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Fig. 6.
Annexin V/CD42-positive MP neither increases with age nor correlates to procoagulant
phospholipid measured by thrombin generation. Microparticle analysis using flow cytometry
was performed on isolated and washed microparticles that were co-stained for both annexin
V and CD42. Thrombin generation analysis was performed in parallel on citrated platelet
poor plasma processed at the same time. a) AnnexinV/CD42-double positive microparticle
versus age. Control and case samples data are plotted with symbol colors defined in Fig. 6.
b) The number of annexin V/CD42-positive microparticles per µL versus peak thrombin.
Control and case samples data are plotted with symbols defined in Fig. 6a.
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Table 1

Demographic characteristics of Venous Thromboembolism Case and Controls. Age of VTE case and control
patients are categorized by decade and the number of male or females in each control or case group is listed
along with the percent (%) within each group. Median and mean age are shown for males and females within
the control or case groups.

Variable Controls (n = 51) Cases (n = 36)

Sex female male female male

Number (%) 27 (53) 24 (47) 15 (42) 21 (58)

   Age group

      18–29 3 (11) 1 (4) 3 (20) none

      30–39 3 (11) 5 (21) 4 (27) 1 (5)

      40–49 7 (26) 4 (15) 1 (7) 1 (5)

      50–59 4 (15) 2 (8) 2 (13) 4 (19)

      60–69 7 (26) 6 (25) 2 (13) 7 (33)

      70–79 3 (11) 4 (15) 3 (20) 3 (14)

      80–89 none 1 (4) none 5 (24)

Median Age 50 56 46 66

Mean Age 50.9±15.7 55.3±15.8 48.5±17.7 67.1±13.5
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