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See the editorial comment for this article “Thrombosis and fibrinolysis in atherosclerotic cardiovascular disease: it takes
two to tango’, by Artur Fedorowski et al., https://doi.org/10.1093/eurheartj/ehab710.

Aims Traditional atherosclerotic cardiovascular disease (ASCVD) risk factors fail to address the full spectrum of the
complex interplay of atherosclerotic and atherothrombotic factors integral to ASCVD events. This study sought to
examine the association between atherothrombotic biomarkers and ASCVD events.

Methods The association between atherothrombotic biomarkers and 877 ASCVD events with and without adjustment for

and results traditional risk factors was evaluated via Cox proportional hazards models and factor analysis in 5789 Multi-Ethnic
Study of Atherosclerosis participants over a median follow-up of 14.7 years. Factor analysis accounted for multidi-
mensional relationship and shared variance among study biomarkers, which identified two new variables: a throm-
botic factor (Factor 1), principally defined by shared variance in fibrinogen, plasmin—antiplasmin complex, factor
VI, D-dimer, and lipoprotein(a), and a fibrinolytic factor (Factor 2), principally defined by shared variance of plas-
minogen and oxidized phospholipids on plasminogen. In a model including both factors, the thrombotic factor was
associated with the higher risk of ASCVD events [hazard ratio (HR) 1.57, 95% confidence interval (Cl) 1.45, 1.70],
while the fibrinolytic factor was associated with the lower risk of ASCVD events (HR 0.76, 95% CI 0.70,
0.82), with estimated ASCVD free survival highest for low atherothrombotic Factor 1 and high atherothrombotic
Factor 2.

Conclusion Two atherothrombotic factors, one representative of thrombotic propensity and the other representative of fi-
brinolytic propensity, were significantly and complementarily associated with incident ASCVD events, remained
significantly associated with incident ASCVD after controlling for traditional risk factors, and have promise for iden-
tifying patients at high ASCVD event risk specifically due to their atherothrombotic profile.

* Corresponding author. Tel: +1 615 936 1345, Email: andrew.defilippis@vumc.org
T These authors shared the first authorship.
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.
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Introduction

Epidemiological studies have led to the identification and association

of risk factors for the development and progression of atheroscler-
osis. This knowledge has resulted in preventive strategies that have
contributed to the significant decline in deaths due to atherosclerotic
cardiovascular disease (ASCVD) in the USA and Europe over the last
four decades." However, traditional risk factors incompletely cap-
ture all cardiovascular disease risk, and ASCVD continues to be the
leading cause of deaths worldwide.> ASCVD events result from a
combination of atherosclerosis, which develops over years, and a
thrombotic response to an acute disruption of atherosclerotic pla-
que—atherothrombosis.

The balance between fibrin formation and degradation is funda-
mental to the atherothrombotic process, and is therefore key in
determining the clinical consequence of plaque disruption, i.e. throm-
bus formation and the ensuing ASCVD events.>® While associations
between individual thrombotic and fibrinolytic biomarkers and
ASCVD events have been demonstrated, an assessment of the
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balance between the opposing processes of thrombosis and fibrinoly-
sis, assessed via multiple biomarkers, and ASCVD events has not
been adequately explored. Quantification of an individual’s propen-
sity to form or resolve an arterial thrombus may have significant
implications for ASCVD risk prediction scores (currently dominated
by atherosclerosis risk factors); more efficacious use of antithrom-
botic medication (e.g. oral anticoagulation only for patients with high
thrombotic but low fibrinolytic capacity) and the development of
new therapeutics targeted to an individual’'s atherothrombotic risk.
The Multi-Ethnic Study of Atherosclerosis (MESA) is an NIH-
funded, sex-balanced, multi-ethnic, contemporary prospective co-
hort of approximately 7000 participants at baseline with adjudicated
ASCVD events over a median Follow-up of 14.7 years.” MESA partic-
ipants have undergone extensive phenotyping, with measurement of
multiple key atherothrombotic biomarkers, including a newly studied
atherothrombotic biomarker—oxidized phospholipids (OxPLs)
bound to plasminogen (OxPL-PLG). Elevated levels of OxPL-PLG
have been associated with enhanced fibrinolysis in vitro and therefore
higher levels would be expected to lower risk of acute ASCVD
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events.' For example, plasma OxPL-PLG levels are lower among
patients at the time of an acute myocardial infarction (Ml) and remain
lower than in patients with stable coronary artery disease (CAD)
~3 months later.""

To more fully characterize atherothrombotic risk, we sought to
examine the association of key atherothrombotic biomarkers
(including the novel biomarker OxPL-PLG) with each other, and with
adjudicated ASCVD events in MESA.

