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Abstract

The objective of this study was to evaluate the elimination kinetics of hemostasis-related
biomarkers including the prothrombin activation fragment F1+2, thrombin-antithrombin
complex (TAT), plasmin-ax-antiplasmin complex (PAP), and D-dimer in humans. Autolo-
gous serum was used as a biomarker source and infused into 15 healthy volunteers. Serum
was prepared from whole blood in the presence of recombinant tissue-type plasminogen
activator (final concentration 20 ug/mL) to induce plasmin generation required for PAP and
D-dimer formation. Serum transfusions (50 mL/30 min) were well tolerated by all subjects.
Endogenous thrombin formation was not induced by serum infusions as measured using a
highly sensitive oligonucleotide-based enzyme capture assay. Median peak levels (x-fold
increase over baseline) of F1+2, TAT, PAP, and D-dimer of 3.7 nmol/L (28.9), 393 ng/mL
(189.6), 3,829 ng/mL (7.0), and 13.4 mg/L (34.2) were achieved at the end of serum infu-
sions. During a 48 h lasting follow-up period all biomarkers showed elimination kinetics of a
two-compartment model. Median (interquartile range) terminal half-lives were 1.9 (1.3-3.6)
h for F1+2, 0.7 (0.7-2.6) h for TAT, and 10.8 (8.8—11.4) h for PAP. With 15.8 (13.1-23.1) h
the D-dimer half-life was about twice as long as previously estimated from radiolabeling
studies in animals and small numbers of human subjects. The serum approach presented
here allows label-free and simultaneous analysis of the elimination kinetics of various
hemostasis-related biomarkers. Based on these data changes in biomarker levels could
more precisely used to estimate the activity level of the hemostatic system.

Introduction

Hemostasis-related biomarkers are specific products that are generated during activation and
regulation of the clotting process and are released into the circulating blood. Established mark-
ers include the prothrombin activation fragment F1+2 [1,2], thrombin-antithrombin complex
(TAT) [2,3], plasmin-o,-antiplasmin complex (PAP) [4], and D-dimer [5,6]. F1+2 is a measure
of the amount of thrombin formed, while TAT and PAP are measures of the amount of
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thrombin and plasmin inhibited by their corresponding endogenous inhibitors [7,8]. D-dimer
is a degradation product of cross-linked fibrin that is formed by the sequential processes of clot
formation and fibrinolysis and is therefore a compound measure of thrombin-catalyzed fibrin
formation and subsequent plasmin-catalyzed fibrin degradation [6,7]. The most notable clini-
cal application of D-dimer measurement is in the diagnosis of venous thromboembolism
(VTE), where D-dimer levels below the threshold reach negative predictive values of above
90% [9,10].

Changes in plasma levels of these biomarkers can be used to estimate the rates of thrombin
and fibrin formation, and activation of the fibrinolytic system in healthy individuals and in var-
ious clinical conditions [7,11,12]. In addition, measurement of F1+2 and TAT might improve
the specificity of D-dimer testing in diagnosing VTE, and biomarker-guided anticoagulant
treatment might form the basis of a personalized anticoagulant strategy [13-16]. Since bio-
markers are being formed and cleared simultaneously, information on their half-lives is of par-
ticular importance when they will be used in vivo to estimate the level of hemostasis activation.
Currently, the knowledge about their elimination kinetics is limited. Based on studies on the
plasma disappearance of radiolabeled fibrinogen or fibrin fragments, D-dimer is believed to be
cleared from the circulation with a half-life of 9-10 h [17-23]. However, studies in humans are
sparse, and they have been conducted with small numbers of subjects only [21,23]. This also
applies to studies on the elimination kinetics of F1+2 [24], TAT [25-27], and PAP [28], in
which similar radiolabeling techniques were used.

In the study presented here, a different approach was followed by using serum of healthy
human probands as source of hemostasis-related biomarkers. The concentration of D-dimer in
serum is comparable to that in plasma since fibrinolysis is not activated in the absence of endo-
thelial cells [29]. Therefore recombinant tissue-type plasminogen activator (rt-PA) was used to
induce plasmin formation required for PAP and D-dimer formation. After transfusion of this
autologous serum high enough plasma levels of hemostasis-related biomarkers were reached to
study their elimination kinetics over time. This approach has several advantages over the radio-
labeling approach: (1) The parameters of interest can be measured directly, and do not require
radioactivity measurement. (2) It allows simultaneous assessment of the elimination of several
biomarkers, which would require the use of different isotopes in the radioactive labeling tech-
nique. (3) As there is no radiation exposure of the probands, the administration of higher
amounts of biomarkers in humans is possible. By doing so, plasma levels can be achieved that
are similar to those present in clinical situations of coagulation activation.

Transfusion of serum can activate the coagulation cascade [30]. To detect a serum-induced
activation of the clotting cascade, plasma levels of free thrombin were monitored using a highly
sensitive oligonucleotide-based enzyme capture assay (OECA) that has been proven to detect
surgery-induced thrombin formation in a previous study [31].

Patients, Materials and Methods

This prospective study was conducted from July 2014 to February 2015 at the Institute of
Experimental Hematology and Transfusion Medicine, Bonn, Germany. The study proposal
was approved by the Institutional Review Board and Ethics committee of the University Hospi-
tal of Bonn. Written informed consent was obtained in compliance with the declaration of
Helsinki.

Volunteer selection

Healthy volunteers 18-60 years of age with > 50 kg body weight and adequate peripheral vein
status were eligible for inclusion. Exclusion criteria consisted of blood donation within the
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preceding two months, a history of cardiovascular or malignant diseases, acute infections, ane-
mia, impaired hepatic or renal function tests (transaminases, y-glutamyl transferase, urea, and
creatinine in serum). For safety reasons individuals with abnormalities in a thrombophilia
screen, that consisted of testing for activity levels of antithrombin (AT), protein C (PC), and
protein S (PS), factor V Leiden mutation, and prothrombin G20210A mutation, were excluded.
Additional exclusion criteria for female candidates were pregnancy and breast feeding. At the
day of blood donation the probands were additionally screened for infectious diseases, includ-
ing testing for antibodies against HIV-1 and HIV-2, hepatitis C virus (HCV), Treponema palli-
dum, hepatitis B core antigen, and testing for hepatitis B surface antigen using
chemiluminescent microparticle immunoassays (ARCHITECT i2000, Abbott Diagnostics,
Wiesbaden, Germany). Additionally, HIV-1 and HCV was measured using in-house reverse
transcriptase polymerase chain reaction methods [32,33].

