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Introduction

INTRODUCTION

Burden of cardiovascular disease

Although their treatment has drastically improved in the past decades, cardiovas-
cular diseases (CVD), or diseases of the circulatory system (ICD-10 code 100-199),
still remain the most common cause of death worldwide, with more than 4 million
people dying in Europe every year (1). This may in part be attributed to the ageing
of the general population, for which reason mortality rates due to CVD are expected
to rise even further in the future (2). With 37,795 (24.6%) deaths, CVD / diseases
of the circulatory system were the second cause of mortality in The Netherlands in
2018 (Figure 1). Taking a closer look, within the class of CVD, coronary artery dis-
ease (CAD; ICD-10 120-125) and heart failure (HF; ICD-10 150-151) caused 8,268 and
7,564 deaths, respectively (3), whereas CAD and HF were responsible for 67,607
and 30,405 hospital admissions (4). These numbers underscore the burden of CVD
on Dutch society, in particular CAD/HF, and call for continuing action.

m Neoplasms (C00-D48)
= Circulatory (100-199)
= Respiratory (J00-J99)
Psychological and behavioural (FOO0-F99)
m Nervous (G00-G99)
m External causes (V01-Y98)
m Digestive (K00-K93)
® Endocrine, nutritional and metabolic (E00-E90)

m Genitourinary (NOO-N99)

= Infectious (AO0-B99)
37795 ® Musculoskeletal (M00-M99)

14044

m Other

Figure 1 - Causes of mortality in The Netherlands in 2018 according to the ICD-10 classification
(source: https://opendata.cbs.nl)

Understanding the disease course in individuals with acquired heart disease

In order to reduce the burden of CAD/HF on patients and society, a combination
of public prevention campaigns with a personalized approach is required. In order
to fully utilize the opportunities of a personalized medicine model, obviously, our
understanding of the disease should be improved, in particular the prediction of

13




Chapter 1

an adverse disease course in individual patients. This thesis aimed to investigate if
and to what extent serum biomarkers and intracoronary imaging may contribute to
these goals in patients with established CAD (Part 1) and HF (Part Il).

Part | - Coronary artery disease

In the first part of this thesis we focus on patients with established CAD, and study:

the relation between the anatomic Syntax score (SXscore), based on coronary
angiography (CAG), and coronary plaque characteristics as assessed by radiofre-
quency intravascular ultrasound (RF-IVUS) and near-infrared spectroscopy (NIRS)
imaging; the relation between serum markers of inflammation, renal function and
lipid metabolism, and the NIRS-derived coronary lipid core burden index (LCBI);
changes in serum CRP levels in relation to changes in blood lipids and coronary
plague characteristics in patients receiving high-intensity statin treatment; the as-
sociation between biomarkers of inflammation, renal function and lipid metabolism
with the occurrence of major adverse cardiac events (MACE) during long-term
follow-up.

The outline of this section is as follows:
In Chapter 2 we study 680 CAD patients, and examine the association between the
atherosclerotic burden derived from all three coronary arteries, as assessed by the
CAG-based SXscore, and the atherosclerotic burden as assessed by RF-IVUS and
NIRS in a single, non-culprit segment. The SXscore is a well-established anatomical
scoring tool that grades the complexity of the luminal coronary obstruction and
is also used for short- and long-term prediction of MACE in patients undergoing
revascularization (5, 6). This score takes into account the number of significant le-
sions and their location, as well as the complexity of each lesion independently.
We investigate whether information derived with this established tool is correlated
with information on the extent and phenotype of coronary atherosclerosis as pro-
vided by the intracoronary imaging modalities RF-IVUS and NIRS. RF-IVUS is capable
of identifying thin-cap fibroatheroma (TCFA) lesions, which are predictive for the
occurrence of MACE, particular death and acute coronary syndrome (ACS) (7). NIRS
is capable of identifying plaques in the coronary wall with a lipid rich core, which are
vulnerable for rupture (8, 9).

In CAD patients, NIRS and FR-IVUS derived plaque characteristics contain prog-
nostic information. Circulating biomarkers are also useful to identify CAD patients
who are prone to an adverse disease course. Moreover, serum biomarkers may be
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capable to detect vulnerable coronary plaques in an early stage and in a non-invasive
manner. Investigating blood biomarkers in relation to intravascular imaging findings
could help bridge the gap between known biological pathways and clinical charac-
teristics of atherosclerosis, and could provide further insights into prognostication.
Thus, in the chapters 3, 4, and 5 we study circulating biomarkers of inflammation
and renal function, and lipid metabolism, in 581 CAD patients who participated in
the ATHEROREMO study. We investigate the relationship between these biomark-
ers and NIRS-derived LCBI, as well as their association with the occurrence of MACE
during longer-term follow-up.

In chapter 6 we focus further on inflammation, which is known to play a major
role in the initiation, progression, and instability of atherosclerotic plaques (10, 11).
Among all inflammatory biomarkers, C-reactive protein (CRP) in particular, has been
extensively investigated and proven as a prognostic biomarker of CVD (12). Here,
we examine the associations between serially measured serum CRP levels with
changes in cholesterol levels and changes in intracoronary plague characteristics
as assessed by RF-IVUS and NIRS in a series of 164 patients who received intensive
statin therapy for 1 year.

Finally, in chapter 7, we move to the clinical practice of treating CAD patients.
Here our focus is on patients presenting with chest pain suggestive of myocardial
infarction (MI). In pre-hospital settings handled by paramedics, appropriate triage
of MI patients remains challenging when automated electrocardiogram (ECG)
interpretation is inconclusive. We aimed to identify those patients in order to get
them on the right track to primary percutaneous coronary intervention (PCl). For
that purpose, In the Rotterdam-Rijnmond region, automated ECG devices on all
ambulances were supplemented with a modem, enabling transmission of ECGs for
online expert interpretation. The diagnostic protocol for acute chest pain was modi-
fied accordingly. We monitored the performance of this system during 1 year, and
report on a total of 1,076 patients.

Part Il - Heart failure

For HF patients several multivariable prognostic risk scores have been developed.
These scores mostly rely on clinical characteristics, and leave room for improvement.
In the past years a large body of research has emerged showing that many circu-
lating biomarkers are involved in heart failure (13, 14). However, previous studies
on this topic ‘classically’ related single biomarker measurements at study baseline
with adverse events occurring over the years thereafter. Thus, disease dynamics
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Chapter 1

might easily have been missed. We hypothesized that temporal biomarker patterns
contain additional prognostic information that may help improve individualized risk
assessment.

In the second part of this thesis we focus on patients with established HF. We
investigate temporal patterns of a broad range of serum biomarkers, including
markers of inflammation, myocardial ischemia, myocardial stress, microRNAs, and
glomerular and tubular renal markers; and relate these temporal patterns with the
clinical (adverse) disease course.

The outline of this section is as follows:

In the chapters 8 and 9 we study a series of 263 ambulant HF patients who had
blood sampling at enrolment and subsequently every 3 months. We examine the
associations between repeatedly measured N-terminal pro-B-type natriuretic (NT-
proBNP), high-sensitivity troponin T (Hs-TnT), C-reactive protein (CRP), which are
established prognostic biomarkers in HF patients (13), and New York Heart Associa-
tion (NYHA) class, which classifies symptom severity of HF. We also examine the
association between the temporal evolution of these biomarkers and occurrence
of adverse events, including cardiovascular (CV) mortality and HF hospitalisation.

Several studies have suggested that circulating microRNAs (miRs) are associated
with HF, but these studies were small, and limited to single miR measurements.
In chapter 10 we examine 7 miRs that were previously linked to heart failure, and
test whether their temporal expression level predicts the incidence of CV mortality
or HF hospitalisation in the above-mentioned prospective cohort of ambulant HF
patients.

Heart failure patients often have impaired renal function (13, 15), whereas re-
nal (dys)function itself is an important determinant of adverse clinical outcome.
Single assessments of renal function fail to reflect clinically silent progression of HF.
Therefore, in chapter 11, we again studied the 263 ambulant HF patients, and now
evaluated the temporal evolutions of creatinine/estimated glomerular filtration
rate (eGFR) and cystatin C (CysC), which are markers of glomerular function, as well
as urinary N-acetyl-beta-D-glucosaminidase (NAG), kidney injury molecule (KIM)-1,
and plasma and urinary neutrophil gelatinase-associated lipocalin (NGAL), which
are markers of tubular function. We also aimed to determine if the patient-specific
evolutions of these biomarkers can predict (adverse) clinical outcome in patients
with clinically stable heart failure.
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ABSTRACT

Aims

To examine the relationship between the anatomical SYNTAX score (SXscore),
derived from all three coronary arteries, and coronary wall pathology measured
by radiofrequency-intravascular ultrasound (RF-IVUS) and near-infrared spec-
troscopy (NIRS) in a single non-culprit segment.

Methods and results

In patients referred for coronary angiography (N=88) or PCl (N=592) for
stable angina or acute coronary syndrome, the SYNTAX score calculator (www.
syntaxscore.com) was used to determine SXscore before PCI, if applicable.
RF-IVUS and/or NIRS were performed in a non-stenotic 40 mm study segment
following the clinically indicated angiography/PCI. After adjustment for multiple
confounders, a higher SXscore was associated with higher segmental plaque
volume in the study segment (2.21 mm3 per SXscore point, 95%Cl 0.92-3.50, p-
value 0.001), as well as with higher volume of fibrous (0.93 mm3 per point) and
fibro-fatty tissue (0.29 mm3 per point). A higher SXscore was also associated
with a higher NIRS-derived lipid core burden index in the full study segment
(1.35 units per SXscore point, 95%Cl 0.22-2.47, p-value 0.019). Importantly,
SXscore correlated with the fatty/fibro-fatty and LCBI signhals despite adjusting
for plaque burden.



SYNTAX score in relation to intravascular ultrasound and near-infrared spectroscopy for the assessment of atherosclerotic
burden in patients with coronary artery disease

Conclusions

In patients with CAD, higher SXscores are associated with higher atherosclerotic
burden as assessed by RF-IVUS and NIRS in a single non-stenotic coronary artery
segment.

INTRODUCTION

The SYNTAX score (SXscore) is an angiographic tool that grades the complexity of
coronary artery disease (CAD) and is also used for short- and long-term prediction
of major adverse cardiac events (MACE) in patients undergoing percutaneous coro-
nary intervention (PClI) and/or coronary artery bypass graft surgery (CABG).(1-2)
The severity and composition of coronary atherosclerosis as assessed by (radiofre-
guency-)intravascular ultrasound (RF-IVUS) and near-infrared spectroscopy (NIRS)
in one (non-)stenotic coronary artery segment have recently also shown prognostic
value for MACE.(3-8) Furthermore, RF-IVUS and NIRS in one (non-)stenotic coro-
nary artery segment have previously been used to evaluate the effects over time
of anti-atherosclerotic therapy under the assumption that these assessments are
representative of the total coronary atherosclerotic burden.(9) However, it has
never been investigated in a large cohort how well the atherosclerotic burden as
graded by NIRS and RF-IVUS measured in one (non-) stenotic coronary artery seg-
ment correlates with the atherosclerotic burden as assessed by the SXscore which
is derived from all three coronary arteries.

It is important to realize that the three methods differ from each other in the as-
sessment and quantification of CAD. The SXscore is an anatomical scoring tool that
grades luminal coronary obstruction, directly from the coronary angiography (CAG).
Therefore, it lacks detail with respect to coronary artery wall pathology. Conversely,
RF-IVUS and NIRS have been shown to provide information on plague morphol-
ogy in the imaged coronary segment. However, both of these imaging techniques
require additional intracoronary catheters, whereas the SXscore itself does not
require instrumentation of the coronary lumen.

The aim of this study is to examine the relationship between the coronary
atherosclerotic burden measured as luminal coronary obstruction graded by the
SXscore, derived from all three coronary arteries, and the atherosclerotic burden
by assessing coronary artery wall pathology measured by RF-IVUS and NIRS in one
non-stenotic segment of a single non-culprit coronary artery.
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Chapter 2

METHODS

Study population

This study constitutes a combined analysis of two cohorts: The European Collabora-
tive Project on Inflammation and Vascular Wall Remodeling in Atherosclerosis-IVUS
(ATHEROREMO-IVUS) study and the Integrated Biomarker and Imaging Study-3
(1BIS-3). The design of both studies has been described elsewhere.(9-11) In total,
770 patients with an indication for diagnostic CAG and/or PCl due to either stable
angina pectoris (SAP) or an acute coronary syndrome (ACS) were included and
had a RF-IVUS and/or NIRS performed in a non-stenotic segment of a non-culprit
coronary artery.

Both studies were approved by the Medical Ethics Committee of the Erasmus MC
and performed in accordance with the Declaration of Helsinki. Written informed
consent was obtained from all included patients. ATHEROREMO-IVUS is registered
in ClinicalTrials.gov, number NCT01789411, and IBIS-3 is registered in The Nether-
lands trial register, number NTR2872.

Coronary intravascular ultrasound and near-infrared spectroscopy

RF-IVUS and NIRS methods have been described in detail previously. (9-11) For a
comprehensive methods section, refer to the Supplementary Methods.

SYNTAX Score

The SXscore was calculated (pre-PCl) for every CAG taken at study entry using the
SYNTAX Score calculator (www.syntaxscore.com). Details concerning the calcula-

tion of the SXscore have been described elsewhere. (1) In brief, the three coronary
arteries are divided in 16 segments, each with a corresponding weighting factor. If
there is a lesion producing 50% or more luminal obstruction, the weighting factor is
added. Moreover, other factors that reflect the severity of the atherosclerotic lesion
and the possible difficulty of a percutaneous treatment, for example lesion length
and diffuse disease of the vessel, are taken into account. Eventually, all points are
summed to obtain the SXscore reflecting the complexity of the CAD of the patient.

As applied in other all-comers and ST-segment elevation myocardial infarction
(STEMI) populations, lesions caused by in-stent restenosis were considered as de
novo lesions.(12-14) Occlusions in patients presenting with ACS were scored as
occlusions of unknown duration, as the analyst was blinded to all other patient
information.(15)
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In case of a codominant coronary artery circulation, the vessel mainly responsible
for the perfusion of the posterior side of the heart was designated as the dominant
coronary artery. Last, patients with a pre-existing CABG, whose CAG is unquantifi-
able using the SXscore, were excluded.

The SXscores were determined by a trained analyst who was blinded with respect
to other patient characteristics and clinical outcome.

STATISTICAL ANALYSIS

Categorical variables are presented as numbers and percentages. The distribution
of the continuous variables, including RF-IVUS and NIRS parameters, was examined
for normality with Kolmogorov-Smirnov tests. Normally-distributed continuous
variables are presented as mean * standard deviation (SD). Non-normally distrib-
uted continuous variables are presented as median and interquartile range (IQR).
SXscores were categorized into tertiles based on the distribution of the SXscores
in the particular group that was being examined. Kruskal-Wallis tests were used
for multiple group comparison of continuous variables. Categorical variables were
compared using Pearson Chi-square tests or Fisher-Freeman-Halton Exact tests
when appropriate.

Linear and logistic regression analyses were applied to evaluate the relation
between SXscore (explanatory) and RF-IVUS- and NIRS-derived (dependent) vari-
ables. Variables concerning plaque volume were first normalized for the imaged
segment length (i.e. normalized plaque volume=plaque volume / imaged segment
length*median segment length of study population). In multivariable analyses, age,
gender, hypertension, renal impairment, hypercholesterolemia, diabetes mellitus,
smoking, indication for CAG, history of PCl, as well as segmental plague burden
were entered as potential confounders/explanatory factors. Thus, the models allow
to conclude on the relation between SXscore and the RF-IVUS/NIRS imaging signals,
irrespective of the patient’s segmental plaque burden. Assumptions underlying
linear regression models were evaluated by visual examination of the residuals.

All statistical tests were 2-tailed and p-values <0.05 were considered significant.
SPSS, Version 21.0 (IBM Corp., Armonk, NY, USA) was used for all the analyses.
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RESULTS

Baseline characteristics

The current study included 680 patients from the combined ATHEROREMO-IVUS
and IBIS-3 cohorts (Figure 1). The overall SXscore ranged from 0 to 37.5 with a me-
dian of 7 (IQR:3-13) and a mean of 8.6+7.4. Baseline clinical and angiographic vari-
ables were stratified according to tertiles reflecting the obtained Sxscores (lowest
tertile, <4; middle tertile, >4 to <10; highest tertile >10, Table 1). The highest tertile
comprised more men. As expected, more patients in the higher tertiles exhibited
2-or 3-vessel disease, whereas no significant stenosis or 1-vessel disease was more
frequently present in patients with the lowest SXscores. More patients with lower
SXscores had previously undergone a PCl.

Combined ATHEROREMO- and
IBIS-3-IVUS and/or NIRS cohort
(Current study n = 770)

No SXscore available:
—> - prior CABG (n=19)
-incomplete CAG (n=71)

RF-IVUS Yes No
of non-culprit vessel (n=670) (n=10)

Yes No
(n=421) (n=0)

NIRS
of non-culprit vessel

Figure 1. Patient inclusion

RF-IVUS is available in 670 patients(light grey) and NIRS is available in 259 patients(dark grey).
ATHEROREMO-IVUS: The European Collaborative Project on Inflammation and Vascular Wall Re-
modeling in Atherosclerosis-IVUS study, I1BIS-3:Integrated Biomarker and Imaging Study-3, NIRS:
near-infrared spectroscopy, RF-IVUS: radiofrequency intravascular ultrasound, SXscore: SYNTAX
score

Coronary intravascular ultrasound in relation to SXscore

After adjustment for multiple confounders/explanatory factors, a higher SXscore
was associated with a higher plague volume in the study segment (2.21 mm3 per
SXscore point, 95%Cl 0.92-3.50, p-value 0.001) (Table 2). The relation between
SXscore and plaque burden was consistent with this observation, although statisti-
cally non-significant (p-value 0.078). A higher SXscore was also associated with a
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Table 1. Baseline characteristics

Low SXscore Mid SXscore High SXscore

<4 >4 to <10 >10 p-value
(n=236) (n=221) (n=223)

Patient characteristics

Men, n(%) 169(71.6) 169(76.5) 184(82.5) 0.022

Diabetes Mellitus, n(%) 48(20.3) 42(19.0) 40(17.9) 0.79

Hypercholesterolemia, n(%) 119(50.4) 138(62.4) 118(52.9) 0.028

History

Previous myocardial infarction, n(%) 79(33.5) 59(26.7) 61(27.4) 0.21

Previous stroke, n(%) 15(6.4) 12(5.4) 15(6.7) 0.84

History of renal insufficiency, n(%) 13(5.5) 10(4.5) 11(4.9) 0.89

Procedural characteristics

Stable angina, n(%) 130(55.1) 95(43.0) 88(39.5)

Extent of coronary artery disease <0.001

1-vessel disease, n(%) 134(56.8) 138(62.4) 72(32.3)

3-vessel disease, n(%) 0(0.0) 13(5.9) 37(16.6)

Imaged segment length, mm 44.7+14.1 42.6+13.1 44.4+14.7 0.17

Left anterior descending, n(%) 107(46.7) 76(34.5) 64(28.8)

Right coronary artery, n(%) 65(28.1) 65(29.9) 76(34.6)

Left anterior descending, n(%) 40(44.4) 34(39.1) 20(24.4)

Right coronary artery, n(%) 28(31.1) 17(19.5) 31(37.8)

CABG: coronary artery bypass graft, IQR: interquartile range, LCBI: Lipid Core Burden Index, NIRS:
near-infrared spectroscopy, PCl: percutaneous intervention, RF-IVUS:(radiofrequency) intravascu-
lar ultrasound, SXscore: SYNTAX score

N
~
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higher volume of fibrous (0.93 mm3 per SXscore point, 95%Cl 0.53-1.33, p-value
<0.001) and fibro-fatty tissue (0.29 mm3 per SXscore point, 95% Cl 0.17-0.42, p-
value <0.001) (Tables 2, Figure 2). Importantly, the SXscore correlated with the
fatty/fibro-fatty signals despite adjusting for plague burden. In contrast, we found
no association between SXscore and necrotic core volume (p-value 0.16) or the
presence of TCFA (p-value 0.46).

Table 2. Associations between the SYNTAX score and RF-IVUS and NIRS derived variables in mul-
tivariable analyses

RF-IVUS Mean/OR (95%Cl)

: . B/OR' (95% Cl) p-value'l
derived variables SXscore < 4 4 < SXscore <10 Sxscore > 10
No. of patients 230 219 221 670

Plaque burden, %*  38.1 (36.8-39.5) 388 (36.7-40.9) 39.0 (37.0-41.1) 0.0 (-0.011-0.22) 0.078

Fibrous, mm?® 61.4 (55.1-67.7) 68.0 (60.7-75.4) 72.6 (65.3-80.2) 0093 (0.53-1.33) <0.001

Dense calcium, mm®  13.3 (11.3-15.3) 14.3 (11.9-16.8) 13.9 (11.4-16.3) 0.023 (-0.11-0.16) 0.73

Lesion morphology

MLA <4.0mm’* 1 0.74 (0.44-1.23) 0.95 (0.59-1.54) 1.00 (0.97-1.02) 0.80

NIRS-derived variables SXscore < 3 3 < SXscore <8 SXscore > 8

LCBI region of interest 39.4 (27.9-50.8) 56.0 (36.2-75.9) 62.7 (42.6-82.9) 1.35 (0.22-2.47) 0.019

LCBI worst 4 mm 190.4 (154.6-226.2) 231.3 (175.7-286.5) 266.6 (210.2-323.1) 3.83 (0.69-6.97) 0.017

We present means and odds ratios with 95%Cl based on multivariable models with SX score in-
cluded as categorical (explanatory) variable. In addition, we present B’s and odds ratios with SX-
score included as continuous (explanatory) variable. Multivariable models are adjusted for age,
gender, hypertension, renal impairment, hypercholesterolemia, diabetes mellitus, smoking, indi-
cation for CAG, history of PCl and plaque burden.

T Based on multivariable models with SXscore included as continuous (explanatory) variable

F Multivariable model without adjustment for plaque burden

Cl: confidence interval, LCBI: lipid core burden index, MLA: minimum luminal area, NIRS: near-
infrared spectroscopy, No: number, OR: odds ratio, RF-IVUS: radiofrequency intravascular ultra-
sound, SXscore: SYNTAX score, TCFA: thin-cap fibroatheromas

N
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Figure 2. Distribution of RF-IVUS derived plague components across the SXscore categorized in
tertiles

The mean volumes of the different plaque components: fibrous, fibro-fatty, dense calcium and
necrotic tissue are divided across the SXscore categorized in tertiles (cut-off points 4 and 10).
RF-IVUS: radiofrequency intravascular ultrasound, SXscore: SYNTAX score

Near-infrared spectroscopy in relation to SXscore

A higher SXscore was associated with a higher NIRS-derived lipid core burden index
(LCBI) in the full study segment (1.35 units per SXscore point, 95%Cl 0.22-2.47, p-
value 0.019) (Tables 2, Figure 3). Consistent results were observed for the 10- and
4-mm segments with highest LCBI values. Again, it is relevant to note that the ob-
served correlation between SXscore and LCBI signals was independent of segment
plague burden.

DISCUSSION

This is the first study, to our knowledge, that systematically examined a large patient
population for the correlation of coronary atherosclerotic burden as determined
by the SXscore and the extent and characteristics of coronary atherosclerosis as
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p-trend=0.019
L D High SXscore >8
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Lipid Core Burden Index, mean (95% CI)

LCBI region of interest

Figure 3. Distribution of NIRS-derived LCBI across the SXscore categorized in tertiles

The mean LCBI of the region of interest is divided across the SXscore categorized in tertiles (cut-
off points 3 and 8).

LCBI: lipid core burden index, SXscore: SYNTAX score

assessed by RF-IVUS and NIRS in one non-stenotic segment of a single non-culprit
coronary artery. This study shows that there is a significant and independent as-
sociation between these entities in patients with CAD.

The SXscore is a well-established angiographic tool for the assessment of the
severity and complexity of CAD. (2) It not only evaluates the number of significant
stenoses but also lesion length and amount of calcification, amongst others. Still,
as the SXscore is based on coronary luminography, it is limited in the assessment
of the extent of (non-stenotic) plaque burden and plaque morphology, including
the identification of high-risk plaque characteristics and vulnerable plaques. We
demonstrated that the SXscore is associated with RF-IVUS and NIRS derived infor-
mation on the extent and composition of coronary atherosclerosis in patients with
CAD. The correlation between SXscore and the amount of fatty/fibro-fatty tissue as
well as LCBI were most striking. In this respect it is relevant to note the absence of
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relations between SXscore and plaque phenotype (necrotic core volume) and lesion
morphology (TCFA).

Previously, a significant relation between atherosclerotic burden in one non-cul-
prit coronary segment as assessed by RF-IVUS or NIRS and cardiovascular outcome
was demonstrated which persisted after exclusion of culprit-related and imaged
segment-related cardiac events.(5,7) This indirectly supported the assumption that
the atherosclerotic burden in one non-culprit coronary segment may be represen-
tative for the atherosclerotic disease of the entire coronary tree. The current study
shows a direct association between angiographic atheroma burden of all three
vessels and intravascular coronary wall evaluation of a non-culprit segment.

Although pre-specified high-risk plaque phenotypes (TCFA, MLA<4.0mm?’ and
lesions with a plaque burden of 270%) were not significantly associated with an in-
crease in SXscore, the volume of fibrous and fibro-fatty tissue in plaques was higher
in patients with a higher SXscore. Although a previous study has shown that plaque
morphology, as measured by three-vessel imaging by optical coherence tomog-
raphy (OCT) or IVUS, is associated with and may be used for the identification of
vulnerable plaques in patients with ACS,(19) it appears from our study that it is the
amount of tissue type which is associated with SXscore and not plague morphology
(the layout of the tissue) per se. In light of the relatively overall low angiographic
burden of disease in our population, however, it needs to be considered that this
finding may not be applicable in a patient population with more advanced CAD.
Moreover, necrotic core and dense calcium did not show a significant association
with a higher SXscore.

Previously, in one other small cohort, the relationship between NIRS and SXscore
was explored but no association was found.(17) The relationship between NIRS and
the SXscore has also been studied in a subset of patients from ATHEROREMO-IVUS.
(18) The enrichment of the ATHEROREMO-IVUS cohort with the IBIS-3 cohort in the
current study substantially increases the sample size and creates more robust data.

In most studies, SXscore is stratified in tertiles or even quartiles reflecting the
distribution of the scores found in the respective cohort.(2) The thresholds of the
original SYNTAX trial (cut-off points:22 and 33) have been incorporated in the guide-
lines for the decision-making regarding CABG and PClI, but these thresholds apply
to patients with left main and/or three-vessel disease.(19) Our population also
consisted of patients with single or two vessel disease and hence, understandably,
our mean SXscore and cut-off values for the tertiles were relatively low. It warrants
further research to assess which absolute SXscore thresholds are applicable in a
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heterogeneous population for risk prediction of adverse outcome in patients with
CAD.

Furthermore, we argue that combined IVUS-NIRS intracoronary imaging holds
promise for more precise detection and quantification of atherosclerotic burden in
patients with CAD, and in the future may even be of interest for the prediction of
adverse events. However, further research is warranted to assess the application
of combined IVUS-NIRS intracoronary imaging for the prediction of adverse events.

Limitations

This cohort, composed of two prospective studies, has broad inclusion criteria
which enable the results to be applicable in a broad patient population with CAD.
Data collection, processing and analyses were conducted by researchers indepen-
dent and blinded for patient and outcome data. However, a few limitations deserve
consideration.

As indicated, our study includes patients with relatively low SXscores. This might
induce an underestimation of the studied associations and insufficient power to
reveal additional associations. However, a subgroup analysis with exclusion of
patients without significant CAD, showed results that were essentially similar.
Moreover, the lowest tertile in this cohort contains significantly more patient with a
previous PCl, which may indicate an underestimation of the severity of CAD caused
by a low SXscore derived at study entry.

Furthermore, while the SXscore analyst was blinded for all patient information,
occlusions in STEMI patients were scored as occlusions of unknown duration. In the
MI SYNTAX score study, it was suggested to calculate occlusions in STEMI patients
post-wiring. (20) However, the M| SYNTAX score did not show better performance
than the original SXscore calculated in STEMI patients.

Lastly, although literature demonstrated that experienced operators produce
reasonable SXscores, the modest reproducibility of the SXscore in general has to
be acknowledged. (21) However, because of the overall relatively low angiographic
burden of disease in our study population, we expected a fair reproducibility of
the SXscore in our study. To address the reproducibility of our SXscores, a second
experienced operator, blinded for patient characteristics and previously scored
SXscores, repeated SXscore analysis in a representative random sample. Cohen'’s
kappa showed to be 0.91, indicating a good interobserver agreement.
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Conclusions

In patients with CAD, there is a clear and significant correlation between a higher
SXscore and a higher atherosclerotic burden as assessed by RF-IVUS and NIRS in one
non-stenotic segment in a single non-culprit coronary artery.
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SUPPLEMENTARY APPENDIX

METHODS

Coronary intravascular ultrasound

Following CAG, IVUS was performed in a proximal non-stenotic (<50% stenosis)
segment of at least 40 mm of a non-culprit artery. The order of preference used
for selection of the non-culprit vessel was predefined in the study protocol: 1) left
anterior descending artery; 2) right coronary artery; 3) left circumflex artery. All
IVUS data were obtained with the Volcano s5/s5i Imaging System (Volcano Corp.,
San Diego, CA, USA) using a Volcano Eagle Eye Gold IVUS catheter (20 Mhz). An
automatic pullback system was used with a standard pullback speed of 0.5 mm per
second. The baseline IVUS images were sent to an independent core laboratory
(Cardialysis, Rotterdam, the Netherlands) for offline analysis. The core laboratory
personnel were blinded for baseline patient characteristics and clinical outcome.
The RF-IVUS analysis was performed using pcVH 2.1 and qVH (Volcano Corp., San
Diego, CA, USA) software.

The external elastic membrane and luminal borders were contoured for each
frame (median interslice distance, 0.40 mm). Plaque burden was defined as the
plague and media cross-sectional area divided by the external elastic membrane
cross-sectional area. A coronary lesion was defined as a segment with a plaque
burden of more than 40% in at least 3 consecutive frames. The composition of
atherosclerotic plaque was characterized into 4 different tissue types: fibrous,
fibro-fatty, dense calcium and necrotic core [22]. Three types of high-risk lesions
were identified: 1) thin-cap fibroatheroma (TCFA) lesion, defined as a lesion with
presence of >10% confluent necrotic core in direct contact with the lumen; 2) lesion
with large plaque burden, defined as a lesion with a plaque burden of >70%,; 3)
stenotic lesion, defined as a lesion with a minimal luminal area (MLA) of <4.0 mm?.
(4,23)

Methods near-infrared spectroscopy

In a subset of patients, NIRS imaging was performed in the same segment as IVUS.
The NIRS system used consists of a 3.2 Fr rapid exchange catheter, a pullback and
rotation device and a console (Infraredx, Burlington, MA, USA), approved by the
U.S. Food and Drug Administration. Image acquisition was performed by a motor-
ized catheter pullback at a speed of 0.5 mm/s and 240 rpm. The system performed
1,000 chemical measurements per 12.5 mm. Each measurement interrogated 1 to
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2 mm? of vessel wall from, approximately, 1 mm in depth from the luminal surface
towards the adventitia.(4,5)

The NIRS measurements were used to create a chemogram. The fraction of yel-
low pixels from the chemogram was multiplied by 1,000, to calculate the lipid core
burden index (LCBI). Thus, the LCBI value, with a range between 0 and 1,000, repre-
sents the amount of lipid core in the assessed segment. (24) In addition, within this
region of interest, the 10 mm and 4 mm segment with the highest LCBI was defined.
NIRS images were analyzed offline by an independent core laboratory (Cardialysis,
Rotterdam, the Netherlands). Core laboratory personnel were blinded to all other
patient and outcome data.
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ABSTRACT

Purpose of review: The purpose of this study was to investigate the association
of 26 inflammatory biomarkers (acute phase proteins, cytokines, chemokines)
and renal markers with coronary lipid core burden index (LCBI) assessed by
near-infrared spectroscopy (NIRS) imaging, as well as the association of these
biomarkers with long-term cardiovascular outcome.

Recent findings: NIRS-derived LCBI has recently been shown to be an indepen-
dent predictor of major adverse cardiac events (MACE). However, studies on
the association between circulating biomarkers and NIRS-derived characteris-
tics have not yet been performed.