Methods

Study participants and design

MESA began enrolling participants in the year 2000, and as of 2017, has
adjudicated all cardiovascular events over a median of 14.7years of
follow-up. The design and methods of the MESA study have been previ-
ously published.” Briefly, 6814 participants aged 45-84 years and repre-
senting four different ethnic backgrounds (White, Chinese, Black,
Hispanic) were recruited from six communities in the United States
(Forsyth County, NC; Northern Manhattan and the Bronx, NY;
Baltimore, MD; St. Paul, MN; Chicago, IL; and Los Angeles County, CA)
between 2000 and 2002. All participants were free of clinical ASCVD at
study enrolment. An approximately equal number of men and women
were recruited according to pre-specified age and race/ethnicity strata.
MESA-1000 is a random sample of 1000 participants that underwent add-
itional laboratory tests using baseline blood samples. For these partici-
pants, the baseline blood repository volumes are smaller than for the
other 5814 participants. To minimize depletion of these specimens, ancil-
lary studies, without specific justification, exclude MESA-1000 partici-
pants, and those with missing data leaving 5789 available participants.
Medical history, anthropometric measurements, and laboratory data
were assessed as previously described.’”

Median follow-up of the MESA cohort as of 2017 is 14.7 years, and as-
certainment of new events occurs according to a planned schedule. At
intervals of 9-12 months, an interviewer contacts each participant or a
family member by telephone to inquire about interim hospital admissions,
outpatient diagnoses of ASCVD, and deaths. To verify self-reported diag-
noses, all death certificates and medical records for all hospitalizations
and outpatient cardiovascular diagnoses are requested. Next-of-kin inter-
views for out-of-hospital cardiovascular deaths may be obtained. Trained
personnel abstract data from medical records reporting possible cardio-
vascular events. Two physician members of the MESA mortality and mor-
bidity review committee independently classify events, and in the event of
disagreement, the full committee makes the final classification. ASCVD
events consist of Ml; definite/probable angina, resuscitated cardiac arrest;
stroke (not transient ischaemic attack); and death from atherosclerotic
coronary heart disease, stroke, or ‘atherosclerotic disease other than
coronary disease, stroke’. A more detailed description of the MESA
follow-up methods is available at www.mesa-nhlbi.org.

Laboratory variables

Factors evaluated in this study included all biomarkers with known associ-
ation with thrombosis and fibrinolysis and which were available among
non-MESA-1000 subjects at baseline. Measurements of plasminogen and
OxPL-PLG and were performed at the University of California San Diego
laboratory of Dr Sotirios Tsimikas. Samples were deidentified prior to
measurement. In brief, to measure plasminogen levels, microtiter well
plates (Dynex Technologies, Chantilly, VA, USA) were incubated with a
mouse monoclonal anti-human plasminogen antibody (Meridian Life
Science, Saco, ME, USA) at 5 pg/mL overnight at 4°C; the plates were

then washed, and human plasma was added (1:32 000 dilution), and plas-
minogen detected with biotinylated guinea pig anti-human plasminogen
antibody using chemiluminescence enzyme-linked immunosorbent assay
(ELISA)." A standard curve of purified human plasminogen was used to
assign values. OxPL-PLG was detected with biotinylated murine mono-
clonal antibody E06, which recognizes the phosphocholine group on oxi-
dized but not native phospholipids in a chemiluminescence ELISA at a
plasma dilution of 1:400."%"% The assay’s lower and uppers limit of quan-
tification are 0.01 and 500 nM/L of phosphocholine equivalents, with a co-
efficient of variance of 5-10%. This assay was normalized in all wells to
the same amount of plasminogen from each sample, so that the measure
essentially reflects the carrying capacity of OxPL by a fixed and similar
amount of plasminogen from each subject.’® All measurements were per-
formed in triplicate. Lipoprotein(a) [Lp(a)] was measured in the labora-
tory under the direction of Dr Michael Y. Tsai at the University of
Minnesota, with a latex-enhanced turbidimetric immunoassay (Denka
Seiken, Tokyo, Japan). This assay has an upper and lower limit of quantifi-
cation (LOQ) of 80 and 2 mg/dL with a mean coefficient of variance of
<3%. Values above LOQ were diluted and re-assayed until within the
LOQ. Given the very low lower LOQ no adjustment was needed for val-
ues below the LOQ, with the exception of zero which was offset by 0.1
to allow for log-transformation.

All additional measures of atherothrombotic risk available in MESA
were included in this study: D-dimer, fibrinogen antigen, factor Vllic
(FVIIT), plasmin—antiplasmin; all were measured in a central laboratory
(University of Vermont, Burlington, VT, USA). D-dimer was measured by
immunoturbidometry (Liatest D-DI; Diagnostica Stago, NJ, USA) on the
Sta-R analyzer (Diagnostica Stago), with analytical coefficients of variation
(CVs) of 8%. Fibrinogen antigen was measured by immunonephelometry
with the BNII nephelometer (N Antiserum to Human Fibrinogen, Dade
Behring, IL, USA), with CVs of 2.6%. FVIIl coagulant activity was measured
as the clotting time of a sample in FVIll-deficient plasma in the presence of
activators with the Sta-R analyzer (STA-Deficient VIII), with a CV of 10%.
Plasmin—antiplasmin was measured using a two-site ELISA that utilizes
two monoclonal antibodies; the inter-assay CV was 6.7-11.1%.

