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Abstract

Objective—Prospective studies have reported a positive association of coagulation factors with risk
of coronary heart disease (CHD). It is unclear whether these coagulation factors interact.

Methods and Results—Using a prospective case-cohort design, we analyzed by Cox proportional
hazard regression interactions between soluble thrombomodulin (sTM) and fibrinogen, factor VIII
(FVI), FVII, or plasminogen activator inhibitor-1 (PAI-1) in 410 CHD cases and 721 non-cases
from the Atherosclerosis Risk in Communities (ARIC). There was a significant interaction between
sTM and fibrinogen (p=0.027). We next assessed risk ratios (RR) by combined tertile analysis.
Combined analysis revealed that being in the upper sTM tertile counteracted the CHD risk imposed
by higher fibrinogen whereas being in the lower sTM tertile amplified the CHD risk of higher
fibrinogen. sTM and fibrinogen mutually influenced CHD incidence in a concentration-dependent
manner. When analyzed as single factors by tertiles, FVIII, FVII and PAI-1 were not associated with
CHD. However, when analyzed together with sTM, FVI1I and PAI-1 were both positively associated
with CHD for those in the lower sTM tertile.

Conclusion—There is a complex interaction between sTM and prothrombotic coagulation factors.
Combined analysis improves CHD risk assessment.
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INTRODUCTION

Thrombosis that develops at the ruptured atheromatous plaque surface is considered to cause
acute coronary syndromes. The plaque rupture exposes collagen, von Willebrand factor (VWF)
and tissue factor to circulating platelets and coagulation proteins. Platelets adhere to the
damaged vascular wall, form aggregates and provide an active surface for rapid coagulation
reactions.L A number of coagulation factors, including factor VIII (FVIII) and fibrinogen, are
required for the cascade of biochemical reactions leading to fibrin formation. The platelet
aggregates are eventually enmeshed in fibrin fibriles, forming an expanding thrombus that
occludes the coronary artery, causing myocardial ischemia and infarction. Normal endothelium
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generates several active molecules to prevent and dissolve platelet aggregate and fibrin
formation. One of the important molecules, thrombomodulin (TM), serves as a scaffold for
thrombin to activate protein C which, in the presence of protein S, degrades FVa and FVIllla,
thereby restraining the coagulation reactions and restricting fibrin formation. Reduction in TM
and other protective molecules as a consequence of endothelial denudation and dysfunction at
the atheromatous plaque results in uncontrolled thrombus formation. In addition to being an
anticoagulant, TM also participates in the regulation of fibrinolysis.zv3 TM can mediate both
anti- and profibrinolytic effects depending on its concentration. At relative low TM
concentrations, fibrinolysis is downregulated by stimulation of antifibrinolytic TAFI
(thrombin-activable fibrinolysis inhibitor) activation, whereas the profibrinolytic effects
become more pronounced at relative high concentrations of TM by the generation of the
activated Protein C (APC), which inhibits TAFI activation.# In addition, APC can stimulate
fibrinolysis by forming a complex with antifibrinolytic plasminogen activator inhibitor 1
gPAI-l), leading to its inactivation. PAI-1 is one of the key inhibitors of the fibrinolytic system.

