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ABSTRACT

hrombin generation may be a potential tool to improve risk strat-

ification for cardiovascular diseases. The aim of this study was to

explore the relation between thrombin generation and cardiovas-
cular risk factors, cardiovascular diseases, and total mortality. For this
study, 5,000 subjects from the population-based Gutenberg Health Study
were analyzed in a highly standardized setting. Thrombin generation
was assessed by the Calibrated Automated Thrombogram method at 1
and 5 pM tissue factor triggers in platelet-poor plasma. Lag time, endoge-
nous thrombin potential, and peak height were derived from the throm-
bin generation curve. Sex-specific multivariable linear regression analysis
adjusted for age, cardiovascular risk factors, cardiovascular diseases and
therapy, was used to assess clinical determinants of thrombin generation.
Cox regression models adjusted for age, sex, cardiovascular risk factors
and vitamin K antagonists investigated the association between throm-
bin generation parameters and total mortality. Lag time was positively
associated with obesity and dyslipidaemia for both sexes (P<0.0001).
Obesity was also positively associated with endogenous thrombin
potential in both sexes (P<0.0001) and peak height in males (1 pM tissue
factor, P=0.0048) and females (P<0.0001). Cox regression models showed
an increased mortality in individuals with lag time (1 pM tissue factor,
hazard ratio=1.46, 95% confidence interval: 1.07-2.00; P=0.018) and
endogenous thrombin potential (5 pM tissue factor, hazard ratio=1.50,
95% confidence interval: 1.06-2.13; P=0.023) above the 95" percentile of
the reference group, independently of the cardiovascular risk profile.
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This large-scale study demonstrates that traditional cardiovascular risk factors, particularly obesity, are
relevant determinants of thrombin generation. Lag time and endogenous thrombin potential were found
to be potentially relevant predictors of increased total mortality, observations which deserve further

investigation.

Introduction

Thrombin generation (TG) is one of the key enzymatic
processes that direct the activity of the hemostatic system
and coagulation cascade up to and including the formation
of a fibrin clot." Physiologically, thrombin formation is
essential to maintain hemostasis and bleeding tendencies
are associated with reduced thrombin (and hence fibrin)
formation”> An enhanced plasma potential to generate
thrombin has been linked to an increased risk of venous
thromboembolism, while the associations with arterial
vascular disease are still inconsistent.*® The TG assay is an
important method addressing the overall potential of a
plasma sample to form thrombin. More than 95% of TG
occurs after initial formation of fibrin, so routine diagnos-
tic coagulation tests, such as prothrombin time and acti-
vated partial thromboplastin time fail to reproduce this
overall potential. Hence, there is a strong research interest
in TG as a promising diagnostic tool for hypo- and partic-
ularly hyper-coagulability phenotypes.’

In a study of healthy individuals, fibrinogen, factor XII,
free tissue factor pathway inhibitor (TFPI) and antithrom-
bin have been identified as major determinants of TG
parameters.” Relation to demographic characteristics,
such as age and sex, has been previously addressed but the
studies have been small and results are not entirely consis-
tent.'""” As TG analysis is a promising tool to estimate a
subject’s risk for thrombosis or more broadly cardiovascu-
lar diseases (CVD), it is of eminent importance to fully
understand the nature and direction of effects of cardio-
vascular risk factors (CVRE).

Hence, we undertook the present investigation in the
first 5,000 participants of the population-based Gutenberg
Health Study. The primary aim of this study was to inves-
tigate CVRF and CVD as major clinical determinants of
increased TG in a large population-based sample.
Additional aims were to obtain age- and sex-related refer-
ence values for TG parameters in a representative subsam-
ple of adults who were healthy from a cardiovascular
point of view. Finally, having prospective data on total
mortality allowed us to investigate the relation between
TG parameters and all-cause mortality.

Methods

Research design

The Gutenberg Health Study, a population-based, prospec-
tive, observational, single-center cohort study in the Rhine-Main
region in Western Mid-Germany, was designed to improve the
individual risk prediction of CVD. At baseline examination, the
study included a total of 15,010 individuals. A detailed descrip-
tion of the research design is provided in Online Supplementary
Material, Part A. Further details of the study protocol and pur-
pose are discussed elsewhere.”

The study was designed in accordance with the tenets of the
revised Helsinki protocol, and the protocol and sampling design

were approved by the local ethics committee. The sampling
design was additionally approved by local and state data safety
commissioners.

Study sample and reference sample

The study sample consisted of the first 5,000 subjects enrolled
into the Gutenberg Health Study between April 2007 and
October 2008. After excluding subjects without biomaterial
available or without complete TG assessment (one or several
TG parameters missing), 4,843 individuals were successfully
included in the overall study sample for the present analysis.