Materials

Human a-thrombin was obtained from CellSystems (St. Katharinen, Germany). Argatroban
(Argatra‘f")) was obtained from Mitsubishi Pharma (Diisseldorf, Germany). The 3’-biotinylated
DNA-aptamer HD1-22 was synthesized and purified from Microsynth (Balgach, Switzerland).
The fluorogenic peptide substrate I-1560 (Thrombin, Boc-Asp(OBzl)-Pro-Arg-AMC) was pur-
chased from Bachem (Weil am Rhein, Germany). Alteplase (Actilyse™) was purchased from
Boehringer Ingelheim (Biberach, Germany).

Preparation and transfusion of autologous serum

Within 14 days prior to blood donation and transfusion of autologous serum, and until com-
pletion of post-transfusion blood sampling any antithrombotic or analgetic medication was
prohibited. At the day of the donation 250 mL blood were drawn into blood pack units without
anticoagulant (Fenwal, Lake Zurich, IL) that had been prefilled with rt-PA (Alteplase) to
achieve a final concentration of 20 pug/mL. After incubation at RT for 2 h, blood bags were cen-
trifugated (4 042 g, 20 min, 15°C) using a Roto Silenta RS cooling centrifuge (Hettich, Tuttlin-
gen, Germany). After centrifugation another bag was connected using a sterile tubing welder
(TSCD, Terumo, Tokyo, Japan) and the serum supernatant transferred to the new bag. Eventu-
ally the transfer line was disconnected with a sterile tube sealer (Composeal Mobilea, Fresenius
Kabi, Bad Homburg, Germany). After repeating this procedure of centrifugation and transfer
of the supernatant to a new bag, the serum preparation was frozen and stored at <-18°C until
used. Sterility of serum preparations was tested using the BACTEC-FX sterility testing system
(Becton Dickinson, Franklin Lakes, NJ).

At least four weeks after blood donation a single dose of 50 mL autologous serum was trans-
fused intravenously at a rate of 100 mL/h under perfusor control using 18-gauge peripheral
venous catheters (Braun Melsungen, Melsungen, Germany). Blood samples were drawn prior
to transfusion and at intervals of 15, 30 (end of transfusion), 45 min, and 1, 3, 6, 24, and 48 h
after the start of transfusion. A new venipuncture of an antecubital vein was performed at each
sampling time point using 21-gauge winged infusion sets (Sarstedt, Niimbrecht, Germany). After
discharge of the first 2 mL, blood was drawn into serum tubes, and citrate tubes (10.5 mM final
concentration, Sarstedt, Niimbrecht, Germany). Citrate tubes contained argatroban (100 pmol/L
final concentration) for thrombin measurement. Serum und plasma samples were obtained by
centrifugation (2 600 x g, 10 min) within 30 min and stored at <-70°C.

PLOS ONE | DOI:10.1371/journal.pone.0145012 December 14,2015 3/183



@'PLOS ‘ ONE

Elimination Kinetics of Hemostasis-Related Biomarkers

Measurement of free thrombin by OECA

The OECA for thrombin detection was performed in the microtiter plate format using white
Maxisorp Fluoronunc microtiter modules (Nunc A/S, Roskilde, Denmark) as previously
described [31]. Wells were initially coated with 10 ug/mL of bovine serum albumin (BSA)-bio-
tin (100 uL/well) in coating buffer (30 mM Na,CO,, 200 mM NaHCO;, pH 9.0). After incuba-
tion at 4°C overnight, wells were washed by rinsing them three times with phosphate-buffered
saline (PBS) washing buffer (PBS, 0.05% Tween 20, pH 7.4). Thereafter, wells were sequentially
incubated at RT with PBS washing buffer containing 1 mg/mL BSA and 10 pg/mL streptavidin
for 1 h, blocking buffer (PBS, 20 mg/mL BSA, 0.05% Tween 20, pH 7.4) for 2 h, and Tris (tris
(hydroxymethyl)aminomethane)-buffered saline (TBS) washing buffer (TBS, 1 mmol/L each
CaCl, and MgCl,, 0.05% Tween 20, pH 7.6) containing 1 nmol/L 3’-biotinylated aptamers
HD1-22 and 1 mg/mL BSA for 1h. After incubation, wells were washed with TBS washing
buffer and samples added (100 pL/well). After incubation for 2 h at RT and subsequent wash-
ing with PBS washing buffer, the fluorogenic substrate I-1560 (100 umol/L in washing buffer)
was added and changes in fluorescence over time measured using a plate fluorescence reader
(Synergy 2, BioTek Instruments, Bad Friedrichshall, Germany). Calibration curves covering a
Y5-log10 concentration range from 0 to 10 ng/mL thrombin (0-272 pmol/L) were processed in
parallel. Data obtained from the calibrators were interpolated by 4-parameter curve fit and
used to calculate the thrombin concentration in the samples. Samples and calibrators were
assayed in triplicate.

Measurement of F1+2

For the measurement of F1+2 the Enzygnost F1+2 (monoclonal) assay (Siemens Healthcare
Diagnostics Products, Marburg, Germany) was applied. In this assay a monoclonal antibody
directed against the carboxy-terminal sequence of F1+2 is used, that would also bind to pro-
thrombin activation fragment F2. Therefore F1+2 in serum and plasma samples was subjected
to adsorption with BaCl,. While F1+2 binds to the barium salts, F2 remains in the supernatant
[2]. The adsorption was carried out by addition of BaCl, to the samples to achieve a final con-
centration of 0.072 M BaCl,. Under agitation the mixtures were incubated for 30 min at RT
and for 16-18 h at 4°C, and then centrifuged at 4°C for 30 min at 6 450 g to separate the insolu-
ble barium salts from the supernatant. The Enzygnost F1+2 (monoclonal) assay was performed
with the supernatant and the obtained results used to calculate the amount of F2 in the original
serum and plasma samples. F1+2 concentrations were then calculated by subtracting the F2
concentrations from the measurement results obtained by the Enzygnost F1+2 (monoclonal)
assay in the original serum and plasma samples.