Statistical analysis

Baseline cohort characteristics, including atherothrombotic factors and
ASCVD event rates were determined. Traditional ASCVD risk factors
included those variables included in the American College of Cardiology/
American Heart Association (ACC/AHA) ASCVD pooled cohort equa-
tions."* Atherothrombotic biomarkers included fibrinogen, plasmin—anti-
plasmin complex, FVIII, D-dimer, and Lp(a), plasminogen and OxPL-PLG.
Pairwise associations between study atherothrombotic biomarkers (log-
transformed) were evaluated by determining pairwise Pearson correl-
ation coefficients. We used Bartlett’s test of sphericity to determine if the
shared variance between the biomarkers could be represented in a lower
dimension using factor analysis."® Factor analysis was utilized to deter-
mine two new atherothrombotic factors, Factor 1 and Factor 2, that
quantify the multidimensional relationship and shared variance among
study atherothrombotic biomarkers. Two factors (as opposed to one or
three factors) were determined as eigenvalue analysis revealed this to be
the optimal number for capturing a significant amount of the variance in a
lower dimension. This factor analysis was conducted using seven plasma
biomarkers at baseline from all non-MESA-1000 participants and did not
include other attributes of the subject (e.g. race, sex, age, eventual
ASCVD status). Thus, the atherothrombotic components, called ‘Factor
1" and ‘Factor 2’, describe only variance in the plasma atherothrombotic
biomarkers. Prior to factor analysis, atherothrombotic biomarkers were
transformed: log(analyte + 1), which resulted in less departure from a
normal distribution, and missing values were imputed using a multivariate
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imputations by chained equations approach.'®™'® One or more values
were imputed for 3.76% of the study participants included in the analysis.
The factor analysis was conducted using the minimum residual method'?
followed by the application of an ‘oblimin’ rotation?
Thurstone’s criteria for ensuring a simple structure.'

The distribution of ASCVD risk factors, cohort characteristics, and in-
cident ASCVD events across quartiles of Factors 1 and 2 were deter-
mined. To evaluate how Factors 1 and 2, representing the
multidimensional relationship between atherothrombotic biomarkers,
were associated with ASCVD events, a Cox proportional hazards model
was estimated (unadjusted model). A model with Factors 1 and 2 was
compared to a model with all the atherothrombotic biomarkers included.
This comparison was made with and without adjustment for traditional
risk factors. These models were compared utilizing the Bayesian informa-
tion criterion which measures goodness-of-fit, penalizes overfitting, and is
appropriate for comparing non-nested models.*> Treating Factors 1 and
2 as continuous variates was the primary analysis. An a priori planed sec-
ondary analysis compared ASCVD event-free survival when factors were
balanced and unbalanced by utilizing extreme (1st and 4th) quartiles of
Factors 1 and 2 in a Kaplan—Meier ASCVD event-free survival analysis. To
determine the contributions of Factors 1 and 2 in explaining risk beyond
traditional risk factors, multivariable Cox proportional hazards models
were fit with traditional risk factors included and Factors 1 and 2 left out
or included. A likelihood ratio test was conducted in order to determine
whether Factors 1 and 2 explained variability in ASCVD risk that was not
explained by traditional risk factors. To determine whether inclusion of
Factors 1 and 2 improved prediction, Harrel's C-index was estimated via
10-fold cross-validation.”® The relationship between Factors 1 and 2 and
individual components of the ASCVD outcome variable was evaluated
via risk factor-adjusted multivariable Cox proportional hazards models.
We performed an exploratory analysis to examine the relationship be-
tween Factors 1 and 2 and incident cancer and venous thromboembolic
events using the same modelling design. To explore whether the associ-
ation between the factors and ASCVD events differs by baseline coron-
ary atherosclerotic burden, interaction terms between the factors and
coronary artery calcification scoring were added to the original adjusted
model. Coronary artery calcification (Agatston score) was evaluated as a
log-transformed continuous variable. Likelihood ratio tests were con-
ducted to determine if the addition improved model fit. Statistical analy-
ses were conducted using the R statistical language (version 4.0.2) and
the following packages: survival, mice, emmeans, dplyr, and ggplot2.

The MESA study protocol was approved by the institutional review
board of each field centre; all participants provided written informed con-
sent. Secondary analysis of deidentified MESA data does not qualify as
‘human subject’ research per §46.102 US Department of Health and
Human Services.

to satisfy

Results

Baseline demographics of the 5789 participants with available plas-
minogen, OXPL-PLG and ASCVD risk factor data, including, mean
and median values of traditional cardiovascular risk factors, athero-
thrombotic biomarkers, and number of adjudicated ASCVD events
are reported in Table 1.