The reference group was defined as subjects apparently
healthy from a cardiovascular point of view, without a history
of CVD (myocardial infarction, congestive heart failure, coro-
nary artery disease, venous thromboembolism, atrial fibrillation
or peripheral artery disease), presence of CVRF (obesity, dyslipi-
demia, arterial hypertension, diabetes mellitus) or use of
antithrombotic agents, oral contraceptives or hormonal replace-
ment therapy. In addition, individuals with a self-reported histo-
ry of inherited coagulation abnormalities were excluded from
the reference sample. A detailed definition of traditional CVRE
and categorization of medications are provided in Ounline
Supplementary Matetial, Part A.

Clinical assessment and laboratory measurements

Clinical examination and determination of CVRF were per-
formed as published elsewhere."*"* Standard laboratory meas-
urements were carried out at the Institute of Clinical Chemistry
and Laboratory Medicine, University Medical Center Mainz,
Germany. Details on venous blood sampling and plasma prepa-
ration are provided in Online Supplementary Material, Part A. TG
was assessed according to the recommendations® for the
Calibrated  Automated Thrombogram (CAT) assay
(Thrombinoscope BV, Maastricht, the Netherlands) in platelet-
poor plasma. The TG was triggered by 1 pM tissue factor (TF)
with 4 uM phospholipids at 20:20:60 mol% phosphatidylser-
ine/phosphatidylethanolamine/phosphatidylcholine, or 5 pM
TF with 4 uM phospholipids. Trigger reagents were selected for
commercial availability, e.g. PPP Reagent and PPP Low Reagent.
The CAT method employs a low affinity fluorogenic substrate
for thrombin (Z-Gly-Gly-Arg-AMC) in order to monitor throm-
bin activity continuously in clotting plasma. TG measurements
were calibrated against the fluorescence curve obtained in a
sample from the same plasma (80 ulL), supplemented with a
fixed amount of thrombin-a 2-macroglobulin complex (20 uL of
Thrombin Calibrator; Thrombinoscope BV, Maastricht, the
Netherlands) and 20 uL of the fluorogenic substrate and calcium
chloride mixture.”” TG parameters were derived from the TG
curve and include lag time (time to minimum thrombin formed,
in min), peak height (the maximum amount of thrombin
formed, in nM) and endogenous thrombin potential (ETP or
area under the curve, in nM.min). All samples were tested as
one batch using one batch of reagents within a period of 6
months. Two technicians performed the analyses on three vali-
dated systems and normal pooled plasma was included in each
assay run for in-house quality control according to our ISO9001
certification (Coagulation Profile BV, Maastricht, the
Netherlands).



Data management and statistical analysis are described in
Online Supplementary Matetial, Part A.

Results

Study sample and reference subsample characteristics

While there was a balanced sex ratio in the overall study
sample, there was a slight preponderance of women
(55.3%) in the reference subsample. The median and
interquartile range (IQR) of age of the study sample was
56 years (IQR, 46-66) in males and 55 years (IQR, 45-64)
in females. The reference sample included 1,210 subjects,
of whom 541 (44.7 %) were male and 669 (55.3%) female.
The median age of the reference sample was 47 years
(IQR, 42-55) in males and 48 years (IQR, 41-54) in females.
In the study population, hypertension was the most
prevalent CVRE being present in 56.6% of the male pop-
ulation and 46.1% of the female population, followed by
dyslipidemia. Antithrombotic agents were taken by
15.9% of males and 9.4% of females. Among females,
6.4% were taking oral contraceptives and 12.3% hormone
replacement therapy. Detailed characteristics of the study
population and reference sample are presented in Online
Supplementary Table S1.

Thrombin generation reference values and parameters
in the overall study sample

The results of the TG parameters in males and females
from the study sample and reference subsample (reference
values) are shown in Table 1. Females presented with a
shorter lag time at 1 pM TF and 5 pM TF (P<0.0001 for
both), higher ETP at 1 pM TF (P<0.0001) and higher peak
height at 1 pM TF (P=0.014) and at 5 pM TF (P<0.0001)
compared to males from the reference subsample. In the
study sample, females presented with a shorter lag time at
1 pM TF (P<0.0001), as well as higher ETP and peak height
at both 1 pM TF and 5 pM TF (P<0.0001 for both), com-
pared to males.