Summary: Between 2008 and 2011, 581 patients underwent diagnostic
coronary angiography or percutaneous coronary intervention for stable angina
pectoris or acute coronary syndrome (ACS). NIRS of a non-culprit vessel was
performed in a subset of 203 patients. In multivariable analyses, TNF-a tended
to be associated with higher LCBI (Beta: 0.088 In(pg/ml) increase per unit
LCBI; 95% Cl: 0.000-0.177, p=0.05) after adjustment for clinical characteristics.
However, this association did not persist after Bonferroni correction (statistical
threshold: 0.0019). Major adverse cardiac events (MACE) were registered in
581 patients during a median follow-up time of 4.7 years (IQR: [4.2-5.6] years).
After adjustment for clinical characteristics and Bonferroni correction, IL-8 (HR:
1.60; 95%CI[1.18-2.17]per In(pg/ml), p=0.002) was borderline associated with
MACE and significantly associated with all-cause mortality or ACS (HR: 1.75;
95%Cl[1.24-2.48]per In(pg/ml), p=0.0015).



Associations of 26 Circulating Inflammatory and Renal Biomarkers with Near-Infrared Spectroscopy and Long-term
Cardiovascular Outcome in Patients Undergoing Coronary Angiography (ATHEROREMO-NIRS Substudy)

In conclusion, we found that IL-8 was independently associated with clinical
outcome, but altogether, the multiplex panel we investigated here did not
render a useful blood biomarker of high LCBI.

INTRODUCTION

Vulnerable plaque, defined as a plaque that is sensitive to rupture [1], is character-
ized by a large lipid core, thin fibrous cap and active inflammation [2]. Pathology
studies have shown that approximately 60% of acute coronary syndromes (ACS)
are caused by ruptures of such vulnerable plaques [3]. Near-infrared spectroscopy
(NIRS) is a novel catheter-based imaging technique based on diffuse reflectance
spectroscopy [4]. This technique is capable of characterizing the chemical compo-
nents of the atherosclerotic plaque and is consequently able to identify lipid core
[5]. Lipid core plaques (LCP) have been shown to be more vulnerable to rupture
than non-LCP [6, 7]. A strong association has been demonstrated between LCP, as
detected by NIRS, and cardiovascular events [6].

An alternative, non-invasive way to detect LCP could aid in risk stratification. Blood
biomarkers may carry potential to detect vulnerable plaques in an early stage and in
a non-invasive manner. Among others, biomarkers of inflammation (such as acute
phase proteins, cytokines, and chemokines) and renal markers have strongly been
implicated in the atherosclerotic process and in the occurrence of coronary events
[8-11, 7, 12]. Currently, to the best of our knowledge, there are no data available
on the associations between circulating biomarkers and NIRS measurements. Such
an investigation could lead to further pathophysiological insights concerning plaque
vulnerability, and could help bridge the gap between known biological pathways
and clinical imaging findings.

Therefore, the purpose of this study was to investigate the association of 26
circulating inflammatory and renal biomarkers with coronary lipid core burden
index (LCBI) as determined in-vivo by NIRS imaging in patients undergoing coronary
angiography. Furthermore, the long-term prognostic value of these biomarkers for
the occurrence of major adverse cardiac events (MACE) was evaluated.
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METHODS

Study population and design

The design of The European Collaborative Project on Inflammation and Vascular
Wall Remodeling in Atherosclerosis—intravascular Ultrasound (ATHEROREMO-IVUS),
and its sub-study The European Collaborative Project on Inflammation and Vascular
Wall Remodeling in Atherosclerosis—Near-Infrared Spectroscopy (ATHEROREMO-
NIRS), has been described elsewhere [13, 6]. In brief, from 2008 until 2011, 768
patients with an indication for diagnostic coronary angiography (DCO) or percuta-
neous coronary intervention (PCl) due to stable angina pectoris (SAP) or ACS were
included in a biomarker study in Erasmus MC, Rotterdam, the Netherlands. In 581 of
these patients, IVUS of a non-culprit vessel was performed (Figure-1). Among these
patients, NIRS of the same segment was performed in a subset of 191 patients. In
12 additional patients only NIRS, not IVUS, was performed, rendering a total of 203
patients in whom NIRS measurements were available.

Both studies were approved by the medical ethics committee of the Erasmus MC
and were performed in accordance with the criteria described in the declaration of
Helsinki. Written informed consent was obtained from all included patients.

Biomarker measurements

Blood samples were drawn from the arterial sheath prior to the diagnostic coronary
angiography or PCl procedure and were stored at the clinical laboratory of Erasmus
MC at a temperature of —80 °C within 2 hours after blood collection. C-reactive
protein (CRP) was measured at Erasmus MC in serum using an immunoturbidimetric
high sensitivity assay (Roche Diagnostics Ltd., Rotkreuz, Switzerland) on the Cobas
8000 modular analyzer platform (Roche Diagnostics Ltd., Rotkreuz, Switzerland).
Frozen EDTA-plasma samples were transported under controlled conditions (at a
temperature of -80 °C) to Myriad RBM, Austin, Texas, USA, where the concentra-
tions of cytokines, chemokines, acute phase proteins and renal biomarkers were
determined using a validated multiplex assay (Custom Human Map, Myriad RBM,
Austin, Texas, USA). CRP, Ferritin, Haptoglobin, Plasminogen Activator Inhibitor 1 (PAI
1), fibrinogen, Macrophage Inflammatory Protein-1 alpha (MIP-1 a), Macrophage
Inflammatory Protein-1 beta (MIP-1 ), Monocyte Chemotactic Protein 1 (MCP-1),
Regulated upon Activation Normal T cell Expressed and Secreted (T-Cell Specific
Rantes), Tumor Necrosis Factor Receptor 2(TNF R2), Interleukin-6 (IL-6), Interleukin
-8 (IL-8), creatinine, cystatin C, adiponectin and myoglobin were determined in 570
patients from the ATHEROREMO-IVUS population (n=581) and 190 patients of the
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ATHEROREMO-NIRS population (n=203) (Supplemental figure 1). Alpha-1-antitryp-
sin (AAT), alpha-2-macroglobulin (A2Macro), complement C 3 (C3), Tumor Necrosis
Factor alpha (TNF-a), Tumor Necrosis Factor beta (TNF-B), Interferon y (INF-y), Inter-
leukin-10(IL-10), Interleukin-18 (IL-18), Neutrophil Gelatinase-Associated Lipocalin
(NGAL) and beta-2-microglobulin (B2M) were determined in random subsets of 473
and 156 patients, respectively. This difference in numbers resulted from batch-wise
handling of the samples in combination with an update of the composition of the
multiplex assay by the manufacturer in-between two batches. The biomarker labo-
ratories had no knowledge of clinical or intracoronary imaging data.

Near-infrared spectroscopy

The NIRS coronary imaging system consisted of a 3.2-F rapid exchange catheter, a
pullback and rotation device, and a console (InfraReDx, Burlington, Massachusetts,
USA). This NIRS system was approved by the U.S. Food and Drug Administration. The
NIRS image acquisition was performed in a non-culprit vessel. The order of prefer-
ence for selection of the non-culprit vessels was predefined in the study protocol:
1) left anterior descending artery; 2) right coronary artery; and 3) left circumflex
artery. The NIRS target segment of the non-culprit vessel was required to be at
least 40 mm in length and without significant luminal narrowing (<50% stenosis) as
assessed by online angiography. Image acquisition was performed by a motorized
catheter pullback at a speed of 0.5 mm/s and 240 rpm in a proximal segment of the
artery, starting distal to a side branch. Immediately after a pullback, the data in the
scanned coronary arterial segment were displayed in a chemogram. The probability
of the presence of LCP in the scanned coronary arterial segment was calculated by
means of a prediction algorithm and was displayed using colors, ranging from red
(low probability of LCP) to yellow-coded plaque (high probability of LCP) [14] (Fig-
ure-2). The x-axis of the chemogram represents the pullback position in millimeters
and the y-axis the degree of rotation within the artery from 0 to 360 degrees. The
block chemogram summarizes the chemogram in 2 mm increments. The numeric
value of each block in the block chemogram is the 90" percentile of all pixel values
in the corresponding 2-mm chemogram segment.[15]. The block chemogram is
mapped to the same color scale as the chemogram, but the display is binned to
4 discrete colors to aid in visual interpretation (red: P<0.57, orange: 0.57<P<0.84,
tan: 0.84<P<0.98, and yellow: P>0.98, with P being the algorithm probability that
a LCP is present in that 2-mm block). [15]. The LCBI quantifies the amount of LCP
in the entire scanned artery segment on the block chemogram, and is computed
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as the fraction of valid pixels that exceed an LCP probability of 0.6, multiplied with
1000 [15]. NIRS images were evaluated offline by an independent core research
laboratory (Cardialysis BV, Rotterdam, the Netherlands) that had no knowledge of
any other patient, biomarker or outcome data.

Follow-up and study endpoints

Clinical and vital status of patients were collected from medical charts, civil registries
or by written or telephone contact with the patients or relatives. Specifically, all
living patients participating in the IVUS/NIRS study were systematically questioned
on the occurrence of MACE and re-admission. For patients with adverse events,
hospital discharge letters were obtained and treating physicians or hospitals were
contacted if necessary, for additional information. The primary endpoint was the
occurrence of MACE, defined as the composite of all-cause mortality, nonfatal ACS
or unplanned coronary revascularization. The secondary endpoint was the compos-
ite of all-cause mortality or nonfatal ACS.

Endpoints were adjudicated by a clinical events committee that was blinded for
biomarker data and IVUS/NIRS imaging characteristics. ACS was defined as the clini-
cal diagnosis of ST-segment elevation myocardial infarction (STEMI), non-STEMI or
unstable angina pectoris (UAP) in accordance with the guidelines of the European
society of Cardiology[16, 17]. Unplanned coronary revascularization was defined as
unplanned PCl or unplanned coronary artery bypass grafting (CABG).

Statistical analysis

The distributions of continuous variables, including biomarkers and NIRS measure-
ments, were examined for normality by visual inspection of the histogram and
calculation of the skewness coefficient. Normally distributed continuous variables
are presented as meanz standard deviation (SD), while non-normally distributed
continuous variables are presented as median (interquartile range [IQR]) and were
logarithmically (Ln) transformed for further analyses. For reasons of uniformity,
all biomarkers are presented as median (IQR). Categorical variables are presented
as numbers and percentages. All analyses were performed in the full cohort and
subsequently in patients with ACS and patients with SAP separately, to investigate
possible heterogeneity.

We examined the association between biomarker concentrations and LCBI as
assessed by NIRS using linear regression with LCBI as the independent variable
and continuous biomarkers as the dependent variable. The concentrations of
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CRP, A2Macro, ferritin,haptoglobin,PAI-1, MIP-1a, MIP-1B, MCP-1, T-Cell-Specific
RANTES, TNF-a, TNF-B, TNFR2, INF-y, IL-6, IL-8, IL-10, IL-18, fibrinogen, creatinine,
Cystatin C, NGAL, Adiponectin, myoglobin, and B2M were not normally distributed
and therefore Ln transformed. TNF-B and IL-6 were too low to detect in a large part
of the patients and thus were not examined as continuous variable but as categori-
cal variables (measurable vs non-measurable).The results are presented as beta
coefficients (B) that indicate unit increase in (Ln-transformed) biomarker per unit
increase in Ln-transformed LCBI measurement, with 95 % confidence intervals (Cl).

Cox proportional hazards models were used to examine the associations between
biomarker concentrations and MACE, as well as the composite of all-cause mortal-
ity or nonfatal ACS. Results are presented as hazard ratios (HRs) per unit increase in
(Ln-transformed) biomarker concentration or per category of biomarker concentra-
tion, with 95 % Cls. Patients lost to follow-up were considered at risk until the date
of last contact, at which time point they were censored. For patients with more
than 1 event, the first was considered. To test effect modification, interaction terms
were entered into the models consisting of the product of biomarker and indication
for angiography (ACS or SAP).

First, all above-described analyses were performed univariably. Based on existing
literature, age (continuous variable), as well as sex, hypertension, hypercholesterol-
emia and diabetes mellitus (all categorical variables) were considered as potential
confounders and were subsequently entered as covariates into the multivariable
analyses. In the full cohort, indication for coronary angiography was also entered
as a covariate.

All statistical tests were two-tailed. P-values <0.05 were considered statistically
significant and the results are presented with 95% confidence intervals (95%Cls).
Subsequently, the Bonferroni correction was applied to account for the 26 biomark-
ers that were investigated (and thus p-values <0.05/26, i.e. P<0.0019 were consid-
ered statistically significant). Data were analyzed with SPSS software (SPSS 23.0 IBM
corp., Armonk, NY, USA).

RESULTS

Baseline characteristics

Baseline clinical and imaging characteristics are summarized in Table-1 and Supple-
mental Table-1. In ATHEROREMO-NIRS (n=203), mean age was 63.4 years, and
72.9% were men. The biomarker concentrations are presented in Supplemental
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Table-2 and Supplemental Table-3. In the full cohort (n=570) serum concentrations
of MIP-1a, TNF-a, TNF-B, IL-6 and NGAL were measurable in 84%, 92%, 8%, 38%
and 97% of the patients, respectively. The remaining biomarker concentrations
were measurable in 299% of the patients. In the ATHEROREMO-NIRS cohort, con-
centrations of TNF-B, IL-6 and NGAL were measurable in 6%, 32% and 96% of the
patients, respectively. The remaining biomarker concentrations were measurable in
>99% of the patients.

Association between coronary LCBI and biomarkers

The results of the multivariable linear regression analyses are depicted in Figure-3
and Table-2. Higher TNF-a (multivariable adjusted B: 0.088 In(pg/ml) per unit
LCBI; 95% CI: 0.000-0.177, p=0.05) displayed a tendency towards an association
at the p=0.05 level with higher LCBI in the full cohort after adjustment for clinical
characteristics. Effect estimates did not reach statistical significance at the p=0.05
level in ACS and SAP patients (Figure-3 and Table-2). After Bonferroni correction, no

| ATHEROREMO-IVUS |

I

A Total of 768 patients were included at Erasmus MC, Rotterdam, the Netherlands,
Patients between 2008 and 2011
No Yes
IVUS(-VH) (n=187) (n=581)
No Yes Yes No
NIKS (n=175) {n=12) (n=191) {n=390)

I l

Full NIRS cohort
{n=203)

|

(n=768)

Long term
Follow-up

NIRS, near-infrared spectroscopy; IVUS{-VH), intravascular ultrasound (virtual histology).

Figure 1. Patient inclusion

IVUS of a non-culprit artery was performed in 581 patients and blood samples were available in
570 patients. NIRS of a non-culprit artery was performed in 203 patients and blood samples were
available in 190 patients
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associations were present between any of the biomarkers and LCBI. Results of the
univariable analyses were materially the same (results not presented).

Biomarkers and major adverse cardiac events

Vital status was acquired for 569 out of 570 patients (99.8 %). The follow-up
questionnaire assessing the occurrence of MACE was completed by 87.5% of the
570 patients. During a median follow-up time of 4.7 years IQR: [4.2-5.6] years, 155
patients (27%) experienced at least 1 MACE (primary endpoint). Hazard ratios for
the occurrence of MACE are shown in Figure-4 and Supplemental Tables-4a and 4b.
After Bonferroni correction, only IL-8 (p=0.002) was borderline significantly associ-
ated with MACE. No independent associations were present between the other bio-
markers and MACE. At the p=0.05 level, some biomarkers tended to display associa-
tions with MACE. Specifically, on univariable analysis, higher T-Cell Specific Rantes,
IFN-y, IL-8, Cystatin C and B2M were associated with higher incidence of MACE at

20628 - LAD - 3/14/2012 10:15:43 PM Raw LCBI:119 Processed LCBI:94

7

Chemogram

Jaj8y3e) apind

Pullback distance

Longitudinal IVUS
Block Chemogram

L

Red indicates low probability of Lipid Core Plaque
Yellow indicates high probability of Lipid Core Plaque

The block chemogram summarizes the chemogram in
_-2 mm increments.
Figure 2. Intracoronary near-infrared spectroscopy displayed as a chemogram
The figure displays an example of coronary wall imaging by near-infrared spectroscopy. Spectral
characteristics of lipid core plaques are displayed on a chemogram along the length (x-axis, in
mm) and circumference (y-axis, O to 360 degrees) of the scanned coronary artery. Yellow regions
in the chemogram represent high probability of LCP while red regions represent those with low
probability of LCP. The LCBI quantifies the amount of LCP in the entire scanned artery segment
on the block chemogram, and is computed as the fraction of valid pixels that exceed an LCP prob-
ability of 0.6, multiplied with 1000
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Table 1. Baseline clinical and procedural characteristics (ATHEROREMO-NIRS cohort, n=203)
ACS patients SAP patients

(n=95) (n=108)

Clinical characteristics

Male 148(72.9) 63(66.3) 85(78.7)

Hypertension 114(56.2) 51(53.7) 63(58.3)

Smoking 50(24.6) 30(31.6) 20(18.5)

Previous Ml 79(38.9) 34(35.8) 45(41.7)

Previous CABG 6(3.0) 2(2.1) 4(3.7)

Peripheral artery disease 11(5.4) 5(5.3) 6(5.6)

Procedural characteristics

ACS 95(46.8) 95(100) .

Unstable angina pectoris 67(33.0) 67(70.5) -

PCI performed 179(88.2) 88(92.6) 91(84.3)

No significant stenosis 16(7.9) 8(8.4) 8(7.4)

2-vessel disease 58(28.6) 26(27.4) 32(29.6)

NIRS characteristics

Imaged coronary artery

Left circumflex 70(34.5) 30(31.6) 40(37.0)

Continuous variables are presented as meanz standard deviation (SD) or median [IQR]. Categori-
cal variables are presented in numbers (n) and percentages (%).

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery dis-
ease; IQR, interquartile range; LCBI, Lipid Core Burden Index; Ml, myocardial infarction; PCl, per-
cutaneous coronary intervention; SAP, stable angina pectoris.

-

A significant stenosis was defined as a stenosis > 50% of the vessel diameter by visual assessment of the coronary angiogram.

v
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Figure 3a. Association of 26 biomarkers with LCBI in the full NIRS cohort

LCBI in the full NIRS cohort (n=203) multivariable model*
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Figure 3b. Association of 26 biomarkers with LCBI in the ACS patients
LCBI in ACS patients (n=95) multivariable model®
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Figure 3c. Association of 26 biomarkers with LCBI in SAP patients

LCBI in SAP patients (n=108) multivariable model?
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1 Model is adjusted for age, gender, diabetes mellitus, hypertension, hypercholesterolemia and indication
for coronary angiography.
2 Models are adjusted for age, gender, diabetes mellitus, hypertension and hypercholesterolemia.

TNF-B was measurable in 6%, and IL 6 in 32% of the patients; thus there biomarkers were not examined as
continuous variables but as categorical variables (measurable vs not measurable).

AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2ZMacro, alpha- 2- Macroglobulin; B2M, beta-
2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; 1QR, interquartile range; LCBI,
lipid core burden index; MACE, major adverse cardiac events; MCP-1, Monocyte Chemotactic Protein 1; MI,
myocardial infarction; MIP-1a, Macrophage Inflammatory Protein-1 alpha; MIP-1B, Macrophage
Inflammatory Protein-1 beta; NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI 1, Plasminogen
Activator Inhibitor 1; RANTES, Regulated upon Activation Normal T cell Expressed and Secreted; SAP,
stable angina pectoris; TNF o, Tumor Mecrosis Factor alpha; TNF B, Tumor Necrosis Factor beta; TNFR

2, Tumor Necrosis Factor Receptor2.

Figure 3. Association of 26 biomarkers with LCBI in the full NIRS cohort and in patients with ACS
or SAP

Results are presented as Beta, per unit increase in (Ln-transformed) biomarker concentration or
per category of biomarker concentration per unit increase in Ln-transformed LCBI measurement,
with 95% confidence intervals (Cl)
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Table 2. Association between biomarkers and LCBI (NIRS cohort n=203)

ACS patients 95) SAP patients (n= 108)
B [95% CI] B [95% CI] P-value B[95% C P-value

Acute phase proteins

AAT® -0.025 (-0.071-0.022) 0.30 -0.017 (-0.087-0.054) 0.64 -0.043 (-0.107-0.021) 0.18

Complement C3* -0.005 (-0.031-0.021) 0.72  -0.020(-0.059-0.019) 0.32  0.018 (-0.019-0.054) 0.34

Haptoglobin®  0.022 (-0.023-0.067) 0.34  0.025 (-0.044-0.095) 0.47  0.015 (-0.046-0.076) 0.62

Fibrinogen® -0.005 (-0.039-0.030) 0.79  -0.015 (-0.070-0.039) 0.58  0.006 (-0.038-0.051) 0.78

MIP-1 o 0.006 (-0.056-0.067) 0.86 0.036 (-0.047-0.118) 0.39 -0.035 (-0.127-0.056) 0.44

MCP-1° 0.015 (-0.037-0.066) 0.57 -0.041(-0.116-0.034) 0.28 0.062 (-0.008-0.131) 0.08

Cytokines

TNF-p’ -0.007 (-0.039-0.026) 0.68  0.001 (-0.035-0.038) 0.94  -0.026 (-0.083-0.032) 0.37

IFN-y* 0.029 (-0.042-0.100) 0.42  0.037 (-0.055-0.128) 0.42  -0.007 (-0.117-0.103) 0.90

IL-8° 0.034 (-0.021-0.090) 0.23 0.022 (-0.056-0.100) 0.57 0.041 (-0.040-0.121) 0.32

IL-18* -0.015 (-0.070-0.041) 0.61 -0.005 (-0.094-0.085) 0.92 -0.023 (-0.095-0.048) 0.52

Creatinine® 0.004 (-0.024-0.032) 0.77  0.011(-0.035-0.057) 0.64  -0.001 (-0.035-0.034) 0.96

NGAL* 0.062 (-0.016-0.139) 0.12  0.048 (-0.049-0.145) 0.33  0.070 (-0.055-0.196) 0.27

Adiponectin® 0.005 (-0.065-0.075) 0.87 0.028 (-0.074-0.131) 0.59 -0.021 (-0.122-0.079) 0.67

B2M* -0.010 (-0.063-0.043) 0.72 -0.064 (-0.135-0.007) 0.08 0.059 (-0.023-0.140) 0.15

Variables with a non-normal distribution were transformed by the natural logarithm (In). Results
are presented as beta coefficients (B) that indicate unit increase in (In-transformed) biomarker
level or per category of biomarker concentration per unit Ln-transformed LCBI, with 95% confi-
dence intervals (Cl). AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha-
2- Macroglobulin; B2M, beta-2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL,
interleukin; IQR, interquartile range; LCBI, lipid core burden index; MCP-1, Monocyte Chemotactic
Protein 1; MI, myocardial infarction; MIP-1a, Macrophage Inflammatory Protein-1 alpha; MIP-1,
Macrophage Inflammatory Protein-1 beta; NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI
1, Plasminogen Activator Inhibitor 1; RANTES, Regulated upon Activation Normal T cell Expressed
and Secreted; SAP, stable angina pectoris; TNF-a, Tumor Necrosis Factor alpha; TNF-B, Tumor
Necrosis Factor beta; TNF R2,Tumor Necrosis Factor Receptor2.1234567

Model is adjusted for age, gender, diabetes mellitus, hypertension, hypercholesterolemia and indication for coronary angiography.

Models are adjusted for age, gender, diabetes mellitus, hypertension and hypercholesterolemia.

Available in the full cohort.

Available in 156 patients.

Available in 190 patients.

Too low to detect in a large part of the patients (TNF-B was measurable in 6% and IL 6 in 32% of the patients) and thus not examined as a
continuous variable but as a categorical variable (measurable vs not measurable).

Available in 188 patients.
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Figure 4a. Association of 26 biomarkers with MACE in the full cohort
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Figure 4b. Association of 26 biomarkers with MACE in ACS patients

MACE in ACS patients (n=309) multivariable model?
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Figure 4c. Association of 26 biomarkers with MACE in SAP patients
MACE in SAP patients (n=261) multivariable model?

CRP e
AAT — .
A2Macro
c3
Ferritin —e—
Haptoglobin
PAIL —f—
Fibrinogen
MIP-1eo —_—t——
MIP-15 ——
MCP-1
Rantes ——
TNF-oo —_———
TNF-B
TNFR2
IFN-y P —
IL-6 I ——
IL8 — .
IL-10 —
IL-18 I —
Cystatin C
Creatinine
NGAL I E— .
Adiponectin ——
B2M E
Myoglobin ——
I T T 1
o HR (95% CI) 1 » ©

I Model is adjusted for age, gender, diabetes mellitus, hypertension, hypercholesterolemia and indication for
coronary angiography.
2 Models are adjusted for age, gender, diabetes mellitus, hypertension and hypercholesterolemia.

TNF-B was measurable in 8%, and IL 6 in 38% of the patients; thus these biomarkers were not examined as
continuous variables but as categorical variables (measurable vs not measurable).

AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha- 2- Macroglobulin; B2ZM, beta-2-
Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; 1QR, interguartile range; MACE,
major adverse cardiac events; MCP-1, Monocyte Chemotactic Protein 1; MI, myocardial infarction; MIP-1a,
Macrophage Inflammatory Protein-1 alpha; MIP-1B, Macrophage Inflammatory Protein-1 beta; NGAL,
MNeutrophil Gelatinase-Associated Lipocalin; PAI 1, Plasminogen Activator Inhibitor 1; RANTES, Regulated
upon Activation Normal T cell Expressed and Secreted; SAP, stable angina pectoris; TNF @, Tumor Necrosis
Factor alpha; TNF B, Tumor Necrosis Factor beta; TNFR 2, Tumor Necrosis Factor Receptor2.

Figure 4. Association of 26 biomarkers with MACE in the full cohort and in patients with ACS or
SAP

Results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) biomarker con-
centration or per category of biomarker concentration, with 95% confidence intervals (Cl)
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the p=0.05 level. After adjustment for clinical characteristics, IFN-y (HR: 1.57; 95%Cl
[1.10-2.23 per In(pg/ml)) and IL-8 (HR: 1.60; 95%Cl [1.18-2.17 per In(pg/ml)) re-
mained independently associated with MACE at the p=0.05 level. Interaction terms
between biomarkers and indication for angiography only reached significance for
IL-10 (p for interaction =0,05). In patients diagnosed with ACS or SAP, there were no
significant association between any of the biomarkers and MACE

Only IL-8 (p=0.0015) was significantly associated with the composite of death or
ACS (secondary endpoint) after Bonferroni correction and adjustment for clinical
characteristics (Supplemental Table-5). At the p=0.05 level, higher CRP, A2Macro, fi-
brinogen, TNFR2, INF-y, IL-8, Cystatin C, adiponectin and B2M were associated with
this secondary endpoint on univariable analysis (data not shown). Interaction terms
between biomarkers and indication for angiography reached significance for B2M
(p for interaction =0.036). In patients with ACS, only IL-8 (HR: 2.89; 95%Cl [1.86-
4.14 per In (pg/ml) p<0.001) remained associated with the composite of death or
ACS after multivariable adjustment and Bonferroni correction. In patients with SAP,
the HR for IL-8 was closer to the null (HR: 1.12; 95%Cl [0.61-2.03 per In (pg/ml)
p=0.72). Effect estimates for CRP and INF-y were similar to those in the full cohort
in ACS and SAP patients, but statistical significance was not reached. For B2M, the
multivariable adjusted hazard ratio was significantly higher in SAP patients than in
ACS patients, but did not reach statistical significance after Bonferroni correction.

DISCUSSION

We investigated the association of 26 circulating biomarkers with NIRS-derived LCBI
in 203 patients undergoing coronary angiography. After multivariable adjustment
and correction for multiple testing, none of the 26 biomarkers was associated with
LCBI. Furthermore, we also investigated the long-term prognostic value of these
26 biomarkers for clinical cardiovascular outcome in 570 patients. After correction
for multiple testing, we found that IL-8 was borderline significantly associated with
MACE, and independently associated with death or ACS.

Studies on the association between circulating biomarkers and NIRS-derived
characteristics have not been performed previously. NIRS has recently progressed
from bench testing to human studies. In 1993 Cassis and Lodder [18] first described
the use of NIRS for characterisation of atherosclerotic plaque in rabbit aortas. Ever
since, there have been several [4, 15] studies that have validated the use of NIRS for
identification of lipid deposition within the coronary arteries. NIRS has been shown
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to identify extensive LCPs that are associated with a high risk of peri-procedural
myocardial infarction [15]. In our previous report on the current study population,
NIRS-derived LCBI was an independent predictor of MACE during 1 year follow-up
[6]. As NIRS has the potential to identify LCPs indicative of plaque vulnerability in
the coronary arteries, we hypothesized that circulating inflammatory biomarkers
are associated with NIRS-derived LCBI. However, we could not demonstrate any
associations between these biomarkers and NIRS-derived LCBI after Bonferroni
correction. These results suggest that any potential effects of these biomarkers on
atherosclerosis are exerted through other mechanisms.

TNF-atis a pro-inflammatory cytokine with pleiotropic actions. In a previous report
on the current patient population, TNF-a concentration was positively associated
with plaque burden and plaque vulnerability as determined by IVUS [8]. In the cur-
rent study we found that at the p=0.05 level, TNF-a displayed a tendency towards
a positive association with LCBI after multivariable adjustment, but this association
did not persist after correction for multiple testing. Previously, Sukhija et al. [19]
found no association between serum TNF-a levels and extent of atherosclerosis or
clinical outcome in patients with known coronary artery disease (CAD). Conversely,
other studies [20, 21] have demonstrated positive associations between plasma
concentration of TNF-a and coronary events. However, in our study TNF-a was
not associated with MACE at long-term follow-up, implying that the deleterious
effect of TNF-q, if any, does not translate into a higher MACE rate in the current
study population. More research is necessary to further substantiate the patho-
logical mechanisms underlying the roles of this biomarker in atherosclerotic plaque
development. No associations could be demonstrated between any of the other
biomarkers and NIRS-derived LCBI.

In our previous reports on the ATHEROREMO-IVUS study [11, 8-10, 12], levels
of CRP, ferritin, Rantes, TNF-a, IL-10, Cystatin C and NGAL were associated with
IVUS-VH derived plaque burden in the full cohort. Additionally, IL-10, Cystatin C
and NGAL were associated with IVUS-VH derived thin-cap fibroatheroma (VH-TCFA)
lesions. This difference in findings could in part be explained by the differences in
definitions used for NIRS- and IVUS-derived measures of plaque vulnerability. NIRS-
derived LCBI represents the amount of LCP in the entire scanned artery segment,
and is computed as the fraction of valid pixels on the block chemogram that exceed
an LCP probability of 0.6, multiplied with 1000. IVUS-VH-derived TCFA lesions are
defined as lesions with presence of >10% confluent necrotic core in direct contact
with the lumen [9]. Although these entities are related, previous studies have
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shown that the correlation between LCP as detected by NIRS and necrotic core as
detected by IVUS-VH is weak [14].

We found that IL-8 is associated with clinical outcome during long-term follow-
up. Inoue T. et al. [22] investigated the long-term prognostic value of IL-8 in patients
with CAD and found IL-8 as only cytokine predictor of cardiovascular events, inde-
pendently of other cytokines and hs-CRP. Cavusoglu et al. [23] found an associa-
tion between high baseline plasma levels of IL-8 with increased risk of long-term
all-cause mortality in patients with ACS. Our findings are in line with these results.

Study limitations

This study has several limitations. First, this is a cross sectional study. As we did
not repeat NIRS imaging of the same segment at a later time point, no informa-
tion is available on the change in LCBI and its relation with biomarkers levels over
time. Future research might focus on the effects of changes in biomarker level and
their effect on LCBI. Secondly, the NIRS image acquisition was performed in only
one non-culprit vessel. This study design was chosen based on the hypothesis that
such a non-stenotic segment reflects coronary wall pathophysiology in the larger
coronary tree [13]. This assumption, on its part, was based on the fact that ex-vivo,
as well as in-vivo studies in patients with myocardial infarction, have demonstrated
presence of TCFA (as assessed by IVUS) located elsewhere than the culprit lesion or
even culprit artery [9, 8, 10-12]. In fact, we were subsequently able to confirm this
hypothesis, by demonstrating that NIRS imaging characteristics of the non-culprit
artery are associated with increased risk of MACE [6].