Four of the seven individual atherothrombotic biomarkers were
associated with ASCVD event risk in a Cox proportional hazards
model of all seven atherothrombotic biomarkers, with each biomark-
er adjusted for all others (Table 2), and three remained so after con-
trolling for traditional ASCVD risk factors (Table 3). Significant, but
modest, pairwise correlations were observed between several

Table | Cohort characteristics for the 5789 MESA
participants included in the analysis
Variable
Age, years 62.6 (10.2)
Male sex 2777 (48.0)
Ethnicity
White 2156 (37.2)
Chinese 705 (12.2)
Black 1666 (28.8)
Hispanic 1262 (21.8)
Diabetes 742 (12.8)
Hypertension 2635 (45.5)
Anti-hypertensive medication 2186 (37.8)
Total cholesterol, mg/dL 194.0 (35.8)
HDL cholesterol, mg/dL 50.9 (14.9)
Systolic BP, mmHg 127.0 (21.5)
Diastolic BP, mmHg 72.0 (10.3)
Smoking history
Never 2903 (50.1)
Former 2139 (36.9)
Current 727 (12.6)
BMI, kg/m? 283 (5.5)
Family history of Ml 2313 (40.0)
hs-CRP, mg/L 1.90 [0.84, 4.20]
Calibrated factor VIII 94 [73,120]

Fibrinogen antigen, mg/dL 338[295, 389]
4.44[3.45,5.70]
0.23[0.13,0.37]
11.8[8.1,15.3]
82.6 [60.5,110.8]

17.8[7.75,41.0]

Plasmin—antiplasmin complex, nM
D-dimer, pg/mL

PLG, mg/dL

OxPL-PLG, nM

Lp(a), mg/dL

Atherosclerotic cardiovascular disease events® 877 (15.1)
Myocardial Infarction 282 (4.9)
Definite/probable angina 306 (5.3)
Resuscitated cardiac arrest 34 (0.6)
Stroke (not TIA) 275 (4.8)
Death from ASCVD 211 (3.6)

Data are shown as mean (standard deviation), n (%), or median [Q1, Q3].
ASCVD, atherosclerotic cardiovascular disease; BMI, body mass index; HDL,
high-density lipoprotein; BP, blood pressure; hs-CRP, high-sensitivity C-reactive
protein; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); Ml, myocardial infarc-
tion; TIA, transient ischemic attack; OxPL, oxidized phospholipids; PLG, plas-
minogen; Q1, first quartile (25th percentile); Q3, third quartile (75th percentile).
*Total represents first events.

atherothrombotic biomarkers (Figure 7). Bartlett’s test of sphericity
furnished evidence that significant correlation exists between some
or all of the seven atherothrombotic biomarkers (P <0.0001). Factor
analysis produced two new variables (Factors) based on the multidi-
mensional relationships between the seven atherothrombotic bio-
markers but uninformed about any other study variables or
outcomes. These two new factors explained approximately half of
the total variance (48.0%) in atherothrombotic biomarkers and
aligned well with known atherothrombotic pathology. Factor 1 was
largely determined by shared variance in biomarkers related to
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Table2 Cox proportional hazards model of all seven
atherothrombotic biomarkers for the prediction of ath-
erosclerotic cardiovascular disease risk

Variable Hazard ratio (95% CI)  P-value

0.98 (0.82, 1.18) 0.86
0.63 (0.53,0.74) <0.0001
Fibrinogen® 2.88 (1.99,4.17) <0.0001
Plasmin—antiplasmin complex® 1.20 (0.95, 1.52) 0.12

Plasminogen®

OxPL-plasminogen®

D-dimer® 1.63 (1.32,2.00) <0.0001
Factor VIII¢ 145 (1.20, 1.76) <0.0001
Lp(a)® 1.03 (0.97, 1.10) 0.36

Prior to estimating models, each biomarker was log-transformed. Cross-valid-
ation estimated C-index = 0.603. Table presents individual biomarker associations
following adjustment for all other variables included in the model.

Cl, confidence interval; Lp(a), lipoprotein(a); OxPL, oxidized phospholipids.
“Log(mg/dL).

®Log(nM).

“Log(pg/mL).

YLog(calibrated %).

thrombotic propensity, namely fibrinogen, plasmin—antiplasmin com-
plex, FVII, and D-dimer, Lp(a) and is therefore referred to as the
‘thrombotic factor’. Factor 2 was largely determined by shared vari-
ance in biomolecules related to fibrinolytic propensity, namely plas-
minogen and OxPL-PLG and is therefore referred to as the
‘fibrinolytic factor’. The contribution of each atherothrombotic bio-
marker measurement to the factors and the mathematical definitions
of the factor analysis components (factor loadings) is provided
inSupplementary material online, Figure ST and Supplementary mater-
ial online, Table S1. Thrombotic factor and fibrinolytic factor scores
are moderately correlated (Pearson r=0.456). This indicates that
while the factor analysis recognizes the two components as being
representative of distinct processes, a higher value of one factor is
associated with a higher value in the other. In other words, partici-
pants with high thrombotic factor (thrombotic propensity) are more
likely to have high fibrinolytic factor (fibrinolytic propensity). The
positive association (correlation) between the factors is important to
consider when interpreting the observed association between
increasing quartiles of thrombotic and fibrinolytic factors and multiple
ASCVD risk factors and outcomes (Supplementary material online,
Table S2).