Measurement of other parameters

The STACLOT VIIa-rTF assay (Stago, Asniéres sur Seine, France) was used to determine the
concentration of FVIIa. Fibrinogen levels (Clauss method), and activity levels of factors (F) II,
VIL XI, AT, plasminogen, o,-antiplasmin, and D-dimer were determined using an automated
coagulation analyzer (BCS XP, Siemens Healthcare Diagnostics, Eschborn, Germany) and
standard reagents (Multifibren U, Innovin, Actin FSL, Berichrom Antithrombin III, Berichrom
Plasminogen, Berichrom o2-Antiplasmin Kit, INNOVANCE D-dimer). TAT concentrations
were determined using the TAT micro assay (Siemens Healthcare Diagnostics Products, Mar-
burg, Germany). Antigen concentrations of t-PA and PAI were determined using the TECH-
NOZYM t-PA Ag ELISA assay, and the TECHNOZYM PAI-1 Ag ELISA (Technoclone,
Vienna, Austria). The PAP ELISA assay (DRG Instruments, Marburg, Germany) was used to
quantify PAP.
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Data analysis

Elimination kinetics of D-dimer, F1+2, TAT, and PAP were analyzed using the PKSolver soft-
ware [34]. The in vivo recovery (IVR) was calculated as the maximum absolute increase in
plasma concentration after transfusion, divided by transfused dose per proband’s plasma vol-
ume. The probands’ plasma volume was calculated using the Sprenger-equations [35].

Results
Preparatory dose-finding experiments

In a first series of experiments serum was prepared as described using different concentrations
of rt-PA in order to variate the concentration of generated D-dimer in the preparations. D-
dimer and other hemostasis-related biomarkers were measured in a dilution series of these
serum preparations in normal citrated plasma. By doing so, the in vivo peak plasma levels of
these parameters after transfusion of the serum at different doses were estimated. The peak
plasma levels of the biomarkers had to be high enough above the respective reference ranges,
because continuously elevated levels during the period of blood draws after serum transfusion
were necessary to assess the elimination kinetics. Using a final concentration of 20 ug/mL rt-
PA in drawn whole blood, suitable levels of biomarkers were observed for a serum dilution of
1:50 and 1:100 in citrated plasma (S1 Table). Assuming a plasma volume of 2 700 to 3 000 mL,
these dilutions corresponded to transfusions of 27-60 mL serum in a proband. Therefore a vol-
ume of 50 mL serum was transfused in the in vivo experiments.

Study population

16 healthy probands were eligible and agreed to join the study. One participant dropped out
because he did not report to the study center for transfusion. The per-protocol group consisted
of all subjects that completed transfusion of autologous serum and had measurements of all
variables at all sampling time points. Only subjects of the per-protocol group were included in
the statistical analysis. Fifteen volunteers, 10 of whom were female, with a mean age (range) of
29 (23-53) years completed the study. Their body mass index was 22.5 (19.6-27.5) kg/m?,
body weight 68 (53-92) kg, and calculated plasma volume 2 980 (2 516-3 754) mL. Measure-
ments results of hemostasis parameters in their serum preparations are shown in Table 1.

Changes of hemostasis parameters through serum transfusion

Transfusions were well tolerated by all subjects and no adverse events of any kind were encoun-
tered during the study. Changes of hemostasis parameters from baseline to the end of serum
transfusions in the probands’ plasma are shown in Table 2. Median (IQR) D-dimer levels
increased from 0.30 (0.22-0.48) to 13.43 (8.69-16.93) mg/L, F1+2 levels from 0.15 (0.08-0.18)
t0 3.70 (2.62-5.29) nmol/L, TAT levels from 2.00 (2.00-2.19) to 393 (317-489) ng/mL, and
PAP levels from 574 (462-721) to 3 829 (3 627-4 046) ng/mL. The rise of these four parameters
were sustainable for the subsequent sampling time points (Fig 1), allowing analysis of their
elimination kinetics.

With 0.044 (0.0-0.075) ng/mL, the median concentration of free thrombin was in a quanti-
fiable range only in the plasma samples obtained at the end of serum transfusion. Similarly, t-
PA levels were only elevated above the upper reference value at this sampling time point:
Median t-PA increased from 1.96 (1.40-2.76) ng/mL at baseline to 26.08 (22.55-49.48) ng/mL
att = 0.5 h, but returned to levels below the upper reference value of 10 ng/mL with 6.08 (4.92-
7.94) ng/mL measured at t = 0.75 h. All other measured hemostasis parameters, including
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Table 1. Hemostasis Parameters in Transfused Serum Preparations.

Parameter
D-dimer, mg/L
F1+2, nmol/L
TAT, ng/mL

PAP, ng/mL
Thrombin, ng/mL
FVlla, ng/mL
t-PA, ng/mL

PAIl, ng/mL
Fibrinogen, mg/mL
Antithrombin, %
Plasminogen, %
ax-antiplasmin, %

For FVlla n = 11, for all other parameters n = 15; nd, not detectable.

doi:10.1371/journal.pone.0145012.t001

Reference range in plasma

<05
<0.34
0.1-3.9
163-606
nd
0.03-1.06
<10
4-43
1.80-3.55
85-120
82-150
90-110

Median (interquartile range)

692 (4971 311
881 (610—1 056
147 330 (122 590-170 905

5.68 (4.61-8.22
11.21 (9.37-12.04
38 920 (32 055-41 995

)
)
)
317 036 (232 624-480 081)
)
)
)
)

456 (270-516
nd

64.5 (55.1-67.8)
32.2 (28.8-43.8)
nd

FVIIa, did not increase through transfusion of the serum preparations. For all elevated parame-

ters, maximum plasma levels were observed at t = 0.5 h.

Analysis of elimination kinetics

The results of elimination kinetics analysis for D-dimer, F1+2, TAT, and PAP are presented in
Table 3. Except for TAT measurements in two probands, and determinations of D-dimer and
F1+2 in one proband each, a two-compartment model fitted the empirical individual subject
data better than a one-compartment model.
Of the four hemostasis-related biomarkers, the longest t;,, was observed for D-dimer, with
a median of 15.8 (13.1-23.1) h, followed by PAP with a median of 10.8 (8.8-11.4) h. Half-lives

Table 2. Changes of Hemostasis Parameters Induced by Serum Transfusion.