Conclusion

None of the 26 biomarkers we examined was associated with LCBI after correction
for multiple testing. IL-8 was associated with clinical outcome in patients undergoing
coronary angiography after correction for multiple testing. Altogether, the multiplex
panel we investigated here did not render a useful blood biomarker of high LCBI.
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SUPPLEMENTAL FILE

Supplemental Table 1. Baseline clinical and procedural characteristics (full cohort, n=570)
Total ACS patients SAP patients

(n=570) (n=309) (n=261)

Clinical characteristics

Male, n (%) 430 (75.4%) 227 (73.5) 203 (77.8)

Hypertension, n (%) 295 (51.8) 134 (43.4) 161 (61.7)

Smoking, n (%) 164 (28.8) 115 (37.2) 49 (18.8)

Previous MI, n (%) 184 (32.3) 80 (25.9) 104 (39.8)

Previous CABG, n (%) 18 (3.2) 7(2.3) 11 (4.2)

Peripheral artery disease, n (%) 36 (6.3) 12 (3.9) 24 (9.2)

Procedural characteristics

ACS, n (%) 309 (54.2) 309 (100) 0(0)

Unstable angina pectoris, n (%) 150 (26.3) 150 (48.5) 0(0)

PCI performed, n (%) 501 (87.9) 287 (92.9) 214 (82.0)

No significant stenosis, n (%) 42 (7.4) 18 (5.8) 24(9.2)

2-vessel disease, n (%) 166 (29.1) 88 (28.5) 78 (29.9)

NIRS characteristics

Imaged coronary artery

Left circumflex, n (%) 190 (33.5) 107 (34.6) 83 (32.0)

Continuous variables are presented as mean + standard deviation (SD) or median [IQR]. Categori-
cal variables are presented in numbers (n) and percentages (%).

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery dis-
ease; IQR, interquartile range; LCBI, Lipid Core Burden Index; MI, myocardial infarction; PCl, per-
cutaneous coronary intervention; SAP, stable angina pectoris.

[N

A significant stenosis was defined as a stenosis 2 50% of the vessel diameter by visual assessment of the coronary angiogram.
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Supplemental Table 2. Biomarker concentrations (ATHEROREMO-NIRS cohort, n=203)

Total ACS patients SAP patients
=203) (n=108)

Acute phase proteins

AAT (mg/ml)? 1.50[1.20-1.80] 1.60[1.20-1.90] 1.40[1.20-1.65]

Complement C3 (mg/ml)’ 0.94[0.78-1.10] 0.90[0.78-1.10] 0.96[0.80-1.10]

Haptoglobin (mg/ml)* 1.43[0.87-2.19] 1.60[0.96-2.50] 1.30[0.87-2.10]

Fibrinogen (pg/ml)* 3.90[3.00-4.70] 4.05[3.0-5.11] 3.76[2.93-4.41]

MIP-1a (pg/ml)* 16.0[12.0-23.0] 15.0[11.0-21.90] 17.50[12.0-24.50]

MCP-1 (pg/ml)* 86.5[67.0-108.0] 85.0[63.75-106.25]  87.50 [71.25-113.25]

Cytokines

TNE-B (pg/ml)* 36.0[18.0-119.0] 37.0[18.0-... ] 35.0[18.0-128.0]

IFN-y (pg/ml)* 5.40[3.90-7.90] 5.10[3.90-7.30] 5.60[3.90-8.50]

IL-8 (pg/ml)* 9.00[6.90-12.0] 3.57[2.43-6.90] 8.34[6.15-10.83]

1L-18 (pg/ml)? 155.0[122.25-190.50] 150.0[108.0-191.0] 156.0[131.0-189.0]

Cystatin C (ng/ml)® 792.50[687.75-926.5]  788.5[665.5-931.5]  806.0[711.25-921.75]

NGAL (pg/ml)’ 194.50[137.0-239.0]  201.0[143.0-254.0]  175.0[125.0-238.5]

Adiponectin (pg/ml)? 2.90[1.80-4.10] 2.75[1.80-4.03] 3.00[1.90-4.18]

Myoglobin (pg/ml)* 32.50[19.75-60.50] 33.50[21.0- 69.25] 31.0[18.0-55.58]

All biomarkers are presented as median [IQR].

AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha- 2- Macroglobulin;
B2M, beta-2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; IQR, in-
terquartile range; MCP-1, Monocyte Chemotactic Protein 1; MI, myocardial infarction; MIP-1a,
Macrophage Inflammatory Protein-1 alpha; MIP-1B, Macrophage Inflammatory Protein-1 beta;
NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI 1, Plasminogen Activator Inhibitor 1; RAN-
TES, Regulated upon Activation Normal T cell Expressed and Secreted; SAP, stable angina pectoris;
TNF-a, Tumor Necrosis Factor alpha; TNF-B, Tumor Necrosis Factor beta; TNF R2,Tumor Necrosis

Factor Receptor2.

Available in 201 patients

Available in a random subset of 156 patients

Available in 190 patients

TNF-B was measurable in 6% of 156 patients, too low to detect in 94%.
IL-6 was measurable in 32% of 190 patients, too low to detect in 68%.
Available in 99 % of 190 patients, missing in 1 %.

NGAL was measurable in 96% of 156 patients, too low to detect in 4%.
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Supplemental Table 3. Biomarker concentrations in the full cohort (n=570)

Total ACS patients SAP patients
(n=570) (n=309) (n=261)

Acute phase proteins

AAT (mg/ml), median [IQR]? 1.40 [1.20-1.70] 1.40 [1.20-1.70] 1.40 [1.20-1.65]

Complement €3 (mg/ml), median [IQR]? 0.90[0.78-1.10] 0.90 [0.78-1.10] 0.92 [0.79-1.00]

]1,2

Haptoglobin (mg/ml), median [IQR 1.40[0.93-2.10] 1.50[0.99-2.20] 1.30[0.86-1.90]

Fibrinogen (pg/ml), median [IQR]* 3.50 [2.90-4.40] 3.60 [3.0-4.53] 3.40 [2.80-4.30]

MIP-1 a (pg/ml), median [IQR]* 16.0 [12.0-21.90] 15.0 [12.0-21.90] 17.0 [12.0-21.92]

MCP-1 (pg/ml), median [IQR]"* 91.0 [70.0-121.75] 92.0[70.0-133.0] 88.0[70.50-111.0]

Cytokines

TNF-B (pg/ml), median [IQR]® 35.0[18.0-116.0] 20.50 [16.50-44.25] 36.5[27.0-152.75]

IFN-y (pg/ml), median [IQR]? 5.10 [3.85-7.30] 4.80 [3.80-6.60] 5.70 [4.20-8.23]

IL-8 (pg/ml), median [IQR]"* 9.00 [6.80-12.0] 9.90 [7.30-13.0] 8.34 [6.53-10.83]

1L-18 (pg/ml), median [IQR]* 171.0[132.50-215.0]  173.0[134.0-217.0]  169.50 [130.50-211.25]

Creatinine (umol/l), median [IQR]"* 77 [66.0-86.50] 77.0 [65.0-87.0] 76.0 [67.0-86.0]

NGAL (pg/ml), median [IQR]® 201.0 [148.0-260.0]  207.0 [149.0-282.50] 186.0 [143.0-242.75]

Adiponectin, median [IQR]* 2.80[1.90-4.00] 2.80[1.88-4.10] 2.86 [1.90-3.90]

B2M (pg/ml), median [IQR]? 1.30[1.10-1.70] 1.30[1.0-1.70] 1.40[1.20-1.70]

AAT, Alpha-1-Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha-2-Macroglobulin; B2M
beta-2-Microglobulin; CRP, C—reactive protein; IFN-y, Interferon y; IL, interleukin; IQR, interquar-
tile range; MCP-1, Monocyte Chemotactic Protein 1; MI, myocardial infarction; MIP-1a, Macro-
phage Inflammatory Protein-1 alpha; MIP-1B, Macrophage Inflammatory Protein-1 beta; NGAL,
Neutrophil Gelatinase-Associated Lipocalin; PAl 1, Plasminogen Activator Inhibitor 1; RANTES,
Regulated upon Activation Normal T cell Expressed and Secreted; SAP, stable angina pectoris;
TNF-a, Tumor Necrosis Factor alpha; TNF-f, Tumor Necrosis Factor beta; TNF R2,Tumor Necrosis

<

Blood samples available in 570 patients.

Measurable in 99% of 570 patients, too low to detect in 1%.

Blood samples available in 473 patients.

MIP-1 a was measurable in 84% of 570 patients, too low to detect in 16%
TNF- a was measurable in 92% of 473 patients, too low to detect in 8%.
TNF-B was measurable in 8% of 473 patients, too low to detect in 92%.
IL-6 was measurable in 38% of 570 patients, too low to detect in 62%.
NGAL was measurable in 97% of 473 patients, too low to detect in 3%.
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Supplemental Table 4a. Univariate association between biomarkers with major adverse cardiac
events (MACE; composite of all-cause mortality, nonfatal ACS or unplanned coronary revascular-

ization) in the full cohort (n=570)
Total (n=570) ACS patients (n=309) SAP patients (n=261)

HR [95% Cl] P-value HR[95% Cl] P-value HR[95% ClI] P-value
Acute phase proteins

AAT? 1.00 (0.63-1.58) 0.99  1.03(0.53-2.00) 0.93 1.06 (0.56-2.02) 0.86

Complement C3? 0.74(0.31-1.78) 0.51  0.56(0.15-2.14) 0.40  0.98 (031-3.13) 0.98

Haptoglobin' 1.11(0.72-1.69) 0.64  1.16(0.62-2.16) 0.64  1.34(0.74-2.44) 0.34

Fibrinogen® 1.23(0.75-2.01) 0.42 1.30 (0.63-2.68) 0.48 1.35(0.68-2.69) 0.39

MIP-1 o* 0.96(0.72-1.28) 0.78  0.85(0.54-1.34) 0.49 1.01 (0.69-1.47) 0.96

MCP-1! 1.09 (0.79-151) 0.61  0.92(0.59-1.44) 0.72 1.75 (1.03-2.96) 0.04

Cytokines

TNF 2 1.31(0.74-230) 036  1.22(0.38-3.90) 0.73 1.12 (0.58-2.16) 0.74

IEN-y? 1.79 (1.28-2.51) 0.001  1.88(1.09-3.25) 0.02 1.56(1.00- 2.44) 0.05

1L-8 1.63(1.21-220) 0.001  2.17(1.47-3.20) <0.001 1.39(0.90-2.15) 0.14

1L-18? 0.82(0.54-1.24) 035  0.74(0.41-1.34) 032  0.97 (0.52-1.80) 0.92

Creatinine™” 1.11(0.58-2.13) 0.76 0.67 (0.24-1.85) 0.44 1.81(0.74-4.41) 0.19

NGAL? 1.37(0.91-2.05) 0.13 1.94 (1.01-3.51) 0.03 1.16 (0.65-2.06) 0.61

Adiponectin® 1.09 (0.83-1.43) 054  1.79(1.18-2.72) 001  0.78(0.56-1.10) 0.16

B2M? 1.81(1.02-3.21) 0.04 1.25(0.51-3.10) 0.63 2.17 (1.05-4.52) 0.04

Results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) biomarker con-

centration or per category of biomarker concentration, with 95 % confidence intervals (Cl).
AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha- 2- Macroglobulin;
B2M, beta-2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; IQR, in-

1; MI, myocardial infarction; MIP-1a, Macrophage Inflammatory Protein-1 alpha; MIP-183, Mac-
rophage Inflammatory Protein-1 beta; NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI 1,
Plasminogen Activator Inhibitor 1; RANTES, Regulated upon Activation Normal T cell Expressed
and Secreted; SAP, stable angina pectoris; TNF a, Tumor Necrosis Factor alpha; TNF 3, Tumor Ne-
crosis Factor beta; TNFR 2,Tumor Necrosis Factor Receptor2.

25  Available in 570 patients.

26  Available in 473 patients.

27  Measurable in 92% of 473 patients, too low to detect in 8%.

28 Too low to detect in in a large part of the patients (TNF-B was measurable in 8% and IL 6 in 38% of the patients) and thus these biomarkers
were not examined as continuous variables but as categorical variables (measurable vs not measurable).

29  Measurable in 99 % of 570 patients, too low to detect in 1 %.
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Supplemental Table 4b. Multivariable adjusted association between biomarkers with major ad-
verse cardiac events (MACE; composite of all-cause mortality, nonfatal ACS or unplanned coro-

nary revascularization) in the full cohort (n=570)
Total (n=570) ACS patients (n=309) SAP patients (n=261)

HR [95% CI]* P-value HR [95% CI]*1 P-value HR [95% CI]?

Acute phase proteins

AAT? 0.99 (0.61-1.59) 0.95  0.88(0.44-1.78) 073  1.05(0.54-2.06) 0.88

Complement C3* 0.72(0.29-1.74)  0.46  0.52(0.13-2.06) 035  0.96(0.29-3.16) 0.94

Haptoglobin® 1.16 (0.74-1.81) 052  1.01(0.53-1.92) 098  1.31(0.70-2.44)  0.40

Fibrinogen® 1.12 (0.66-1.90) 0.67  0.96(0.43-2.17) 096  1.25(0.61-2.56) 0.55

MIP-1 o*** 0.89(0.66-1.20) 0.44  0.71(0.44-1.17) 0.19  1.01(0.69-1.48) 0.97

MCP-1° 1.13(0.79-1.60) 051  0.87 (0.54-1.40) 058  1.64(0.95-2.81) 0.07

Cytokines

TNF B* 1.14 (0.64-2.03) 0.66  1.20(0.37-3.88) 0.76  1.11(0.57-2.16) 0.76

IFN-y* 1.57(1.10-2.23) 0.012 1.75(0.99-3.12) 0.06  1.51(0.96-2.36) 0.08

IL-g* 1.60(1.18-2.17) 0.002 1.85(1.22-2.80) 0.004 1.30(0.82-2.01) 0.26

IL-18* 0.80(0.52-1.22) 029  0.74(0.41-1.33) 031  0.87 (0.47-1.63) 0.66

Creatinine® 0.83(0.40-1.72) 0.61  0.39(0.13-1.23) 0.11  1.59(0.56-4.55) 0.39

NGAL* 1.46(0.96-2.21) 0.08  1.80(1.01-3.22) 005  1.15(0.64-2.07) 0.65

Adiponectin® 112 (0.82-152) 0.47  1.72(1.07-2.76) 0.03  0.85(0.58-1.25) 0.41

B2M* 1.41 (0.74-2.67) 0.30 0.68 (0.23-1.98) 0.48 2.33(1.03-5.28) 0.04

Results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) biomarker con-
centration or per category of biomarker concentration, with 95 % confidence intervals (Cl).
AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha- 2- Macroglobulin;
B2M, beta-2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; IQR, in-
terquartile range; MACE, major adverse cardiac events; MCP-1, Monocyte Chemotactic Protein
1; MI, myocardial infarction; MIP-1a, Macrophage Inflammatory Protein-1 alpha; MIP-1B, Mac-
rophage Inflammatory Protein-1 beta; NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI 1,
Plasminogen Activator Inhibitor 1; RANTES, Regulated upon Activation Normal T cell Expressed
and Secreted; SAP, stable angina pectoris; TNF a, Tumor Necrosis Factor alpha; TNF B, Tumor Ne-
crosis Factor beta; TNFR 2,Tumor Necrosis Factor Receptor2.

30 Model is adjusted for age, gender, diabetes mellitus, hypertension, hypercholesterolemia and indication for coronary angiography.

31 Models are adjusted for age, gender, diabetes mellitus, hypertension and hypercholesterolemia.

32 Available in 570 patients.

33  Available in 473 patients.

34  Measurable in 84% of 570 patients, too low to detect in 16%

35  Measurable in 92% of 473 patients, too low to detect in 8%.

36 Too low to detect in a large part of the patients (TNF B measurable in 8% of 473 patients, too low to detect in 92), and thus these biomarkers
were not examined as continuous variables but as categorical variables (measurable vs not measurable).

37 Too low to detect in a large part of the patients (IL-6 measurable in 38% of 570 patients, too low to detect in 62%), and thus these biomarkers
were not examined as continuous variables but as categorical variables (measurable vs not measurable).

38 Measurable in 99% of 570 patients, too low to detect in 1%.
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Supplemental Table 5. Multivariable adjusted association between biomarkers with the compos-
ite of all-cause mortality or nonfatal ACS (secondary endpoint) in the full cohort (n=570)
Total (n=570) ACS patients (n=309) SAP patients (n=261)

HR [95% CI]*9 P-value HR [95% CI]* P-value HR [95% CI]?

Acute phase proteins

AAT®2 1.49 (0.87-2.55) 0.14  1.22(0.59-2.52) 0.60  1.95(0.86-4.45)  0.11

Complement C3* 1.34(0.46-3.89) 059  0.87(0.19-3.92) 0.86  2.20(0.47-10.23) 0.32

Haptoglobin® 1.41(0.82-2.43) 021  1.23(0.60-2.53) 0.58  1.63(0.71-3.72) 0.25

Fibrinogen® 1.75(0.92-3.31) 0.09  1.15(0.62-3.67) 0.36  1.98(0.76-5.16) 0.16

MIP-1 o**3 0.91(0.63-1.32) 0.63  0.86(0.50-1.48) 0.85  0.95(0.57-1.56) 0.83

McP-1° 0.91(0.69-1.57) 0.66  0.87(0.51-1.50) 0.62  1.00 (0.47-2.09)  0.99

Cytokines

TNF %5 1.56 (0.80-3.03) 0.19  1.69 (0.52-5.51) 0.38  1.41(0.62-3.18) 0.41

IFN-y* 1.58(1.03-2.43) 0.04 1.68(0.89-3.18) 0.11 1.54(0.85-2.78) 0.16

IL-8* 1.75(1.24-2.48) 0.0015 2.89 (1.86-4.14) <0.001 1.12(0.61-2.03) 0.72

IL-18° 0.90 (0.54-1.50) 0.70  0.88(0.47-1.67) 0.70  0.97 (0.42-2.26)  0.95

Creatinine 7 0.85(0.35-2.06) 0.71 0.56 (0.16-1.96) 0.36 1.49(0.38-5.93) 0.57

NGAL* 1.44 (0.87-2.39) 0.16  2.66(1.37-5.19) 0.004 0.60(0.28-1.27)  0.18

Adiponectin® 1.18(0.81-1.73) 039  2.03(1.20-3.44) 0.008 0.69 (0.43-1.11)  0.12

B2M* 2.29(1.04-5.06) 0.04  1.52(0.48-4.83) 0.48  3.45(1.14-10.44) 0.03
Results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) biomarker con-
centration or per category of biomarker concentration, with 95 % confidence intervals (Cl).
AAT, Alpha- 1- Antitrypsin; ACS, acute coronary syndrome; A2Macro, alpha- 2- Macroglobulin;
B2M, beta-2-Microglobulin; CRP, C —reactive protein; IFN-y, Interferon y; IL, interleukin; IQR, in-
terquartile range; MACE, major adverse cardiac events; MCP-1, Monocyte Chemotactic Protein
1; MI, myocardial infarction; MIP-1a, Macrophage Inflammatory Protein-1 alpha; MIP-1B, Mac-
rophage Inflammatory Protein-1 beta; NGAL, Neutrophil Gelatinase-Associated Lipocalin; PAI 1,
Plasminogen Activator Inhibitor 1; RANTES, Regulated upon Activation Normal T cell Expressed
and Secreted; SAP, stable angina pectoris; TNF a, Tumor Necrosis Factor alpha; TNF 3, Tumor Ne-
crosis Factor beta; TNFR 2,Tumor Necrosis Factor Receptor2.

39  Model is adjusted for age, gender, diabetes mellitus, hypertension, hypercholesterolemia and indication for coronary angiography.

40  Models are adjusted for age, gender, diabetes mellitus, hypertension and hypercholesterolemia.

41  Available in 570 patients.

42 Available in 473 patients.

43 Measurable in 84% of 570 patients, too low to detect in 16%

44 Measurable in 92% of 473 patients, too low to detect in 8%.

45  TNF B measurable in 8% of 473 patients, too low to detect in 92 %; thus these biomarkers were not examined as continuous variables but as
categorical variables (measurable vs not measurable).

6  IL-6 measurable in 38% of 570 patients, too low to detect in 62 %; thus these biomarkers were not examined as continuous variables but as
categorical variables (measurable vs not measurable).

7  Measurable in 99% of 570 patients, too low to detect in 1%.
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ABSTRACT

Purpose: We investigated the associations of ten previously identified high
risk molecular lipid species and three ceramide ratios with the occurrence of
major adverse cardiac events (MACE) during a median follow-up of 4.7 years in
patients with coronary artery disease (CAD).

Methods: Between 2008 and 2011, 581 patients underwent diagnostic coronary
angiography or percutaneous coronary intervention for stable angina pectoris
(SAP) or acute coronary syndrome (ACS). Blood was drawn prior to the index
procedure and lipid species were determined. The primary endpoint was the
occurrence of MACE, comprising all-cause mortality, nonfatal ACS or unplanned
coronary revascularization. The secondary endpoint comprised all-cause mor-
tality or nonfatal ACS. Results: During a median follow-up of 4.7 [IQR: 4.2- 5.6]
years, 155 patients (27%) had MACE. In multivariable analyses, Cer(d18:1/16:0)
concentration was associated with MACE (HR 2.32; 95% CI [1.09-4.96] per
In(pmol/mL) p= 0.030) after adjustment for cardiac risk factors, clinical pre-
sentation, statin use at baseline and admission non-HDL cholesterol level. Fur-
thermore, after multivariableadjustment, concentrations of Cer(d18:1/16:0),
Cer(d18:1/20:0), Cer(d18:1/24:1) and their ratios to Cer(d18:1/24:0) were
associated with the composite endpoint death or nonfatal ACS.

Conclusion: Altogether, the circulating ceramide lipids we investigated here are
associated with adverse cardiac outcome during long-term follow-up indepen-
dent of clinical risk factors.
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INTRODUCTION

Established lipid markers such as total cholesterol, low-density lipoprotein (LDL)
cholesterol, triglycerides (TG) and high-density lipoprotein (HDL) cholesterol have
long formed the cornerstone of lipid-based risk stratification in coronary artery
disease (CAD) (1-4). However these measures alone do not fully capture the com-
plexity of the altered lipid metabolism in cardiovascular disease (2), and this may be
the reason that they fail to identify a substantial proportion of patients at high risk
for coronary events (1).

Lipidomics is a systems-based study of all lipids (5) that has been defined as the
full characterization of lipid molecular species and their biological roles (6). In its
most advanced form, lipidomics is able to quantify hundreds of diverse molecular
lipid species across multiple lipid classes such as sphingolipids, phospholipids, sterol
esters, and acylglycerols, (7) many of which play an integral role in modulation of
biological function such as formation of cellular membranes, energy storage and
cell signaling (8, 9). Since lipidomics provides such detailed lipid profiles, it may
further improve risk stratification of CAD patients and provide novel mechanistic
insights into CAD (4).

In line with this hypothesis, we have recently performed lipidomics in the Lud-
wigshafen Risk and Cardiovascular Health (LURIC) study and identified several mo-
lecular lipid species that are associated with fatal events in patients with CAD (1).
In the current study, we hypothesized that these ten previously identified high risk
molecular lipid species and three ceramide ratios are associated with occurrence of
major adverse cardiac events (MACE) during long-term follow-up.

METHODS

Study population and design

The design of the European Collaborative Project on Inflammation and Vascular
Wall Remodeling in Atherosclerosis (ATHEROREMO) has been described elsewhere
in detail (10). In brief, from 2008 until 2011, 581 patients with an indication for
diagnostic coronary angiography (CAG) and/or percutaneous coronary intervention
(PCI) due to stable angina pectoris (SAP) or acute coronary syndrome (ACS) were
included at the Erasmus MC, Rotterdam, the Netherlands. Prior to the CAG or PCl
procedure blood samples were collected from the arterial sheath and were trans-
ported to the clinical laboratory of Erasmus MC within 2h after blood collection for
storage at a temperature of -80 °C. All included patients were 18 years or older. The
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ATHEROREMO study was approved by the medical ethics committee of Erasmus MC
and was performed in accordance with the criteria described in the declaration of
Helsinki. Written informed consent was obtained from all included patients.

Serum concentrations of cholesterol and triglycerides

Levels of total cholesterol, LDL cholesterol, HDL cholesterol and TG were measured
in the clinical laboratory of the Erasmus MC in serum samples using Roche/Hitachi
cobas ¢ 701/702 analyzer (Roche Diagnostics, Indianapolis, USA) on the Cobas 8000
modular analyzer platform (Roche Diagnostics, Indianapolis, USA).

Plasma concentrations of molecular lipids

Molecular lipids and lipid ratios that were previously found to be associated with
fatal cardiovascular outcome at a p <0.05 level in the LURIC study were selected for
evaluationin the current study(1). These included cholesteryl esters (CE): CE 14:0, CE
18:3, CE 20:4, CE 20:5, CE 22:5; ceramides (Cer): Cer(d18:1/16:0), Cer(d18:1/20:0),
Cer(d18:1/24:0),Cer(d18:1/24:1); ceramideratiosCer(d18:1/16:0)/Cer(d18:1/24:0),
Cer(d18:1/20:0)/Cer(d18:1/24:0), Cer(d18:1/24:1)/Cer(d18:1/24:0)), and lactosyl-
ceramide (LacCer): LacCer(d18:1/18:0).

Plasma samples for measurement of lipid concentrations were available in 574
patients. Stored plasma samples were subjected to lipid extraction at Zora Biosci-
ences, Finland. Briefly, Samples (10 pL) were spiked with known amounts of lipid-
class specific, non-endogenous synthetic internal standards, D6-CE 18:0 (C/D/N
Isotopes Inc.,Pointe-Claire, Quebec, Canada), Cer(d18:1/17:0) (Avanti Polar Lipids
Inc., Alabaster, AL, USA) and D3-LacCer(d18:1/16:0) (Matreya LLC, State College,
Pennsylvania, USA). Lipid extraction was performed using chloroform (HPLC grade)
(Rathburn Chemicals Ltd., Walkerburn, Scotland), methanol, and acetic acid (both
LC-MS grade) (Sigma-Aldrich GmbH, Steinheim, Germany) (11). After lipid extrac-
tion, samples were reconstituted in chloroform: methanol (1:2, v/v) for sphingolip-
ids analysis, and for molecular shotgun lipidomic analysis the extracts were further
diluted with chloroform/methanol (1:2, v/v) containing 5 mM ammonium acetate.
Quality control samples (QC) were prepared along with the actual samples for lip-
idomic analyses to monitor the extraction and MS performance. The intra-day (n=3)
average coefficient of variation (CV) of sphingolipids and CE was less than or equal
to 6% and inter-day (n=24 for Cer and LacCer; n=23 for CE except for CE(22:5) n=22)
CV was less than 21% for both sphingolipids and CE.
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Sphingolipids were analyzed on a QTRAP 5500 mass spectrometer (AB SCIEX,
Concord, Canada)® equipped with an ultra-high pressure liquid chromatography
(UHPLC) system CTC PAL autosampler (Leap Technologies) and Accela 1250 Pump
(Thermo Fisher Scientific., Massachusetts, United States). Chromatographic separa-
tion was performed on an Acquity BEH C18, 2.1 x 50 mm column with a particle
size of 1.7 um (Waters, Milford, MA). Mobile phases were 10 mM ammonium
acetate in water with 0.1% formic acid (solvent A) and 10 mM ammonium acetate
in acetonitrile:isopropanol (4:3, v/v) containing 0.1% formic acid (solvent B). Lipids
were separated with linear gradient from 75% B to 100% B in 15 min. Flow rate was
500 pL/min and column temperature was 60°C. Data was collected using multiple
reaction monitoring in positive ion mode (12). Curtain gas was set at 25, ion spray
voltage was set at 5000 and ion source was heated to 400°C. Collision energy was
optimized for each lipid class. Collision energy for Cer and LacCer was set to 40 and
45, respectively.

Shotgun lipidomics was performed to monitor CE on a QTRAP 5500 mass spec-
trometer (AB® SCIEX, Concord, Canada) equipped with a robotic nanoflow ion
source NanoMate HD (Advion, NY, USA) as described (11). CE were analyzed in
positive ion mode using precursor ion scanning (PIS) of 369.35 with collision energy
30 (13). Mass spectrometry data files were processed using MultiQuant 2.0.1 or
™LipidView 1.0 (AB SCIEX, Concord, Canada) (13). Identified lipids were quantified
by normalizing against ™ their respective internal standard and volume of plasma
used for the extraction. The limit of quantification (LOQ) for Cer, LacCer and CE in
extract was 0.0004 uM, 0.0016 uM and 0.012 uM, respectively. All lipids monitored
were within the LOQ. The LOQ was defined as the lowest point in the calibration
curve with a signal-to-noise ratio greater than or equal to 10.

Follow-up and study endpoints

Clinical and vital status of patients were collected from medical charts, civil reg-
istries or by written or telephone contacts with the patients or relatives. All living
patients participating in this study received a questionnaire, consisting of queries
regarding the occurrence of MACE and re-admissions. For patients with adverse
events, hospital discharge letters were obtained and treating physicians or institu-
tions were contacted if necessary for additional information.

The primary endpoint was the occurrence of MACE, comprising all-cause mortal-
ity, nonfatal ACS or unplanned coronary revascularization. The secondary endpoint
comprised all-cause mortality and nonfatal ACS. ACS was defined as the clinical
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diagnosis of ST-segment elevation myocardial infarction (STEMI), non-STEMI or
unstable angina pectoris (UAP) in accordance with the guidelines of the European
society of Cardiology (14, 15). Unplanned coronary revascularization was defined
as unplanned repeated PCl or unplanned coronary artery bypass grafting (CABG).
The endpoints were adjudicated according to their definitions by a clinical events
committee that was blinded to the lipid data.

Statistical analysis

Categorical variables are presented as numbers and percentages. The distributions
of continuous variables, including lipid concentrations and lipid ratios, were exam-
ined for normality by visual inspection of the histogram. Normally distributed con-
tinuous variables are presented as meanz standard deviation (SD). Non-normally
distributed continuous variables (which included molecular lipid concentrations
and lipid ratios) are presented as median (interquartile range [IQR]) and were
logarithmically (Ln) transformed for further analyses. Patients lost during follow-up
were considered at risk until the date of last contact, at which time-point they were
censored.

Cox proportional hazards models were used to evaluate the associations between
molecular lipids and clinical study endpoints. For patients who experienced more
than 1 event, the first was considered. The results are presented as hazard ratios
(HRs) per unit increase in (Ln- transformed) molecular lipid concentrations or lipid
ratios, with 95% confidence intervals (Cls). First, all analyses were performed uni-
variably. In the multivariable analyses, gender, age, hypertension, hypercholester-
olemia, diabetes mellitus and statin use were considered as potential confounders
and were entered as covariates. These covariates were chosen for etiologic reasons
and were based on existing literature (16). To evaluate whether the associations
between molecular lipids and the clinical endpoints are independent of serum
LDL cholesterol levels or serum non-HDL cholesterol levels, baseline serum LDL
cholesterol level and baseline serum non-HDL cholesterol level were additionally
(and consecutively) added into the multivariable models. Serum non-HDL level was
calculated by subtracting HDL cholesterol level from total cholesterol level. In the
full cohort, indication for CAG (ACS versus SAP) was also entered as a covariate.
Interaction terms were added to the model to account for possible effect modi-
fication by indication for baseline CAG. Subsequently, analyses were stratified on
indication for CAG.
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Table 1. Clinical characteristics

ACS patients SAP patients p-value
Clinical characteristics (n=313) (n=261)
Age, years, mean * SD 61.5+11.3 59.7+11.9 63.6+10.3 <0.001
Diabetes Mellitus, n (%) 97 (17) 40 (13) 57 (22) 0.004
Hypercholesterolemia, n (%) 318 (55) 138 (44) 180 (69) <0.001
Positive family history of CAD, 298 (52) 145 (46) 153 (59) 0.004
n (%)

Previous PCI, n (%) 184 (32) 57 (18) 127 (49) <0.001

Previous stroke, n (%) 26 (5) 11 (4) 15 (6) 0.200

History of heart failure, n (%) 19 (3) 6(2) 13 (5) 0.041

Serum HDL cholesterol, mmol/L 1.04 [0.87-1.29] 1.05 [0.87-1.27] 1.03 [0.86-1.30] 0.80

Statin use at baseline, n (%) 508 (89%) 308 (98%) 235 (90%) 0.499

Indication for CAG

STEMI, n (%) 162 (28) 162 (52) 0(0)

Stable angina pectoris, n (%) 261 (46) 0(0) 261 (100)

Coronary artery disease *

1-vessel disease, n (%) 304 (53) 172 (55) 132 (51)

3-vessel disease, n (%) 61 (11) 35(11) 26 (10)

* A significant stenosis was defined as a stenosis > 50% of the vessel diameter by visual assess-
ment of the coronary angiogram.