There have been long-term interests in determining the association of quantitative and
functional changes in the circulating platelet and coagulation components of thrombosis with
coronary heart disease (CHD). Despite numerous reports on the association of plasma
thrombotic factors with myocardial infarction, only a small number of factors are validated by
prospective studies to be independently associated with and considered as independent risk
factors for CHD. Among them, plasma fibrinogen levels have been shown by several
prospective studies to be independently associated with CHD.6-9 Plasma soluble TM (sTM)
shedded from endothelial TM is inversely associated with risk of CH D.10 Several coagulation
and fibrinolytic factors including FVIII, FVII and PAI-1 were reported to be associated with
CHD in some studies but not in others® 11, 12 and their associations with CHD are considered
to be weak. We postulated that as thrombus formation is governed by an interaction between
prothrombotic factors and antithrombotic molecules, analysis of association with an individual
factor, be it prothrombotic or antithrombotic, has a relatively low sensitivity which will be
enhanced by combined analysis of prothrombotic and anticoagulant factors. Results from
previous Atherosclerosis Risk in Communities (ARIC) analyses indicated that soluble
intercellular adhesion molecule-1 (sICAM-1), a marker of endothelial inflammation, and sTM
levels are associated with risk of CHD in opposite direction. Applying combined analysis of
sTM and sICAM-1, the ARIC study provided novel information regarding the interaction of
sTM and sICAM-1 in predicting CHD risk, showing that the upper tertile SICAM had a
significant increase in the risk of a CHD event only when sTM was in the lowest tertile.13 To
better understand the interaction between antithrombotic and prothrombotic plasma factors,
we performed analysis of CHD risk in the ARIC prospective case-cohort study using a
combinatorial approach.

Study Population

The ARIC study recruited a population-based cohort of men and women 45 to 64 years of age
from four U.S. communities in 1987 through 1989.14 A total of 15,792 participants completed
a home interview and baseline clinic examination. The participants were re-examined on a 3-
year cycle: 1990 to 1992 (93% return rate); 1993 to 1995 (86% return rate); and 1996 to 1998
(80% return rate). These participants have been prospectively followed for development of
CHD since enrollment. ARIC followed the cohort and ascertained CHD events using
standardized methods described previously.15 We defined CHD incident cases as (1) a definite
or probable myocardial infarction (Ml); (2) a silent MI; (3) a definite CHD death; or (4) a
coronary revascularization.
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For the nested case-cohort studies, a random sample of the entire cohort was selected to serve
as reference by a procedure previously described.1” There were eight strata for sampling the
cohort and recreating the original frequency distribution of the strata in the entire cohort.
Excluded from the analysis were participants who were neither white nor black, had prevalent
CHD at baseline, or had a history of stroke or transient ischemic attacks. For this analysis, we
included CHD cases that occurred between the initial visit (1987-1989) and December 31,
2000. The mean follow-up period was 11.4 years. After exclusions, the final sample contained
410 cases and 721 in the reference cohort designated as non-cases.

Baseline measurements

The methods of baseline measurements during the first ARIC clinic visit have been described
prewously Blood collection and processing were performed according to standardized
procedures.18 19 plasma and serum samples were stored at —80°C until assay. Fibrinogen,
FVIII coagulant activity (FV1lIc), and FVII coagulant activity (FV1Ic), were measured on
citrated plasma prepared from the entire cohort during the initial clinical visit, according to
procedures described preV|oust Briefly, fibrinogen was measured by Clauss method with
reagents from General Diagnostics (Organon Technika Co., Morris Plains, NJ); FVIIc and
FVIlic were assessed with relevant human factor deficient plasmas (George King Biomedical
Inc., Overland Park, Kansas). The level of factors was determined from a standard curve
constructed from freeze-dried reference plasma (Pacific Hemostasis, Houston, Texas), and was
expressed as percentage of reference plasma. PAI-1antigen, STM, and CRP were measured
using ELISA kits (Imubind PAI-1, American Diagnostica, Asserachrom TM, Diagnostica
Stago, and CRP-United Biotech Magiwel, CA, respectlvely) 12,20 The intra- -assay and
intra-individual coefficients of variation (CVs) of each assay were systematically evaluated.