In a multivariable Cox proportional hazards model, thrombotic
factor (thrombotic propensity) was positively associated with inci-
dent ASCVD events before (Table 4) and after adjustment for trad-
itional ASCVD risk factors (Table 5 and Supplementary material
online, Table $3). In contrast, fibrinolytic factor (fibrinolytic propen-
sity) was negatively associated with incident ASCVD events before
(Table 4) and after adjustment for traditional ASCVD risk factors
(Table 5 and Supplementary material online, Table $3). Without ad-
justment for traditional ASCVD risk factors, thrombotic factor was
associated with an increased risk of a future ASCVD event with a haz-
ard ratio (HR) and 95% confidence interval (Cl) of 1.57 (95% CI 1.45,
1.70) for each unit increase (Table 4). Conversely, without adjust-
ment for traditional ASCVD risk factors, higher fibrinolytic factor val-
ues were significantly (P <0.0001) associated with a lower risk of
ASCVD events with a HR of 0.76 (95% CI 0.70, 0.82) for each unit

Table 3 Cox proportional hazards model for the pre-
diction of atherosclerotic cardiovascular disease risk
from individual atherothrombotic biomarkers in com-
bination with traditional atherosclerotic cardiovascular
disease risk factors

Variable Hazard ratio (95% CI)  P-value
Male sex 1.66 (1.42, 1.94) <0.0001
Race

White 1.00

Chinese 0.72 (0.56,0.91) 0.007

Black 0.74 (0.62, 0.89) 0.002

Hispanic 0.95 (0.80, 1.14) 0.57
Age, years 1.04 (1.04, 1.05) <0.0001
Total cholesterol, mg/dL 1.002 (1.000, 1.004) 0.02
HDL, mg/dL 0.990 (0.984, 0.996) 0.0005
Systolic BP, mmHg 1.011 (1.007, 1.014) <0.0001
Diabetes 1.72 (1.46,2.04) <0.0001
Smoking status

Never 1.00

Former 1.17 (1.01, 1.36) 0.03

Current 1.54 (1.24,1.92) <0.0001
Hypertension medications 1.34 (1.16, 1.55) <0.0001
Plasminogen® 1.03 (0.86, 1.24) 0.76
OxPL-plasminogen® 0.78 (0.65, 0.92) 0.005
Fibrinogen® 2.24 (1.52, 3.30) <0.0001
Plasmin—antiplasmin complex”  1.07 (0.83, 1.38) 0.62
D-dimer® 1.16 (0.91, 1.46) 0.23
Factor VIII¢ 1.24 (1.02, 1.50) 0.03
Lp(a)® 1.08 (1.01, 1.15) 0.03

The table presents individual associations following adjustment for all other varia-
bles included in the model. Prior to estimating model, each biomarker [plasmino-
gen, OxPL-plasminogen, fibrinogen, plasmin—-antiplasmin complex, D-dimer,
factor VIII, and Lp(a)] was log-transformed.

Cl, confidence interval; HDL, high-density lipoprotein; BP, blood pressure; Lp(a),
lipoprotein(a); OxPL, oxidized phospholipids.

*Log(mg/dL).

®Log(nM).

“Log(ng/mL).

9ILog(calibrated %).

increase (Table 4). Considering the factors individually, rather than to-
gether, resulted in a substantial attenuation of the association of each
factor with ASCVD risk (Supplementary material online, Table S4)
indicating that the balance between thrombotic factor and fibrinolytic
factor (i.e. thrombotic and fibrinolytic potential) contributes to the
association with ASCVD beyond what can be observed from either
factor alone. In the secondary analysis comparing estimated survival
by quartiles of thrombotic factor and fibrinolytic factor, survival was
greatest in combination (thrombotic factor: lowest quartile, fibrino-
lytic factor: highest quartile) with a Kaplan-Meier-estimated survival
of 92.0% (95% Cl 87.2%, 97.2%) at 15.25 years (Figure 2). Estimated
survival was lowest in the combination (thrombotic factor: highest
quartile, fibrinolytic factor: lowest quartile) with a Kaplan—Meier-esti-
mated survival of 67.0% (95% Cl| 57.4%, 78.25%) (Figure 2). Estimated
survival was similar and in-between the discordant factor quartiles
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Figure | Continuous variable associations of study atherothrom-
botic biomarkers. Values represent the Pearson correlation coeffi-
cient between log-transformed values of each biomarker. Graded
colours are utilized to depict strength of linear association (red rep-
resents negative association; blue represents positive association).
Bartlett’s test of sphericity provided evidence that the covariance
matrix for the biomarkers differed from the identity matrix
(P<0.0001).

combinations when thrombotic factor and fibrinolytic factor were
most balanced (both low or both high) (Figure 2).