Continuous variables are presented as meanz standard deviation (SD) or median [IQR]. Categori-
cal variables are presented in numbers (n) and percentages (%).

P-value was obtained from student’s t-test.

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery dis-
ease; CAG, coronary angiography; HDL, high-density lipoprotein; IQR, interquartile range; LCBI,
Lipid Core Burden Index; LDL, low-density lipoprotein; Ml, myocardial infarction; PCl, percutane-
ous coronary intervention; SAP, stable angina pectoris; TG, triglycerides.
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Table 2. Lipid concentrations in the full cohort, MACE cohort and non-MACE cohort
ACS patients SAP patients

Lipid concentrations (n=313) (n=261) p-value

CE 14:0, pmol/pl 21.7[15.9-28.1]  22.9[16.5-30.5]  21.2[15.4-26.8]  0.008

CE 20:4, pmol/pl 386 [317-457] 394 [324-453] 374 [307-471] 0.31

CE 22:5, pmol/pl 2.65 [2.00-3.62] 2.81[2.12-3.77] 2.53[1.90-3.40] 0.037

Cer(d18:1/20:0) pmol/pl 0.11 [0.09-0.15] 0.12 [0.10-0.16] 0.11[0.08-0.13]  <0.001

Cer(d18:1/24:1) pmol/pl 1.79 [1.42-2.25]  1.89[1.52-2.44]  1.67[1.35-2.05]  <0.001

Cer(d18:1/16:0)/Cer(d18:1/24:0) pmol/l 0.020 [0.018-0.024] 0.021 [0.018-0.025] 0.020 [0.017-0.023]  0.001

Cer(d18:1/24:1)/Cer(d18:1/24:0) pmol/pl  0.31[0.26-0.36]  0.31[0.26-0.36]  0.31[0.26-0.36]  0.65

Lipid concentrations in the MACE cohort ACS patients SAP patients p-value

(n=65) (n=90)
CE 14:0, pmol/pl 22.6[15.7-27.1] 21.7 [15.5-30.3] 22.7 [15.7-26.6] 0.67

CE 20:4, pmol/ul 381 [310-445] 381 [310-432] 379 [310-447] 0.95

CE 22:5, pmol/ul 2.57[1.86-3.71]  2.61[2.04-3.97]  2.51[1.80-3.45]  0.065

Cer(d18:1/20:0) pmol/pl 0.11[0.09-0.16]  0.13[0.10-0.17]  0.11[0.08-0.14]  0.011

Cer(d18:1/24:1) pmol/pl 1.78 [1.35-2.36] 2.10 [1.66-2.84] 1.62 [1.33-2.13] 0.008

Cer(d18:1/16:0)/Cer(d18:1/24:0) pmol/pl 0.021 [0.018-0.025] 0.022 [0.019-0.027] 0.019 [0.017-0.024]  0.006

Cer(d18:1/24:1)/Cer(d18:1/24:0) pmol/pul  0.31 [0.27-0.37] 0.33[0.27-0.36] 0.31[0.26-0.37] 0.222

Lipid concentrations in the non-MACE ACS patients SAP patients p-value

cohort** (n=242) (n=169)

CE 14:0, pmol/pl 21.5[15.8-28.7] 23 [16.5-30.5] 20.7[15.3-27]  0.007

CE 20:4, pmol/pl 391 [321-467] 397 [310-432] 374 [304-476] 0.272

CE 22:5, pmol/ul 2.69[2.04-3.58]  2.79[2.12-3.70]  2.54[1.92-3.40]  0.041

Cer(d18:1/20:0) pmol/ul 0.12[0.09-0.14]  0.12[0.09-0.15]  0.11[0.08-0.13]  <0.001
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Cer(d18:1/24:1) pmol/pl 1.78 [1.35-2.36] 1.86 [1.51-2.33] 1.68 [1.35-2.04] <0.001
LacCer(d18:1/18:0) pmol/pl 0.13 [0.10-0.16] 0.13 [0.11-0.16] 0.12 [0.10-0.15] 0.001

Cer(d18:1/16:0)/Cer(d18:1/24:0) pmol/ul 0.021 [0.018-0.025] 0.021 [0.018-0.024] 0.020 [0.017-0.023]  0.017
Cer(d18:1/20:0)/Cer(d18:1/24:0) pmol/pul 0.020 [0.016-0.025] 0.019 [0.015-0.024] 0.019 [0.016-0.023] ~ 0.60
Cer(d18:1/24:1)/Cer(d18:1/24:0) pmol/ul  0.31[0.27-0.37]  0.30[0.25-0.36]  0.31[0.26-0.36]  0.77

Concentrations are presented in UM as median [IQR]. P-value was obtained from student’s t-test
for difference in In-transformed mean lipid concentration.

ACS, acute coronary syndrome; CE, cholesteryl ester; Cer, ceramide; LacCer, lactosylceramide;
MACE, major adverse cardiac events SAP, stable angina pectoris.

All data were analyzed with SPSS software (SPSS 23.0 IBM corp., Armonk, NY,
USA). All statistical tests were two-tailed and p-values <0.05 were considered sta-
tistically significant.

RESULTS

Baseline characteristics

The baseline clinical characteristics and the lipid concentrations of the ATHERO-
REMO study are summarized in Table 1 and Table 2. In total 574 patients were
included. The mean age of the patients was 61.5 years and 75% were men. A total
of 55% patients were diagnosed with ACS (28% STEMI and 26% non-STEMI), and
46% patients with SAP. PCI was performed in 88% of the patients during the index
procedure. Prior to the index procedure median serum LDL cholesterol level was
2.71 [IQR: 2.12- 3.54] mmol/I, median serum HDL cholesterol level was 1.04 [IQR:
0.87- 1.29] mmol/I, median serum non-HDL cholesterol level was 3.23 [2.54- 4.00]
mmol/l, and median serum triglyceride (TG) level was 1.27 [IQR: 0.88- 1.83] mmol/I
in the full cohort. ACS patients had significantly higher serum LDL cholesterol level
((median: 3.10 [IQR: 2.32- 3.87] mmol/I) p= < 0.001), higher serum non-HDL choles-
terol level ((median: 3.56 [2.81- 4.36]mmol/I) p = < 0.001) and lower serum TG level
((median=1.15 [IQR: 0.77- 1.77] mmol/I) p = < 0.001)) compared with SAP patients
(median: 2.37 [IQR: 1.94- 2.99] mmol/l, 2.83 [2.35- 3.56] mmol/l and 1.41 [IQR:
1.05- 1.94] mmol/l, respectively). In addition, several other clinical characteristics
were significantly different between the ACS patients and the SAP patients (Table
1). At the time of hospital admission 89% of the patients in the full cohort used
statins.

As shown in Table 2, ACS patients had significantly higher plasma concentrations
of CE 22:5; Cer(d18:1/16:0), Cer(d18:1/20:0), Cer(d18:1/24:0), Cer(d18:1/24:1),
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MACE in the full cohort (n=574)
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Figure 1. Association of plasma concentrations of molecular lipid species with MACE.

The results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) molecular
lipid concentrations or lipid ratios, with 95% confidence intervals (Cl).

CE, cholesteryl ester; Cer, ceramide; LacCer, lactosylceramide; MACE, major adverse cardiac
events

LacCer(d18:1/18:0) and Cer(d18:1/16:0)/Cer(d18:1/24:0) in the full cohort and
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Full cohort ACS patients SAP patients
* Adj HR 1.32 (95%CI; 0.89-1.98) ** Adj HR 2.63 (95%CI; 1.44-4.83)  ** Adj HR 0.75 (95%CI; 0.59-2.09)
p=0.17 p=0.002 p=0.75

- <median Cer(d18:1/16:0)
— > median Cer(d18:1/16:0)

Follow-up (Years) Follow-up (Years) Follow-up (Years)

* Adjusted for gender, age, hypertension, hypercholesterolemia, diabetes mellitus, clinical presentation, statin use and
serum non-HDL cholesterol levels at baseline.

** Adjusted for gender, age, hypertension, hypercholesterolemia, diabetes mellitus, statin use and serum

non-HDL cholesterol levels at baseline.

Figure 2. Association of plasma concentrations of Cer (d18:1/16:0) with MACE in the full cohort
and in patients with ACS or SAP.

The results are presented as Hazard Ratios (HRs) for Cer(d18:1/16:0) above versus below the
median, with 95% confidence intervals (Cl).

ACS, acute coronary syndrome; Cer, ceramide; MACE, major adverse cardiac events; SAP, stable
angina pectoris.

in patients with no event (the non-MACE cohort) as compared with SAP pa-
tients. In patients with an event (MACE cohort), except plasma concentration of
LacCer(d18:1/18:0), all of the above mentioned lipid species plasma concentrations
were significantly higher in the ACS patients as compared with SAP patients. In
addition, in ACS patients concentration of Cer(d18:1/16:0) was significant higher
(p=0.054) in the MACE cohort as compared with the non-MACE cohort.

Molecular lipids concentrations and cardiovascular outcome

In the full cohort (n=574) vital status was acquired for 572 patients (99.7%). The
follow-up questionnaire assessing the occurrence of MACE was completed by 99%
of the 574 patients. During a median follow-up time of 4.7 years (IQR: [4.2- 5.6])
years, a total of 155 patients (27%) experienced at least 1 MACE (primary endpoint).
In the ACS group, 65 patients (21%) experienced MACE during long- term follow-up,
in the SAP group this was 90 patients (34%).

The results for the associations between the molecular lipids concentrations
and MACE are depicted in Figure 1 and Supplemental Table Sla. In multivariable
analyses, after adjustment for cardiac risk factors, clinical presentation and statin
use at baseline, Cer(d18:1/16:0) concentration (HR: 2.14; 95% Cl [1.22- 3.76]
per In(pmol/mL) p= 0.008) and Cer(d18:1/24:1) concentration (HR: 1.64; 95% ClI
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Non-fatal ACS or death in the full cohort (n=574)
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% Adjusted for gender, age, hypertension, hyperchelesterolemia, diabetes mellitus, clinical presentation, statin use and serum LDL
cholesterol level at baseline.

" Adjusted for gender, age, hypertension, hypercholesterolemia, diabetes mellitus, clinical presentation, statin use and serum
non-HDL cholesterol level at baseline.
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Figure 3. Association of plasma concentrations of molecular lipid species with non-fatal ACS or
death.

The results are presented as hazard ratios (HRs) per unit increase in (Ln-transformed) molecular
lipid concentrations or lipid ratios, with 95% confidence intervals (Cl).

ACS, acute coronary syndrome CE, cholesteryl ester; Cer, ceramide; LacCer, lactosylceramide.

[1.00- 2.68] per In(pmol/mL) p= 0.049) were significantly associated with MACE.
After additional adjustment for admission serum LDL cholesterol level, or serum
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non-HDL cholesterol level, only Cer(d18:1/16:0) concentration remained associated
with MACE (HR: 2.16; 95% Cl [1.09- 4.27] per In(pmol/mL), p=0.027, and HR: 2.32;
95% Cl [1.09- 4.96] per In(pmol/mL, p= 0.030, respectively).

The interaction term between Cer(d18:1/16:0) and indication for CAG was signifi-
cant (p= 0.030) in the multivariable model. In ACS patients, higher Cer(d18:1/16:0)
concentration was significantly associated with MACE, both in the uni- and
multivariable model (HR adjusted for cardiac risk factors, statin use and non-HDL
cholesterol level at baseline: 6.13; 95% Cl [1.65 - 22.8]) per In(pmol/mL) p= 0.007)
(Supplemental Table S2a). In SAP patients, HRs were closer to the null and did
not reach statistical significance (Supplemental Table S2b). The interaction term
between Cer(d18:1/16:0)/Cer(d18:1/24:0) and indication for CAG was also signifi-
cant (p= 0.044). Its association with MACE only reached statistical significance, in
univariable analysis in ACS patients (Supplemental table S2a).

The incidence of MACE for Cer(d18:1/16:0) levels above and below the median
are depicted in Figure 2. After adjustment for cardiac risk factors, statin use and
baseline serum non-HDL cholesterol level, plasma Cer(d18:1/16:0) levels above
vs below the median were significantly associated with MACE (HR: 2.63; 95% Cl
[1.44- 4.83], per In(pmol/mL) p=0.002) in ACS patients. In the full cohort and in SAP
patients significant associations between plasma Cer(d18:1/16:0) levels above vs
below the median and MACE could not be demonstrated ( Figure 2).

Several lipid species displayed associations with the secondary endpoint
(Figure 3 and Supplemental Table S1b); in univariable analysis, concentrations
of Cer(d18:1/16:0), Cer(d18:1/20:0), Cer(d18:1/24:1), LacCer(d18:1/18:0),
Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/20:0)/Cer(d18:1/24:0) and
Cer(d18:1/24:1)/Cer(d18:1/24:0) were significantly associated with the composite
endpoint of death or nonfatal ACS (Supplemental table S1b). After multivariable
adjustment for cardiac risk factors, indication for CAG, statin use at baseline and
serum LDL cholesterol level, except LacCer(d18:1/18:0) concentration, all of the
above mentioned lipid species remained significantly associated with the compos-
ite endpoint of death or nonfatal ACS. Results remained materially the same after
adjusting the multivariable models for serum non-HDL cholesterol level instead
of serum LDL cholesterol level. The interaction terms between indication for CAG
and Cer(d18:1/16:0) (p= 0.006), Cer(d18:1/24:1) (p= 0.025), Cer(d18:1/16:0)/
Cer(d18:1/24:0) (p= 0.004) and Cer(d18:1/24:1)/Cer(d18:1/24:0) (p= 0.006) were
significant on univariable and multivariable adjustment. All these associations were
driven by the ACS patients (Supplemental table S3a and S3b). Interaction terms

81



Chapter 4

between indication for CAG and the remaining molecular lipids and lipid ratios did
not reach statistical significance.

DISCUSSION

We investigated the associations of ten previously identified high risk molecular
lipid species and three ceramide ratios with clinical cardiovascular outcome during
long-term follow-up in 581 patients. The main finding of our study was that higher
Cer(d18:1/16:0) concentration and Cer(d18:1/24:1) concentration were signifi-
cantly associated with MACE after multivariable adjustment for cardiac risk factors,
clinical presentation and statin use at baseline. After additional adjustment for
admission serum LDL cholesterol level or non-HDL cholesterol level, this association
persisted only for Cer(d18:1/16:0) concentration. The latter association was driven
by patients that presented with ACS. Another important finding of this study was
that several lipid species were significantly and independently associated with the
secondary endpoint, comprising the composite of all-cause mortality or nonfatal
ACS. Likewise, several of these associations were driven by patients presenting with
ACS, in whom we also observed higher plasma lipid concentrations as compared to
patients with SAP.

Ceramides are a family of waxy lipid molecules and are composed of sphingosine
and a fatty acid (17). They can be implicated in coronary artery disease through sev-
eral mechanisms(3, 8). Ceramide is mainly produced through the SMase pathway,
which breaks down sphingomyelin in the cell membrane and releases ceramides
(17, 18). The production of ceramides can be increased by numerous cardiovascular
risk factors such as oxidized-LDL and homocyteine (17). Moreover, inflammatory
cytokines could also activate SMase and increase ceramide production mediated
by increased reactive oxygen species (ROS) (17), which include HO,, superoxide and
hydroxyl radicals(17, 19). Ceramides can also act as signaling molecules regulating
numerous cell responses and functions including the differentiation, proliferation,
apoptosis and gene expression such as cytokines(17). Some of these roles of ce-
ramides are associated with the molecular mechanisms of atherosclerosis and with
plaque vulnerability (1, 17, 20).

The molecular lipids species in this study were chosen from the LURIC lipidomic
study (1). The LURIC lipidomic study compared 258 male CAD patients who died
within 3 years of follow-up with 187 matched control patients with CAD who did
not die during the follow up. The chosen molecular lipid species were associated
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with CAD outcome at the p<0.05 level. Our present results in essence validate the
previous LURIC study, albeit with a somewhat different endpoint that also contains
non-fatal adverse cardiovascular events. Several molecular lipid species such as CE
14:0, CE 18:3, CE 20:4, CE 20:5, CE 22:5, Cer(d18:1/24:0) were protective in the
LURIC study but were not associated with clinical outcome in the present study.
Conversely, Cer(d18:1/16:0), Cer(d18:1/20:0) and Cer(d18:1/24:1) were associated
with mortality in the LURIC study and with clinical outcome in our present study.
In a previous study ceramide long-chain-species were shown to mediate insulin
resistance in mice and to be pro-apoptotic, whereas very-long-chain species were
anti-apoptotic (21, 22). In our present study Cer(d18:1/16:0) and Cer(d18:1/20:0)
were independently associated with clinical outcome and more harmful than
Cer(d18:1/24:0). Interestingly Cer(d18:1/24:1) behaved contrarily when compared
with Cer(d18:1/24:0). The reason for this difference remains to be investigated in
further studies. Furthermore, in the LURIC study LacCer(d18:1/18:0) was associ-
ated with mortality, whereas in the current study there was only an association
with clinical outcome (Supplemental Table S1B) in the unadjusted model. Based
on previous observations LacCer (a glycosphingolipid) and other glucosylceramides
appear to influence the atherogenic process in the atherosclerotic plaque by sup-
pressing the production of macrophage apolipoprotein E leading to an accumula-
tion of cholesterol in macrophage foam cells (19, 23). Moreover, in aortic smooth
muscle cell LacCer is activated by oxidized-LDL and subsequently, LacCer enhances
the activity of nicotinamide adenine dinucleotide phosphate oxidase to generate
superoxide radicals which in turn mediate p44MAPK activation to enhance nuclear
transcription factor expression and to stimulate the proliferation of smooth muscle
cells, thereby contributing to atherosclerosis(2, 23). Altogether, as increased levels
of LacCer mediate plaque formation, a relationship between LacCer and cardio-
vascular clinical outcome is to be expected. However in our study there was no
independent association. Further studies are needed to establish the biological
mechanisms of LacCer in CAD patients.

In our previous report on the current study population, Cer(d18:1/16:0) was an
independent predictor of MACE during 1 year follow-up, and the three ceramide
ratios were independent predictors of the composite endpoint of death or nonfatal
ACS (20). Our current study confirms and extends the findings of our previous lip-
idomics analyses with shorter term follow-up (20).

Associations of lipids with incident acute MACE (all-cause mortality and nonfatal
ACS) were more prominent than those with ‘overall’ MACE. Associations were also
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more prominent in patients presenting with ACS than in those with SAP; although
in the stratified analyses numbers of MACE were limited (90 in SAP patients and 65
in ACS patients), which may have influenced statistical significance, hazard ratios in
SAP patients were also clearly closer to the null and interaction terms were signifi-
cant. These findings are in line with pathophysiological insights from earlier studies.
Patients with ACS have been shown to exhibit an increased pro-inflammatory and
oxidative state compared to SAP patients (24, 25). This state even persists after
stabilization (26, 27). High lipid plasma concentrations induce oxidative stress medi-
ated by ROS (24, 28) and herewith further increase the risk of incident ACS. Further-
more, in ACS patients, so-called high-risk or vulnerable plaques have been shown
to be more frequently present, which are more likely to lead to plaque rupture and
thus to acute cardiac events (29, 30). These plaques have been shown to carry large
lipid cores, and have been associated with high circulating lipid levels (20, 31).

In the last decade lipid species have received considerable attention as potential
biomarkers in several lipid-related diseases (9). Furthermore, several molecular lipid
species have been associated with the composition of atherosclerotic plaque (20)
and with cardiovascular events during short-term follow-up (20, 32). However, clini-
cal studies in patients with CAD on the association of lipid molecular species with
cardiovascular outcome during long term follow-up are scarce. Laaksonen et al. (32)
examined several ceramides and ceramide ratios in the Corogene cohort (80 stable
CAD patients who died and 80 matched controls, 2.5 years follow-up), as well asin the
BECAC cohort (1580 stable CAD patients, 81 of whom died during 4.6 years follow-up).
In both cohorts Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1), Cer(d18:1/16:0)/
Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/24:1)/
Cer(d18:1/24:0) were associated with cardiovascular death. Although Laaksonen
et al. only examined cardiovascular death, and not (acute) MACE, the results with
regard to the corresponding ceramides and ceramide ratios were in line with our
results, even though the associations in our study were driven by patients presenting
with ACS. Havulinna et al. (3), in the FINRISK cohort, measured 4 circulating cerami-
des in a healthy population, and within this population they examined a subgroup
with prevalent or incident MACE. In these 396 patients, plasma Cer(d18:1/16:0) and
Cer(d18:1)/24:1) concentrations were independent predictors of recurrent MACE
(n=226) or fatal recurrent MACE (n=70) during a follow-up of 13 years. These results
were in line with ours, although in our study the association between Cer(d18:1/24:1)
and MACE was not independent of LDL or non-HDL cholesterol level. Conversely, its
association with the secondary endpoint (nonfatal ACS or death) was independent
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of LDL or non-HDL cholesterol level. Other studies on long-term prognostic value of
lipidomics have mostly used healthy populations. In the Bruneck study, Stegemann
et al.(33) analyzed the association of 135 lipid species (including CEs) with incident
cardiovascular disease (CVD) during 10-year follow-up in a prospective population-
based survey. They demonstrated significant associations for 28 lipids. Among these
lipid species, 3 were most informative for CVD risk: TAG(54:2), CE(16:1) and PE(36:5).
The results with regard to the CEs that were also measured in this study were in line
with our results, i.e. no significant associations were found. Moreover, Alshehry et
al. (2) examined the prognostic value of 310 plasma lipid species (including CEs and
CERs) for cardiovascular risk stratification in a case-cohort of 3779 individuals with
diabetes mellitus that included 698 patients with cardiovascular events and 355 pa-
tients with cardiovascular death. Multiple lipid species were significantly associated
with cardiovascular events and cardiovascular death. In line with our study, a signifi-
cant association was found between Cer(d18:1/24:1) and death. In contrast to our
study, no association was found between plasma Cer(d18:1/16:0) and cardiovascular
outcome. This may possibly be explained by differences in the study populations;
in particular, the patients studied by Alshehry et al. were diagnosed with diabetes
mellitus and had > 1 additional cardiovascular risk factors. For the other lipid species,
no significant associations were found.

Some limitations of this study need to be acknowledged. First, this study is an ob-
servational cohort study. Despite using multivariable analysis to adjust for possible
confounders that may be related to the study outcomes, we cannot exclude the
possibility of residual confounding. Second, a large proportion of the subjects were
on lipid lowering medication, which will influence the plasma lipid concentrations in
these individuals. However, all multivariable analyses were adjusted for statin use.

In conclusion, in patients with established CAD, plasma Cer(d18:1/16:0) was asso-
ciated with MACE during a median follow-up time of 4.7 years, independently from
established cardiac factors, statin use and serum LDL or non-HDL cholesterol level.
Furthermore, after multivariable adjustment, concentrations of Cer(d18:1/16:0),
Cer(d18:1/20:0), Cer(d18:1/24:1) and all ceramide ratios were associated with the
secondary endpoint, comprising the composite of all-cause mortality or nonfatal
ACS. Our results support the hypothesis that ceramide plasma concentrations and
ratios predict long-term cardiovascular outcome and therefore circulating molecu-
lar lipids may further improve risk stratification of CAD patients.
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Hector M. Garcia-Garcia, Joost Daemen, Nicolas M. van Mieghem, Marco
Valgimigli, Patrick W. Serruys, Eric Boersma, Isabella Kardys, K. Martijn Akkerhuis.

Submitted

ABSTRACT

Aims: We investigated the association between serum proprotein convertase
subtilisin/kexin type 9 (PCSK9) levels, and near-infrared spectroscopy (NIRS)-
derived lipid core burden index (LCBI) and the occurrence of major adverse
cardiac events (MACE) in patients with coronary artery disease (CAD).

Methods: Serum PCSK9 levels were measured in 576 CAD patients who un-
derwent diagnostic coronary angiography (CAG). NIRS imaging was performed
in a subset of 203 patients, in a non-culprit coronary artery segment. Data on
all-cause mortality, nonfatal ACS or unplanned coronary revascularization was
collected during a median follow-up of 4.7 years.

Results: In multivariable analysis, serum PCSK9 was positively associated with
LCBI (mean increase of 0.390 (95% CI [0.011-0.769] ZInLCBI per unit increase in
InPCSK9 level p =0.044)). During a median follow-up of 4.7 years, 155 patients
(27%) had MACE. After multivariable adjustment, serum PCSK9 levels showed
a tendency towards an association with MACE (HR [95%Cl]: 1.64[0.99-2.71],
p=0.055) and a positive association with the composite of death or ACS (HR
[95%Cl]: 1.88[1.01-3.51], p=0.047). Patients admitted with serum PCSK9 levels
above the median of 270 pg/L had 53% higher risk of MACE and 67% higher risk
of death or ACS than those with levels below the median.

Conclusion: CAD patients with elevated serum PCSK9 levels had a higher NIRS-
derived LCBI and higher incidence of adverse cardiac outcome than those with
lower levels.
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INTRODUCTION

The proprotein convertase subtilisin/kexin type 9 (PCSK9) enzyme plays a central
role in the regulation of cholesterol homeostasis by increasing the endosomal and
lysosomal degradation of hepatic low-density lipoprotein (LDL) receptors, resulting
in increased serum LDL cholesterol (LDL-C) concentrations (1). In the last decade,
PCSK9 enzyme has received substantial attention. Genetic studies have shown that
loss-of-function mutations in the PCSK9 gene are associated with hypocholesterol-
emia and a decreased cardiovascular risk (2, 3). Recently, large phase 2 and phase
3 clinical trials have shown that PCSK9 inhibitors effectively reduce LDL-C levels,
decrease plaque burden as assessed by intravascular ultrasound (IVUS) and reduce
the risk of cardiovascular events (4-8). Moreover, in a previous study, we have
shown that the serum PCSK9 level displayed a positive association with the amount
of necrotic core tissue in coronary atherosclerotic plaque as assessed by IVUS, as
well as with adverse cardiovascular outcome during 1 year follow-up, independent
of serum LDL-C levels and statin use (9).

The catheter based near-infrared spectroscopy system (NIRS) is an intracoronary
imaging technique capable of identifying lipid rich core-containing plaques in the
coronary artery wall (10). Lipid rich core-containing plaques have been shown to
be more vulnerable to rupture than plaques without a lipid rich core (11). Further-
more, in previous studies, we have demonstrated a strong association between a
high NIRS-derived lipid core burden index (LCBI) and adverse cardiovascular events
during short-term, as well as long-term follow-up (12, 13). However, there are cur-
rently no data on the association between serum PCSK9 levels and NIRS-derived
LCBI.

Therefore, the primary aim of the current study is to investigate the relationship
between serum PCSK9 levels and NIRS-derived LCBI in patients with coronary artery
disease (CAD) undergoing coronary angiography (CAG). Secondly, we investigated
whether the association between serum PCSK9 levels and the occurrence of major
adverse cardiac events (MACE) persists during longer-term follow-up (9).

METHODS

Study population and design

The European Collaborative Project on Inflammation and Vascular Wall Remodel-
ing in Atherosclerosis—intravascular Ultrasound (ATHEROREMO-IVUS) study, and
its NIRS sub-study have been described in detail elsewhere (12-14). In brief, 768
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patients were included in the ATHEROREMO-IVUS study between 2008 and 2011
at Erasmus MC, Rotterdam, the Netherlands. All patients included were 18 years or
older and had an indication for CAG or percutaneous coronary intervention (PCl) due
to an acute coronary syndrome (ACS) or stable angina pectoris (SAP). The flow chart
of the study is shown in Figure 1. After the initial procedure, NIRS of a non-culprit
vessel was performed in a subset of 203 patients. The medical ethics committee of
Erasmus MC approved the ATHEROREMO-IVUS study and its NIRS sub-study and
written informed consent was obtained from all patients. The ATHEROREMO-IVUS
study and its NIRS sub-study were performed in accordance with the declaration of
Helsinki.

Serum PCSK9 levels

Prior to the CAG or PCI, blood samples were collected from the arterial sheath and
transported to the clinical laboratory of Erasmus MC within 2 hours for storage at
a temperature of -80 °C. Serum samples were available for PCSK9 measurements

ATHEROREMO-IVUS study and NIRS sub-study

" Total of 768 patients were included at Erasmus MC, Rotterdam, the Netherlands,
Patients between 2008 and 2011
Serum samples PCSK9 No Yes
for long-term follow-up (n=192) (n=576)
No Yes Yes No
NIRS (n=180) (n=12) (n=191) (n = 385)

l I

Full NIRS cohort
(n=203)

Figure 1. Flow chart ATHEROREMO-IVUS study and NIRS sub-study

Serum samples PCSK9 were measured in 576 CAD patients who underwent diagnostic coronary
angiography for stable angina pectoris or acute coronary syndrome. NIRS imaging was performed
in a subset of 203 patients, in a non-culprit coronary artery segment of at least 40 mm in length
and without a reduction in lumen diameter >50%.

CAD, coronary artery disease; NIRS, Near-infrared spectroscopy; PCSK9, proprotein convertase
subtilisin/kexin type 9.
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in 203 patients with intracoronary NIRS imaging (NIRS cohort). For the long term
follow-up, serum samples for PCSK9 measurements were available in 576 patients
(full cohort). PCSK9 levels were measured in the stored serum samples using an
enzyme linked immunosorbent assay (Human PCSK9 Quantikine ELISA, R&D sys-
tems Inc., Minneapolis, MN, USA). The minimum detectable level of this essay was
0.096 pg/L with a coefficient of variation of 4.1% at a mean value of 27.9 ug/L. The
laboratory was blinded to clinical and intracoronary imaging data.

Near-infrared spectroscopy

Subsequent to the index CAG or PCl, invasive imaging with IVUS and NIRS was per-
formed in one non-culprit coronary artery segment. The study protocol predefined
the order of preference for the selection of the non-culprit study vessel: 1) left
anterior descending artery; 2) right coronary artery; and 3) left circumflex artery.
The non-culprit coronary artery segment had to be at least 40 mm in length and
without a reduction in lumen diameter >50% by online angiographic visual assess-
ment. The NIRS system, which was approved by the U.S. Food and Drug Adminis-
tration, included a 3.2-F rapid exchange catheter, a pullback and rotation device,
and a console (InfraReDx, Burlington, Massachusetts, USA). A motorized catheter
pullback was performed at a speed of 0.5mm/s and 240rpm, starting distal to a side
branch. Immediately after a pullback, the data in the scanned coronary artery seg-
ment were displayed in a chemogram. The probability of the presence of lipid rich
core-containing plaques in the scanned coronary artery segment was calculated by
means of a prediction algorithm and was displayed using colors, ranging from red
(low probability of lipid content) to yellow-coded plaque (high probability of lipid
content) (15)(Figure 2). LCBI was determined for the entire segment, as well as for
the 10 mm and 4 mm long segments with the highest LCBI (MaxLCBl;, and MaxL-
CBlygmm). The NIRS images were analyzed offline by an independent core laboratory
(Cardialysis BV, Rotterdam, the Netherlands) that was blinded to the clinical and
PCSK9 data of the patients.

Follow-up and study endpoints

Clinical and vital status of patients were collected from medical charts, civil regis-
tries or by written or telephone contacts with the patients or relatives. Follow-up
guestionnaires as a screening tool for identifying probable adverse events were sent
to all living patients participating in this study. For patients with any hospitalization
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Figure 2. Intracoronary near-infrared spectroscopy

The figure displays an example of coronary wall imaging by NIRS. Spectral characteristics of lipid
core plaques (LCP) are displayed on a chemogram along the length (x-axis, in mm) and circumfer-
ence (y-axis, 0 to 360 degrees) of the scanned coronary artery. Yellow regions in the chemogram
represent high probability of LCP while red regions represent those with low probability of LCP.
The LCBI quantifies the amount of LCP in the entire scanned artery segment on the block chemo-
gram, and is computed as the fraction of valid pixels that exceed an LCP probability of 0-6, multi-
plied with 1000. LCBI, Lipid Core Burden Index; NIRS, Near-infrared spectroscopy.

or a possible adverse event, additional information was obtained from hospital
discharge letters.