Parameter Baseline t=05h fold increase
D-dimer, mg/L 0.30 (0.22-0.48) 13.43 (8.69-16.93) 34.2 (24.9-78.6)
F1+2, nmol/L 0.15 (0.08-0.18) 3.70 (2.62-5.29) 28.9 (18.3—42.0)
TAT, ng/mL 2.00 (2.00-2.19) 393 (317-489) 189.6 (131.8-244.7)
PAP, ng/mL 574 (462-721) 3 829 (3 627—4 046) 7.0 (5.3-8.1)
Thrombin, ng/mL nd 0.04 (nd—0.08) NA
FVlla, ng/mL 3.35 (2.29-3.79) 2.95 (2.15-4.05) 1.1 (0.9-1.2)
t-PA, ng/mL 1.96 (1.40-2.76) 26.08 (22.55-49.48) 17.4 (9.9-21.9)
PAI, ng/mL 8.85 (3.45-11.31) 4.51 (4.01-10.08) 1.1 (0.8-1.3)
Fibrinogen, mg/mL 2.75 (2.52-2.98) 2.55 (2.42-2.88) 1.0 (1.0-1.0)
Factor Il, % 113 (103-129) 109 (101-130) 1.0 (0.9-1.0)
Factor VII, % 115 (103-131) 103 (101-126) 1.0 (1.0-1.0)
Factor XI, % 96 (92—100) 97 (89-106) 1.0 (1.0-1.0)
Antithrombin, % 100 (95-103) 96 (91-101) 1.0 (0.9-1.0)
Plasminogen, % 103 (96-137) 97 (94-126) 0.9 (0.9-1.0)
az-antiplasmin, % 105 (98-115) 98 (89-105) 0.9 (0.9-0.9)
Data are presented as median (interquartile range) for n = 15 probands. nd, not detectable; NA, not applicaple.

doi:10.1371/journal.pone.0145012.t002
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Fig 1. Plasma concentrations of (A) D-dimer, (B) F1+2, (C) TAT, and (D) PAP in healthy volunteers
during and after autologous serum transfusion. Transfusion of 50 mL serum was started att = 0 and
completed at t = 0.5 h. Data points show the median of n = 15 probands, error bars show the interquartile
range. Smooth curves show best least squares fit exponential decay functions.

doi:10.1371/journal.pone.0145012.g001
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Table 3. Elimination Kinetics of Hemostasis-related Biomarkers.

Parameter D-dimer F1+2

tij2, O 15.8 (13.1-23.1) 1.9 (1.3-3.6
IVR 0.88 (0.77—-0.98) 0.26 (0.13-0.39
AUC 58.6 (48.1-69.3) 6.6 (4.7-7.8
CLR, mL/kg-h 7.2 (6.4-11.9) 64.3 (57.1-81.9
MRT, h 15.4 (13.5-19.4) 2.4 (1.9-3.7
Vdsgs, ml/kg 167.9 (83.4-219.5) 272.0 (129.8-335.1

—_—— ===

TAT
0.7 (0.7-2.6

0.15 (0.13-0.16
401.0 (360.6-489.7
269.7 (200.1-308.8
0.9 (0.7-15

)
)
)
)
)
242.5 (180.5-294.5)

PAP

10.8 (8.8-11.4)
0.64 (0.42-0.75)
37.6 (35.6-43.0)

6.2 (3.8-7.1)
15.2 (12.3-16.1)
78.0 (55.6-101.7)

Data are presented as median (interquartile range) for n = 15 probands. t,, indicates terminal half-life; AUC, area under the concentration-time curve;
CLR, clearance; MRT, mean residence time; Vdss, volume of distribution at steady state. Units for AUC are mg/L:h for D-dimer, nmol/L-h for F1+2, ng/

mL-h for TAT, and pg/mL-h for PAP.

doi:10.1371/journal.pone.0145012.1003

of F142 and TAT were markedly shorter, with a median of 1.9 (1.3-3.6) h and 0.7 (0.7-2.6) h,
respectively. In one female subject outlying values were observed for the t;,, of D-dimer (41.3
h), F1+2 (8.8 h), and PAP (23.4 h). With exclusion of this subject’s results the t;,, of D-dimer
in men was longer by a median of 4.2 h (95% CI, -9.0 to 17.4 h) versus women, of F1+2 by 0.8
h (CI, -3.5 to 1.8 h), and of PAP by 1.5 h (CI, -1.2 to 4.4 h). Although these differences of 29%,
47%, and 16% were not statistically significant, their extent was consistent with the differences
in overall inter-individual variability of t;,,, which were higher for D-dimer and F1+2 than for
PAP. Corresponding median gender-related differences in t;,, of TAT were relatively minor
(1.2 h; CI, -2.3 to 1.44 h), although TAT exhibited the second highest IQR of the four activation
markers. Correlations between the half-lives of the four hemostasis-related biomarkers were
statistically not significant.

Parameters for intravascular persistence were consistent with the estimations of terminal
half-life, as a lower clearance and a longer MRT were calculated for D-dimer and PAP, than for
F1+2 and TAT. The biomarker with the shortest half-life, TAT, also exhibited the highest clear-
ance and the shortest MRT with a median clearance of 269.7 (200.1-308.8) mL/kg - h and
MRT of 54 (42-90) min. The IVR of the biomarkers was also consistent with their terminal
half-life, as the IVR was the highest for D-dimer with a median of 0.88 (0.77-0.98), followed by
PAP with 0.64 (0.42-0.75), F1+2 with 0.26 (0.13-0.39), and TAT with 0.15 (0.13-0.16). With a
median of 78.0 (55.6-101.7) mL/kg the VD¢ was markedly smaller for PAP than for D-dimer,
F1+2, and TAT that demonstrated a median VD of 167.9 (83.4-219.5) mL/kg, 272.0 (129.8-
335.1) mL/kg, and 242.5 (180.5-294.5) mL/kg, respectively

Discussion

Using autologous intravenous serum transfusions we simultaneously analyzed the in vivo elim-
ination kinetics of the hemostasis-related biomarkers F1+2, TAT, PAP, and D-dimer.

To generate activation markers in a physiological matrix, whole blood was drawn into blood
collection bags without anticoagulant but prefilled with the plasmin activator rt-PA in order to
induce plasmin generation required for PAP and D-dimer formation. The serum prepared in
this way contained levels of hemostasis-related biomarkers that were 500-fold to 7 000-fold
higher than in plasma. It has been reported that serum transfusion induces thrombus forma-
tion in a mechanically occluded jugular vein segment in dogs [30]. This prothrombotic effect
of serum has been attributed to the presence of active thrombin and other activated clotting
factors in freshly prepared serum. We therefore measured the concentration of free thrombin
using a highly sensitive OECA as recently reported from this laboratory in order to estimate
the potential prothrombotic risk of serum transfusion [26]. A mean of approximately 6 ng/mL
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free thrombin was detected in the serum preparations, corresponding to a total amount of 300
ng or 0.9 U in an infusion of 50 mL [36].