Clinical determinants of thrombin generation in the
overall study sample

As shown in Table 2, age was associated with longer lag
time, both in males (Table 2A) and females (Table 2B), at 1
pM TF (males: P=0.014; females: P<0.0001) and at 5 pM TE
(Online Supplementary Table S2A, B). In males, age was pos-
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itively associated with ETP at 1 pM TF (Table 2A) and peak
height at 1 pM TF (Table 2A) and at 5 pM TF (Online
Supplementary Table S2A). In contrast, in females, age was
associated with lower ETP at 1 pM TF (P=0.015) and lower
peak height at 5 pM TF (Online Supplementary Table S2B).
Of the various CVRF considered, obesity showed a pos-
itive association with lag time (males: P<0.0001; females:
P<0.0001), ETP (males: P<0.0001; females: P<0.0001 ) and
peak height (males: P=0.0048; females: P<0.0001) at 1 pM
TE Dyslipidemia was positively associated with lag time
in both males (P<0.0001) and females (P<0.0001) and with
ETP in males only (P=0.0057) at 1 pM TE Similar findings
for both obesity and dyslipidemia were observed at 5 pM
TF as shown in Ounline Supplementary Table S2A, B. No
associations were found for TG and history of CVD.

Therapeutic agents and thrombin generation
parameters in the overall study sample

Females using oral contraceptives or hormone replace-
ment therapy presented with shorter lag time, higher ETP
and peak height at both 1 pM TF (Table 2B) and 5 pM TE
(Online Supplementary Table S2B).

Use of vitamin K antagonists reduced TG as shown by
prolonged lag time, and reduced ETP and peak height
(Table 2A, B). These effects were detectable at 1 pM TF in
both males (P<0.0001; ETP: P<0.0001; peak height:
P<0.0001) and females (P<0.0001; ETP: P<0.0001; peak
height: P<0.0001;). Similar results were obtained at 5 pM
TF (Online Supplementary Table S2A, B).

Results from multiple linear regression analysis for TG
parameters at 1 pM TF and at 5 pM TF, demonstrated
associations between other medications, in addition to
vitamin K antagonists, and TG as shown in Table 3A, B.
The lag time at 1 pM TF was positively associated with
intake of cardiac drugs (P<0.0001), diuretics (P=0.00043),
anti-gout preparations (P=0.00038) and immunosuppres-
sants (P=0.00021), and inversely associated with hor-
mone-containing drugs (i.e., hormone replacement thera-
py and oral contraceptives, P<0.0001). Differently, ETP
was inversely associated with cardiac drugs, ATC code
CO01 (P<0.0001) at 5 pM TF and positively with hormone-
containing drugs (P<0.0001). Peak height showed a posi-
tive association with hormone-containing drugs
(P<0.0001). The results at 5 pM TF were comparable to
the results at 1 pM TE

Table 1. Parameters of thrombin generation in the reference subsample and the study sample.
Reference subsample (N=1,210)

Study sample (N=4,843)

Male Female P-value Male Females Females  P-value

(n=541) (n=669) (n=2,471) without 0C with 0C

(n=2,218) (n=151)
Lag time (1 pM TF), min 507 (4.67,5.67) 467 (4.335.33)  <0.0001 533 (4.74;6.07) 5  (440;5.67) 4(3.40:4.33) <0.0001
ETP (1 pM TF), nM.min 1047  (216) 1099 (203) <0.0001 1068 (267) 1115 260 1491 (308)  <0.0001
Peak height (1 pM TF), nM 108 (5D) 115 (48.7) 0.014 113 (51.9) 117 51 201 (63)  <0.0001
Lag time (5 pM TF), min 2.67 (2.33;3.00) 2.39  (2.33;2.67)  <0.0001 2.67* (240;3.00)  2.67* (2.33;3.00) 2.06 (2;2.33) <0.0001
ETP (5 pM TF), nM.min 1322 (196) 1318 (212) 0.71 1352 (267) 1370 (266) 1661 (350)  <0.0001
Peak height (5 pM TF), nM 236 (52.2) 259 (53.3) <0.0001 238 (59.3) 257 (61) 365 (71)  <0.0001

The values presented are thrombin generation parameters at 1 pM and 5 pM tissue factor in the reference subsample and study sample. Medians (interquartile range) of lag
time and means (standard deviation) of endogenous thrombin potential and peak height are presented. *Due to equal times, the median values in males and females are the
same; however, the distribution of the lag time values is different in males and females.TF: tissue factor; ETP: endogenous thrombin potential.
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* Kaplan-Meier survival curves and Cox-regression models  icantly associated with worse survival (P<0.0001). In addi-

During the follow-up period until April 2017, with a  tion, higher ETP above the 90* percentile (P=0.034) and
median follow-up of 9.21 (8.83-9.65) years, a total of 308  97.5" percentile (P=0.00097) of the reference sample
deaths were registered. As presented in Figure 1, a longer  (Figure 1C), measured at 5 pM TF was associated with
lag time above the 90* percentile of the reference, at both  worse survival. No such associations were observed for
1 pM TF (Figure 1A) and 5 pM TF (Figure 1B), was signif- ETP at 1 pM TE

Table 2A. Multivariable linear regression in the overall study sample for parameters of thrombin generation in males at 1 pM tissue factor.