The primary clinical endpoint was the occurrence of major adverse cardiac events
(MACE), defined as the composite of all-cause mortality, nonfatal ACS or unplanned
coronary revascularization. The secondary endpoint was the composite of all-cause
mortality or nonfatal ACS. ACS was defined as the clinical diagnosis of ST-segment
elevation myocardial infarction (STEMI), non-STEMI or unstable angina pectoris
(UAP) in accordance with the guidelines of the European Society of Cardiology (16,
17). Unplanned coronary revascularization was defined as any PCl or coronary artery
bypass grafting (CABG) that was not foreseen at the index procedure. Endpoints
were adjudicated by a clinical events committee that was blinded to the serum
PCSK9 levels and imaging data.
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Statistical analysis

Categorical variables are presented as numbers and percentages. Normally-distrib-
uted continuous variables are presented as mean * standard deviation (SD), while
non-normally distributed continuous variables are presented as median with 25™-
75" percentile. The distribution of continuous variables was examined for normality
by visual inspection of the histogram. Serum PCSK9 levels (measured in pg/L) were
not normally distributed and were therefore In-transformed for further analyses
(LnPCSK9). NIRS-derived LCBI, MaxLCBlyynm, MaxLCBligmm Were first In-transformed
and then standardized as a z-score (Z j,.cs)). Comparisons were done using the Chi-
square test for categorical variables and Student’s t-test and the Mann-Whitney U
test for continuous variables.

Linear regression was used to examine the associations between PCSK9 levels
(independent variable) and the NIRS findings (dependent variables) in the NIRS
cohort (n= 203 patients). Results of linear regression are presented as the mean
(95% confidence interval (Cl)) change in Z;,.cs per unit change in INPCSK9 level. We
conducted multivariable analysis, including the following covariates: age, gender,
hypertension, diabetes mellitus, LDL-C level, statin use at time of hospital admission
and indication for index CAG.

Cumulative event rates were estimated according to the Kaplan-Meier method.
Patients lost to follow-up were censored at the date of last contact. Cox propor-
tional hazards models were used to evaluate the associations between PCSK9 levels
and clinical study endpoints in the full cohort (n= 576 patients). PCSK9 level was
analyzed as a categorical variable (serum PSCK9 levels above versus below the
median) and as continuous variable. The final results are presented as unadjusted
and multivariable adjusted hazard ratios (HRs) with 95% Cls.

To account for possible effect modification by baseline indication for CAG, all sta-
tistical analyses were performed in the overall study population with and without
the interaction term on indication for CAG (i.e. SAP or ACS). Furthermore, stratified
analysis by age, gender, diabetes, hypertension, hypercholesteremia, LDL-C level
and statin use at hospital admission were also performed to assess effect modi-
fication. All statistical tests were two-tailed and p-values <0.05 were considered
statistically significant. Data were analyzed using IBM SPSS software (SPSS 23.0 IBM
corp., Armonk, NY, USA).
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Table 1. Baseline clinical and procedural characteristics of the NIRS cohort

Total ACS patients SAP patients P value
(n=203) (n=95) (n=108)

Clinical characteristics

Male, n (%) 148 (72.9) 63 (66.3) 85 (78.7) 0.048

Hypertension, n (%) 114 (56.2) 51(53.7) 63 (58.3) 0.505

Smoking, n (%) 50 (24.6) 30 (31.6) 20(18.5) 0.067

Previous Ml, n (%) 79 (38.9) 34 (35.8) 45 (41.7) 0.391

Previous CABG, n (%) 6(3.0) 2(2.1) 4(3.7) 0.502

Peripheral artery disease, n (%) 11 (5.4) 5(5.3) 6 (5.6) 0.927

Serum PCSK 9 pg/L 278.3[217.5-343.9]  269.2[191.5-336.8] 280.4[222.4-358.7]  0.319

Serum TC mmol/L 4.20[3.60-4.90] 4.40[3.68-5.33] 4.00[3.40-4.80]  0.015

Serum HDL-C mmol/L 1.06[0.87-1.33] 1.11[0.87-1.35] 1.06[0.87-1.31] 0.507

Procedural characteristics

ACS, n (%) 95 (46.8) 95 (100) 0(0)

Non ST-ACS/ UAP, n (%) 67 (33.0) 67 (70.5) 0(0)

PCI performed, n (%) 179 (88.2) 88 (92.6) 91 (84.3)

No significant stenosis, n (%) 16 (7.9) 8(8.4) 8(7.4)

2-vessel disease, n (%) 58 (28.6) 26 (27.4) 32(29.6)

NIRS characteristics

LCBI 4mm [25th-75th] 234[93-377] 267[100-387] 201[85-377] 0.431

Imaged coronary artery

=

04



Association of serum PCSK9 with NIRS-derived lipid core burden index and long-term cardiac outcome (ATHEROREMO-NIRS
substudy)

Left circumflex, n (%) 70 (34.5) 30 (31.6) 40 (37.0)
Right coronary artery, n (%) 59(29.1) 24 (25.3) 35 (32.4)

Continuous variables are presented as meanz standard deviation (SD) or as median with 25th-
75th percentile. Categorical variables are presented in numbers and percentages n (%).
Continuous variables are presented as meanz standard deviation (SD) or as median with 25th-
75th percentile. Categorical variables are presented in numbers and percentages n (%).

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery
disease; HDL-C, high-density lipoprotein cholesterol; LCBI, Lipid Core Burden Index; LDL-C, low-
density lipoprotein cholesterol; MI, myocardial infarction; NIRS, Near-infrared spectroscopy; Non
ST-ACS, non ST segment elevation acute coronary syndrome ; PCl, percutaneous coronary inter-
vention; PCSK9, proprotein convertase subtilisin/kexin type 9 SAP, stable angina pectoris; TG, tri-
glycerides; UAP, unstable angina pectoris.

52  Asignificant stenosis was defined as a stenosis > 50% of the vessel diameter by visual assessment of the coronary angiogram.

RESULTS

Baseline characteristics

A total of 203 patients were enrolled in the NIRS cohort (Figure 1). Mean age was
63.4 years and 72.9% were men (Table 1). The median PCSK9 level was 278 pg/L
and ranged from 91 to 804 pg/L [25th-75th percentile; 218-344 pg/L] with no differ-
ences between patients admitted with ACS and patients with SAP. In contrast, the
median serum LDL-C level was 2.49 [25th-75th percentile: 1.98-3.34] mmol/L and
was higher in patients admitted with ACS when compared with patients with SAP
(2.82 [2.08-3.60] versus 2.37 [1.94-3.00] mmol/l, p=0.007). At the time of hospital
admission, statin use was 89.2%. A total of 46.8% of the patients were diagnosed
with ACS. During the index CAG, PCl was performed in 88.2% of the patients. The
median LCBI of the imaged coronary segment was 43 [25th-75th percentile: 15-90].

Association between PCSK9 level and NIRS-derived LCBI

Patients with higher serum PCSK9 levels also had higher NIRS-derived LCBI with a
mean increase of 0.381 (95% Cl [0.004-0.757]) in Zy,.ce per unit increase in INPCSK9
level (‘beta’; p=0.047; Table 2). This association remained statistically significant
after multivariable adjustment for cardiac risk factors and statin use (Beta= 0.404;
95% Cl [0.024-0.783], p=0.037), as well as after additional adjustment for baseline
serum LDL-C level (Beta= 0.390 (95% Cl [0.011-0.769] p =0.044)). Furthermore, in
multivariable analysis, serum PCSK9 levels were also significantly associated with
LCBl1omm (Beta= 0.406 (95% Cl [0.014-0.797], p=0.042). Results were similar in pa-
tients admitted with ACS or SAP.
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Table 2. Association between serum PCSK9 and LCBI

NIRS Modell P-value Model 2 Model3

characteristics Beta (95%Cl) Beta (95%Cl) P-value Beta (95%Cl) P-value
NIRS cohort (n=203)

LCBI 0.381 (0.004-0.757) 0.047  0.404 (0.024-0.783) 0.037  0.390 (0.011-0.769) 0.044
LCBI 4 mm 0.251 (-0.137-0.640) 0.203  0.292 (-0.099-0.684) 0.142  0.281(-0.111-0.673) 0.159
LCBI 10 mm 0.370 (-0.016-0.756) 0.060  0.411(0.021-0.801) 0.039  0.406 (0.014-0.797) 0.042

The results are presented as beta coefficients (B) that indicate the mean (95% confidence interval
(Cl)) change in Ziicai, Zinicgiamm OF Ziniceiiomm PEF UNit change in INPCSKI.

Model 1 includes serum PCSK9 levels.

Model 2 includes serum PCSK9 levels, age, gender, diabetes mellitus, hypertension, indication for
index CAG and statin use. >

Model 3 includes serum PCSK9 level, age, gender, diabetes mellitus, hypertension, indication for
index CAG, statin use and serum LDL cholesterol.>*

CAG, coronary angiography; LCBI, Lipid Core Burden Index; LDL, low-density lipoprotein; NIRS,
Near-infrared spectroscopy; PCSK9, proprotein convertase subtilisin/kexin

Subgroup analyses are presented in Figure 3. A significant interaction for the as-
sociation between serum PCSK9 levels and LCBI was found for statin use at hospital
admission (p=< 0.001). In line with this, in patients without statin use at hospital
admission, higher serum PCSK9 levels were significantly associated with a higher
NIRS-derived LCBI. In patients that used statins at admission, no statistically signifi-
cant association was found.

PCSK9 and cardiovascular outcome during long-term follow-up

During a median follow-up time of 4.7 [25th-75th percentile: 4.2-5.6] years, MACE
occurred in 157 patients. In these patients, the median PCSK9 level was 283 pg/L
[25th-75th percentile: 229-339 ug/L]. In patients without events, the median PCSK9
level was 263 pg/L [25th-75th percentile: 213-345 pg/L] p= 0.119.

The cumulative incidence of MACE, stratified according to PCSK9 levels, is de-
picted in Figure 4. Patients with serum PCSK9 levels above the median of 278 ug/L
had significantly higher incidence of MACE (30% versus 23% at 4.7 years follow-up;
HR [95%Cl]: 1.42[1.03-1.94], p=0.031) as well as significantly higher incidence of
death or ACS (21% versus 15 % at 4.7 years follow-up); HR [95%Cl]: 1.50[1.01-2.21],
p=0.044) than their counterparts with lower levels. After adjustment for cardiac
risk factors, statin use and baseline serum LDL-C level, these associations persisted:
patients with PCSK9 above the median had 53% higher incidence of MACE (HR

53  Statin use was registered at the time of hospital admission.
54  Serum LDL cholesterol concentration was measured prior to CAG.
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Figure 3. Association between serum PCSK9 concentration and NIRS-derived LCBI stratified by
patient subgroups

Beta coefficients (B) indicate the mean (95% confidence interval (Cl)) change in ZInLCBI per unit
change in InPCSK9.

ACS, acute coronary syndrome; CAD, coronary artery disease; LCBI, Lipid Core Burden Index; LDL,
low- density lipoprotein cholesterol level; NIRS, Near-infrared spectroscopy; PCSK9, proprotein
convertase subtilisin/kexin type 9; SAP, stable angina pectoris.

[95%Cl]: 1.53 [1.10-2.12], p=0.011), and 67% higher incidence of death or ACS (HR
[95%Cl]: 1.67 [1.12-2.50], p=0.013). Results were similar in SAP and ACS patients.
When serum PCSK9 level was analyzed as a continuous variable, and after
multivariable adjustment, there was a tendency towards an association between
serum PCSK9 levels and MACE (HR: 1.64; per unit increase in InPCSK9 levels (95%ClI
[0.99-2.71], p=0.055)) and an association between PCSK9 levels and the composite

107



Chapter 5

Log-rank P (above vs below median)= 0.031

— PCSK 9 = Median
--- PCSK 9 < Median

MACE (%)

Follow-up (years)

Patients atrisk
PCSK 9 < median 287 213 189
PCSK 9 > median 287 196 162

Figure 4. Association of PCSK9 level above vs below the median with clinical outcome in the full
cohort (n=576).
MACE, major adverse cardiac events; PCSK9, proprotein convertase subtilisin/kexin type 9.

of death or ACS (HR: 1.88; per unit increase in InPCSK9 levels 95%Cl [1.01-3.51,
p=0.047).

DISCUSSION

In patients undergoing CAG because of ACS or SAP, higher serum PCSK9 levels
were associated with higher NIRS-derived LCBI. This association was independent
of established cardiac risk factors, serum LDL-C level and statin use. Furthermore,
serum PCSK9 levels were associated with the incidence of adverse cardiovascular
outcomes as long as 4.7 years after the index procedure. Again, this association was
independent of cardiac risk factors, serum LDL-C level and statin use.

The PCSK9 enzyme is a member of the proprotein convertase family of proteases,
most closely related to proteinase-K. Previous genetic studies have shown that
mutations in the PCSK9 gene are associated with either hypercholesterolemia with
increased cardiovascular risk (gain-of-function mutations) or with hypocholesterol-
emia with decreased cardiovascular risk (loss-of-function mutations) (1-3). During
the past decade, PCSK9 enzyme has been an intensively studied target for lipid
lowering therapy in cardiovascular disease (4, 5, 7). It has been demonstrated that
PCSK9 inhibitors suppress serum PCSK9 levels and consistently and substantially
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reduce LDL-C levels (7). The FOURIER study showed that inhibition of PCSK9 on a
background of statin therapy effectively decreased LDL-C levels and reduced the
risk of cardiovascular events during long-term follow-up (8). Moreover, the GLAGOV
study demonstrated that addition of PCSK9 inhibitors to stable statin therapy re-
sulted in a greater decrease in plaque burden as assessed by IVUS (6). In our previ-
ous study in the current patient population, serum PCSK9 levels were associated
with the fraction and amount of necrotic core tissue in coronary atherosclerotic
plaques as assessed by IVUS (9). Our current finding that serum PCSK9 level is also
associated with NIRS-derived LCBI extends and corroborates our previous findings.
This association is independent of serum LDL-C level and statin use, which is impor-
tant as statin treatment is known to increase PCSK9 levels by a negative feedback
mechanism in reaction to lower cholesterol levels (24).

The PCSK9 enzyme induces the LDL-R degradation in the liver, resulting in an in-
crease in circulating serum LDL-C levels that promote atherosclerosis (2). Therefore,
it has been increasingly appreciated that PCSK9 plays a key role in the development
of atherosclerosis through a lipid pathway. However, our current finding that serum
PCSK9 levels were associated with NIRS-derived LCBI, independent of serum LDL-C
levels, may also suggest a non-lipid pathway for serum PCSK9 levels in atheroscle-
rosis. In fact, it is well known that inflammatory mechanisms play an important role
in the pathophysiology of atherosclerosis and plaque vulnerability by mechanisms
that are independent of LDL-C levels (18). In this respect, it is important to note
that it has been shown that PCSK9 enzyme positively influences the expression of
LOX-1 and mitochondrial reactive oxygen species (msROS), resulting in endothelial
inflammation and damage (19, 20). In turn, msROS inhibition reduced the expres-
sion of both PCSK9 and LOX-1 (21). LOX-1 is a scavenger receptor in vascular cells
and contributes to the development of atherosclerosis via increasing the uptake
of oxidized-LDL (oxLDL), a major pro-inflammatory factor in atherosclerosis (20,
21). OxLDL and tumour necrosis factor-a (TNF-a) regulate PCSK9 expression that
is mediated by the NF-kB signalling pathway (22). PCSK9 overexpression also up-
regulates TLR4 expression and promotes the activation of NF-kB (22). The TLR4/
NF-kB signalling pathway is critical for atherogenesis since it regulates vascular
inflammatory responses (22). PCSK9 may also increase the expression of VCAM-1
and ICAM-1 in endothelian cells and promote the adhesion of circulating inflam-
matory monocytes to the endothelium (19). Finally, previous studies have also
demonstrated that serum PCSK9 levels were independently associated with higher
levels of high-sensitivity CRP (hsCRP) and white blood cell count, both markers of

109



Chapter 5

inflammation and mediators of atherosclerosis (23, 24). Our current finding, that
serum PCSK9 levels are associated with NIRS-derived LCBI, independent of serum
LDL-C levels, indirectly provides further support to these previous observations that
serum PCSK9 levels contribute directly to the inflammation in the atherosclerotic
plaque and may reflect the vulnerability of the entire coronary tree. Therefore,
PCSK9 inhibition may exert its beneficial therapeutic effects not only by means of
its LDL-C lowering, but also by its anti-inflammatory properties in CAD.

In prior studies, conflicting results have been observed on the relationship of
serum PCSK9 levels with adverse cardiovascular outcome (23, 25-27). Although
Gencer et al.(23) did not find a significant association between serum PCSK9 levels
and 1-year follow-up, other studies found a significant association of serum PCSK9
levels with adverse cardiovascular outcome (25-27). Clinical studies in patients with
CAD on the association of serum PCSK9 levels with cardiovascular outcome dur-
ing long-term follow-up are scarce. Werner et al. demonstrated in a prospective
observational study that serum PCSK9 levels predict cardiovascular outcome during
4-year follow-up in statin treated patients with stable CAD (27). The other studies
have mostly used healthy populations during long-term follow-up (25, 26) or are
with only short-term follow-up (23).

This study extends our previous 1-year follow-up data on the relationship
between serum PCSK9 levels and adverse cardiac outcome in the ATHEROREMO
study (9). The current study confirms these previous findings and extents these
results to long-term follow-up. The adverse prognostic implications associated with
higher PCSK9 levels may reflect the vulnerability of the entire coronary tree through
a higher lipid content of coronary plaques as reflected by associated higher LCBI
values, but also a more direct role in coronary plague inflammation. The latter is
supported by a recent analysis of the FOURIER study that showed that patients with
higher hsCRP levels experienced a greater absolute risk reduction in cardiovascular
events with the PCSK9 inhibitor evolocumab (28).

Some limitations of the present study need to be acknowledged. Firstly, by design
of the study, repeated blood samples of serum PCSK9 levels and intracoronary NIRS
imaging were not performed. Therefore, the effects of changes in serum PCSK9
levels and their effect on NIRS-derived LCBI over time could not be investigated. Sec-
ondly, NIRS imaging was limited to a pre-specified target segment of a non-culprit
coronary artery. This method was chosen under the hypothesis that such a non-
culprit coronary artery segment reflects the vulnerability of the entire coronary tree
(14). In fact, we have indirectly supported this hypothesis in our previous studies by
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showing that IVUS and NIRS imaging of the composition of coronary atherosclerosis
in a non-culprit coronary artery segment predicts adverse outcome throughout the
entire coronary tree (9, 12, 13). Finally, the NIRS chemogram only represents plaque
information in a 2-dimensional manner and does not provide data on the depth of
the cholesterol accumulation within the coronary artery wall. Nevertheless, it has
previously been demonstrated that LCBI values obtained in a non-culprit coronary
artery segment are strongly and independently associated with increased risk of
cardiovascular outcome within the current study population (12, 13).

In conclusion, higher serum PCSK9 levels were associated with a higher NIRS-
derived LCBI in a single non-culprit coronary artery segment in patients undergo-
ing CAG because of ACS or SAP. This association was independent of established
cardiac risk factors, as well as of serum LDL-C levels and statin use. Furthermore,
serum PCSK9 levels were associated with the incidence of adverse cardiovascular
outcomes during a median follow-up period of 4.7 years after the index procedure.
Again this association was independent of cardiac risk factors, serum LDL-C levels
and statin use.
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ABSTRACT

Objective: To study the association between changes in serum C-reactive
protein (CRP), (low density lipoprotein [LDL]) cholesterol and coronary plaque
characteristics (based on invasive imaging) after 12 months of high dose rosu-
vastatin treatment in patients with established coronary artery disease (CAD).

Methods: The IBIS-3 study is an observational study. A total of 164 patients
undergoing coronary angiography (CAG) or percutaneous coronary interven-
tion (PCl) for stable angina pectoris (SAP, N=96) or acute coronary syndrome
(ACS, N=68) were treated with a high dose of rosuvastatin (40 mg daily) for 12
months. During the index procedure, intravascular ultrasound (IVUS) imaging
of a non-culprit coronary segment was performed, whereas near-infrared spec-
troscopy (NIRS) of the same segment was performed in a subset of 118 patients.
Blood samples for biomarker analyses were obtained immediately prior to the
index procedure. At the end of the scheduled rosuvastatin treatment period,
intracoronary imaging of the same segment and blood sampling were repeated.

Results: Median (interquartile range) baseline and follow-up CRP-levels were
2.10 (0.85, 5.35) mg/L and 1.00 (0.50, 2.20) mg/L, respectively. The median
change (A, follow-up minus baseline) in CRP was -0.45 (-2.55, 0.00) mg/L (p-
value <0.001). We found no relevant differences in baseline clinical and imag-
ing characteristics in relation to ACRP, except for the indication of the index
procedure. Changes in CRP levels appeared considerably smaller in SAP (-0.20
[-1.10, 0.05] mg/L) than in ACS patients (-1.60 [-6.35, 0.00] mg/L). LDL-C was
significantly decreased during 1-year rosuvastatin treatment, but ACRP was
uncorrelated with ALCL-C (Spearman correlaton coefficient [rspearman] -0.053 and
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-0.060 in SAP and ACS, respectively). In ACS patients, but not SAP, ACRP was
associated with IVUS-derived Atotal plague volume (rsearman 0.427), Aplaque
burden (rspearman 0.336) and Anecrotic core volume (fspearman 0.375). ACRP and

NIRS-derived Alipid core burden index were uncorrelated.

Conclusion: After 1 year intensive rosuvastatin therapy clinically relevant re-
ductions in CRP levels were observed in a series of patients with established
CAD. The observed CRP changes were correlated with changes in IVUS-derived
plaque characteristics in ACS patients, but not in SAP. CRP changes were uncor-
related with changes in LDL-C levels. Hence, our study supports the role of in in-
flammation in CAD progression, but also emphasizes that the relation between
blood cholesterol (LDL-C), inflammation (CRP), and extent and composition of
coronary plaques is not straightforward.

INTRODUCTION

Inflammation is known to play a major role in the initiation, progression, and
(in)stability of atherosclerotic plaques (1, 2). Against this background, C-reactive
protein (CRP), a widely accessible, non-specific inflammatory biomarker, has been
studied and proven as a risk factor for and prognostic factor in coronary artery
disease (CAD) (3-7). Moreover, the recent CANTOS trial underscored the role of
inflammation in the causal pathway of CAD development, as a reduction of CRP
levels by canakinumab was directly accompanied by a reduction in the incidence
of cardiovascular events, whereas low-density lipoprotein cholesterol (LDL-C) was
not affected (4,5). The JUPITER study showed that a significant reduction of serum
CRP levels can be realised by (rosuva)statin treatment in subjects with increased
CAD risk (3). In JUPITER, the observed reductions in CRP (from a median of 4.2
mg/L at baseline to 1.8 mg/L at 4 year follow-up) and LDL-C levels (from 2.80 to
1.4 mmol/L), were associated with an important reduction in major adverse car-
diovascular events (MACE) from 1.36 to 0.77 per 100 person-years of follow-up.
On-treatment CRP levels were also associated with MACE in the SATURN study of
intensive rosuvastatin or atorvastatin treatment in patients with established CAD
(8). In parallel, the SATURN trialists demonstrated that the studied statin regimens
resulted in a significant regression of coronary atherosclerosis, as assessed by intra-
vascular ultrasound (IVUS) imaging at 2 year follow-up (9).
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We designed the third Integrated Biomarker and Imaging Study (IBIS-3) to evalu-
ate the effect of high-intensity (intended dose: 40 mg/day) rosuvastatin treatment
for 1 year on coronary plaque characteristics in CAD patients, as assessed by mul-
tiple intravascular imaging modalities (10). Serial (radiofrequency [RF]) IVUS mea-
surements were performed to study changes in total plague volume and necrotic
core (NC) volume, whereas near-infrared spectroscopy (NIRS) was applied to study
changes in the lipid core burden index (LCBI). In IBIS-3, we observed a significant
30% reduction in LDL-C level (from a median of 2.36 mmol/L at baseline to 1.60
mmol/L at 1 year), but no reduction in NC volume (from 17.8 to 19.2 mm?®) or LCBI
(from 183 to 192 in the 4 mm section with the highest values at baseline) of the
study segment (11). We now studied changes in CRP levels, which we correlated
with lipid levels and intracoronary imaging findings.

METHODS

Design
The IBIS-3 design details have been described elsewhere (9). Briefly, a total of 164
patients undergoing coronary angiography (CAG) or percutaneous coronary inter-
vention (PCI) for stable angina pectoris (SAP, N=96) or acute coronary syndrome
(ACS, N=68) were treated with a high dose of rosuvastatin (40 mg daily) for 12
months. During the index procedure, RF-IVUS of a non-culprit coronary segment
was performed, whereas near-infrarad spectroscopy (NIRS) of the same segment
was performed in a subset of 118 patients. Blood samples for biomarker analyses
were obtained immediately prior to the index procedure. At the end of the sched-
uled rosuvastatin treatment period, intracoronary imaging of the same segment
and blood sampling were repeated.

The IBIS-3 protocol was approved by the medical ethics committee of the Erasmus
MC. Written informed consent was obtained from all included patients.

Intravascular imaging

Subsequent to the index procedure, invasive imaging was performed in a non-culprit
coronary artery segment. This segment had to be at least 40 mm in length and with-
out a reduction in lumen diameter >50% by online angiographic visual assessment.
RF-IVUS imaging was performed with the Eagle-Eye catheter (Volcano Corporation,
San Diego, CA, USA). NIRS imaging was performed with the infraredx system (In-
fraReDx, Burlington, Massachusetts, USA). Similar procedures were performed to
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image the study segment during the follow-up visit. The RF-IVUS and NIRS images
were analysed offline by an independent core research laboratory (Cardialysis BV,
Rotterdam, the Netherlands) that was blinded for the timing of the measurements
(baseline or follow-up), as well as for clinical and biomarker data.

Blood sampling and CRP measurements

Immediately prior to the index procedure and immediately prior to the follow-up
CAG, blood samples were collected from the arterial sheath, which were trans-
ported to the clinical laboratory of the Erasmus MC within 2h for storage at -80°C.
After completion of the study, high sensitivity CRP levels were batch-wise deter-
mined by using an immunoturbidimetric high sensitivity assay (Roche Diagnostics
Ltd., Rotkreuz, Switzerland) on the Cobas 8000 modular analyser platform (Roche
Diagnostics Ltd., Rotkreuz, Switzerland).

Study endpoints

We determined changes in CRP, cholesterol (LDL-C, HDL-C and total cholesterol
[Total-C]), IVUS-derived NC volume, and NIRS-derived LCBI for the entire region
of interest (ROI) (LCBlgo), and the 10 mm (LCBlyoymm) and 4 mm (LCBl,,m) sections
with the highest LCBI. Changes in study endpoints are reported as measurements
at follow-up minus baseline values. Hence, negative values indicate a decrease over
time.

Data analyses

Categorical variables are reported as numbers and percentages. Continuous vari-
ables with a normal distribution are reported as mean + standard deviation (SD),
and otherwise as median with interquartile range (IQR). Patients were stratified in
tertiles according to the observed change in CRP levels. Differences in baseline clini-
cal characteristics between these strata were evaluated by chi-square or Fisher’s
exact tests for categorical variables and one-way analysis of variance (ANOVA) or
Kruskal-Wallis tests for continuous variables.

Correlation analyses were performed to examine the associations between
changes in CRP levels and changes in cholesterol levels and intracoronary imaging
characteristics. Results are presented as Spearman correlation coefficients (rspear
man)- We applied (multiple) linear regression analyses to relate (changes in) CRP level
with (changes in) imaging characteristics. We considered age, sex, CVD risk factors,
CVD history, and the extend of CAD as potential confounders. We ran separate
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analyses for SAP and ACS, since the changes in CRP levels were considerably differ-
ent between these patients (see the Results section).

All statistical tests were two-tailed and p-values <0.05 were considered significant.
Data were analysed with SPSS software (SPSS 23.0 IBM corp., Armonk, NY, USA).

RESULTS

Baseline and follow-up CRP levels

Median (IQR) baseline and follow-up CRP-levels were 2.10 (0.85, 5.35) mg/L and
1.00 (0.50, 2.20) mg/L, respectively. The median change in CRP was -0.45 (-2.55,
0.00) mg/L, which was statistically significant (sign test p-value <0.001). We found
no relevant differences in baseline clinical (Table 1) and imaging (Table 2) charac-
teristics in relation to CRP change, except for the indication of the index procedure.
Changes in CRP levels appeared considerably smaller in SAP than in ACS patients.
SAP patients had median baseline and follow-up CRP of 1.35 (0.70 to 4.25) mg/L
and 0.90 (0.50, 2.55) mg/L, respectively, with a median change of -0.20 (-1.10, 0.05)
mg/L (Table 3; Figure 1). ACS patients had median baseline and follow-up CRP of
2.80 (1.25 to 7.85) mg/L and 1.00 (0.40, 2.20) mg/L, respectively, with a median
change of -1.60 (-6.35, 0.00) mg/L.

CRP and cholesterol

Baseline CRP and LDL-C were uncorrelated in SAP as well as ACS patients (rgear-
man -0.030 and -0.141, respectively), and so was Total-C (Figure 2). In SAP patients,
high CRP levels were associated with low HDL-C (rspearman -0.325, p-value 0.001).
Significant changes were observed during 1-year rosuvastatin treatment for LDL-C
(decrease), HDL-C (increase) and Total-C values (decrease) in SAP and ACS patients,
which, however, were not correlated with changes in CRP level (Figure 3).

CRP and IVUS characteristics

Baseline CRP and IVUS plaque characteristics were uncorrelated (Figure 4). No sys-
tematic changes were observed in total plagque volume and plaque burden during
the 1-year treatment with rosuvastatin in SAP patients. In contrast, in ACS patients,
total plaque volume (+6.8 mm?; p-value 0.068) and plaque burden (+1.35%; p-value
0.005) tended to increase. NC volume decreased in SAP and ACS patients (-0.55
mm? and -0.31 mm?, respectively). In ACS patients, not SAP, changes in CRP and
changes in IVUS plaque characteristics were positively correlated (Figure 5). In
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Table 1. Clinical baseline characteristics of the study patients, stratified by tertile of change in
CRP level
ACRP<-1.6 * -1.6 <ACRP <0 ACRP20  P-valuet
Number of patients 54 50 60

Male 47 (87.0) 40 (80.0) 51 (85.0) 0.617

History of hypertension 35 (64.8) 29 (58.0) 40 (69.0) 0.483

Baseline cholesterol measurements

HDL-C, mmol/L 1.02 [0.86-1.17] 1.07 [0.89-1.28] 1.22[0.93-1.39] 0.013

Current smoker 18 (33.3) 15 (30.0) 13 (21.7) 0.370

Previous MI 18 (33.3) 13 (26.0) 19 (31.7) 0.736

Previous CABG 0 0 1(1.7) -

Peripheral artery disease 1(1.9) 4(8.0) 2 (3.3) 0.299

Statin use at baseline 51(94.4) 48 (96.0) 57 (95.0) 1.000

Indication for coronary angiography <0.001

ACS 34 (63.0) 15 (30.0) 19 (31.7)

Categorical variables are presented as numbers and percentages n (%). Continuous variables are
presented as mean (standard deviation) or median (interquartile range).

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery dis-
ease; CRP, c-reactive protein; HDL, high-density lipoprotein; IQR, interquartile range; LCBI, Lipid
Core Burden Index; LDL, low-density lipoprotein; MI, myocardial infarction; NC, necrotic core
volume; NIRS, Near-infrared spectroscopy; PCl, percutaneous coronary intervention; SAP, stable
angina pectoris

* ACRP, follow-up minus baseline CRP level

T Based on the Fisher’s exact test (categorical data) or the Kruskal-Wallis test (continuous data)

particular, 13 (68%) of the 19 ACS patients with a delta CRP >0 mg/L had a delta
NC volume >0 mm?, as compared with 20 (41%) of the 49 patients with delta CRP
<0 mg/L (p-value 0.059). In a linear regression model, each 1 mg/L difference in
delta CRP was associated with 0.22 mm? difference in delta NC volume (p-value
0.010), after adjustment for baseline NC volume, sex, previous myocardial infarc-
tion, delta LDL-C (which appeared significant predictors in multivariable analysis)
and timing of the reCAG. Also, 79% of the ACS patients with delta CRP >0 mg/L had
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Table 2. Imaging characteristics of the study patients, stratified by tertile of change in CRP level
ACRP<-1.6 * -1.6 <ACRP <0 ACRP20  P-value t
Coronary artery disease ¥ 0.645

No significant stenosis 0 3(6.0) 3(5.0)

2-vessel disease 20 (37.0) 21 (42.0) 22 (36.7)

NIRS measurements

LCBlror 29 [5-84] 36 [5-61] 40 [10-71] 0.701

LCBlam 189 [11-339] 178 [26-319] 182 [66-301] 0.921

Number of patients 54 50 60

Plaque burden (%) 42 [32-51] 39 [33-47] 41 [34-49] 0.779

Categorical variables are presented as numbers and percentages n (%). Continuous variables are
presented as median (interquartile range).