The in vivo effects induced by infusion of thrombin were extensively studied in various ani-
mal models [37]. The results demonstrate that 0.9-1.6 U/kg/min over 2-5 hours were well tol-
erated without any signs of clotting activation or other side effects. In the present study the 50
mL of serum were infused over 30 min corresponding to 0.4 mU/kg/min in a human weighing
70 kg. As expected from these animal studies the serum transfusion was well tolerated in all
probands and only 4% of the infused thrombin were detectable at the end of the serum transfu-
sion. During the 48 h lasting observation period no quantifiable thrombin levels were detect-
able, demonstrating a rapid inactivation of infused thrombin by antithrombin in plasma in
consistence with previous findings [38]. Moreover, the results of the thrombin measurements
indicate that, if at all, only marginally activation of coagulation was induced by serum transfu-
sion in this study, that might have induced de-novo generation of relevant amounts of F1+2,
TAT, and D-dimer. The FVIIa levels in serum were only about threefold higher than in the
plasma samples obtained at baseline. Thus, a total dose of 8 ng/kg FVIIa was infused in a
human with 70 kg body weight in this study. In a previous study an about twofold increase of
F1+2 plasma levels was observed after administration of 10 ug/kg recombinant FVIIa [39]. It is
unlikely, that the more than 1 000-fold lower dose administered in our study induced a marked
activation of coagulation. We also found no evidence, that the low amount of residual rt-PA
significantly induced D-dimer formation in vivo. This finding is in line with a previous study
showing no increase in plasma levels of D-dimer after infusion of low doses of rt-PA in healthy
subjects [40].

Plasma levels of all four hemostasis-related biomarkers peaked at the end of the serum
transfusion reaching concentrations that correspond to a strong activation of the hemostatic
system. For example, D-dimer levels ranging from 8 to 16 mg/L can be measured in patients
with severe thromboembolic complications or acute disseminated intravascular coagulation.
The median fold increases of the four biomarkers between baseline and peak ranged from 7.0
for PAP to 189.6 for TAT. This high variation can most likely be explained by the inter-individ-
ual differences in baseline values before serum transfusion, the amount of the transfused bio-
marker, and the individual plasma volume. These determinants of the fold increase between
baseline and peak are taken into account in the calculation of the IVR that showed results con-
sistent with the other elimination kinetics parameters. It is unlikely that the differences in the
fold increases were caused by endogenous biomarker formation, because an IVR <1.0 was
observed for all four biomarkers.

The decay in plasma levels of all four activation markers followed a two-compartment
model, in which part of the biomarker is distributed into a peripheral compartment. This is in
line with previous studies on the pharmacokinetics of clotting factors such as factor IX and also
supported by the clinical finding that increased levels of D-dimer can arise from extravascular
D-dimer sources such as ascites [41]. With a median of about 16 h, the terminal half-life of D-
dimer was nearly twice as long as the 9-10 h, which had been observed in previous human
studies using radiolabeled D-dimer [23] or fibrinogen fragment D [21]. As the inter-individual
variation of observed D-dimer half-lives was high in our study, the smaller number of healthy
subjects in these studies of n = 3 [23] and n = 7 [21] might have led to different estimates. The
calculated terminal half-life of 1.9 (1.3-3.6) h for F1+2 in our study was comparable with the
findings of previous studies: In a study using radiolabeled F1+2 a half-life time of 1.5 h was cal-
culated, based on measurements during the first 6 h after infusion [24]. When calculating phar-
macokinetic parameters, an insufficient monitoring interval may result in underestimation of
half-life [42]. This might explain the observed shorter half-life of F1+2 in comparison to our
results, which were calculated based on measurements during 48 h. In another study the half-
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Fig 2. Half-lives of hemostasis-related biomarkers and their corresponding reactants. The relatively short half-lives of F1+2 and TAT qualify these
biomarkers as dynamic biomarkers indicating changes in thrombin formation within hours, whereas D-dimer is a “long acting” biomarker indicating changes
in fibrin degradation from day to day. The half-lives of the protease complexed serpins TAT and PAP differed markedly suggesting different elimination
pathways. FMx indicates crosslinked fibrin.

doi:10.1371/journal.pone.0145012.9002

lives of F1+2 and TAT were calculated on the basis of plasma levels during cardiopulmonary
bypass surgery and estimations of a computer model that accounted for the generation of
thrombin, fibrin, marker clearance, hemodilution, blood loss, and transfusion [43]. With

88 + 24 min the calculated half-life of F1+2 was nearly comparable with our results, but the
estimated half-life time of TAT of 9 + 6 min was substantially shorter than the 44 min (0.7 h)
observed in our study [43]. However, the results obtained with radiolabeled TAT in animal
studies (10-55 min) were in line with our findings [25-27]. One might speculate that the pres-
ence of high doses of unfractionated heparin in the cardiopulmonary bypass setting may have
enhanced the elimination of TAT [44].

The observed half-life of PAP of 10.8 (8.8—-11.4) h was also consistent with the results of a
previous study in which a mean half-life of 0.52 days (12.48 h) was measured after infusion of
radiolabeled o,-antiplasmin or plasmin and subsequent thrombolytic therapy [28]. In another
study a mean half-life of 4.5 h was observed for PAP after administration of rt-PA in healthy
human subjects, but blood samples were only drawn during an 4 h interval after infusion [40].
Therefore the half-life of PAP might have been underestimated in this previous study, as dis-
cussed above. Although the IVR of PAP was markedly below 1.0, it cannot be ruled out that the
low dose of rt-PA in the transfused serum might have induced in vivo generation of plasmin,
thereby causing a slower decay of PAP levels in plasma. However, t-PA levels in the probands’
plasma were elevated only during serum transfusion and returned to normal within 15 min
thereafter, as expected from the reported half-life of rt-PA [45]. Therefore no significant
amounts of PAP should have been generated after completion of serum transfusion, and any
influence of a hypothetical rt-PA induced PAP generation on the later elimination phase of
PAP and the calculation of its terminal half-life is unlikely.