1

Data analysis

RESULTS

We used a case-cohort analysis.zz,23 ANCOVA was used to compute age-, race- and sex-
adjusted mean values of sTM, fibrinogen, FVIIc, FVIlIc, and PAI-1 for CHD cases and non-
cases after appropriate weighting for the stratified sampling design. We also used ANCOVA
to compute age-, race- and sex-adjusted mean or percentage values of study variables according
to the upper, middle and lower tertiles of STM and other parameters in the cohort sample after
appropriate weighting for the stratified sampling design. We computed risk ratios (RR) and
95% confidence intervals (CI) for the time to the development of CHD in relation to sTM and
coagulation 3parameters using a Cox proportional hazard regression analysis as previously
described.1 Multiplicative interaction of STM with fibrinogen, FVIlic, FVIlic or PAI-1 was
determined by Cox proportional hazard regression. We trichotomized the hemostatic variables
to determine the RR for the upper tertile sSTM/lower tertile coagulation parameters (reference
group) versus eight other combined tertile groups. Tertiles were chosen to show dose-response
in three categories of STM by three categories of another coagulation factor (nine total
categories), without having too many categories with small numbers in each that could make
interpretation difficult. We examined if the baseline characteristics were significantly different
between the reference and comparison groups, with a Bonferroni correction to adjust for the
effect of multiple group comparisons. A p-value less than 0.0062 (=0.05/8) was considered
statistically significant.

We analyzed by tertile the association of each parameter with CHD risk. As shown in Table
1, sTM was associated inversely with CHD incidence (RR=0.43 for middle tertile and 0.27 for
upper tertile). By contrast, fibrinogen was positively associated with CHD incidence with a
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RR of 2.19 for the upper versus lower tertile. Neither FVIIIc nor PAI-1in the middle or upper
tertiles significantly increased CHD risk when compared to the lower tertiles.

We next analyzed the interaction between sTM and fibrinogen by Cox proportional hazard
regression. For comparison, we also analyzed the interaction between sTM and FVllIc, FVlic
or PAI-1. There was a significant interaction between sTM and fibrinogen (p=0.027) and
between sTM and FVIllc (p=0.029), but not with PAI-1 or FVlIc.

To evaluate the influence of the sTM-fibrinogen interaction on CHD risk assessment, we
divided the cases and cohort reference into nine groups based on combined sTM and fibrinogen
tertiles (Table 2). We chose the upper sTM/lower fibrinogen tertile as the reference group as
this group theoretically has the lowest CHD risk. The basic group characteristics were generally
comparable with some notable differences indicated in Table 2. The adjusted risk ratio of CHD
for Groups 2-9 vs. Group 1 is shown in Fig. 1. The risk ratio for Group 9 (lower sTM/upper
fibrinogen tertile) was highly elevated (RR=9.15, 95% CI 4.04-20.72). As Group 9 has a higher
percentage of women, we attempted to repeat the analysis in women. However, the female
cases were few and the sample size was too small to obtain a valid analysis. Group 9 had a low
level of triglycerides and we made additional adjustment by body mass index (BMI), which
did not alter the RR of any of the eight groups (see Supplemental Fig. 1). Since inflammation
may be an important confounding factor, we recomputed the RR adjusted for C-reactive protein
(CRP). The RR for Group 9 (lower sTM/upper fibrinogen tertile) was 11.9 after adjustment,
which was not significantly different from that without CRP adjustment. The RR of other
groups was not changed (see Supplemental Fig. 2). As shown in Fig. 1, the risk ratios were
also increased for Group 6 (lower sTM/middle fibrinogen tertile): RR=3.11, 95% CI 1.40-
6.89, and Group 8 (middle sTM/upper fibrinogen): RR=2.64, 95% CI 1.23-5.69. Interestingly,
the CHD risk ratio for group 7 (upper sTM/upper fibrinogen) was not significantly increased
(RR=1.66, 95% CI 0.75-3.64) despite involving an upper fibrinogen tertile. The data suggest
that the increased CHD risk of high fibrinogen levels was neutralized by high levels of STM.
On the other hand, the risk of elevated fibrinogen was augmented by low levels of STM.

Combined sTM/FVIIIc analysis was similarly performed by dividing the STM and FVIlic
tertiles into a reference group (Group 1: upper sTM/lower FVIlic) and 8 study groups (Table
3 and Fig 2A). Although analysis of FVIlIc tertile individually did not show an association
with CHD (Table 1), combined FVIIIc/sTM analysis revealed a significant increase in the risk
of CHD for the upper FVIlIc tertile in the presence of lower sSTM tertile (Group 7 vs. Group
1: RR=3.77, 95% CI 1.65-8.02). The RRs of CHD for Group 8 (middle sTM/upper FVIlic)
and Group 7 (upper sTM/upper FVIIIc) were not significantly different from the reference
group (Fig. 2A). Interestingly, being in the middle FVIlIc tertile combined with lower sSTM
tertile (Group 6) carried a significantly elevated RR (2.64, 95% CI 1.22-5.71) compared with
the reference group (Fig. 2A).