The likelihood ratio test demonstrates that there is significant evi-
dence that the thrombotic and fibrinolytic factors explain variability
in ASCVD event risk that is not explained by traditional risk factors.
The addition of thrombotic factor and fibrinolytic factor to a multi-
variable Cox proportional hazards model that includes the variables
of the ACC/AHA ASCVD risk prediction calculators (AKA: pool co-
hort equation) resulted in significant improvement in model fit (LR
test x> P-value <0.0001) and discrimination—moving the C-index
from 0.718 to 0.721 as estimated by cross-validation (Supplementary
material online, Table S5). Evidence of an interaction between the fac-
tors and coronary artery calcification was not observed (P =0.37).
The model that includes both factors also demonstrates the lowest
Bayesian information criterion value (best model) in comparison with
Cox proportional hazards models with the individual atherothrom-
botic biomarkers, with and without traditional ASCVD risk factors
(Table 6).

Analyses of the association of the individual components of the
ASCVD outcome via multivariable Cox proportional hazards model
were consistent with the main findings of the study (Supplementary
material online, Table $6-59). In the exploratory multivariable Cox
proportional hazards analysis of incident venous thromboembolic
events as the outcome, we observed a HR of 1.195 (95% CI 0.993,
1436, P=0.06) for thrombotic factor and HR of 0.987 (95% ClI
0.839, 1.161, P=0.87) for fibrinolytic factor (Supplementary material

online, Table S10). A significant association was not observed be-
tween thrombotic factor [HR 1.055 (95% Cl 0.956, 1.165), P=0.29],
or fibrinolytic factor [HR 0.928 (95% Cl 0.854, 1.008), P=0.08] and
incident cancer (Supplementary material online, Table S117).

Discussion

This study demonstrates a strong association between atherothrom-
botic biomarkers and ASCVD events over >14years of follow-up.
These biomarkers explain variability in ASCVD event risk that is not
accounted for by traditional risk factors. Atherothrombotic propen-
sity was best represented by two new variables (factors) that repre-
sent the complex interplay between multiple components of the
atherothrombotic process. Factor analysis produced two factors that
represented the multidimensional relationship between all seven
atherothrombotic biomarkers. Factor 1 represents a new ‘axis’ along
which the propensity to form thrombus varies (i.e. thrombotic fac-
tor) while Factor 2 represents a new ‘axis’ along which fibrinolytic
propensity varies (i.e. fibrinolytic factor) (Graphical abstract). These
factors were moderately positively correlated, which provides evi-
dence that when thrombus (fibrin) formation is high, fibrin dissolution
is also high. This suggests that increased thrombotic propensity is
most often balanced by increased fibrinolytic propensity. However,
ASCVD risk was highest and lowest when thrombotic propensity
and fibrinolytic propensity were most unbalanced. For example, the
highest ASCVD risk combination by factor quartiles was the combin-
ation of a high thrombotic factor score (high thrombotic propensity)
and a low fibrinolytic factor score (low fibrinolytic propensity).
Consistent with this finding, the lowest ASCVD event risk combin-
ation was found in participants with a low thrombotic factor score
(low thrombotic propensity) and a high fibrinolytic factor score (high
fibrinolytic propensity). Participants with high fibrinolytic and high
thrombotic, or low fibrinolytic and low thrombotic potential/propen-
sity, as determined by thrombotic and fibrinolytic factor scores, were
at relative intermediate risk. The finding that the association of the
factors with ASCVD event risk is stronger when both factors are
evaluated together and attenuated when evaluated individually pro-
vides further evidence that the balance (or imbalance) between
thrombotic propensity and fibrinolytic propensity, represented by
these factors, contributes to ASCVD event risk. These data suggest
that thrombotic factor and fibrinolytic factor scores are reflective of
an individual's thrombotic and fibrinolytic propensity and together
are a measure of propensity for clinically meaningful atherothrom-
botic ASCVD events.

While atherosclerotic plaque is a prerequisite for ASCVD
events, it alone is not sufficient for ASCVD events. The lack of
evidence for an interaction between the thrombotic factor, fi-
brinolytic factor, coronary artery calcium score and ASCVD
events suggests that the association between these novel throm-
botic and fibrinolytic factors and ASCVD events are likely inde-
pendent of the association of stable atherosclerosis, as assessed
by coronary artery calcification, and ASCVD events. These factors
were developed specifically for atherothrombotic events and no
statistically significant associations were observed between these
factors and venous thromboembolic events and incident cancer.
However, these analyses were exploratory, and the findings do
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Table 4 Cox proportional hazards model for atherosclerotic cardiovascular disease events utilizing thrombotic factor

and fibrinolytic factor with both factors in the model

Variable Coefficient
Thrombotic factor (Factor 1) 0.453
Fibrinolytic factor (Factor 2) -0.275

Hazard ratio (95% CI) P-value
1.57 (1.45, 1.70) <0.00001
0.76 (0.70, 0.82) <0.00001

Concordance C-index = 0.600. Univariate Cox proportional hazards model analysis of atherothrombotic Factors 1 and 2 presented in Supplementary material online, Table 54.