Males (N) Log (lag time [min]) ETP (nM.min) Peak height (nM)

95% CI P-value § 95% Cl  P-value B 95% Cl  P-value
Age (10 years) 0.0098 (0.00199;0.0175) 0.014 28.9 (17.939.9)  <0.0001  7.60 (5.23,9.97)  <0.0001
Diabetes 242 -0.0318 (-0.0593;-0.00441) 0.023 -6.00 (-45.0;33.0)  0.76 5.16 (321,135 023
Obesity 628 0.0392 (0.0214;0.0570) <0.0001 54.7 (29.5:80.0)  <0.0001 783 (240;13.3)  0.0048
Smoking 515 0.0151 (-0.00328;0.0334) 0.11 182 (-7.82:443) 017 -1.64 (7.24;396) 057
Hypertension 1,395 0.0135 (-0.00263;0.0297) 0.10 -6.70 (29.7;16.3) 0.57 -3.22 (-8151.72) 020
Dyslipidemia 917 0.0428 (0.0275,0.0580)  <0.0001 30.6 (8.96;52.3)  0.0057 1.39 (-:327,6.04) 056
FH of MI/stroke 853 -0.00624 (-0.0217;0.00919) 043 17.1 (-4.84;39.0) 0.3 -0.283 (-4.994.42) 091
History of MI 116 0.0263 (-0.0193;0.0719) 0.26 -57.5 (-122;732)  0.082 -8.36 (-22.35.56) 0.2
History of stroke 57 0.0352 (-0.0169;0.0874) 0.19 -39.7 (-114;344) 029 -2.67 (-186;132)  0.74
History of CAD 167 -0.0306 (-0.0674;0.00617) 0.10 25.7 (-26.677.9)  0.34 1.21 (-10.0;12.4) 083
History of AF 93 0.0418 (-0.00183;0.0854) 0.061 -195 (-814424) 054 -6.31 (-196:6.99) 035
History of PAD 107 0.0367 (-0.00267;0.0761) 0.068 -53.0 (-109;2.95)  0.064 -10.6 (-22.6;1.40)  0.083
History of VTE 71 -0.0342 (-0.0794;0.0111) 0.14 -4.91 (-69.2;59.4)  0.88 -1.44 (-153;124) 084
History of CHF 39 -0.00240 (-0.0652;0.0604) 0.94 -15.1 (-104,74.0)  0.74 5.46 (-13.7;246)  0.58
History of cancer 194 -0.000508 (-0.0284;0.0273) 0.1 0.764 (-38.8;40.3) 097 211 (-10.6;6.39)  0.63
VKA use 391 0.646 (0.0589;0.702) <0.0001 -716 (-796;-637)  <0.0001  -66.3 (-83.5;-49.2)  <0.0001

Multivariable linear regression models were calculated in the overall study sample for each parameter of thrombin generation as a dependent variable separately The analysis
was adjusted for age, vitamin K antagonist use, presence of cardiovascular risk factors and cardiovascular diseases. ETP:endogenous thrombin potential; 95% CI: 95% confidence
interval; FH: family history; MI: myocardial infarction; CAD: coronary artery disease; AF: atrial fibrillation; PAD: peripheral artery disease; VTE: venous thromboembolism; CHF:
congestive heart failure; VKA: vitamin K antagonist.

Table 2B. Multivariable linear regression in the overall study sample for parameters of thrombin generation in females at 1 pM tissue factor.
Females (N) Log (lag time [min]) ETP (nM.min) Peak height (nM)
p