PLOS ONE | DOI:10.1371/journal.pone.0145012 December 14,2015 10/13



@'PLOS ‘ ONE

Elimination Kinetics of Hemostasis-Related Biomarkers

The half-life of PAP is approximately 13-fold as long as that of TAT, although the half-lives
of the serpins antithrombin and o,-antiplasmin and the active proteases thrombin and plasmin
are nearly comparable (Fig 2) [38,46-50]. The clearance mechanisms of hemostasis-related
biomarkers have not been identified so far. There is some evidence for the presence of a recep-
tor-mediated hepatic clearance mechanism for TAT [51]. Differences in the elimination kinet-
ics reported here, suggest that protease-serpin complexes are not cleared by a common
pathway.

Our data demonstrate that the relatively short half-lives of F1+2 and TAT qualify these bio-
markers to reflect changes in thrombin generation within hours whereas D-dimer is a long-act-
ing thrombotic biomarker. The half-lives of the biomarkers summarized in Fig 2 should be
helpful to more accurately estimate the amount of thrombin and fibrin formation and fibrin
degradation in various clinical states. Translating these results into clinical practice we come to
the following conclusions: In patients presenting with increased levels of D-dimer simulta-
neously increased levels of F1+2/TAT and PAP are indicative for ongoing intravascular throm-
bin and fibrin formation. In contrast, F1+2/TAT levels within the reference range make
continuous generation of thrombin unlikely. This especially applies for conditions where ele-
vated D-dimer in the circulation might not be the result of ongoing coagulation and fibrinolysis
but of distribution from the peripheral to the central compartment.

To sum up, the serum approach used in this study to assess the elimination kinetics of
hemostasis-related activation markers is easy to perform and has proven to be safe and well tol-
erated. Therefore it should be extended to patients with impaired renal or hepatic function,
patients with thrombophilia, or patients with antithrombotic medication, in order to assess dif-
ferent potential variables that might affect the elimination kinetics of D-dimer and other hemo-
stasis-related biomarkers.

Supporting Information

S1 Table. Hemostasis Parameters in Serum Preparations.
(DOCX)

Acknowledgments
The technical assistance of S. Fischer is gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: HR CB JM BP. Performed the experiments: HR CB
AW. Analyzed the data: HR CB. Contributed reagents/materials/analysis tools: HR JM JO BP.
Wrote the paper: HR CB JO BP.

References

1. Aronson DL, Stevan L, Ball AP, Franza BR Jr, Finlayson JS. Generation of the combined prothrombin
activation peptide (F 1.2) during the clotting of blood and plasma. J Clin Invest. 1977; 60: 1410-1418.
PMID: 410831

2. Teitel JM, Bauer KA, Lau HK, Rosenberg RD. Studies of the prothrombin activation pathway utilizing
radioimmunoassays for the F2/F1 + 2 fragment and the thrombin—antithrombin complex. Blood. 1982;
59:1086—1097. PMID: 7074214

3. PelzerH, Schwarz A, Heimburger N. Determination of thrombin-antithrombin Ill complex in plasma with
an enzyme-linked immunosorbent assay. Thromb Haemost. 1988; 59: 101—-106. PMID: 3363526

4. Holvoet P, de Boer A, Verstreken M, Collen D. An enzyme-linked immunosorbent assay (ELISA) for the
measurement of plasmin-a2-antiplasmin complex in human plasma—application to the detection of in
vivo activation of the fibrinolytic system. Thromb Haemost. 1986; 56: 124—127. PMID: 2433784

PLOS ONE | DOI:10.1371/journal.pone.0145012 December 14,2015 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145012.s001
http://www.ncbi.nlm.nih.gov/pubmed/410831
http://www.ncbi.nlm.nih.gov/pubmed/7074214
http://www.ncbi.nlm.nih.gov/pubmed/3363526
http://www.ncbi.nlm.nih.gov/pubmed/2433784

@' PLOS ‘ ONE

Elimination Kinetics of Hemostasis-Related Biomarkers

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Greenberg CS, Devine DV, McCrae KM. Measurement of plasma fibrin D-dimer levels with the use of a
monoclonal antibody coupled to latex beads. Am J Pathol. 1987; 87: 94-100.

Adam SS, Key NS, Greenberg CS. D-dimer antigen: current concepts and future prospects. Blood.
2009; 113: 2878-2887. doi: 10.1182/blood-2008-06-165845 PMID: 19008457

Tripodi A, Manucci PM. Markers of activated coagulation and their usefulness in the clinical laboratory.
Clin Chem. 1996; 42: 664—669. PMID: 8653889

Holvoet P, Lijnen HR, Collen D. A monoclonal antibody specific for Lys-plasminogen. Application to the
study of the activation pathways of plasminogen in vivo. J Biol Chem. 1985; 260: 12106—-12111. PMID:
2413020

Wells PS, Owen C, Doucette S, Fergusson D, Tran H. Does this patient have deep vein thrombosis?
JAMA. 2006; 295: 199-207. PMID: 16403932

Di Nisio M, Squizzato A, Rutjes AW, Blller HR, Zwindermann AH, Bossuyt PM. Diagnostic accuracy of
D-dimer test for exclusion of venous thromboembolism: a systematic review. J Thromb Haemost. 2007;
5:296-304. PMID: 17155963

Cushman M, Lemaitre RN, Kuller LH, Psaty BM, Macy EM, Sharrett AR, et al. Fibrinolytic activation
markers predict myocardial infarction in the elderly. The Cardiovascular Health Study. Arterioscler
Thromb Vasc Biol. 1999; 19: 493—498. PMID: 10073948

Gorog DA. Prognostic value of plasma fibrinolysis activation markers in cardiovascular disease. J Am
Coll Cardiol. 2010; 55: 2701-2709. doi: 10.1016/j.jacc.2009.11.095 PMID: 20538163

Bozic M, Blinc A, Stegnar M. D-Dimer, other markers of haemostasis activation and soluble adhesion
molecules in patients with different clinical probabilities of deep vein thrombosis. Thromb Res. 2002;
108: 107-114. PMID: 12590945

Ota S, Wada H, Abe Y, Yamada E, Sakaguchi A, Nishioka J, et al. Elevated levels of prothrombin frag-
ment 1 + 2 indicate high risk of thrombosis. Clin Appl Thromb Hemost. 2008; 14: 279-285. PMID:
18160575