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CAD, coronary artery dis-
ease; CRP, c-reactive protein; HDL, high-density lipoprotein; IQR, interquartile range; LCBI, Lipid
Core Burden Index; LDL, low-density lipoprotein; MI, myocardial infarction; NC, necrotic core
volume; NIRS, Near-infrared spectroscopy; PCl, percutaneous coronary intervention; SAP, stable
angina pectoris

* ACRP, follow-up minus baseline CRP level (mmol/L)

T Based on the Fisher’s exact test (categorical data) or the Kruskal-Wallis test (continuous data)
¥ A significant stenosis was defined as a stenosis 2 50% of the vessel diameter by visual assess-
ment of the coronary angiogram.

a delta total plaque volume >0 mm?®, compared with 55% of those with delta CRP <0
mg/L (p-value 0.097). Each 1 mg/L difference in delta CRP was associated with 0.81
mm? difference in delta total plaque volume (p-value 0.002), after adjustment for
baseline total plaque volume (significant predictor) and timing of the reCAG. Finally,
a 1mg/L difference in delta CRP was related with a 0.13 percent point difference
in plague burden, after adjustment for baseline plaque burden, age, previous PCI
(significant predictors), and timing of the reCAG.

CRP and NIRS characteristics

Baseline CRP and LCBIgg;, LCBlygmm, LCBlsmm Were also uncorrelated (Figure 6). LCBI
values did not systematically change during the 1-year treatment period. For ex-
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Figure 7 Relation between changes (4, follow-up minus baseline) in CRP and changes in lipid core
burden index (LCBI) in the total region of interest (LCBlgo;) and the 10 mm (LCBliomm) and 4 mm
(LCBI10mm) Sections with worst values in patients presenting with stable angina pectoris (SAP, open
bullet points) and acute coronary syndrome (ACS, closed bullet points)

ample, the median (IQR) delta LCBI,.,, Was only +10 points (IQR: -68, +103). We
did not observe any association between changes in CRP levels and these key NIRS
characteristics, neither in SAP, nor in ACS patients (Figure 7).

DISCUSSION

In our series of 164 patients with established CAD we found clinically relevant reduc-
tions in CRP levels after 1 year intensive (rosuva)statin therapy. These changes were
observed in SAP as well as in ACS patients, but most prominent in ACS. Furthermore,
in the ACS patients that we studied, CRP changes were correlated with changes in
IVUS-derived plaque characteristics. We found no such correlations in SAP patients.
CRP changes were uncorrelated with the also observed reductions in LDL-C.

Our findings are in agreement with previous studies that demonstrated that
intensive statin treatment is capable to reduce serum cholesterol (LDL-C) as well as
CRP levels (7,13,14). Our study also concurs with observations in CAD patients that
(reductions in) CRP and LDL-C levels by statin therapy are largely uncorrelated. For
example, in a series of 3745 ACS patients who received atorvastatin (80 mg/day) or
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pravastatin (40 mg/day) for a mean of 24 months, less than 3% of the variation in
achieved CRP levels was explained by the variation in achieved LDL-C (13). Further-
more, in that study, the achieved CRP and LDL-C were independently associated
with the incidence of adverse coronary events. The relevance of reducing inflam-
mation to prevent coronary events in patients with established CAD, independent
of reducing LDL-C, was recently demonstrated in the CANTOS (4,5) and COLCOT
trials (12).

As reported earlier, we found no relation between changes in LDL-C and changes
in IVUS-derived plaque characteristics after 1 year of intensive (rosuva)statin
treatment (11). In ACS patients, we now observed that changes in CRP levels were
positively correlated with changes in total plaque volume, plague burden and NC
burden. These observations confirm the findings of SATURN and IBIS-4 studies in
patients with ST-elevation myocardial infarction (STEMI) (15,16). In particular, in
SATURN, a ‘nonincreasing’ CRP level was associated with a regression in plaque
burden, whereas on-treatment CRP and not LDL-C was associated with adverse
coronary events. We found no relation between CRP changes and changes in IVUS-
derived plagque characteristics in SAP patients. In order to explain this observation,
one might speculate that SAP and ACS patients have been shown to exhibit differ-
ences in pro-inflammatory and oxidative state (17). Still, it contrasts the findings
by the REVERSAL investigators, who found a significant relation between CRP
changes and changes in total plaque volume after 18 months of statin therapy in
502 patients with angiographically confirmed CAD (18). (Besides, interestingly, the
REVERSAL investigators also reported a positive correlation between changes in
LDL-C and coronary plaque characteristics.) It also contrasts, to some extent, with
our findings in ATHEROREMO-IVUS, that CRP was associated with plaque volume
and plaque burden in a mixed population of SAP and ACS patients, with no hetero-
geneity between the two phenotypes (19). Furthermore, in ATHEROREMO-IVUS, in
SAP patients correlations were observed between TNF-a (positive) and IL-10 (nega-
tive) and plaque burden (20). In view of these mixed results, it appears that the
relation between LDL-C reduction, inhibition of (vascular) inflammation, changes
in extent and composition of coronary plaques, and coronary event reduction is
not straightforward. Single study insights might easily by influenced by the clinical
phenotype, intensity of the (statin) treatment, treatment duration, sample size and
imaging techniques. For example, the median baseline CRP levels of the patients in
the studies that we reference ranged from 1.5 (SATURN) to 4.2 (CANTOS, JUPITER)
mg/L (4,7,8). Our current findings with respect to NIRS-derived LCBI should be
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interpreted in this context: we found no relation between CRP (changes) and LCBI
(changes), whereas we have earlier reported on a strong association between LCBI
and MACE events (21,22), and others emphasized the prognostic value of serum
CRP levels (4,5).

Limitations

Some limitations of this study need to be acknowledged. First, our sample size (in
particular the subpopulations of SAP and ACS patients) was small, so that clini-
cally relevant relations might have been missed. Second, intravascular imaging was
performed in one pre-specified target segment of a non-culprit vessel, based on
the assumption that such segment would represent the patient’s atherosclerotic
disease in the larger coronary tree. Although this hypothesis is supported by the
fact that intravascular imaging measures on this single segment contained prognos-
tic value (21-23), it still may be debated. Third, at study entry, most of the patients
already received high-dose statin therapy. Therefore, a maximal lowering of serum
CRP levels might have already occurred. Thus, the additional or incremental effect
of high dose rosuvastatin might be less evident in these patients. Fourth, IBIS-3 was
designed as an uncontrolled, observational study. Hence, changes in the measured
serum biomarkers and intracoronary imaging characteristics during 1 year follow-up
cannot be causally linked with the high-intensity statin treatment, which all patients
received.

Conclusion

After 1 year intensive rosuvastatin therapy clinically relevant reductions in CRP
levels were observed in a series of patients with established CAD. The observed
CRP changes were correlated with changes in IVUS-derived plaque characteristics
in ACS patients, but not in SAP. CRP changes were uncorrelated with changes in
LDL-C levels. Hence, our study supports the role of in inflammation CAD progres-
sion, but also emphasizes that the relation between LDL-C reduction, inhibition of
(vascular) inflammation, changes in extent and composition of coronary plaques,
and coronary event reduction is not straightforward.
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ABSTRACT

Aims: In pre-hospital settings handled by paramedics, identification of myo-
cardial infarction (MI) patients remains challenging when automated elec-
trocardiogram ECG-interpretation is inconclusive. We aimed to identify those
patients and to get them on the right track to (primary) percutaneous coronary
intervention (PCI).

Methods and results: In the Rotterdam-Rijnmond region, automated ECG-
devices on all ambulances were supplemented with a modem, enabling trans-
mission of ECGs for on-line interpretation by an expert. The diagnostic protocol
for acute chest pain was modified and monitored during 1 year.

Patients with an ECG that met the criteria for ST-segment elevation (STE) myo-
cardial infarction (STEMI) were immediately transported to a PCl hospital. ECGs
that did not meet the STEMI criteria, but showed total ST-deviation =800 pv
were transmitted for on-line interpretation by the ECG-expert. On-line supervi-
sion was offered as a service in case ECGs showed conduction disorders, or had
an otherwise ‘suspicous’ pattern according to the ambulance paramedics.

We enrolled 1076 acute ischemic chest pain patients who did not meet the
automated STEMI criteria. Their mean age was 63 years; 64% were men. After
on-line consultation, 735 (68%) patients were directly transported to a PCl-
hospital for further treatment. PCI within 90 minutes was performed in 115
patients with a final Ml diagnosis.

Conclusion: During a 1-year evaluation of the modified pre-hospital triage
protocol for acute ischemic chest pain patients, over 100 Ml patients with an
initially inconclusive ECG received primary PCl within 90 minutes. Because of
these results, we decided to continue the operation of the modified protocol.
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INTRODUCTION

In patients presenting with acute chest pain suggestive of ongoing myocardial
infarction (M) early diagnosis and revascularization treatment leads to favourable
clinical outcomes. Patients with ST-segment elevation (STE) myocardial infarction
(STEMI) benefit most from percutaneous coronary intervention (PCl) when per-
formed within 2 hours after symptom onset.(1-3) In The Netherlands, early mortal-
ity was reported to be as low as 1.6% in patients who receive PCl treatment in the
first hour after symptom onset, compared with 4.0% in those treated after 5 hours.
(4) Similarly low mortality has been reported after early PCl in non-ST-segment-
elevation acute coronary syndrome (NSTE-ACS) patients with a so-called ‘high-risk
profile’, including patients with a GRACE risk score >140.(5, 6) Thus, minimizing total
ischemic time is the key to improve the prognosis of STEMI and high-risk NSTE-ACS
patients, which mainly is a logistical challenge that starts in the pre-hospital setting.

For decades, the standard 12-lead electrocardiogram (ECG) has been the main
diagnostic tool in the assessment of patients with acute chest pain. Worldwide,
in most patients presenting with symptoms suggestive of ongoing Ml in a pre-
hospital setting an ECG will be obtained by the emergency medical service (EMS).
Ambulances in The Netherlands, which are staffed by paramedics, are equipped
with a patient-monitoring device that is capable to not only derive and register
such ECGs, but to also provide an automated analysis and interpretation. Patients
with an ECG that is interpreted as ‘evolving MI’ are then directly transported with
highest emergency for coronary angiography and revascularization therapy to the
nearest hospital with PCl service. Patients with an inconclusive ECG are transported
to non-PCl hospitals for further diagnosis and treatment.

Satisfying results have been reported in relation to the implementation of ECG-
based triage protocols,(3) also in the Rotterdam-Rijnmond region, The Netherlands,
albeit in the thrombolysis era.(7) Still, in pre-hospital settings, it remains challenging
to adequately identify those patients who require immediate reperfusion therapy
when automated ECG analysis provides inconclusive results. In the past years,
we have obtained anecdotic reports that acute ischemic chest pain patients who
initially were transported to a non-PCl center in our region turned out to need im-
mediate PCI after all. Review of their medical records showed that the automated
ECG interpretation fell short to recognize the ongoing MI, and, consequently, symp-
tom-onset-to-reperfusion times exceeded the guideline-recommended treatment
criteria.
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Because of these reports, in December 2013 we decided to change the logistic
system in our region. The automated ECG-devices on the ambulances were then
supplemented with a modem, which enabled e-transmission of the ECGs for expert
consultation. We modified the diagnostic protocol, utilizing this technical option,
and we hypothesized that a substantial portion of Ml patients would get on the
right track to (primary) PCl faster. The implementation of the new protocol was
monitored during a one year period, and this paper presents the main findings.

METHODS

Setting

At the start of this study (in 2013), the Rotterdam-Rijnmond region in the Western
part of The Netherlands holds a population of 1.1 million. A total of 10 hospitals are
located in the region, two of which (Erasmus MC and Maasstadziekenhuis) offer a
24/7 primary PCl service for Ml patients. Most acute ischemic chest pain patients
have their first medical contact with a paramedic of the ambulance crew — it should
be noted that, in the Netherlands, similar to most other (European) countries, a
medical doctor is not present on the ambulance. The paramedic performs a brief
physical examination and provides an initial diagnosis, which is mainly based on an
automated analysis of the ECG. All ambulances in the region are equipped with the
Corpuls3 defibrillator-/monitoringsystem, in which Biosigna HES PRO ECG-interpre-
tation software (algorithm Rev.2.2) was implemented. Patients with a confirmed
evolving Ml are then transported to a PCl-hospital, whereas the remaining patients
are transported to the nearest non-PCl-hospital.

Automated ECG interpretation

In November 2013, the Corpuls devices on the ambulances in the Rotterdam-Rijn-
mond region were enriched with modems which enabled transmission of the ECGs
for on-line interpretation by an ECG-expert: the on-call cardiologist or cardiology
resident in one of the two PCl-hospitals (Erasmus MC and Maasstadziekenhuis).
Since then, the ECG-protocol for pre-hospital Ml diagnosis in acute ischemic chest
pain patients (which is a prerequisite) is as follows (Figure 1):

The existing protocol remained unchanged for patients with an ECG that shows
ST elevation 2200 pv in 22 adjacent anterior leads, or 2100 uv in 22 non-anterior
leads (Category 2). They are directly transported to a PCl-hospital, as they meet
the STEMI criteria and need immediate revascularization. An alert is sent by the
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Figure 1. The ECG-protocol for pre-hospital myocardial infarction diagnosis

The following categories are distinguished by the automated ECG analysis and interpretation:
Category 1: ECG with rhythm or conduction disorders. Normally the patient is transported to a
centre without facilities for PCI. If there is a strong clinical suspicion of evolving Ml, the ECG will
be transmitted for online interpretation by the ECG expert.

Category 2: ECG shows ST elevation 2200 pv in >2 adjacent anterior leads, or 2100 pv in 22 non-
anterior leads. The ECG meet the criteria for STEMI. Immediate revascularisation is indicated, and
patients are directly transported to a PCl hospital. The ambulance staff sends an alert to the PCI
hospital, and transmits the ECG for completion of the medical dossier.

Category 3: ECGs that do not meet the STEMI criteria, but still show total ST deviation 2800 pv
must now be transmitted for online interpretation by the ECG expert.

Category 4: Abnormal ECGs without evident acute ischaemic changes.

As in Category 1, the patient is transported to a non-PCl centre. If there is a strong clinical suspi-
cion of evolving MI, the ECG will be transmitted for online interpretation by the ECG expert (ECG
electrocardiogram, IV intraventricular, Ml myocardial infarction, PCI percutaneous coronary inter-
vention, STEMI ST-elevation myocardial infarction, WPW Wolff-Parkinson-White)
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ambulance staff to the PCl-hospital, and the ECG is transmitted for completion of
the medical record.

With respect to the treatment of other patients, the existing protocol was ex-
tended. ECGs that do not meet the STEMI criteria, but still show total ST-deviation
>800 pv (Category 3) must now be transmitted for on-line interpretation by the
ECG-expert. According to the advice of the ECG-expert, which is provided by tele-
phone within 5 minutes, the patient is then transported to the on-call PCI-hospital
for immediate angiography, possibly followed by revascularization, or to a non-
PCl-hospital for further evaluation by a cardiologist. For patients with an ECG that
cannot be interpreted by the ECG-interpretation software because of conduction
disorders (Category 1), as well as for patients with abnormal ECGs, but not showing
evident acute ischemic changes (Category 4), on-line supervision by the ECG-expert
is offered as a service that is not obliged.

Study patients and data collection

We monitored the revised protocol during the 1 year period from December 2013
to November 2014. Transmitted ECGs and primary data were collected by the
ambulance personnel, including age, sex, ECG transmission date and time, and the
diagnostic classification that was generated by the Corpuls device. Secondary data
were collected by the first author (SA), based on a review of hospital medical re-
cords, and included medical history, risk factors, reperfusion time, final (discharge)
diagnosis, and other pertinent clinical outcomes. All data were recorded in a dedi-
cated database.

The patients who did not fullfill the STEMI criteria on the ambulance ECG were
the population of main interest (Categories 1, 3, and 4). Still, we also collected
information on patients who met the STEMI criteria (Category 2), and whose ECGs
were transmitted.

Study endpoints

The revised protocol was developed to increase the early rule-in of Mls, and to
increase the number of patients undergoing ‘primary’ PCl within the recommended
90 minutes window (PClgomin), in particular in those patients who initially did not
fullfill the STEMI criteria. PClgomin Was therefore defined as the main study endpoint.
PCI delay was defined as the time difference between the acquirement of the ECG
(time zero) and the wire crossing. The revised protocol also aimed to avoid unneces-
sary patient burden, invasive diagnostics (coronary catheterization) and treatments.
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From this perspective, we considered patients that were immediately transported
to a PCl-center, but who did not undergo PCI during the initial hospitalisation, as
‘false positives’. Consequently, PClyospitaiisation Was defined as the secondary endpoint.
PClgomin is an inappropriate endpoint in this respect, since it will be influenced by
logistic delays.

We classified patients according to their final diagnosis as MI, Unstable Angina
(UA), or ‘other’. The diagnostic- and treatment criteria that were used by the treat-
ing physicians were based on prevailing European Society of Cardiology guidelines
(8-10) This study was embedded in the clinical practice of the ambulance service
and hospitals in the Rotterdam-Rijnmond region, and we accepted the final (hospi-
tal discharge) diagnosis that was made by the treating cardiologist. We derived this
information from the hospital discharge letter, and we did not install an adjudica-
tion board to evaluate diagnoses and treatment decisions.

Statistical analysis

Baseline characteristics between the four diagnostic categories were compared.
Continuous variables are presented as mean value + standard deviation (SD) and
categorical variables are presented as numbers and percentages.

PClgomin @and PClpospitaiisation are reported in relation to the diagnostic category. We
conducted logistic regression analyses to examine the relation between diagnostic
category and patient characteristics as predictor variables, and PClyspitalisation @S OUt-
come (Category 2 patients are excluded from this analysis). Results are presented
as unadjusted and adjusted odds ratios (OR) with 95 % confidence intervals (Cl).
These analyses might be useful to identify patient categories in which the diagnos-
tic system was apparently and definitely - as by judgment of the treating physician
- unsuccessful.

Data were analyzed with SPSS software (SPSS 23.0 IBM corp., Armonk, NY, USA).
Statistical tests were two-tailed and p-values <0.05 were considered statistically
significant.

Ethics

This is an observational study. For the purpose of this study, patients were not sub-
ject to acts, or imposed to any mode of behavior, other than standard treatment.
For that reason, according to the Dutch law, written informed consent for a patient
to be enrolled in this study was not necessary. This study was conducted according
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Table 1 - Baseline characteristics according to the automated ECG-based initial diagnosis

Automated ECG-based initial diagnosis

All Category 1 Category 2 Category 3 Category 4 P-value

patients

ECG cannot ECG meets ECG shows ECG shows no

be interpreted STEMI criteria acute evident acute

because ischemic ischemic

of rhythm changes changes
disturbances

No. of patients 1421 228 345 526 322

Age, years 62+17 68+ 14 57+17 62+18 61+15 <0.001

Cardiovascular risk factorst

Hypercholesterolemia 41 47 28 43 48 <0.001

Current smoker 34 27 47 33 40 <0.001

Cardiovascular historyt

Ml 22 30 14 19 31 <0.001

CABG 7 11 1 9 8 <0.001

Data represent mean + standard deviation values or percentages

T Data on cardiovascular risk factors and cardiovascular history were only available for the 1022
(72%) patients who were directly transported to PCI center. Data on smoking was complete in
89% and data on family history of coronary disease in 87% of patients.

Category 1: ECG with rhythm or conduction disorders. Category 2: ECG that shows ST elevation

>200 pv in 22 adjacent anterior leads, or 2100 pv in 22 non-anterior leads. Category 3: ECG that

show total ST-deviation 2800 pv. Category 4: abnormal ECG, without evident acute ischemic

changes.

AF, atrial fibrillation; CABG, Coronary artery bypass grafting; CAD, coronary artery disease; ECG,

electrocardiogram; MI, myocardial infarction; PCl, percutaneous coronary intervention; STEMI,

ST-elevation myocardial infarction.

to the Privacy Policy of the Erasmus MC, and according to the Erasmus MC regula-
tions for the appropriate use of data in patient-oriented research.

=
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Table 2 - Final diagnosis and treatment according to the automated ECG-based initial diagnosis

All patients Category 1 Category 2 Category 3 Category 4 P-value
ECG cannot be ECG meets STEMI ECG shows acute ECG shows no
interpreted criteria ischemic changes evident acute
because of rhythm ischemic changes

disturbances
ECG transmitted to expert 1421 228 345 526 322
Direct transport to PCI 1022 (72) 182 (80) 287 (83) 333(63) 220 (68) <0.001

center after expert

supervison
Final diagnosis <0.001
Acute MI 431 (42) 76 (42) 222 (77) 85 (26) 48 (22)
NSTEMI/UAP 144 (14) 31(17) 12 (4) 69 (21) 32(15)
Other 447 (44) 75 (41) 53(19) 179 (54) 140 (64)

PCl performed in Acute MI*

<90min 263/385 (68) 42/68 (62) 148/202 (73) 49/70 (70) 24/45 (53) 0.007
<120min 300/385 (78) 52/68 (76) 165/202 (82) 53/70 (76) 30/45 (67) 0.013
During hospitalization 400 (93) 71(93) 211 (95) 72(85) 46 (96) 0.073

PCl performed in STEMI/UAP

<90min 14/86 (16) 1/17 (6) 2/8(25) 8/44 (18) 3/17 (18) 0.827
<120min 16/86 (19) 2/17(12) 2/8 (25) 9/44 (20) 3/17 (18) 0.775
During hospitalization 86 (60) 17 (55) 8(67) 44 (64) 17 (53) 0.632

Data represent numbers (percentages)

* PCl during hospitalisation was performed in 400 of 431 patients with a final diagnosis of Myo-
cardial Infarction. The other 46 (11%) patients had no indication for PCI due to medical conditions
or other circumstances such as age, multivessel disease, preferred for CABG treatment based on
occlusion of multiple cardiac blood vessels or other medical history. Note that data on the timing
of the PCl was available in 385 patients.

Category 1: ECG with rhythm or conduction disorders.

Category 2: ECG that shows ST elevation 2200 pv in 22 adjacent anterior leads, or 2100 pv in 22
non-anterior leads.

Category 3: ECG that show total ST-deviation 2800 pv.

Category 4: abnormal ECG, without evident acute ischemic changes.

Coronary Artery Bypass Grafting, CABG; ECG, electrocardiogram; PCl, percutaneous coronary in-
tervention; STEMI, ST-elevation myocardial infarction.

RESULTS

Patient characteristics

The study cohort comprised 1421 patients with a mean age of 62 £ 17 years, and
67% were men (Table 1). A total of 345 patients met the STEMI criteria (Category
2 patients). As compared with the other categories (1,3,4) patients from category
2 were younger (mean age 57 versus 61-68 years), whereas the percentage men
was higher (76 versus 61-72%). Furthermore, these patients had a somewhat more
favorable cardiovascular disease risk profile, as fewer patients had hypertension

145



Chapter 7

100% - T 100% -
1
80% | ' 80% -
£ 60% - T 60% -
(o] o
& 40% - & 40% -
20% - Category 2: ECG meets STEMI criteria 20% Category 2: ECG meets STEMI criteria
acute MI (STEMI) and NSTEMI/UAP patients (Only acute MI (STEMI) patients
0% T T T 0% T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Delay ECG to PClI (min) Delay ECG to PCI (min)
100% T 100% T
1 I
80% - - 80% !
1 I
T 60% - ' T 60%
= 1 o I
O O 1
& 40% & 40% v
!
I
20% - [Category 1,3 and 4 20% : Category 1, 3and 4
0% ‘ Acute MI and NSTEMIUAP patients 0% ‘ : | Only acute MI patients
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Delay ECG to PCI (min) Delay ECG to PCI (min)

Figure 2. Time delay between ECG transmission and Percutaneous Coronary Intervention treat-
ment

The results are presented as PCl (percentages) time delay (per minute) between the ECG trans-
mission time and PCI treatment time for patients in Category 2 and the Categories 1, 3 and 4
combined.

Category 1: ECG with rhythm or conduction disorders. Category 2: ECG that shows ST elevation
>200 pv in 22 adjacent anterior leads, or 2100 pv in 22 non-anterior leads. Category 3: ECG that
shows total ST deviation 2800 uv. Category 4: abnormal ECG, without evident acute ischaemic
changes

(ECG electrocardiogram, MI myocardial infarction, PCl percutaneous coronary intervention,
NSTEMI non-ST-elevation myocardial infarction, STEMI ST-elevation myocardial infarction, UAP
unstable angina pectoris)

(37 versus 58-64%), hypercholesterolemia (29 versus 43-47%), diabetes mellitus (11
versus 22-25%) and a history of coronary artery disease (17 versus 32-43%).

Initial diagnostic category and treatment decisions

As Table 2 demonstrates, a total of 287 (83%) of Category 2 patients were directly
transported to a PCl-hospital. The reasons why the remaining 17% stayed home or
were transported to a non-PCl hospital were not recorded. The final diagnosis was
Ml in 222 (77%) and UA in 12 (4%). Other diagnoses included pericarditis, costo-
myalgia and cardiomyopathy. PClyospitaiisation Was performed in 211 (95%) cases with a
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final Ml diagnosis, whereas 73% had PClgomi,. A total of 8 (67%) patients with a final
UA diagnosis had PClyggpitatisations aNd 25% had PClggmin.

After on-line consultation with the ECG-expert, 735 (68%) Category 1, 3 and 4
patients were directly transported to a PCl-hospital for catheterization and further
treatment. Final diagnosis was Ml in 209 (28%) and UA in 132 (18%) patients. An
indication for PCl was present in 189 of the Ml patients. The remaining patients had
(relative) contraindication for PCl because of advanced age, or had an indication for
Coronary Artery Bypass Grafting (CABG) treatment.. The percentage of patients with
a final diagnosis Ml ranged from 22% in Category 4 to 42% in Category 1, whereas,
in these MI patients, PClymi, ranged from 53% (Category 4) to 70% (Category 3).
Figure 2 shows details of time delays between ECG transmission and PCl treatment.
Apparently, delays were longer for patients with an initial ECG that did not meet the
STEMI criteria.

Determinants of PCly,gpitaiisation treatment

Table 3 shows determinants of PClygspitaiisation- Patients presenting with an initial ECG
that shows rhythm or conduction disturbances, which for that reason could not
be analysed by the ECG-interpretation software, had considerably higher odds to
receive PClyospitalisation than those with abnormal, but interpretable ECGs (49 versus
30%, OR.gjusted 2.7). Interestingly, patients with a history of atrial fibrillation had ap-
parently lower odds for PClyospitaiisation than patients with normal rhythm (20 versus
41%, OR.gjusted 0.25). Women had lower odds than men (31 versus 42%, OR.gjusted
0.56), whereas elderly patients had higher odds (OR.gjusted 1.04 per year). Also smok-
ing status and a positive family history of coronary artery disease (CAD) appeared to
be related to PClysspitaiisation treatment.

DISCUSSION

During a 1-year evaluation of the modified pre-hospital triage protocol for acute
ischemic chest pain patients in the Rotterdam-Rijnmond region, 115 MI patients
with an initially inconclusive ECG received primary PCl within 90 minutes, whereas
another 20 received PCI within 90-120 minutes. Because of these results, we have
decided to continue the operation of the modified protocol.

We initiated our project because we obtained anecdotical reports of acute isch-
emic chest pain patients in our region with an initially inconclusive ECG, who were
transported to a non-PCl center, and who ultimately underwent immediate PCI for
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MI. We intentionally designed an implementation study, and not a randomized trial,
neither an observational before-after study. Accordingly, we cannot conclude with
entire certainty that the observed early treatment was the direct consequence of a
change in patient flow that was induced by the new triage protocol. Still, however,
it must be appreciated that the original protocol recommended that these patients
be transferred to a regional non-PCl hospital for further evaluation, whereas Mi-
edema et al. observed that inter-hospital transfer was the most frequent cause
of treatment delay in STEMI patients.(11) Wang et al. demonstrated in the Acute
Coronary Treatment and Intervention Outcomes Network (ACTION) registry that
door-in-door-out times from non-PCl- to PCI-hospitals might be as long as 68 min-
utes in 50% of patients.(12) Prior studies showed that <10% of STEMI patients with
inter-hospital transfer were treated within 90 minutes and only 15% to 36% within
120 minutes.(13) These data support the benefits of the modified prehospital triage
protocol in our region.

Several studies support the use of pre-hospital ECGs to reduce ischemic times
in patients presenting with STEMI or NSTE-ACS.(14-16) Health care systems that
involve trained paramedics for ECG interpretation,(17, 18) as well as systems that
implemented automated ECG interpretation (19, 20) had satisfactory diagnostic
performance and ditto beneficial results. Nevertheless, it has been demonstrated
that a cardiologist or medical doctor overview and confirmation improves diag-
nostic accuracy,(21) while treatment delays are not increased.(22) In particular,
ECG artifacts will then be avoided.(23) Our observation of an improved sensitivity
to diagnose acute Ml by the combination of automated ECG-interpretation and
expert-consultation is in agreement with these studies.

It is equally important to filter out normal ECGs to avoid unnecessary treatments,
and overcrowding at the PCl hospital.(24, 25) In our study, 64% of the Category 1,
3 and 4 patients that were immediately transported to a PCI center after on-line
supervision by the ECG-expert did not undergo revascularisation during hospitalisa-
tion. Apparently, CAD requiring immediate treatment, and thus evolving MI, was
excluded by the treating physician. In view of the observed benefits, we consider
the 36/64 ratio acceptable, although there is room for improvement. Adding diag-
nostic- and risk-stratification tools could be helpful in this respect. We found that
PClhospitatisation Was less likely in women, in younger patients, in non-smokers and in
those without a family history of CAD. Still, differences were not large enough to
justify a stratified approach according to these characteristics. The application of
established risk stratifications scores in the pre-hospital setting, such as the Throm-
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bolysis in Myocardial infarction (TIMI) risk score, Global Registry of Acute Coronary
Events risk score (GRACE), or the history, ECG, age, risk factor and troponin (HEART)
score might be beneficial to improve the diagnostic system.(26-28) Finally, research
is warranted to evaluate the diagnostic performance of the combination of auto-
mated ECG-interpretation and out-of-hospital point-of-care troponin tests, which
recently have become available.(29, 30)

Limitations

As by design, our study has several limitations that need to be mentioned. First, the
telephone conversation between the ambulance-paramedic and the on-call ECG-
expert was neither protocolized nor reported. As a result, we could not evaluate
the factors that actually affected the reason for acceptance or refusal forimmediate
transportation to the PCl center. This is particular relevant for patients living in the
zip code area of the PCl capable hospital. Most likely, the threshold to undergo
early CAG in these patients is lower than for their counterparts living at further
distance. Second, it is possible that the phone call, in which the clinical condition
was discussed, had led to the admission, and not the transmitted and reviewed ECG
per se. Unfortunately, however, we are not able to disentangle the influence of both
phenomenon. Third, we did not follow-up the patients who stayed at home, or who
were transported to a non-PCl center. We appreciate that patients who ultimately
had MI might still have been missed in the prehospital phase, but, consequently,
we cannot quantify their number. This is particularly the case for patients that were
labelled by the ECG-interpretation software as Category 1 or 4. Fourth, we did not
measure clinical outcomes. Thus - apart from the fact that our study is not a ran-
domised trial - we are not able to demonstrate the benefit of the revised diagnostic
system in terms of patient outcomes.