95% CI P-value B 95% Cl  P-value § 95% Cl  P-value
Age (10 years) 0.0410 (0.0332;0.0488)  <0.0001 155 (-280::299) 0015 0.657 (-1.90;3.22)  0.62
Diabetes 123 -0.00149 (-0.0342;0.0312) 0.93 -34.2 (86.8;183)  0.20 2.24 (-85413.0)  0.68
Obesity 542 0.0587 (0.0411;0.0763)  <0.0001 110 (81.9;139)  <0.0001 117 (5.86;17.5)  <0.0001
Smoking 415 0.0222 (0.00372;0.0408) 0.019 -17.3 (47.1;124) 025 -1.23 (-13.3-1.12) 0020
Hypertension 1,092 0.0214 (0.00582;0.0370)  0.0072 147 (398104) 025 -4.76 (-9.90;,0.390)  0.070
Dyslipidemia 517 0.0429 (0.0254;0.0604)  <0.0001 245 (-3.63;52.6)  0.088 -2.02 (-7.8033.75) 049
FH of MU/stroke 924 -0.0089 (-0.0233;0.00546) 0.2 5.08 (-18.0:28.1) 067 1.50 (-324,623)  0.54
History of MI 35 -0.0273 (-0.099;0.0445) 0.46 -19.2 (-135962)  0.74 8.04 (-15631.7) 051
History of stroke 35 -0.0826 (-0.149;-0.0159) 0.015 105 (-2.54212)  0.056 212 (-0.799;432)  0.059
History of CAD 50 0.0336 (-0.0178;0.0850) 0.20 -46.4 (-12936.1) 027 3.34 (-136:203) 0.0
History of AF 3% -0.0320 (-0.106;0.0417) 0.39 104 (-14.8,222)  0.086 203 (-3.95:44.6) 010
History of PAD 93 0.0390 (0.00303;0.0749) 0.034 -25.1 (-82.9326) 039 -3.96 (-1587.89) 051
History of VTE 124 -0.0348  (-0.0687;-0.000971)  0.044 444 (-10.0,98.8)  0.11 1.70 (9471290 0.77
History of CHF 36 -0.0588 (-0.13;0.0122) 0.10 -3.71 (-118110) 095 -9.50 (32.9;13.9) 043
History of cancer 236  0.00886 (-0.015;0.0327) 0.47 -33.6 (-71.9:4.75)  0.086 -3.68 (-1154.19)  0.36
HRT 223 -0.0457 (-0.0669;-0.0246)  <0.0001 60.1 (26.2;94.1)  0.00053 143 (7.2821.2)  <0.0001
Oral contraceptives 151 -0.145 (-0.175;-0.116) <0.0001 379 (331427)  <0.0001 911 (81.3;10)  <0.0001
VKA use 292 0.816 (0.743;0.889) <0.0001 -751 (-869;-633)  <0.0001  -92.1 (-116;-67.9)  <0.0001

Multivariable linear regression models were calculated in the overall study sample for each parameter of thrombin generation as a dependent variable separately. The analysis
was adjusted for age, use of vitamin K antagonists, oral contraceptives,and hormone replacement therapy, cardiovascular risk factors and cardiovascular diseases. ETP: endoge-
nous thrombin potential; 95% CI: 95% confidence interval; FH: family history; MI: myocardial infarction; CAD: coronary artery disease; AF: atrial fibrillation; PAD: peripheral artery
disease; VTE: venous thromboembolism; CHF: congestive heart failure; HRT: hormone replacement therapy; VKA: vitamin K antagonist.
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Considering the strong positive association between TG
and the use of oral contraceptives or hormone replace-
ment therapy, individuals taking these medications were
excluded from Cox regression analysis. In the first model,
adjustments were made for age, sex, and vitamin K antag-
onist use, whereas in the second and third models, addi-
tional adjustments were made for CVRF and CVD, respec-
tively. As demonstrated by the second model in Table 4A,
B, Cox regression analysis confirmed an increased mortal-
ity for individuals with a lag time at 1 pM TF above the
95* percentile of the reference [hazard ratio (HR) = 1.55,
95% confidence interval (95% CI): 1.14-2.11; P=0.0058]
and with ETP at 5 pM TF above the 95" percentile of the
reference (HR=1.53, 95% CI: 1.09-2.15; P=0.015), inde-
pendently of the presence of CVRE After additional
adjustment for CVD, lag time at 1 pM TF (HR=1.46, 95%
CIL: 1.07-2.00; P=0.018) and ETP at 5 pM TF (HR=1.50,
95% CI: 1.06-2.13; P=0.023) remained associated with
mortality.