Table 5 Multivariable Cox proportional hazards
model for atherosclerotic cardiovascular disease events
with main effects for each covariate that is included in
the pooled cohort equations model as well as thrombot-
ic factor and fibrinolytic factor

Variable Hazard ratio (95% CI) P-value
Male sex 1.60 (1.37,1.87) <0.0001
Race

White

Chinese 0.72 (0.57,0.92) 0.009

Black 0.79 (0.66,0.94) 0.01

Hispanic 0.96 (0.81, 1.15) 0.66
Age, years 1.04 (1.03, 1.05) <0.0001
Total cholesterol, mg/dL 1.003 (1.001, 1.005) 0.005
HDL, mg/dL 0.998 (0.983, 0.994) <0.0001
Systolic BP, mmHg 1.011 (1.008, 1.014) <0.0001
Diabetes 1.77 (1.50, 2.09) <0.0001
Smoking status

Never

Former 1.51(1.22,1.88) 0.05

Current 1.34 (1.16, 1.55) 0.0002
Hypertension medications 1.36 (1.18,1.57) <0.0001
Thrombotic factor? 1.28 (1.17, 1.40) <0.0001
Fibrinolytic factor? 0.87 (0.81, 0.95) 0.001

Cross-validation estimated C-index = 0.721. The table presents individual associa-
tions following adjustment for all other variables included in the model.

Cl, confidence interval; HDL, high-density lipoprotein; BP, blood pressure.
?Standardized unit.

not exclude the possibility that one of both factors may be
related to thrombotic events more broadly, including venous
thromboembolic events and thrombotic propensity associated
with cancer—hypotheses which warrant further investigation.

The study of atherothrombotic factors is complicated by the mul-
tiple biological interactions dictating their activity in vivo—a process
which cannot be reproduced and therefore cannot be studied in vitro
or duplicated in animal models.** The factor analysis performed in
this study allowed us to represent the multidimensional relationships
between multiple in vivo measures of atherothrombotic biomarkers.
Factor analysis is a multivariate statistical technique that seeks to
identify latent (or unobservable) structure present in multivariate
data>?® Latent factors represent unobservable variables in a bio-
logical process that are determined by accounting for how multiple
biomarkers within a specific domain, such as thrombogenicity,

interact with each other. These factors then can be evaluated for im-
pact on an outcome (e.g. ASCVD events). For example, in the case of
atherothrombosis we cannot directly measure biological processes
such as in vivo fibrinolytic or thrombotic potential—these are latent
processes. However, we do measure the concentrations of bio-
markers, as well as the interrelatedness of biomarkers, which drive or
are driven by the biological (latent) process (e.g. thrombosis and fi-
brinolysis). The application of factor analysis in this study determined
two new factors that capture the shared communality in sets of bio-
markers to allow for greater understanding of the relationship be-
tween processes (thrombosis and fibrinolysis) and the outcomes
(ASCVD events). These approaches address limitations of incorpo-
rating multiple (dependent) biomarkers in linear models, including
issues of collinearity and misspecification of biomarker interactions.
The two factors (thrombotic factor and fibrinolytic factor) deter-
mined by this factor analysis explained ~50% of the variability in
these factors among the individuals in the MESA cohort.

Consistent with our findings that the thrombotic factor score is
higher with higher fibrinogen, D-dimer, plasmin—antiplasmin, FVIII,
and Lp(a), higher levels of these analyses have independently been
associated with higher risk of ASCVD events.”’~*® Plasminogen is the
precursor to plasmin, which digests fibrin.*' In this study, higher fi-
brinolytic factor scores were associated with higher plasminogen lev-
els and lower ASCVD event rates.

Our analysis also included examining the impact of a newly studied
atherothrombotic factor—OxPL-PLG. OxPL are carried by apoB-
containing lipoproteins, primarily by Lp(a) among lipoproteins'>**
and by plasminogen in circulation.'®* When OxPL are bound to
plasminogen, it was demonstrated that the OxPL component on
plasminogen facilitates fibrinolysis in vitro.'® Extension of these find-
ings to in vivo data from our laboratory linked OxPL-PLG to athero-
thrombosis by demonstrating that OxPL-PLG levels are lower
among subjects with an acute Ml vs. stable CAD."" More specifically,
OxPL-PLG levels were lower among thrombotic MI vs. non-
thrombotic (type Il) Ml subjects, suggesting such patients have a
lower propensity for fibrinolysis."" In this study, higher levels of
OxPL-PLG were associated with higher fibrinolytic factor scores,
consistent with greater fibrinolytic propensity and with our observa-
tion that higher fibrinolytic factor scores were associated with fewer
ASCVD events.