Although initially there was no significant interaction between sTM and PAI-1, and analysis
of PAI-1 tertiles individually did not show an association with CHD (Table 1), because of the
antifibrinolytic properties of both molecules, we performed a combined sTM/PAI-1 analysis.
We divided the sSTM and PAI-1 tertiles into a reference group (Group 1: upper sTM/lower
PAI-1) and 8 study groups (Fig 2B). This analysis revealed a significant increase in the risk of
CHD for the upper PAI-1 tertile in the presence of sTM in the lower tertile (RR=3.55, 95% CI
1.37-9.20). The RRs of CHD for Group 8 (middle sTM/upper PAI-1) and Group 7 (upper sTM/
upper PAI-1) were not significantly different from the reference group (Fig. 2B).
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DISCUSSION

Results from this study show significant interactions of sTM with fibrinogen, FVIII and
possibly PAI-1 in association with CHD risk. An important finding from the sTM/fibrinogen
combined analysis is the modification of fibrinogen CHD risk by sTM. Fibrinogen was not a
CHD risk factor within the upper tertile of sTM, whereas being in the lower sTM tertile
augmented the CHD risk of high fibrinogen. In the middle sTM tertile, fibrinogen showed a
dose-dependent positive association with CHD incidence. Thus, combined sTM/fibrinogen
analysis provides new insights into CHD risk and interaction between these two hemostatic
factors. Dose-dependent risk associations suggest a possible functional interaction between
sTM and fibrinogen. Thrombomodulin binds thrombin and alters thrombin conformation to
render it catalytically active in cleaving protein C and thereby degrading activated FVa and
FVII1a.24 Thus, at high sTM levels, coagulation reactions may be restrained due to limited
FVaand FVIlla levels resulting in reduced fibrin formation even in the presence of high levels
of fibrinogen. Conversely, at low sTM levels, fibrin formation may become excessive even in
the presence of an average level of fibrinogen.

The upper fibrinogen/lower sTM tertile group exhibits interesting characteristics including
more cigarette smoking and a higher WBC count than the reference (lower fibrinogen/upper
STM) group, suggesting that inflammation and/or oxidative damage related effects may be
confounding factors. Yet, adjustment for CRP, a systemic inflammatory marker associated
with CHD risk, did not alter RR values. There is a strong relationship between cigarette
smoking and hemostatic parameters to increase the risk of cardiovascular events.2> Oxidative
damage to the endothelium surface occurs in chronic smokers and may result in an acquired
APC deficiency.26 It has been reported that the oxidation of the functionally important Met
388 residue in the TM molecule, can down regulate its_zqene transcription and slow the rate at
which thrombin-thrombomodulin activates Protein C.2/ Oxidation is elevated in smokers and
in other conditions with increased oxidative stress to the body. These results together with our
previous findings that sTM interacts with sICAM-113 suggest that sSTM may be affected by
local endothelial inflammation and/or oxidation possibly conferred by white blood cells and
smoking.

Combined sTM/FVIIIc analysis yielded similar CHD risk modifying effects. FVIlIc alone in
the upper tertile did not increase risk for CHD. However, when sTM was in the lowest tertile,
FVIlic in the upper and even middle tertile had increased CHD risk in a concentration-
dependent manner. By contrast, in the upper or middle sTM tertiles, elevated FVIlIc did not
carry an increased CHD risk. It is surprising to note that the upper VIlic/upper sTM group had
a lower risk (RR=0.56) than the reference group, although the difference in RR did not reach
statistical significance. This result is consistent with our previous report of 258 incident CHD
cases after six years of follow-up, in which we first observed the association of STM with CHD
risk was modified by factor V11 1c.10 Taken together, these results suggest a biphasic influence
of greater FVIlIc on the association of STM with CHD risk. The reason for the paradoxical
effect of FVIlic on sTM is unclear and requires further investigation. The similarity in risk
association between FVI1I1 and fibrinogen may also be due to genetic clustering as previously
reported.28