Discussion

The formation of thrombin is one of the key processes
underlying thrombotic diseases and its role in CVD due to
atherosclerosis attracted new interest with recent data
showing superior efficacy of a combined strategy of
aspirin and low-dose direct oral anticoagulation in reduc-
ing atherothrombotic events.” Hence, limiting TG by
inhibiting factor Xa provides an interesting approach to
lower cardiovascular risk. In this study we explore the
clinical determinants of TG measured in plasma, in a large
population-derived study. Our data provide important

insights into the effects of CVRF in males and females.
This study is the first to demonstrate the positive associa-
tion of TG parameters, ETP as a global measure of proco-
agulant and anticoagulant action in plasma and lag time,
with total mortality, independent of age, sex and CVRE

The presented reference values may be generalized to
other laboratories. However, the reference ranges should
be used with caution as the (pre-)analytical conditions of
the assay may influence the reference ranges and stan-
dardization between laboratories is needed, as well as
confirmation of the observed data. The reference values of
the TG parameters as well as the mean and median values
of the TG parameters in the overall study sample showed
sex-specific differences with females having shorter lag
times and higher ETP and peak height, compared to
males. The sex differences in TG can be partly explained
by the strong influence of female endogenous sex hor-
mones on the coagulation cascade, as higher levels of fib-
rinogen and lower levels of protein S, antithrombin and
protein C were observed in females, compared to males,
irrespective of hormonal treatment.

Following a sex-stratified, fully adjusted, large, multi-
variable model analysis we show that age, obesity and
dyslipidemia are the most important clinical factors linked
with higher TG potential. Furthermore, this study demon-
strates the effect of different groups of medication on TG,
with hormone-containing drugs being positively associat-
ed and anticoagulant and antiarthythmic drugs being
inversely associated with TG potential.

Few studies have described the effect of age on TG
parameters.”'""” Collectively, these studies suggest that
TG potential enhances with increasing age, indicated by
shorter lag time and higher ETP and peak height.

Table 3A. Multiple linear regression analysis of the effects of drugs on thrombin generation parameters in the study sample at 1 pM tissue factor.
Log (lag time [min])

95% Cl P-value

Peak height (nM)
B 95%Cl  P-value

ETP (nM.min)

B 95% Cl P-value

Sex hormones -0.0795  (-0.0979;-0.0611)  <0.000001 151 (124;178)  <0.000001 351 (29.7;404) <0.000001
and modulators of the

genital system

Antithrombotic agents 0.0862 (0.0661; 0.106) <0.000001 -92.8 (-122;-63.4)  <0.000001 -5.01 (-11.0;0.952)  0.10
Cardiac therapy 0.112 (0.0763; 0.147) <0.000001 -83.3 (-135;-315)  0.0016 394 (-144;654) 046
Immunosuppressants 0.114 (0.0537; 0.174) 0.00021 -28.6 (-116; 59.0) 0.52 -1.37 (-19.1;16.3)  0.88
Anti-gout preparations 0.0552 (0.0248; 0.0856) 0.00038 0.270 (-44.1; 44.6) 0.99 376 (520,127 041

The analysis was adjusted for age, sex, cardiovascular risk factors and cardiovascular diseases. Bonferroni corrected P-value (0.00079) is used. For categorization of medication
groups see Online Supplementary Material Part A. ETP: endogenous thrombin potential; 95% CI: 95% confidence interval.

Table 3B. Multiple linear regression analysis of the effects of drugs on thrombin generation parameters in the study sample at 5 pM tissue factor.

Log (lag time [min])

ETP (nM.min) Peak height (nM)

95% Cl P-value

B 95% Cl 95%Cl  P-value

P-value 6]

Sex hormones and -0.0558  (-0.0706;-0.0411)  <0.000001 120 (93.6;147)  <0.000001 449  (38.7;51.1)  <0.000001
modulators of the

genital system

Antithrombotic agents 0.0656 (0.0495; 0.0817)  <0.000001 -122 (-151;-93.4)  <0.000001 194 (-26.3;-12.6) <0.000001
Cardiac therapy 0.0916 (0.0633; 0.120) <0.000001 -122 (-173;-71.1) ~ 0.0000028 -16.0  (-28.0;-3.89)  0.0096
Diuretics 0.0354 (0.0157; 0.0522) 0.00043 -37.0 (-72.5;-1.45) 0.041 -455 (-12.9;3.84) 0.29

The analysis was adjusted for age, sex, cardiovascular risk factors and cardiovascular diseases. Bonferroni corrected P-value (0.00079) is used. For categorization of medication
groups see Online Supplementary Material Part A.ETP: endogenous thrombin potential; 95% CI: 95% confidence interval.
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Table 4A. Prognostic value of markers of thrombin generation, measured at 1 pM tissue factor, for mortality.