Conclusion

In conclusion, by applying the modified pre-hospital triage protocol for acute isch-
emic chest pain patients in the Rotterdam-Rijnmond region, during a 1-year period,
over 100 MI patients with an initially inconclusive ECG received primary PCl within
90 minutes. The ‘false positive’ rate of 64% is considered acceptable. Still, further
research is warranted to improve the specificity of the triage protocol, so that un-
necessary burden to the patient and the system will be avoided.
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ABSTRACT

Background: Blood biomarkers carry potential for monitoring severity of
chronic heart failure (CHF). Studies correlating repeated measurements of
blood biomarkers with repeatedly assessed NYHA class over a prolonged
follow-up period, and concomitantly investigating their associations with clini-
cal endpoints, ... Not yet been performed.

Methods: In 2011-2013, 263 CHF patients were included. At inclusion and
subsequently every 3 months, we measured N-terminal pro-B-type natriuretic
(NT-proBNP), high-sensitivity troponin T (Hs-TnT) and C-reactive protein (CRP),
and assessed NYHA class. The primary endpoint comprised heart failure hospi-
talization, cardiovascular mortality, cardiac transplantation or left ventricular
assist device implantation. Time-dependent Cox models were used.

Results Mean age was 67113 years, 72% were men and 27% were in NYHA class
[lI-1V. We obtained 886 repeated measures (median 3[IQR 2-5] per patient).
The primary endpoint was reached in 41 patients during a median follow-up
of 1.0[0.6-1.4] year. Repeatedly measured NT-proBNP and Hs-TnT were sig-
nificantly associated with repeatedly assessed NYHA class, whereas CRP was
not (NT-proBNP: B[95%Cl]:1.56[1.17-2.06]In(ng/L) increase per point NYHA
class, p=0.002; HSTNT: B[95%Cl]:1.58[1.21-2.07]. Serially measured NT-proBNP
(HR[95%CI]:1.37[1.18-1.60], CRP (1.17[1.06—1.29]) and NYHA class (1.29[1.13—
1.47]) were positively and independently associated with the primary endpoint,
whereas Hs-TnT lost statistical significance after multivariable adjustment. A
model containing serially measured NYHA-class and NT-proBNP displayed a
c-index of 0.84, while serially measured NYHA-class and CRP showed a c-index
of 0.82.
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Conclusions: Temporal NT-proBNP, CRP and NYHA class patterns are indepen-
dently associated with adverse clinical outcome. Serially measured NT-proBNP
and NYHA-class are best suited for monitoring CHF outpatients.

INTRODUCTION

Adjustment of medicinal treatment for chronic heart failure (CHF) requires consider-
able clinical acumen and may in some cases cause misjudgement in risk assessment
and consequently suboptimal treatment.”” Therefore, several diagnostic tools have
been developed over the past decades which aim to objectify disease severity, such
as the New York Heart Association (NYHA) Functional Classification,”* which has
limited reproducibility and high inter-observer variability.” Conversely, circulating
blood biomarkers are less subjective to interpretation, and carry potential to moni-
tor subtle changes in the heart that reflect and possibly predict adverse changes
before they become clinically apparent.® The use of biomarkers, such as B-type
natriuretic peptides (BNP), cardiac troponins and C- reactive protein (CRP), for
risk stratification of CHF patients has already been demonstrated.”*® Moreover, al-
though trials on natriuretic peptide-guided therapy of HF have provided somewhat

9,14

inconsistent results,” natriuretic peptide-guided HF therapy has recently been

given a class Ila recommendation in US HF guidelines to achieve guideline-directed
medical therapy.™*®

Several studies have previously examined NYHA class in relation to clinical
outcome in CHF patients. However, these studies either used single, baseline as-
sessments or 2 repeated assessments taken in a relatively short time interval.'’*®
Furthermore, studies on the association between blood biomarkers and NYHA
class in CHF are scarce, and studies assessing both these properties repeatedly are
non-existent. Finally, the predictive value of serially assessed blood biomarkers and
NYHA class scores for adverse clinical outcome has never yet been compared in
stable CHF patients.

Therefore, the aim of the current investigation, performed in 263 patients with
CHF, was to examine the associations between repeatedly measured NT-proBNP,
troponin T (Hs-TnT), CRP, and NYHA class, as well as the associations of their
temporal patterns with adverse clinical outcome. Based on this, we evaluated the
incremental value of serially measuring blood biomarkers, to clinical assessment in

terms of serial NYHA class scoring, for monitoring stable CHF outpatients.
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METHODS

Patients

The Serial biomarker measurements and new echocardiographic techniques in
chronic heart failure patients result in tailored prediction of prognosis (Bio-SHiFT)
study was designed to investigate the hypothesis that temporal patterns of bio-
markers involved in CHF are associated with prognosis. Bio-SHiFT is an ongoing pro-
spective, observational study of stable outpatients with CHF, conducted in Erasmus
MC, Rotterdam, The Netherlands and Noordwest Ziekenhuisgroep, Alkmaar, The
Netherlands. Patients were recruited during their regular outpatient visits and were
in clinically stable condition. Patients were eligible for inclusion if aged 18 years or
older, capable of understanding and signing informed consent, and if CHF (including
HF with preserved ejection fraction) was diagnosed >3 months ago according to the

1419 Detailed inclusion and

guidelines of the European Society of Cardiology (ESC).
exclusion criteria are shown in figure 1.

The study was approved by the medical ethics committees of the participat-
ing hospitals and was conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all patients.The study is registered
in ClinicalTrials.gov, number NCT01851538. Follow-up for this analysis lasted from

October 2011 until November 2013.

Baseline assessment

At baseline, patients were evaluated by trained research physicians, who collected
information on HF-related symptoms, including NYHA class.™ History of chronic
renal failure was defined as glomerular filtration rate less than 60 mL/min/1.73m”’.
Alcohol consumption was defined as drinking >1 alcoholic consumption per day.
Electrocardiography and echocardiography were performed. Data were entered
into electronic case report forms. Non-fasting blood and urine samples were col-
lected.

Follow-up visits

Study follow-up visits were scheduled every 3 months (a window of +1 month was
allowed), for a maximum of 30 months. At each tri-monthly study visit, a short
medical evaluation was performed, NYHA functional class was scored and blood
and urine samples were collected.
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Inclusion eriteria
1. Age 2 18 years
2. Diagnosis chronic heart failure 2 3 months®

3. Written informed consent

Heart failure, diagnosed = 3 months ago according to the Heart failure with preserved ejection fraction (HFPEF)
definition of the European Society of Cardiology (ESC), diagnosed = 3 months ago according to the definition of
which includes the following features: the ESC, which includesthe following features:
- Symptoms typical of heart failure: breathlessness * Presence of signs and/or symptoms of HF {as
at rest or on exercise, fatigue, tiredness, ankle described above)
swelling AND
AND . Presence of normal or only mildly abnormal
+  Signs typical of heart failure: tachycardia, systolic function (LVEF = 50%)
tachypnea, pulmonary rales, pleural effusion, AND
raised jugular venous pressure, peripheral . Evidence of diastolic left wentricular dysfunction
oedema, hepatomegaly according to the criteria of the ESC:
AND o EE>15
. Ohbjective evidence of a structural or functional OR
abnormality of the haart at rest cardiomegaly, o 15= E/E' = 8 AND
third heart sound, cardiac murmurs, abnormality NT-proBMP = 220pg/ml /
on the echocardiogram, raised natriuretic peptide BNF > 220 pgimi
concentration OR
o E/A <05 and DT = 280 ms
OR
2 Atrial fibrillaticn

Exclusion criteria

1. Heart failure secondary to circulatory high output conditions
Scheduled for surgery or intervention for both coronary and non-
coronary indication within § months of inchusion

Severe renal failure for which dialysis is needed

Known moderate or severs iver disease

COPD Gold stage IV

Coexistent condition with life expectancy = 1 year

Congenital heart disease

el

Figure 1. Inclusion and exclusion criteria

Blood sampling and biomarker measurement

Blood samples were collected at baseline and at each follow-up visit, and were
processed and stored locally at a temperature of -80°C within 2 hours after blood
collection. When applicable, samples were transported to the central labora-
tory (Erasmus MC, Rotterdam, The Netherlands) under controlled conditions (at
a temperature of -80°C), until batch analysis was performed. Thus, the biomarker
measurements performed for this study did not lead to treatment adjustments.
Batch analysis of NT-proBNP, Hs-TnT, and CRP was performed in the Clinical Chem-
istry Laboratory of the Erasmus MC. Plasma NT—proBNP and Hs-TnT were analysed
using electrochemiluminesence immunoassays (Roche Diagnostics, Elecsys 2010,
Indianapolis, Indiana, USA). For NT-proBNP, concentrations were measured ranging
from 5 to 35.000 pmol/L. Coefficients of variation (CVs) were <5% at mean values
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ranging from 5.19-274 pmol/L. For Hs-TnT, concentrations were measured ranging
from 3-10000 ng/L. CVs were <5% at mean values ranging from 12.7-1819 ng/L. CRP
was measured using an immunoturbidimetric assay (Roche Hitachi 912 chemistry
analyser, Basel, Switzerland). This system measures concentrations ranging from
0.3 to 350 mg/L, and CVs were <5% at mean values ranging from 0.84-284 mg/L.

Clinical study endpoints

During follow-up, endpoints were recorded in the electronic case report forms by
trained research physicians, and associated hospital records and discharge letters
were collected. Subsequently, a clinical event committee blinded to the biomarker
results reviewed all collected information and adjudicated primary and secondary
endpoints.

The primary endpoint comprised the composite of cardiac death, cardiac trans-
plantation, left ventricular assist device implantation, and hospitalization for the
management of acute or worsened HF.

Cardiac death was defined as death from myocardial infarction (Ml) or other
ischemic heart disease (ICD-10: 120-125), death from other heart disease includ-
ing HF (130-145 and 147-152), sudden cardiac death (146), sudden death undefined
(R96) or unwitnessed or ill-described death (R98, R99). Hospitalisation for acute
or worsened HF was defined as exacerbation of symptoms typical of HF, in combi-
nation with 2 of the following: BNP or NT-proBNP >3x the upper limit of normal,
signs of worsening HF, such as pulmonary rales, raised jugular venous pressure or
peripheral oedema, increased dose or intravenous administration of diuretics, or
administration of positive inotropic agents.

Statistical analysis

Statistical methods are described in detail in the supplemental text. In brief, we
used linear mixed models to assess the associations between serial biomarker
measurements and repeated assessment of NYHA functional class. Associations
between serial measurements of biomarkers and NYHA class, and occurrence of
the primary endpoint, were examined by entering the serial measurements as time-
varying covariates into extended Cox proportional hazards models. First, the models
were adjusted for age, gender, systolic blood pressure and estimated glomerular
filtration rate (eGFR; calculated using the Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) equation). Subsequently, all variables, i.e. NT-proBNP, Hs-TnT,
CRP and NYHA functional class, were entered simultaneously into the models to
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Table 1 — Baseline characteristics
NYHA class | NYHA class Il NYHA class Ill/1V Total

(n=78) (n=116) (n=66) (n=263)

Demographics

Male gender 60 (78) 81 (69) 48 (70) 189 (72)

Clinical characteristics

Heart rate, bpm 63 (£10) 68 (+11) 69 (£13) 67 (£12)

DBP, mmHg 75 (£11) 72 (+11) 71 (+10) 72 (£11)

NT-proBNP (pmol/L) 93 (38-175) 141 (49-583) 225 (120-436) 140 (52-273)

CRP (mg/L) 1.6 (0.6-3.4) 2.3 (1.0-5.3) 2.7 (1.3-4.9) 2.2 (0.9-4.8)

eGFR® (ml/min/1.73m2) 62 (42—83) 58 (46— 78) 53 (38-72) 58 (43— 76)

CAD 29 (39) 57 (50) 56 (84) 142 (46)

CRT 20 (26) 40 (34) 18 (26) 78 (30)

Chronic renal failure 34 (44) 61 (52) 41 (59) 136 (53)

Hypercholesterolemia 26 (34) 41 (35) 26 (38) 93 (36)

Intoxications

Ever smoker 58 (75) 79 (68) 48 (70) 185 (71)

ACE-i or ARB 75 (96) 109 (94) 61 (88) 245 (93)

Diuretic 64 (82) 107 (92) 66 (96) 237 (90)

Aspirin 14 (18) 16 (14) 15 (22) 45 (17)

Normally distributed continuous variables are presented as mean (+ standard deviation). Non-
normally distributed continuous variables are expressed as median (25" — 75" percentile). Cat-
egorical variables are expressed as count (percentage). Valid percentages may vary for some
counts, because of missing values. ACE-i = angiotensin converting enzyme inhibitor; ARB = angio-
tensin receptor blocker; CAD = coronary artery disease; CRP = C-reactive protein; CRT = cardiac
resynchronisation therapy; CVA = cerebro vascular accident DBP = diastolic blood pressure; eGFR
= estimated glomerular filtration rate; HSTNT = high sensitive cardiac troponin T; ICD = implant-
able cardioverter defibrillator; NT-proBNP = N-terminal pro-B-type natriuretic peptide; NYHA =
New York Heart Association; SBP = systolic blood pressure.

*eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation
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Table 2 — Associations between blood biomarker measurements, NYHA class, and the primary
endpoint

Associations between baseline measurements and the primary endpoint
Univariable models® Multivariable models®
HR (95% Cl) p HR (95% Cl)
NT-proBNP* 1.41(1.22-1.63) <0.001 1.26 (1.08 - 1.47) 0.003

CRP® 1.15(1.04 -1.27) 0.005 1.14 (1.03 - 1.26) 0.013

Associations between serial measurements and the primary endpoint
Univariable models® Multivariable model®

HR (95% Cl) HR (95% Cl)

Hs-TnT® 1.23(1.11-1.36)  <0.001 1.06 (0.95 — 1.18) 0.32

NYHA class® 1.36(1.21-1.53)  <0.001 1.25 (1.11 - 1.42) <0.001

HR= hazard ratio; CRP = C-reactive protein; Hs-TnT = high-sensitive cardiac troponin T; NT-proBNP
= N-terminal pro-B-type natriuretic peptide; NYHA = New York Heart Association.

® Including age and gender

® Including age, gender, systolic blood pressure and estimated glomerular filtration rate

 HR per standard deviation increase in log transformed level

YHR per 1-step increase

investigate their independence. We calculated time-dependent C-indices based on
the extended Cox models. Analyses were performed with R Statistical Software and
MedCalc.

RESULTS

Study population

A total of 263 were included from October 2011 to June 2013. Baseline character-
istics are displayed in table 1. Mean age was 67 years (SD+13), 72% were men, and
73% were in New York heart association (NYHA) class | or Il. Median duration of
HF at inclusion was 4.6 years (IQR 1.7-9.9). Median baseline NT-proBNP was 137.3
pmol/L (IQR 51.9-272.9), Hs-TnT:18.0 ng/L (IQR 9.6-33.2) and CRP:2.2 mg/L (IQR
0.9-4.8).

=
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Figure 2. Temporal evolution of serial biomarkers measurements and NYHA class
X-axes display the time that is left until occurrence of the clinical endpoint.

Associations between serial biomarker measurements and serial assessment
of NYHA class

During follow-up, we collected 921 blood samples and scored NYHA functional class
1292 times. Of all follow-up visits, 1135 took place before the occurrence of the
primary endpoint. During these follow-up visits, 886 blood samples were drawn
(median 3; IQR 2-5 per patient), and NYHA functional class was scored 1114 times
(median 4; 1QR 2-6 per patient).

Repeatedly measured NT-proBNP and Hs-TnT showed strong asso-
ciations with repeatedly assessed NYHA class, whereas CRP did not (NT-proBNP:
B[95%CI]:1.56[1.17-2.06]In(ng/L) increase per point NYHA class, p=0.002; HsTNT:
B[95%CI]:1.58[1.21-2.07], p=0.001; CRP: PB[95%Cl]:1.22[0.98-1.53], p=0.076)
(supplemental table 1).

Clinical endpoints

The composite endpoint was reached by 41 patients (16%), during a median follow-
up of 1.0 [0.6-1.4] years: 5 patients died from a cardiovascular cause, 35 patients
were re-hospitalized for worsened HF and 1 patient underwent heart transplanta-
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tion. Of the 35 patients reaching the primary endpoint because of re-hospitalisation
for HF, 16 patients died eventually during further follow-up, of whom 12 patients
died from a cardiovascular cause. Overall all-cause mortality was 21 (8.0%).

Baseline biomarker measurements and NYHA class and the primary endpoint
NT-proBNP, Hs-TnT, CRP, and NYHA class all displayed strong and positive associations
with the primary endpoint (table 2). After multivariable adjustment, NT-proBNP,
CRP and NYHA class remained independently associated with the primary endpoint,
while, Hs-TnT lost statistical significance. Of all other baseline characteristics, only
age was independently associated with the primary endpoint.

Serial measurements of biomarkers and NYHA class, and the primary
endpoint

Temporal evolutions of serial biomarker measurements and NYHA class are dis-
played in figure 2. Serially measured NT-proBNP, Hs-TnT, CRP, and NYHA class all
displayed strong and positive associations with the primary endpoint (table 2).
After multivariable adjustment for all serially measured variables, NT-proBNP, CRP
and NYHA class remained significantly associated with the primary endpoint.

Model performance

The discriminative abilities of the models containing baseline measurements of
NT-proBNP, Hs-TnT, CRP and NYHA class are shown in supplemental table 2, and
those of serial measurements in table 3. All individual serially assessed c-indices,
except for Hs-TnT, were numerically higher than corresponding baseline c-indices.
Adding serial NT-proBNP to the model containing age, sex, systolic blood pressure
and eGFR and NYHA class, provided a substantial increase in C-index from 0.76(Cl
0.66-0.86) to 0.84(0.74 — 0.93), although this did not reach statistical significance
(p=0.26). Adding serial CRP instead to this same multivariable model resulted in a
C-index of 0.82(0.72 — 0.92), p=0.40. Adding both serial NT-proBNP and CRP to the
multivariable model only resulted in a slight improvement compared to addition of
NT-proBNP only: 0.85(Cl 0.75-0.95), p=0.20.

DISCUSSION

In this prospective, observational cohort of CHF patients, repeatedly measured
NT-proBNP and Hs-TnT were positively and significantly associated with repeatedly
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Table 3 — Discriminative ability of models containing serial blood biomarker- and NYHA assessment
Model C-index (Cl) P-value
Model® 0.62 (0.52-0.71) NA

Model® + Hs-TnT 0.72 (0.62 — 0.82) 0.13"

Model® + NYHA class 0.76 (0.66 — 0.86) 0.040°

Model® + NYHA class + Hs-TnT 0.79 (0.69 — 0.89) 0.67°

Model® + NT-proBNP + CRP 0.82(0.73-0.92) 0.40°

Cl = Confidence interval; CRP = C-reactive protein; Hs-TnT = High-sensitive cardiac troponin T; NT-
proBNP = N-terminal pro-B-type natriuretic peptide; NYHA = New York Heart Association.

? Including age, gender, systolic blood pressure and estimated glomerular filtration rate

® p-value compared to model®

¢ P-value compared to model® + NYHA class

assessed NYHA class. Serial assessments of NT-proBNP, CRP and NYHA class were
independently associated with adverse clinical outcome. Repeatedly measured NT-
proBNP and CRP both added individually to serial NYHA-class assessments in terms
of discriminative ability. However, a model combining both of these biomarkers
with serially scored NYHA-class, seemed to have little incremental value over se-
rial NYHA-class assessment combined with only one of these blood biomarkers. In
particular, adding NT-proBNP only seemed the best suited strategy for monitoring
stable CHF outpatients.

Strengths of the current study include simultaneous assessment of multiple bio-
markers and NYHA class on the one hand, as well as frequent, repeated assessment
of these properties on the other hand. Combined with clinical follow-up on adverse
events, this renders insight into temporal evolution and manifestation of CHF. On
top of that, using biomarker measurements for monitoring patients with CHF has
the appealing feature of being objective, and thus uniform and reproducible.

Serial NT-proBNP and CRP measurements were both independently associated
with the endpoint and adding serial NT-proBNP and CRP measurements to a model
containing NYHA class assessments greatly increased the c-index, from 0.76 to
0.85. This increase did not reach statistical significance, but recently it has been
demonstrated that testing for improvement in prediction performance is actually
redundant if a variable has already been shown to be an independent risk factor,
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and that standard testing procedures such as c-indices are very conservative and
thus insensitive to improvements in prediction performance.”® Nevertheless, to
provide an impression of the magnitude of the incremental prognostic value, we
presented C-indices. Altogether, our results support combining blood biomarkers
with clinical assessment for prognostication in CHF patients.

While the prognostic value of blood biomarkers for clinical events has been widely
investigated, less is currently known about the association between blood biomark-
ers and NYHA class in CHF patients. Only two studies have previously assessed this
association. These studies measured natriuretic peptide level both at study baseline
and at 622 weeks of follow-up, and correlated these measurements with, among
others, clinical change as categorized by clinicians.’*® Studies performing multiple,
repeated measurements of biomarkers and NYHA class over a prolonged follow-up
period, and concomitantly investigating their association with clinical endpoints
have not yet been performed. Although the NYHA functional classification is a
common and globally used system,"* its biggest disadvantage is the non-uniformity
in its application by individual clinicians. Raphael et al conducted a study to investi-
gate consistency in NYHA functional class assessment and found that inter-observer
variability was high, with only 54% concordance between two cardiologists.” In this
respect, adding biomarker information to clinical patient assessment could be valu-
able for obtaining a more objective estimate of patient prognosis.

Limitations

Extended Cox models with time-dependent covariates were used to analyse the
effects of changes in NYHA class and temporal biomarker patterns on the primary
endpoint, because these models are able to accommodate multiple time-varying
covariates. However, time-dependent Cox models assume that biomarker levels do
not change between measurements.”! In reality, blood biomarkers are dynamic and
continuously change over time, parallel to the condition of the patient. Therefore,
we performed a sensitivity analysis by means of a joint modelling approach. Joint
models combine a linear mixed-effects model for the serial biomarker measure-
ments with a Cox proportional hazards model for the occurrence of the primary
endpoint.”* We estimated the individual biomarker trajectories and NYHA trajecto-
ries using separate joint models, then extracted the fitted trajectories from the joint
models, and entered the extracted trajectories simultaneously into one extended
Cox model. The results of this analysis were materially the same as those we de-
scribed in the paper. Furthermore, the majority of the patient population was in
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NYHA class | or Il, and thus at relatively low risk. The results and conclusions should
be judged accordingly.

Conclusion

Serial assessments of NT-proBNP and Hs-TnT are positively associated with NYHA
class. Temporal patterns of NT-proBNP, CRP and NYHA class are independently as-
sociated with adverse clinical outcome. A model containing these serially measured
variables displayed good discriminative ability. However, serially measured CRP had
only little incremental discriminative value compared to a strategy combining serial
assessments of NYHA class and NT-proBNP. Altogether, our findings underscore the
incremental value of biomarkers to NYHA class for monitoring stable CHF outpa-
tients.
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SUPPLEMENTAL TEXT

Statistical analysis

Variables with normal distributions are presented as meanzstandard deviation (SD).
Variables with non-normal distributions are presented as median and interquartile
range (IQR). Categorical data are displayed as count and percentage. In case of
skewed distributions, continuous variables were logarithmically transformed for
further analyses.

To assess the associations between serial biomarker measurements and repeated
assessment of NYHA functional class, we used linear mixed models. Time was used
as a random effect. NYHA class was used as the independent variable (fixed effect),
in order to be able to uniformly display the change in each of the biomarkers per
point increase in NYHA class. Each of the biomarkers was consecutively used as
the dependent variable. Associations amongst the 3 biomarkers were examined
likewise. For these analyses, all samples drawn were used.

Associations between baseline values of NT-proBNP, Hs-TnT, CRP, and NYHA
functional class on the one hand, and the primary endpoint on the other hand,
were assessed using only the samples drawn before the occurrence of the primary
endpoint. Cox proportional hazards models were used. Associations between serial
measurements of the aforementioned variables and occurrence of the primary
endpoint were examined by entering the serial measurements into extended Cox
proportional hazards models as time-varying covariates. First, the models were
adjusted for age, gender, systolic blood pressure and estimated glomerular filtration
rate (eGFR; calculated using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation). Subsequently, all variables, i.e. NT-proBNP, Hs-TnT, CRP and
NYHA functional class, were entered simultaneously into the models to investigate
their independence. For serial measurements, this meant that all variables were
simultaneously entered as time-varying covariates into the extended Cox analysis.
The multivariable models also included age, gender, systolic blood pressure and
eGFR.

It has previously been demonstrated that testing for improvement in prediction
performance is actually redundant if a variable has already been shown to be an in-
dependent risk factor. Independence already proves presence of incremental value
[20]. Still, to provide an impression of the magnitude of the incremental discrimina-
tive ability of the individual and combined serial measurements of the biomarkers
and NYHA functional class, we calculated time-dependent C-indices based on the
extended Cox models.
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biomarkers to clinical assessment

Finally, to investigate the incremental value of serial biomarker measurements
to baseline assessment only, we simultaneously added the baseline measurements
and the series of longitudinal measurements of NT-proBNP, CRP, Hs-TnT and NYHA
class into the models, in order to obtain separate hazard ratios for the baseline
measurements and for the series of longitudinal measurements.

Analyses were performed with R Statistical Software using packages ‘Survival’
and ‘nlme’. C-indices were compared using MedCalc. All tests were two-tailed and
p-values <0.05 were considered statistically significant.
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Supplemental table 1 — Associations between serial blood biomarker measurements and NYHA

class
NT-proBNP?
NT-proBNP* B p-value  Hs-TnT°
(95%Cl)

CRP’ 1.11 <0.001  1.03 0.11 B p-value
(1.06 - 1.16) (0.99 - 1.08) (95%cCl)

CRP = C-reactive protein; Hs-TnT = high sensitive cardiac troponin T; NT-proBNP = N-terminal pro-
B-type natriuretic peptide; NYHA = New York Heart Association.

? Beta coefficient per standard deviation increase in log transformed level

® Beta coefficient per 1-step increase

Supplemental table 2 — Discriminative ability of models containing baseline blood biomarker-
and NYHA assessment

Model C-index (CI)

Model® 0.62 (0.52-0.71)

Model® + Hs-TnT 0.72 (0.62 - 0.81)

Model® + NYHA class 0.71 (0.60 — 0.81)

Cl = Confidence interval; CRP = C-reactive protein; Hs-TnT = High-sensitive cardiac troponin T; NT-
proBNP = N-terminal pro-B-type natriuretic peptide; NYHA = New York Heart Association.
? Including age, gender, systolic blood pressure and estimated glomerular filtration rate.

=
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ABSTRACT

Background: We examined the prognostic information of detailed temporal pat-
terns of N-terminal pro B-type natriuretic peptide (NT-proBNP), high-sensitive
troponin T (HsTNT) and C-reactive protein (CRP) in patients with chronic heart
failure (CHF).

Methods: From 2011-2013, 263 CHF patients were included. NT-proBNP,
HsTNT and CRP were measured at baseline and every 3 months. The primary
endpoint (PE) comprised heart failure hospitalization, cardiovascular mortality,
cardiac transplantation and LVAD-implantation. Associations between temporal
biomarker patterns and the PE were investigated by joint modelling, which
combines mixed models with Cox regression.

Results: Mean age was 6712 years and 72% were men. Median follow-up was
2.2 (IQR 1.4-2.5) years. We used 2022 blood samples (median 9(IQR 5-10) per
patient) and 70 (27%) patients reached the PE. Temporal patterns of NT-proBNP,
HsTNT and CRP level were associated with the PE (multivariable adjusted HR per
doubling of biomarker: NT-proBNP 2.28 (95%Cl 1.82—-2.86), HsTNT 2.05(1.63—
2.58), CRP 1.65 (1.30-2.08). A combined 3 biomarker model demonstrated
independent associations for the temporal patterns of NT-proBNP and CRP level
(HRs 2.06(1.53—-2.79) and 1.38(1.01-1.89), respectively). Instantaneous change
in biomarker level was also independently associated with the PE for NT-proBNP
and CRP. Long-term biomarker elevation showed an association for NT-proBNP.

Conclusions: Temporal patterns representing evolution of level and rate of
change in level of NT-proBNP and CRP, and long-term elevation of NT-proBNP
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are independently associated with adverse prognosis in CHF patients. Individual
patterns of change and combining multiple biomarkers could carry value for
prognostication and for therapy guidance.

INTRODUCTION

The diagnosis of progression of chronic heart failure (CHF) is primarily based on
clinical signs and symptoms and the decision to adjust therapy is usually made once
symptoms of progression have become manifest. Blood biomarkers are capable of
monitoring subtle (patho)physiological processes that reflect and possibly predict
adverse changes before they become clinically apparent. 1,2 B-type natriuretic
peptides (BNP) and N-terminal proBNP (NT-proBNP), cardiac troponin T and | and C-
reactive protein (CRP) have been unequivocally related to adverse clinical outcomes
in heart failure (HF) patients in several large studies.2-12

The majority of these studies have examined single, baseline measurements of
these blood biomarkers. However, since patients with CHF display large biological
heterogeneity, distinguishing patients at different levels of risk of adverse events
based on single biomarker measurements only is challenging. Measuring biomark-
ers repeatedly could contribute to individualized risk assessment. Studies that have
assessed changing biomarker patterns over time have mostly focused on natriuretic
peptides, generally used only few repeated biomarker measurements, and have
utilized simplified representations of temporal biomarker evolution, such as change
between two time-points.3-6,12-14 Results of these studies strongly depend on the
statistical approach that was used.1 Subsequent trials on natriuretic peptide-guided
therapy of HF have provided inconsistent results.8-10,15,16 Most of these trials did
not use individualized target levels for natriuretic peptides, and did not take other
biomarkers into consideration.

The above illustrates that in order to properly install personalized risk assessment
that makes use of blood biomarkers, first, more detailed information is needed on
temporal biomarker patterns in individual patients. Specifically, having measure-
ments available that are performed closely in time to the moment that the endpoint
of interest occurs, would provide further insight into the biomarkers’ behaviour as
this endpoint nearly approaches. This would enable an adequate investigation of
whether, and to which degree, increasing (or decreasing) biomarker levels con-
tribute to an individual’s risk, regardless of whether his or her blood levels exceed
classic, absolute cut-points at any random point in time (such as ‘study baseline’).
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However, in practice, biomarker measurements performed shortly before the end-
point occurs are difficult to acquire, because they require a high frequency of blood
sampling during prolonged follow-up. Therefore, most studies on this topic have
performed only two measurements over time and are thus not able to properly
investigate the biomarker trajectory shortly before the endpoint occurs.

In the current study, we have performed frequent (up to 11), repeated measure-
ments of multiple blood biomarkers (NT-proBNP, HsTNT and CRP) in 263 patients
with CHF, and have investigated the associations of the thus obtained temporal pat-
terns with adverse clinical outcome. These 3 biomarkers were chosen because each
of them represents different aspects of heart failure pathophysiology (wall stress,
myocyte damage and inflammation) and because a large body of evidence exists
for the prognostic value of single measurements of these markers. By performing
multiple, longitudinal measurements, assessing multiple biomarkers simultane-
ously and using appropriate, modern statistical methods, we aimed to provide a
basis for improved, personalized risk assessment in patients with CHF.