Conway EM, Bauer KA, Barzegar S, Rosenberg RD. Suppression of hemostatic system activation by
oral anticoagulants in the blood of patients with thrombotic diatheses. J Clin Invest. 1987; 80: 1535—
1544. PMID: 3680513

Estivals M, Pelzer H, Sie P, Pichon J, Boccalon H, Boneu B. Prothrombin fragment 1 + 2, thrombin-anti-
thrombin Il complexes and D-dimers in acute deep vein thrombosis: effects of heparin treatment. Br J
Haematol. 1991; 78: 421-424. PMID: 1873225

McFarlane AS. In vivo behavior of I-fibrinogen. J Clin Invest. 1963; 42: 346-361. PMID: 16695897

Hayne OA, Sherman LA. In vivo behavior of fibrinogen fragment D in experimental renal, hepatic and
reticuloendothelial dysfunction. Am J Pathol. 1973; 71: 219-238. PMID: 4713941

Catanzaro A, Edgington TS. The in vivo behavior of the terminal derivatives of fibrinogen and fibrin
cleaved by plasmin. J Lab Clin Med. 1974; 83: 458-466. PMID: 4272970

Ardaillou N, Dray L, Larrieu MJ. Proceedings: In vivo behavior of human fibrinogen and fragments X, D
and E. Thromb Diath Haemorrh. 1975; 34: 326.

Ardaillou N, Yvart J, Le Bras P, Larrieu MJ. Catabolism of human fibrinogen fragment D in normal sub-
jects and patients with liver cirrhosis. Thromb Haemost. 1980; 44: 146—149. PMID: 7466742

Pizzo SV, Pasqua JJ. The clearance of human fibrinogen fragments D1, D2, D3 and fibrin fragment D1
dimer in mice. Biochim Biophys Acta. 1982; 718: 177—184. PMID: 7138910

Franks JJ, Kirsch RE, Kao B, Kloppel TM. Fibrinogen and Fibrinogen-related Peptides in Cancer. In:
Mariani G, editor. Pathophysiology of plasma protein metabolism. New York, NY: Plenum Press;
1984.pp. 265-278.

Bauer KA, Goodman TL, Kass BL, Rosenberg RD. Elevated factor Xa activity in the blood of asymp-
tomatic patients with congenital antithrombin deficiency. J Clin Invest. 1985; 76: 826—-836. PMID:
3875633

Reeve EB, Leonard B, Carlson T. Kinetic studies in vivo of antithrombin Ill. Ann N Y Acad Sci. 1981;
370: 680—694. PMID: 7023329

Shifman MA, Pizzo SV. The in vivo metabolism of antithrombin Il and antithrombin 11l complexes. J Biol
Chem. 1982; 257: 3243-3248. PMID: 7061476

Leonard B, Bies R, Carlson T, Reeve EB. Further studies of the turnover of dog antithrombin Ill. Study
of 131l-labelled antithrombin protease complexes. Thromb Res. 1983; 30: 165-177. PMID: 6868021

Collen D, Wiman B. Turnover of antiplasmin, the fast-acting plasmin inhibitor of plasma. Blood. 1979;
53: 313-324. PMID: 153773

Korte W, Riesen WF. Comparability of serum and plasma concentrations of haemostasis activation
markers. Clin Chem Lab Med. 2001; 39: 627-630. PMID: 11522110

PLOS ONE | DOI:10.1371/journal.pone.0145012 December 14,2015 12/183


http://dx.doi.org/10.1182/blood-2008-06-165845
http://www.ncbi.nlm.nih.gov/pubmed/19008457
http://www.ncbi.nlm.nih.gov/pubmed/8653889
http://www.ncbi.nlm.nih.gov/pubmed/2413020
http://www.ncbi.nlm.nih.gov/pubmed/16403932
http://www.ncbi.nlm.nih.gov/pubmed/17155963
http://www.ncbi.nlm.nih.gov/pubmed/10073948
http://dx.doi.org/10.1016/j.jacc.2009.11.095
http://www.ncbi.nlm.nih.gov/pubmed/20538163
http://www.ncbi.nlm.nih.gov/pubmed/12590945
http://www.ncbi.nlm.nih.gov/pubmed/18160575
http://www.ncbi.nlm.nih.gov/pubmed/3680513
http://www.ncbi.nlm.nih.gov/pubmed/1873225
http://www.ncbi.nlm.nih.gov/pubmed/16695897
http://www.ncbi.nlm.nih.gov/pubmed/4713941
http://www.ncbi.nlm.nih.gov/pubmed/4272970
http://www.ncbi.nlm.nih.gov/pubmed/7466742
http://www.ncbi.nlm.nih.gov/pubmed/7138910
http://www.ncbi.nlm.nih.gov/pubmed/3875633
http://www.ncbi.nlm.nih.gov/pubmed/7023329
http://www.ncbi.nlm.nih.gov/pubmed/7061476
http://www.ncbi.nlm.nih.gov/pubmed/6868021
http://www.ncbi.nlm.nih.gov/pubmed/153773
http://www.ncbi.nlm.nih.gov/pubmed/11522110

@' PLOS ‘ ONE

Elimination Kinetics of Hemostasis-Related Biomarkers

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wessler S. Studies in intravascular coagulation. Ill. The pathogenesis of serum-induced venous throm-
bosis. J Clin Invest. 1955; 34: 647-651. PMID: 14367519

Miller J, Becher T, Braunstein J, Berdel P, Gravius S, Rohrbach F, et al. Profiling of active thrombin in
human blood by supramolecular complexes. Angew Chem Int Ed Engl. 2011; 50: 6075-6078. doi: 10.
1002/anie.201007032 PMID: 21591028

Mueller J, Gessner M, Remberg A, Hoch J, Zerlauth G, Hanfland P. Development, validation and evalu-
ation of a homogenous one-step reverse transcriptase-initiated PCR assay with competitive internal
control for the detection of hepatitis C virus RNA. Clin Chem Lab Med. 2005; 43: 827-833. PMID:
16201892

Muller J, Eis-Hiibinger AM, Daumer M, Kaiser R, Rox JM, Gurtler L, et al. A novel internally controlled
real-time reverse transcription-PCR assay for HIV-1 RNA targeting the pol integrase genomic region. J
Virol Methods. 2007; 142: 127-135. PMID: 17321607