TG parameter First model* Second model** Third model***
HR 95% Cl P-value HR 95% CI P-value HR  95%Cl P-value

Lag time below 5% of reference 122 (0.58;2.60) 0.60 L1 (0.52;2.37) 0.78 114 (0.53;2.42) 0.74
Lag time above 95% of reference 154 (1.14;2.08) 0.0055 155 (1.142.11) 0.0058 146 (1.07;2.00) 0.018
ETP below 5% of reference 1.08  (0.75; 1.56) (.66 111 (0.77; 1.60) 0.58 1.05 (0.72; 1.52) 0.80
ETP above 95% of reference 141 (0.98;2.03) 0.061 144 (0.99;2.07) 0.051 141 (0.97;2.04) 0.071
Peak height below 5% of reference L14  (0.78 1.67) 0.51 118 (0.81;1.74) 0.39 112 (0.76; 1.65) 0.56
Peak height above 95% of reference 128 (0.82;2.01) 0.27 129 (0.83;2.03) 0.26 139 (0.89;2.18) 0.15

Cox regression model performed in the overall study sample with mortality as outcome and markers of thrombin generation as predictors. Models were *adjusted for age, sex
and vitamin K antagonist (VKA) use. **adjusted for age, sex,VKA use and presence of cardiovascular risk factors (CVRF). ***adjusted for age, sex,VKA, use, presence of CVRE
and cardiovascular disease. TG: thrombin generation; HR: hazard ratio; 95% CI: 95% confidence interval; ETP: endogenous thrombin potential.

Table 4B. Prognostic value of markers of thrombin generation, measured at 5 pM tissue factor, for mortality.

TG parameter First model* Second model** Third model***
HR 95% CI P-value HR 95% CI P-value HR  95%Cl P-value

Lag time below 5% of reference 1.8 (0.40;2.90) 0.89 0.98  (0.36;2.63) 0.96 1.8 (0.40;2.92) 0.88
Lag time above 95% of reference 129 (0.92;1.79) 0.14 125  (0.89; 1.75) 0.20 117 (0.83;1.65) 0.36
ETP below 5% of reference 135 (0.94;1.94) 0.11 136 (0.94;1.97) 0.10 126 (0.87;1.83) 0.23
ETP above 95% of reference 1.55  (L11;2.17) 0.0099 153 (1.09;2.15) 0.015 1.50  (1.06;2.13) 0.023
Peak height below 5% of reference 1.07  (0.72;1.59) (.76 1.09  (0.73;1.63) 0.66 102 (0.68; 1.52) 0.92
Peak height above 95% of reference 118 (0.78; 1.78) 0.44 121 (0.80;1.83) 0.37 123 (0.81; 1.86) 0.34

Cox regression model performed in the overall study sample with mortality as outcome and markers of thrombin generation as predictors. Models were *adjusted for age, sex
and vitamin K antagonist (VKA) use. **adjusted for age, sex, VKA use and presence of cardiovascular risk factors (CVRF). ***adjusted for age, sex,VKA, use, presence of CVRE
and cardiovascular disease.TG: thrombin generation; HR: hazard ratio; 95% CI: 95% confidence interval; ETP: endogenous thrombin potential.

However, these studies had rather small sample sizes and
included a homogenous population of healthy volunteers.
In the present analysis, age was positively associated with
lag time in both males and females. In males, ETP and
peak height increased with age, whereas in females the
amount of TG showed a rather negative trend with less
strong associations compared to those in males.

Other positive determinants of lag time observed in this
study were obesity and dyslipidemia, which may partly
be explained by increased levels of TFPI, a lipoprotein-
associated coagulation inhibitor. It has been suggested
that free TFPI is a major determinant of lag time."
Elevated TFPI levels have been reported in individuals
with impaired glucose tolerance and type 2 diabetes mel-
litus® and it has been suggested that these TFPI levels
were elevated due to related obesity” Smid and col-
leagues found that a prolongation in lag time in patients
with previous myocardial infarction may be due to release
of TFPI” In addition to lag time, both ETP and peak height
showed positive associations with obesity and dyslipi-
demia. Total body fat percentage and body mass index
have been positively associated with lag time, ETP and
peak height in females, independently of age, prior CVD,
glucose metabolism and smoking status, though no asso-
ciations were observed in males.” The present study
demonstrates strong relations of obesity with a longer lag
time and higher ETP and peak height in both males and
females, independently of potential confounders. The
association of ETP and peak height with obesity may be
attributed to a low-grade inflammation observed in obese
individuals.”

The results on associations between therapy and TG
parameters showed that use of vitamin K antagonists was
positively associated with lag time and negatively associ-

ated with ETP and peak height, as expected from previous
studies.” Aspirin showed no effect on TG (data not
shown), in line with recent findings from the COMPASS
trial, in which treatment with a combination of aspirin
and rivaroxaban, a direct factor Xa inhibitor, showed a
superior effect on prevention of the manifestation of
atherothrombosis in atherosclerotic disease, as compared
to treatment with aspirin alone."”