These data underscore the importance of an individual's propen-
sity for thrombus formation/degradation in future ASCVD events.
While the use of antithrombotic agents has been shown to signifi-
cantly reduce ASCVD events, the efficacy of these agents is limited
by iatrogenic bleeding, particularly anticoagulant therapy.*** The
thrombotic and fibrinolytic factors, developed with multivariate
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Figure 2 Kaplan—Meier plot for participants with discordant levels of the factors (low thrombotic factor and high fibrinolytic factor; high thrombot-
ic factor and low fibrinolytic factor), and two concordant levels (low thrombotic factor and low fibrinolytic factor; high thrombotic factor and high fi-

brinolytic factor).

Table 6 Bayesian information criteria

Model Bayesian information
criteria
M1: All atherothrombotic biomarkers 14 695.38
M2: Thrombotic factor and fibrinolytic 14 683.56
factor
M3: Traditional risk factors 14 342.06
M4: Traditional risk factors + all athero- 14 345.84
thrombotic biomarkers
MS5: Traditional risk factors 4 throm- 14 327.85

botic factor and fibrinolytic factor

Comparison ABIC Bayes factor conclusion

M2 vs. M1 -11.82 Very strong evidence M2 is better than M1
M4 vs. M3 3.78 No evidence M4 is better than M3

M5 vs. M3 -14.21 Very strong evidence M5 is better than M3;

very strong evidence M5 is better than M4

statistical methodology in this study, allow for a more complete rep-
resentation of the balance of thrombosis and fibrinolysis which deter-
mines atherothrombosis. These factors hold promise for predicting
an individual’s propensity to form a thrombus resulting in an ASCVD
event. Such information may allow for precision medicine when
selecting individuals for antithrombotic therapy to more effectively
balance risk of iatrogenic bleeding with the benefits of ASCVD event

risk reduction, resulting in safer treatment and cost savings for an in-

creasingly resource-strained health care system.*’

Limitations and future directions

The dynamic nature of the atherothrombotic biomarkers measured
in this study was not analysed secondary to measurements at baseline
alone. How these factors change over time and how such change is
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related to ASCVD events is of interest for a future study. Platelet acti-
vation resulting in platelet aggregation is fundamental to the athero-
thrombotic process, and measures of platelet activation and
aggregation may provide additional information but were not avail-
able in this project. Although the association of the factors studied
with fibrinolysis and thrombosis is well established, it is possible that
these factors are associated with ASCVD event by mechanisms in
addition to fibrinolysis and thrombosis. While only a slight improve-
ment in the cross-validation estimated C-index was observed (from
0.718 to 0.721), likelihood ratio test shows significant evidence of a
better model fit with the incorporation of the thrombotic and fi-
brinolytic factors over a model without these factors. This finding
provides evidence that these factors provide information about
ASCVD event prediction beyond what is ascertained from traditional
risk factors alone. Nevertheless, in current risk prediction models,
this degree of C-index change is not likely to provide a meaningful
clinical impact on ASCVD risk prediction for the average patient.
However, our multivariable Cox proportional hazards model illus-
trates that substantial imbalance of thrombotic and fibrinolytic factors
may more clearly identify patients which are significantly protected
or prone to ASCVD events; identification of such patients will allow
for testing of predicted atherothrombotic risk specific treatment
strategies. Finally, aetiological subtyping of ASCVD events (e.g. athe-
rothrombotic Ml vs. non-atherothrombotic Ml) was not available in
MESA at the time of this study.*® Work is currently underway to pro-
vide this aetiological differentiation of ASCVD event types in MESA.
We hypothesize that thrombotic and fibrinolytic factor balance will
provide clinical actionable risk prediction data specific to athero-
thrombotic ASCVD events (e.g. type 1 vs. type 2 MI).

Conclusions

Atherothrombotic biomarkers explain variability in ASCVD event
risk that is not accounted for by traditional risk factors. Factor analysis
was successful in developing two new variables (factors) that appear
to be representative of an individual’s propensity to form thrombus
(thrombotic factor) and propensity to degrade fibrin (fibrinolytic fac-
tor). The balance or imbalance between a patient’s thrombotic and fi-
brinolytic propensity, as represented by thrombotic factor and
fibrinolytic factor scores, is associated with improved ASCVD event
risk prediction. The improvement in risk prediction is likely second-
ary to accounting for atherothrombotic risk not addressed by trad-
itional ASCVD risk factors. Accurate characterization of an individual
patient’s atherothrombotic event risk holds great promise for more
efficacious and judicious use of antithrombotic therapy for the pre-
vention of ASCVD events.

Supplementary material

Supplementary material is available at European Heart Journal online.
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