Zhang Y, Huo M, Zhou J, Xie S. PKSolver: An add-in program for pharmacokinetic and pharmacody-
namic data analysis in Microsoft Excel. Comput Methods Programs Biomed. 2010; 99: 306—314. doi:
10.1016/j.cmpb.2010.01.007 PMID: 20176408

Sprenger KB, Huber K, Kratz W, Henze E. Nomograms for the prediction of patient's plasma volume in
plasma exchange therapy from height, weight, and hematocrit. J Clin Apher. 1987; 3: 185-190. PMID:
3558344

Whitton C, Sands D, Lee T, Chang A, Longstaff C. A reunification of the US (“NIH“) and International
Unit in a single standard for Thrombin. Thromb Haemost. 2005; 93: 261-266. PMID: 15711741

Siller-Matula JM, Schwarmeis M, Blann A, Mannhalter C, Jilma B. Thrombin as a multi-functional
enzyme. Focus on in vitro and in vivo effects. Thromb Haemost. 2011; 106: 1020—-1033. doi: 10.1160/
TH10-11-0711 PMID: 21979864

Ruhl H, Maller J, Harbrecht U, Fimmers R, Oldenburg J, Mayer G, et al. Thrombin inhibition profiles in
healthy individuals and thrombophilic patients. Thromb Haemost. 2012; 107: 848-853. doi: 10.1160/
TH11-10-0719 PMID: 22274722

Bauer KA, Mannucci PM, Gringeri A, Tradati F, Barzegar S, Kass BL, et al. Factor IXa-factor Vllla-cell
surface complex does not contribute to the basal activation of the coagulation mechanism in vivo.
Blood. 1992; 79: 2039-2047. PMID: 1562731

Chandler WL, Alessi MC, Aillaud MF, Vague P, Juhan-Vague |. Formation, inhibition and clearance of
plasmin in vivo. Haemostasis. 2000; 30: 204—218. PMID: 11155039

Agarwal S, Joyner KA Jr, Swaim MW. Ascites fluid as a possible origin for hyperfibrinolysis in advanced
liver disease. Am J Gastroenterol. 2000; 95: 3218-3224. PMID: 11095345

Poon MC. Pharmakokinetics of factors IX, recombinant human activated factor VIl and factor XIII. Hae-
mophilia. 2006; 12(Suppl 4): 61-69.

Chandler WL, Velan T. Estimating the rate of thrombin and fibrin generation in vivo during cardiopulmo-
nary bypass. Blood. 2003; 101: 4355-4362. PMID: 12480702

Wells MJ, Blajchman MA. In vivo clearance of ternary complexes of vitronectin-thrombin-antithrombin
is mediated by hepatic heparin sulfate proteoglycans. J Biol Chem. 1998; 273: 23440-23447. PMID:
9722580

Zeller FP, Spinler SA. Alteplase: a tissue plasminogen activator for acute myocardial infarction. Drug
Intell Clin Pharm. 1988; 22: 6—14. PMID: 3127186

Ostermann H, Haertel S, Knaub S, Kalina U, Jung K, Pabinger I. Pharmacokinetics of Beriplex P/N pro-
thrombin concentrate in healthy volunteers. Thromb Haemost. 2007; 98: 790-797. PMID: 17938803

Quinsey NS, Greedy AL, Bottomley SP, Whisstock JC, Pike RN. Antithrombin: in control of coagulation.
Int J Biochem Cell Biol. 2004; 36: 386—-389. PMID: 14687916

Knot EA, ten Cate JW, Lamping RJ, Gie LK. Alpha 2-antiplasmin: functional characterization and
metabolism in a heterozygote deficient patient. Thromb Haemost. 1986; 55: 375-378. PMID: 3750266

Manco-Johnson MJ, Dimichele D, Castaman G, Fremann S, Knaub S, Kalina U, et al. Pharmacokinet-
ics and safety of fibrinogen concentrate. J Thromb Haemost. 2009; 7: 2064—2069. doi: 10.1111/j.1538-
7836.2009.03633.x PMID: 19804533

Christensen U, Bangert K, Thorsen S. Reaction of human alpha2-antiplasmin and plasmin stopped-
flow fluorescence kinetics. FEBS Lett. 1996; 387: 58—62. PMID: 8654567

Wells MJ, Hatton MW, Hewlett B, Podor TJ, Sheffield WP, Blajchman MA. Cytokeratin 18 is expressed
on the hepatocyte plasma membrane surface and interacts with thrombin-antithrombin complexes. J
Biol Chem. 1997; 272: 28574-28581. PMID: 9353322

PLOS ONE | DOI:10.1371/journal.pone.0145012 December 14,2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/14367519
http://dx.doi.org/10.1002/anie.201007032
http://dx.doi.org/10.1002/anie.201007032
http://www.ncbi.nlm.nih.gov/pubmed/21591028
http://www.ncbi.nlm.nih.gov/pubmed/16201892
http://www.ncbi.nlm.nih.gov/pubmed/17321607
http://dx.doi.org/10.1016/j.cmpb.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20176408
http://www.ncbi.nlm.nih.gov/pubmed/3558344
http://www.ncbi.nlm.nih.gov/pubmed/15711741
http://dx.doi.org/10.1160/TH10-11-0711
http://dx.doi.org/10.1160/TH10-11-0711
http://www.ncbi.nlm.nih.gov/pubmed/21979864
http://dx.doi.org/10.1160/TH11-10-0719
http://dx.doi.org/10.1160/TH11-10-0719
http://www.ncbi.nlm.nih.gov/pubmed/22274722
http://www.ncbi.nlm.nih.gov/pubmed/1562731
http://www.ncbi.nlm.nih.gov/pubmed/11155039
http://www.ncbi.nlm.nih.gov/pubmed/11095345
http://www.ncbi.nlm.nih.gov/pubmed/12480702
http://www.ncbi.nlm.nih.gov/pubmed/9722580
http://www.ncbi.nlm.nih.gov/pubmed/3127186
http://www.ncbi.nlm.nih.gov/pubmed/17938803
http://www.ncbi.nlm.nih.gov/pubmed/14687916
http://www.ncbi.nlm.nih.gov/pubmed/3750266
http://dx.doi.org/10.1111/j.1538-7836.2009.03633.x
http://dx.doi.org/10.1111/j.1538-7836.2009.03633.x
http://www.ncbi.nlm.nih.gov/pubmed/19804533
http://www.ncbi.nlm.nih.gov/pubmed/8654567
http://www.ncbi.nlm.nih.gov/pubmed/9353322