The fibrinolytic system plays an important role in the dissolution and removal of fibrin
deposition from the circulation and PAI-1 is one of the key inhibitors of the fibrinolytic system.
5 An important finding from the STM/PAI-1 combined analysis is the potential modification
of PAI-1 CHD risk by sTM. PAI-1 alone did not increase risk for CHD. However, when sTM
was in the lowest tertile, PAI-1 in the upper tertile increased CHD risk (RR 3.55). By contrast,
in the upper or middle sTM tertiles, elevated PAI-1 did not carry significantly increased CHD
risk. Our results are in line with the concentration-dependent regulatory effect of T™.3 Lower
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TM, having an antifibrinolytic effect (through TAFI activation), potentiates the prothrombotic/
antifibrinolytic status of higher PAI-1 concentrations. In addition, activated TAFI itself most
likely increases the rate of PAI-1 mediated inhibition of the fibrinolysis.29 On the other hand,
at a high TM concentration, APC is likely generated which counteracts the prothrombotic
PAI-1 (and TAFI) activities.

There are limitations in this study. First, the sample size of each subgroup in combined analysis
was relatively small, which affects the precision of the associations. Second, functional
implications derived from these epidemiologic data are presumptive because we cannot verify
that plasma sTM represents the endothelial TM level. This assumption may be further
confounded by factors such as inflammation or infection and oxidative damage from different
sources, which enhance endothelial TM degradation and/or dysfunction25!2 30

In summary, our findings indicate that sSTM exhibits a complex modifying potential of CHD
risk imposed by prothrombotic and anti-fibrinolytic factors. These results underscore the
advantage of combined analysis of CHD risk by including sTM and prothrombotic factors (for
example, fibrinogen, FVII1and PAI-1). Such analysis offers a possible approach for identifying
high risk individuals for antithrombotic and/or anti-inflammatory therapy.
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Fig. 1.

Risk ratio (RR) of CHD for participants with various combinations of STM and fibrinogen
tertiles vs. upper tertile STM/lower tertile fibrinogen as the reference group. Adjustment was
made for age, sex, race and cardiovascular risk factors listed in Table 1. p values refer to
comparison with the reference group.
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Risk ratio (RR) of CHD for participants with various combinations of A. sTM and FVIlllc

tertiles vs. upper tertile STM/lower tertile FV111c as the reference group and B. sTM and PAI-1
tertiles vs. upper tertile STM/lower tertile PAI-1 as the reference group. Adjustment was made
as described in Fig. 1. p values refer to comparison with the reference group.
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Table 1
Risk ratios of CHD according to tertiles of sTM, fibrinogen, factor VIllc and PAI-lag

Parameter RR (95% (:|)§

Lower tertile Middle tertile Upper tertile
sTM* 1 0.43 (0.24-0.75) 0.27 (0.16-0.48)
Fibrinogen 1 1.04 (0.58-1.84) 2.19 (1.32-3.64)
Factor VIlic~ 1 1.30 (0.74-2.26) 0.67 (0.39-1.14)
PAI-1 1 0.68 (0.38-1.23) 1.09 (0.60-1.98)

§Risk ratio and 95% confidence interval (Cl) for the time to CHD development after adjusting for age, sex, race, hypertension, diabetes mellitus, total
cholesterol, HDL, cigarette smoking and alcohol intake

*
STM: lower tertile < 28.3 ng/ml, and upper tertile > 43.2 ng/ml; Fibrinogen: lower tertile < 269 mg/dl, and upper tertile > 316 mg/dl; Factor VIlIc: lower
tertile < 114%, and upper tertile > 143%; PAIl-1ag: lower tertile < 10.7 ng/ml, and upper tertile > 23.4 ng/ml.
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