Furthermore, intake of oral contraceptives or hormone
replacement therapy was associated with a shorter lag
time and higher ETP and peak height, in line with previ-
ous reports.””” The influence of estrogen-containing
medication on the TG potential has been linked through
increased levels of the coagulation factors II, VII, VIII, and
X and fibrinogen, decreased levels of the natural anticoag-
ulants, antithrombin and protein S, and acquired resist-
ance to activated protein C.””

Hitherto, only a limited number of studies have
explored the association between TG and mortality. The
PROSPER study, including only elderly individuals,
showed positive associations of vascular mortality with
lag time and peak height and total mortality with lag
time.” However, after adjustment for interleukin-6 and C-
reactive protein levels, the associations were no longer sig-
nificant, indicating that inflammation may be contributing
to higher TG in these individuals. In another smaller
study, higher ETP and peak height (at 5 pM TF), independ-
ently of age, sex and CVRE were associated with
increased risk of cardiovascular death in patients with
acute coronary syndrome.” In the present large, adult,
population-based study, we demonstrate a positive associ-
ation between lag time at 1 pM TF and total mortality,
which remained significant after adjusting for traditional
CVRF and CVD. Furthermore, this study highlights the
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Figure 1. Survival over 10 years for markers of thrombin generation above and below reference limits. Kaplan-Meier survival curves of the overall study sample
demonstrating the 10-year survival of individuals with the thrombin generation parameters lag time (left panels), endogenous thrombin potential (ETP) (middle pan-
els), and peak height (right panels) within the range of the reference group (green line), individuals above the 90" percentile of the reference group (blue line), and
individuals above the 97.5" percentile of the reference group (red line), at 1 (upper panels) and 5 pM (lower panels) tissue factor (TF). For the lag times at both 1
and 5 pM TF, P<0.001 for the difference between the reference and the 90" percentile, as well as for the reference and the 97.5" percentile. For the ETP at 5 pM
TF, P=0.034 for the difference between the reference and the 90" percentile and P=0.00097 for the difference between the reference and the 97.5" percentile.

relation between higher ETP (above the 95 percentile of
the reference group) at 5 pM TE as a global measure of
both procoagulant and anticoagulant forces in the plasma,
and increased risk of death, independently of CVRF and
CVD. These findings indicate that both lag time and ETP
are potential biomarkers for increased mortality risk,
beyond the traditional CVRE As discussed for the previ-
ous published PROSPER study, the association between a
prolonged lag time and total mortality is not only a sur-
prising and counterintuitive observation, but also one that
is difficult to explain. With a risk of being too speculative,
potential mechanisms might include consumption of ini-
tiators of coagulation before the system overshoots to
start actual thrombosis. In other words, a constant (weak)
prothrombotic trigger activates the coagulation system
which is subsequently downregulated by the natural anti-
coagulants antithrombin and TFPI until, at a certain
moment, the prothrombotic trigger increases and the sys-
tem becomes overactivated and anticoagulants can no
longer prevent thrombosis. In such a scenario, consump-
tion of factor VII or XII, for example, could lead to a pro-
longed lag time in a sensitive /n vitro assay. Another poten-
tial contributor to the prolonged lag time could be altered
TFPI levels between subjects. However, assessing the TFPI
levels in the presented cohort is part of another study and
beyond the scope of the current study.

Limitations of our study are that we measured TG in
platelet-poor plasma after one-step centrifugation of whole
blood (10 min at 2,000 x g) in contrast to recommendations
(two-step centrifugation, 2000 x g for 5 min, 10,000 x g for
10 minutes). A previous small-scale analysis by Loeffen and
colleagues'® showed that in order to eliminate residual
platelets and microparticles, which may contribute to vari-
ability in TG results, double-centrifuged samples are prefer-
able. We cannot, therefore, exclude that residual platelets
and microparticles contributed to the observed associations
between CVRF and TG parameters. Next, we had only
cumulative mortality data available, so conclusions could
not be made regarding associations between TG variables
and specific causes of mortality. However, the standardized
clinical investigation of the cardiovascular profile, standard-
ized laboratory measurements of the large Gutenberg
Health Study sample and availability of prospective mortal-
ity data are essential strenghts of our study, which delivers
important evidence on the TG assay as a potential tool for
improving risk stratification for CVD.

In conclusion, this is the first, large, population-based
study demonstrating an important relation between TG
parameters, such as the time to minimum thrombin
formed or the amount of thrombin formed, and total mor-
tality. Further research is required on the underlying
mechanism as well as to explore the potential role of the
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