METHODS

Patients

Bio-SHIFT is a prospective, observational study of stable outpatients with CHF,
conducted in Erasmus MC, Rotterdam, The Netherlands and Noordwest Zieken-
huisgroep, Alkmaar, The Netherlands. Patients were recruited during their regular
outpatient visits and were in clinically stable condition. Detailed inclusion and ex-
clusion criteria are shown in figure 1. Patients were eligible if CHF (including HF with
preserved ejection fraction) was diagnosed > 3 months ago according to the guide-
lines of the European Society of Cardiology (ESC).17-19 This study was approved by
the medical ethics committee of the Erasmus MC, Rotterdam, The Netherlands and
was conducted in accordance with the Declaration of Helsinki. Written informed
consent was obtained from all patients. The study is registered in ClinicalTrials.gov,
number NCT01851538. Estimated enrolment is 400 patients. In the current paper,
we have performed an interim analysis on the 263 patients who were enrolled dur-
ing the first inclusion period between October 2011 and June 2013.
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Inclusion criteria
1. Age 2 18 years
2. Diagnosis chronic heart failure 2 3 months”

3. Written informed consent

Heart failure with preserved ejection fraction (HFFEF)
diagnosed 2 3 months ago according to the definition of
the ESC, which includesthe following features:

Heart failure, diagnosed z 3 months ago according to the
definition of the European Society of Cardiclogy (ESC),
which includes the following features:

- Symptoms typical of heart failure: breathlessness . Presence of signs and/or symptoms of HF (as

at rest or on exercise, fatigue, tiredness, ankle
swelling

AND
Signs typical of heart failure: tachycardia,
tachypnea, pulmonary rales, pleural effusion,
raised jugular venous pressure, peripheral
oedema, hepatomegaly

described above)

AND
Presences of normal or only mildly abnormal
systolic function (LVEF 2 50%)

AND

Evidence of diastolic left ventricular dysfunction
according to the criteria of the ESC:

AND o BEE>15
- Objective evidence of a structural or functicnal OR
abnormality of the heart at rest cardiomegaly. o 15> E/E = 8 AND

third heart sound, cardiac murmurs, abnormality NT-proBNP > 220pg/ml /

on the echocardiogram, raised natriuretic peptide BNP = 220 pgiml

concantration OR

L] E/A < 0.5 and DT > 280 ms
OR

o Atrial fibrillation

Exclusion criteria

1.  Heart failure secondary to circulatory high output conditions
Scheduled for surgery or intervention for both coronary and non-
coronary indication within 8§ menths of inclusion

Severe renal failure for which dialysis is needed

Known moderate or severs liver disease

COPD Gold stage IV

Coexistent condition with life expectancy = 1 year

Congenital heart dissase

W@k

Figure 1 - Inclusion and exclusion criteria

Baseline assessment

At baseline, patients were evaluated by trained research physicians, who collected
information on HF-related symptoms, including NYHA class,17,18 and performed
physical examination, including blood pressure, heart rate and body mass index.
Information on aetiology of heart failure, presence of systolic dysfunction, cardio-
vascular risk factors, medical history and medical treatment was retrieved primarily
from hospital records. History of chronic renal failure was defined as glomerular fil-
tration rate (GFR) less than 60 mL/min/1.73 m2. Alcohol consumption was defined
as drinking 21 alcoholic consumption per day. Data were entered into electronic
case report forms. Electrocardiography and echocardiography were performed.
Non-fasting blood and urine were collected, as described below.
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Follow-up visits

Routine outpatient follow-up by the treating physician continued for all patients
during the study. Study follow-up visits were scheduled every 3 months (a window
of £1 month was allowed), to a maximum follow-up duration of 30 months. At each
follow-up visit, a short medical evaluation was performed and blood and urine
samples were collected. Changes in medication as well as occurrence of adverse
cardiovascular events since the previous visit were recorded.

Blood sampling and biomarker measurement

Blood samples were processed and stored at a temperature of -800C within 2 hours
after blood collection. When applicable, samples were transported to the central
laboratory (Erasmus MC, Rotterdam, The Netherlands) under controlled conditions
(at atemperature of -800C), until batch analysis was performed. Accordingly, results
of the biomarker assays were not available to treating physicians at the time of the
outpatient visits. Thus, the biomarker measurements performed for this study did
not lead to drug adjustments, and all patients received usual care. This concurs with
Bio-SHiIFT being a strictly observational study, as described above.

For the purpose of the current analysis, three biomarkers (NT-proBNP, HsTNT, and
CRP) were measured in one batch in stored serum samples. Plasma NT—proBNP was
analysed using an electrochemiluminesence immunoassay (Roche Diagnostics, Elec-
sys 2010, Indianapolis, Indiana, USA), which measures concentrations ranging from
5 to 35.000 pmol/L. Cardiac troponin T was also measured using an electrochemilu-
minesence immunoassay (Roche Diagnostics, Elecsys 2010 immunoassay analyser,
Indianapolis, Indiana, USA), measuring concentrations ranging from 3-10000 ng/L.
CRP was measured using an immunoturbidimetric assay (Roche Hitachi 912 chemis-
try analyser, Basel, Switzerland). This system measures concentrations ranging from
0.3 to 350 mg/L. All coefficients of variation were <5%.

Clinical study endpoints

During follow-up, hospitalizations for HF, myocardial infarction (Ml), percutaneous
coronary interventions (PCls), coronary artery bypass grafting (CABG), arrhythmias,
and cerebrovascular accidents (CVAs), as well as cardiac transplantation, left
ventricular assist device implantation (LVAD) and mortality, were recorded in the
electronic case report form by trained research physicians, and associated hospital
records and discharge letters were collected.
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Subsequently, hospital records and discharge letters were reviewed by a clinical
event committee blinded to the biomarker results, and primary and secondary
endpoints were adjudicated. The primary endpoint comprised the composite of
cardiac death, cardiac transplantation, LVAD- implantation, and hospitalization
for HF, whichever occurred first in time. Secondary endpoints included individual
components of the primary endpoint, and also Ml, PCI, CABG, CVA, and all-cause
mortality.

Cardiac death was defined as death from MI or other ischemic heart disease
(ICD-10: 120-125), death from other heart disease including HF (130-145 and 147-152),
sudden cardiac death (146), sudden death undefined (R96) or unwitnessed or ill-
described death (R98, R99). Hospitalisation for acute or worsened HF was defined
as a hospitalisation for an exacerbation of HF symptoms, in combination with 2 of
the following: BNP or NT-proBNP >3x ULN, signs of worsening HF, such as pulmo-
nary rales, raised jugular venous pressure or peripheral oedema, increased dose
or intravenous administration of diuretics, or administration of positive inotropic
agents.

Statistical analysis

Distributions of continuous variables, including biomarker concentrations, were
tested for normality using the Kolmogorov-Smirnov test. Normally distributed con-
tinuous variables are presented as mean * standard deviation (SD). Non-normally
distributed continuous variables are expressed as median and interquartile range
(IQR). Categorical data are displayed as count and percentage.

In case of skewed distributions, continuous variables were logarithmically
transformed (log base 2) for further analyses. Associations between patient charac-
teristics and baseline biomarker levels were evaluated using univariable linear re-
gression. Associations between baseline patient characteristics, including baseline
biomarker levels, and the primary endpoint, were evaluated using Cox proportional
hazards models. These analyses were first performed univariably. Subsequently, to
evaluate independent associations, all baseline characteristics that showed statisti-
cally significant associations (with p-values <0.05) were forced into a multivariable
Cox model.

Associations between temporal biomarker patterns of each separate biomarker
and the primary end point were assessed using a joint modeling approach, which
combines a linear mixed-effects (longitudinal) sub model to assess the temporal
evolution of the repeatedly measured marker with a Cox proportional-hazards
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sub model to analyse the association of this temporal evolution with the study
end point. In line with the logarithmic (base 2) transformation of the biomarker
concentrations, the results are presented as hazard ratios (HRs) per doubling of
the biomarker concentration at any point in time, along with the corresponding
95% Cls. First, analyses were performed univariably. Subsequently, potential con-
founders were entered into the joint models. These included all variables that were
signifi- cantly associated with the primary end point in the multivariable “baseline”
Cox proportional hazards model (NYHA class and diabetes mellitus), as well as
variables selected from existing literature (age, gender, renal function, body mass
index). Covariates were missing in less than 3% of patients. Multiple imputations (5
times) of these covariates were performed in the multivariable analyses.

The above-described analysis assesses the predictive value of repeatedly mea-
sured biomarker levels; specifically, it provides HRs that estimate the risk of the end
point associated with doubling of biomarker level at any point in time. However, in
the context of serial marker measurements, there could be additional features of
the marker’s trajectory that better predict the primary end point.20 Therefore, we
investigated the predictive value of (1) the “instantaneous slope” of the marker’s
trajectory, indicating whether a marker is decreasing, is increasing, or remains
stable, and (2) the area under the curve of the marker’s trajectory, indicating the
cumulative effect of all the values the marker has taken in the past (this area under
the curve does not provide information on increasing or decreasing biomarker val-
ues, which should be derived from the slope).We chose not to correct for multiple
testing, because the selection of the currently investigated 3 biomarkers was based
on previous research and thus hypothesis-driven.2-12

To simultaneously investigate the effect of all 3 biomarkers on the primary end
point and thus to assess their independent predictive value, all individual temporal
biomarker patterns derived from the adjusted joint models were saved and subse-
quently entered simultaneously as time-varying covariates into an extended Cox
analysis. The same approach was used to investigate the independent predictive
value of the slope and the area under the curve of the 3 temporal biomarker pat-
terns. Adjustment for potential baseline confounders was performed as described
above. Additionally, these extended Cox models were adjusted for temporally
changing total daily doses of equivalents of carvedilol, enalapril, furosemide, and
spironolactone, which were also entered into the models as time-varying covari-
ates.
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To illustrate how joint modeling can be applied to estimate prognosis of an
individual patient based on his or her repeatedly assessed biomarker values, we
plotted the temporal patterns of the biomarkers in several individual patients (i.e.,
example patients drawn from our dataset) together with their corresponding dy-
namic, individual probabilities of survival as estimated by the joint model (which we
developed on the total study population as described above). As such, we graphi-
cally demonstrated individual survival probabilities, which are updated each time
that an additional measurement is performed in the patient as he or she visits the
outpatient clinic.

Finally, to investigated the discriminative ability of models containing serial
measurements and models containing baseline measurements only, we calculated
c-indices based on extended Cox models containing temporal biomarker patterns
derived from the adjusted joint models, as well as c-indices based on Cox models
containing baseline biomarker values only.

All analyses were performed with R Statistical Software using package JM.20 All
tests were two-tailed and p-values <0.05 were considered statistically significant.

Power calculation

The current investigation comprised 263 patients, of whom 70 reached the primary
endpoint. For baseline measurements, these numbers are sufficient to detect odds
ratios around 2 for the upper quintile of a biomarker associated with the endpoint
(a-error 0.05, power of 80%) when comparing cases with non-cases. For repeated
measurements, power is further enhanced. A median of 9 samples per patient
were available. We calculated power for repeated measurements by assuming a
linear association and a continuous autoregressive correlation matrix. We used NT-
proBNP to derive the measurement error standard deviation (sigma, equal to 463)
and the input parameter for the autoregressive correlation matrix (rho, equal to
0.49). Based on these input parameters, and using 1000 simulations, we calculated
that a difference in change of NT-proBNP level over time of 6 ng/L per month can
be demonstrated between cases and non-cases (a-error 0.05, power of 80%). This
difference is small in clinical terms, demonstrating that the study has high statistical
power.
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Table 1 — Baseline characteristics
Total (n=263)

No. (%) / Mean (SD) /
Median (25th — 75th percentile)

Demographics

Male gender 189 (72)

Clinical characteristics

Heart rate, bpm 67 (£12)

Diastolic blood pressure, mmHg 73 (£11)

NT-proBNP (pmol/L) 137.3(51.9-272.6)

CRP (mg/L) 2.2(0.9-4.8)

Duration of heart failure, years 4.6(1.7-9.9)

NYHA class Ill or IV 69 (27)

Systolic dysfunction 250 (95)

LVEF* 32 (£10)

Ischemic heart disease 117 (44)

Secondary to valvular heart disease 12 (5)

Dilated 49 (19)

Non compaction 4(1)

Unknown 19 (7)

Medical history

pCl 82 (31)

Valvular heart disease 136 (53)

i
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Table 1 — Baseline characteristics (continued)
Total (n=263)

No. (%) / Mean (xSD) /

Median (25th — 75th percentile)

Other arrhythmia 82(32)

CVA 41 (16)

Diabetes Mellitus 81 (31)

Hypertension 120 (46)

Intoxications

Smoking 185 (71)

Current 26 (10)

ACE-i 173 (67)

Aldosteron antagonist 178 (68)

Beta-blocker 232(88)

Vitamin K antagonist 200 (77)

Digoxin 59 (23)

Normally distributed continuous variables are presented as mean (+ standard deviation). Non-
normally distributed continuous variables are expressed as median (25" — 75" percentile). Cat-
egorical variables are expressed as count (percentage). Valid percentages may vary for some
counts, because of missing values. ACE-I = ace inhibitor; ARB = angiotensin Il receptor blocker;
CABG = coronary artery bypass grafting; COPD = chronic obstructive pulmonary disease; CRP = C-
reactive protein; CRT = cardiac resynchronization therapy; CVA = cerebrovascular accident; HFPEF
= heart failure with preserved ejection fraction; HsTNT = high sensitive cardiac troponin T; ICD =
implantable cardioverter / defibrillator; LVEF = left ventricular ejection fraction; NT-proBNP = N-
terminal pro-B-type natriuretic peptide NYHA = New York heart association; PCl = percutaneous
coronary intervention; SD = standard deviation.

* Baseline echocardiograms were available in 72% of all patients because of logistic reasons.
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RESULTS

Baseline findings

From October 2011 to August 2015, 263 patients were included. Baseline charac-
teristics are shown in Table 1. Mean age of the study population was 67 years (SD
+12). The majority were men (72%) in New York heart association (NYHA) class | or
11 (73%). Median duration of HF was 4.6 years (IQR 1.7 — 9.9). Median baseline NT-
proBNP was 137.3 pmol/L (IQR 51.9 — 272.6), HsTNT 18.0 ng/L (IQR 9.6 — 33.2) and
CRP 2.2 mg/L (IQR 0.9 — 4.8). Positive associations were found between baseline
NT-proBNP level and age (p=0.01), heart rate (p=0.01), NYHA class (p<0.001), and
renal failure (p<0.001). Inverse associations were found between NT-proBNP and
diastolic blood pressure (p<0.001) and BMI (p<0.001). Baseline HsTNT level was
positively associated with age (p<0.001), NYHA class (p<0.001) and renal failure
(p<0.001). Baseline CRP level showed positive associations with heart rate (p=0.01)
and renal failure (p=0.045), and inverse associations with systolic (p=0.046) and
diastolic blood pressure (p<0.001).

Clinical endpoints

During a median follow-up of 2.2 (IQR 1.4-2.5) years, 27 (10%) patients died from
a cardiovascular cause, 56 (21%) patients were re-hospitalized for worsened HF,
5 (1.9%) patients underwent heart transplantation and 3 (1.1%) patients received
LVAD-implantation (Table 2). Since 21 patients were re-hospitalized for worsened
HF before dying from cardiovascular causes eventually during further follow-up, 70
patients (27%) reached the composite primary endpoint. Overall all-cause mortality
was 32 (12%).

Associations between baseline characteristics and the primary endpoint are
shown in Table 3. After multivariable adjustment, baseline NT-proBNP (HR 1.02;
Cl 1.01 — 1.02), baseline HSTNT (HR 1.08; Cl 1.02 — 1.16), NYHA class (HR 1.61; Cl
1.14 - 2.26) and diabetes mellitus type 2 (DM) (HR 1.91; Cl 1.17 — 3.11) were inde-
pendently associated with the primary endpoint (Table 3).

Temporal biomarker patterns and the primary endpoint

During follow-up, we collected 2193 blood samples, of which 2022 were drawn
before the occurrence of the primary endpoint (median of 9 (IQR 5-10) samples
per patient). The associations between the temporal biomarker patterns and the
primary endpoint are shown in Table 4.
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Table 2 — Endpoints
Endpoint N (%)

Primary

Secondary

All-cause mortality 32 (12)

Heart transplantation 5(1.9)

Variables are displayed as count (percentage).
* The primary endpoint comprised heart failure hospitalization, cardiovascular mortality, cardiac
transplantation and LVAD-implantation

Tabel 3 — Associations between baseline characteristics and the primary endpoint
Variabele Crude HR (ClI) P Adjusted HR (CI)¥ P
NT-proBNP (pmol/L)* 1.02 (1.02 - 1.03) <0.001 1.02 (1.01 - 1.02) <0.001

CRP (mg/L)* 1.26 (1.06 — 1.50) 0.016 1.18 (0.96 — 1.45) 0.12

Male gender 1.27 (0.80-2.19) 0.40

Diastolic blood pressuret 0.98 (0.96 — 1.00) 0.055

Body mass index kg/m?* 1.00 (0.96 — 1.05) 0.88

Chronic renal failure 2.11(1.28 -3.50) 0.004 1.25(0.72 -2.18) 0.42

Hypercholesterolemia 1.37 (0.85-2.20) 0.20

Ever smoker 1.48 (0.84 -2.62) 0.18

History of CVA 1.40 (0.78 —2.51) 0.26

CRT 0.80 (0.47 —1.36) 0.42

CRP = C-reactive protein; CRT = cardiac resynchronization therapy; CVA = cerebrovascular ac-
cident; HSTNT = high sensitive cardiac troponin T; ICD = implantable cardioverter / defibrillator;
NT-proBNP = N-terminal pro-B-type natriuretic peptide NYHA = New York heart association.

* HR per 10 units increase

T HR per unit increase

¥ All characteristics univariably associated with the primary endpoint (p<0.05) were entered into
the multivariable Cox regression model.
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The temporal NT-proBNP pattern derived from the repeated measurements was a
significant predictor of the primary endpoint after adjustment for age, gender, BMI,
renal function, NYHA class and DM (HR per doubling of NT-proBNP: 2.28; CI 1.82
— 2.86; p<0.001). Figure 2a displays the curves depicting the temporal NT-proBNP
pattern of patients who reached the primary endpoint versus those who did not.

Figure 2b depicts temporal HSTNT patterns of patients who reached the primary
endpoint and those who did not. We found an association between the temporal
HsTNT pattern and the primary endpoint, which remained present after multivari-
able adjustment (HR per doubling of biomarker: 2.05; Cl 1.63 — 2.58; p<0.001).

As shown in figure 2c, the temporal CRP pattern was also a significant predictor of
the primary endpoint (HR per doubling of CRP after multivariable adjustment: 1.65;
Cl 1.30 - 2.08; p<0.001).

NT-proBNP, HSTNT and CRP patterns and the primary endpoint using a
combined 3-biomarker model

When we combined temporal patterns of all 3 biomarkers in 1 model, we found
independent associations of NT-proBNP (HR per doubling of NT-proBNP level at any
given time point: 2.06, Cl 1.53-2.79, P b .001) and CRP (HR per doubling of CRP
level: 1.38, Cl 1.01-1.89, P = .047) with the primary end point. These associations
were also independent of temporally changing total daily doses of equivalents of
carvedilol, enalapril, furosemide, and spironolactone (Table 1V). However, HSTNT
was no longer associated with the primary end point in this model (HR per doubling
of HSTNT: 1.41, Cl 0.93-2.13, P =.10), illustrating that its predictive value was not
independent of NT-proBNP and CRP.

Slopes and areas under the curve of temporal patterns

Table 4 displays hazard ratios for the doubling of the instantaneous slopes and areas
under the curve of the temporal biomarker patterns. The instantaneous slopes of
the temporal patterns as well as the areas under the curve of NT-proBNP, HsTNT and
CRP were all associated with the primary endpoint after multivariable adjustment.

When we entered the instantaneous slopes of the temporal biomarker patterns
of the 3 biomarkers into 1 model, they remained independent predictors for NT-
proBNP and CRP, but not for HSTNT. Simultaneously entering the areas under the
curve of the 3 temporal biomarker patterns into 1 model showed that only NT-
proBNP was independently associated with the primary endpoint.
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Figure 2 - Temporal patterns

The temporal patterns, displayed as time until event, of logarithmically transformed A) N-terminal
pro B-type natriuretic peptide (NT-proBNP), B) high-sensitive troponin T (HsTNT) and C) C-reactive
protein (CRP) of patients who reached the primary endpoint versus those who did not.

Personalized prediction: individual, dynamic risk estimation

Figure 3 shows the temporal patterns of the biomarkers in several individual pa-
tients from our data set together with their corresponding individual probabilities
of survival as estimated by the joint model. The figure shows that each time an
additional measurement is performed in the patient, the individual probability of
survival is updated. Specifically, rising marker levels and worsening prognosis can
be seen in the example patients who ultimately reached the composite end point
versus stable or decreasing marker levels and more favourable prognosis in the
example patients who stayed event-free. These individual estimates of prognosis
can be obtained by clinicians in an easy, user-friendly manner. Joint models, like
those we have constructed, can be uploaded into an app (http://shiny.rstudio.
com/) that creates an interface into which a clinician can add the characteristics,
and consecutive biomarker measurements, of an individual patient. Subsequently,
the app returns the curve depicting individual prognosis (Supplemental Figure 1).
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Figure 3. Dynamic profiling of an individual patient’s risk using patient-specific temporal trajec-
tories.

The solid red lines depict patients who experienced the study endpoints, and the solid blue lines
depict patients who did not.

The X-axis depicts follow-up time starting from baseline. Biomarker levels (on the log scale) are
displayed on the left Y-axis and survival probability (%) on the right Y-axis. Patient-specific tem-
poral biomarker trajectories are displayed left of the vertical dotted black line. To the right of this
line, the corresponding conditional survival probability curve is displayed with 95% confidence
intervals (grey area). To show this conditional survival probability curve is dynamically updated
every time an extra measurement is recorded, we provide the curves for three time-points at
which risk was updated.
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Model performance

Discriminative ability of models containing the temporal patterns of the biomarker
levels and baseline measurements only is shown in table 5. For all 3 biomarkers,
models containing temporal biomarker patterns showed higher c-indices than
those containing baseline measurements only. The highest c-index resulted from
the multivariable model containing all 3 temporal biomarker patterns as well as
age, gender, BMI, renal function, NYHA class and DM (c-index 0.84).

Table 5 — Discriminative ability of models containing the temporal patterns of NT-proBNP, HSTNT
and CRP level, as well as models containing baseline measurements only

Baseline measurements Temporal patterns
c-index; c-index;
multivariable model* multivariable model*

NT-proBNP 0.78 0.83

HSTNT 0.73 0.75

CRP 0.67 0.69

Combined model* 0.79 0.84

* The multivariable models were corrected for: age, gender, BMI, renal function, NYHA class and
diabetes mellitus type 2.
T NT-proBNP, HSTNT and CRP are all included in the combined model.

Temporal patterns of NT-proBNP, HsTNT and CRP in relation to
hospitalisation for acute or worsening HF (secondary endpoint)

All three biomarker patterns were strong individual predictors of HF hospitalisa-
tions (age- and gender adjusted HRs per doubling of biomarker: NT-proBNP, 2.17;
Cl 1.57 — 2.66; p<0.001; HsTNT, 2.18; Cl 1.72 — 2.76; p<0.001 and CRP, 1.99; Cl
1.53 — 2.59; p<0.001). These associations remained statistically significant after
multivariable adjustment (HRs per doubling of biomarker: NT-proBNP, 2.31; CI
1.77 — 3.01; p<0.001; HSTNT, 1.95; CI 1.49 — 2.55; p<0.001 and CRP, 1.80; CI 1.37
— 2.35; p<0.001). After creating a time-dependent Cox model using all 3 temporal
biomarkers patterns, derived from the individual joint models, we found that each
of the 3 biomarkers remained independent predictors of HF hospitalizations (HR
per doubling of biomarker: NT-proBNP, 1.51; Cl 1.26 — 1.80; p<0.001; HsTNT, 1.57;
Cl 1.24 — 2.00; p=0.001 and CRP, 1.41; Cl 1.15 — 1.74; p<0.001). These associations
persisted after adjusting for temporally changing total daily doses of equivalents
of carvedilol, enalapril, furosemide, and spironolactone (HR per doubling of bio-
marker: NT-proBNP 1.49, Cl 1.23-1.80, P b .001; HsTNT 1.50, CI 1.18-1.91, P = .001;
and CRP 1.39, Cl 1.11-1.74, P =.004).
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DISCUSSION

We performed a prospective, observational study that comprised CHF patients with
mostly systolic dysfunction and predominantly favourable NYHA class (I-11). Here, in
the first inclusion round, we demonstrate that the dynamic, temporal patterns of
serially measured NT-proBNP and CRP levels are strong and independent predictors
of adverse clinical events. Moreover, instantaneous slope of these biomarkers’ tem-
poral trajectories, as well as the area under the curve of their temporal trajectories,
is associated with adverse events. The temporal patterns of HsTNT also significantly
predict adverse events but lose their predictive capability when combined with
temporal NT-proBNP and CRP patterns.

We also demonstrate, based on these dynamic models, how individual, temporal
biomarker trajectories can be used for calculating patient-specific risk estimates,
which are dynamically updated every time a patient has a new measurement per-
formed.

Studies on the prognostic value of repeated natriuretic peptide measurements
have mostly been performed in trial participants,6,13 and studies on the prognostic
value of repeated biomarker measurements other than natriuretic peptides are
scarce.3,4,12 Altogether, these existing studies describing temporal changes in
biomarkers in relation to patient prognosis have 3 major limitations. Firstly, changes
are often presented as a difference between just 2 measurements that are sepa-
rated in time. Such an approach fails to fully capture the true biomarker pattern of
the dynamic disease. Moreover, it fails to expose changes in biomarker level prior to
clinically relevant end points because, on average, a long time period lies between
the last (i.e., second) biomarker measurement and the incident end point. To prop-
erly investigate whether an increase in biomarker level is present at the time an end
point is approaching and whether this increase truly contributes to an individual’s
risk, the time period between the last measurement and the end point should be
kept as brief as possible. This implies that a high frequency of blood sampling during
prolonged follow-up is needed. Secondly, biomarkers are often studied in isolation,
thus actually ignoring the different underlying etiologies that converge to adverse
cardiac remodeling and HF progression. The third limitation of existing studies is
related to the applied methods of data analysis. Often, absolute or relative dif-
ferences between 2 measurements are calculated, or categorical changes across
a threshold value are assessed. These various approaches to temporal change all
render different estimates for associations between changes in biomarker level and
outcome,1 which are an illustration of their shortcomings. At best, Cox models with
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so-called time-dependent covariates are used to analyze the effects of temporal
biomarker patterns. Although time- dependent Cox models assume that biomarker
levels do not change between measurements, it is known that biomarker patterns
are dynamic and continuously changeover time, parallel to the condition of the
patient. All these limitations are overcome in Bio-SHiFT: we have performed a
large number of frequent, repeated measurements (up to 11 trimonthly samples
per patient); we have studied multiple biomarkers; and we have applied modern
statistical methods (“joint modeling”), which, as stated above, take into account the
continuous, dynamic changes in biomarker patterns and thus result in less bias. 21

Several randomized trials have been performed to investigate whether using se-
rial natriuretic peptide measurements to titrate medical therapy can improve clini-
cal outcome of HF patients. However, because the results of these trials were not
fully consistent, natriuretic peptide—guided therapy remains controversial.8-10,15

It should be noted that most of these trials were based on protocols that used
uniform natriuretic peptide targets in the intervention groups.22-26 Existing trials
that used individualized treatment targets are in the minority and often based
their targets on natriuretic peptide levels that were measured briefly after the
index episode of decompensation when titration of therapy was still ongoing.27-29
Conversely, our study describes in detail the temporal biomarker patterns in stable
CHF patients and reveals significant associations between temporal patterns of
biomarker levels and adverse events. Patients with CHF who did not experience
adverse cardiac events during prolonged follow-up were shown to have lower levels
of NT-proBNP, HsTNT, and CRP at any moment in time compared with patients who
did experience adverse cardiac events during follow-up. Additionally, the instanta-
neous rate of change in biomarker levels (represented by the slope of the temporal
biomarker patterns), as well as the cumulative values the marker has taken in the
past (represented by the area under the temporal biomarker patterns), was associ-
ated with adverse outcome. These findings support the concept of an individualized
biomarker target level instead of a generally applicable uniform cut off value for
all patients. On top of this, they suggest that rate of change in biomarker level and
the duration of biomarker level elevation merit attention to provide appropriate
individual treatment targets as well as correct estimates of prognosis. Our study
also demonstrates that temporal patterns of CRP predict adverse clinical outcome
independently of NT-proBNP.

Future trials on biomarker-guided therapy may benefit from incorporating these
findings. Firstly, future trials should use personalized biomarker cut off values, that
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is, interpret a patient’s biomarkers level in the context of his or her previous series
of levels. This means that they should not only take into account the absolute
biomarker level but also incorporate the instantaneous slope of the marker’s trajec-
tory. Secondly, upcoming trials should use a combination of multiple biomarkers,
representing different pathophysiological pathways, to guide HF therapy. Finally,
additional research should be performed on the frequency of biomarker measure-
ment and tailoring thereof to individual patients; subsequently, these findings
should be incorporated into biomarker-guided trials as well.

Miller et al 12 published a study that might be considered comparable to Bio-SHiFT
to a certain extent, as they evaluated serial measurements of cardiac troponin T
and BNP in 190 ambulant CHF patients. Again, an important limitation of this study
is the use of time-dependent Cox models. Still, Miller et al found that cardiac tro-
ponin T and BNP were both independent predictors of cardiac mortality or cardiac
transplantation and that combined elevation of these biomarkers substantially adds
to risk. We could only partly confirm these results. In Bio-SHiFT, although predictive
as a separate marker, the HsTNT pattern appeared to be no longer significantly as-
sociated with the primary study end point after adjustment for the NT-proBNP and
CRP patterns (and also after adjustment for NT-proBNP alone; data not shown). This
may (at least in part) be due to the above-described differences in data analysis.

Some aspects of this study warrant consideration. With 263 patients, sample size
is limited, and the majority of the patient population was in NYHA class | or Il and
had systolic dysfunction. Also, a large proportion had concomitant valvular heart
disease. The results and conclusions should be judged accordingly because such a
study population may not be fully representative of “real-life” CHF patients in gener-
al. Nevertheless, given the repeated-measures design, N2,000 blood samples were
available, and all 3 investigated biomarkers, each having different pathophysiological
properties, showed the hypothesized rising temporal pattern. This strengthens our
findings and makes them less likely attributable to bias or chance. Further to this,
the current investigation was an interim analysis of the patients enrolled in the first
inclusion round. The full Bio-SHiFT cohort was designed to enroll 400 patients and
to have sufficient statistical power to perform large-scale, hypothesis-free research
on novel, lesser known biomarkers. In such cases, correction for multiple testing
is warranted. The current investigation, however, examines 3 well-established bio-
markers, which have been extensively implicated in HF in previous studies and which
were chosen based on pathophysiological considerations, rendering correction for
multiple testing redundant. Furthermore, additional investigations are needed to
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estimate the most efficient frequency of biomarker measurement so that optimal
prognostic information can be gained without superfluous blood sampling. In our
study, patients were monitored every 3 months to construct a data framework for
our joint models. An extension to joint modeling is currently being developed to
define optimal time frames for individual patients to return for consecutive mea-
surements. In this context, the optimal frequency for biomarker measurement is
expected to vary from patient to patient; it is likely that once a stable biomarker
value is found in a patient, this patient could be re-examined after a longer time
period, whereas if, for example, a biomarker value is found to have risen and thus
prognosis is worsening, the patients may need to return more quickly. Moreover,
in our study, repeatedly measured NT-proBNP and CRP were both independently
associated with the primary end point. This implies that a multi- marker model
would benefit monitoring of CHF patients (although a model combining both of
these biomarkers seemed to have little incremental discriminative value over serial
NT-proBNP assessment only as suggested by the C-index, the C-index is known to
be rather insensitive to improvements in prediction performance, and it has been
demonstrated previously that testing for improvement in prediction performance is
actually redundant if a variable has already been shown to be an independent risk
factor 30). Future studies should investigate a broader spectrum of biomarkers to
further improve risk assessment. Finally, although we have illustrated the applica-
tion of biomarker-guided, personalized risk assessment in practice by means of an
interface that uses joint modeling, we realize that many challenges remain to be
resolved before truly implementing such a strategy.

In conclusion, detailed temporal patterns of NT-proBNP and CRP are strong, in-
dependent predictors of adverse clinical events in our study population of patients
with stable CHF. Not only evolution of biomarker level but also instantaneous rate
of change in level of NT-proBNP and CRP as well as the area under the curve of
the trajectory of NT-proBNP was associated with adverse outcome. These findings
suggest that individual patterns of change of biomarkers, as well as combinations
of multiple biomarkers, should be taken into consideration for prognostication
in patients with stable CHF. Overall, our study illustrates that several aspects of
biomarker- guided risk stratification have been incompletely ad- dressed so far and
that there still seems to be room for improvement with regard to personalized risk
assessment. Future steps could potentially include determining optimum timing of
blood sampling, determining optimum combinations of biomarkers, and eventu-
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ally a biomarker-guided trial that is based on personalized temporal patterns of
multiple biomarkers.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.
ahj.2017.10.008.
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ABSTRACT

Background: Several studies have suggested circulating microRNAs (miRs) are
associated with heart failure, but these studies were small, and limited to single
miR measurements. We examined 7 miRs which were previously linked to heart
failure, and tested whether their temporal expression level predicts prognosis
in a prospective cohort of chronic heart failure (CHF) patients.

Methods: In 2011-2013, 263 CHF patients were included. At inclusion and
subsequently every 3 months, we measured 7 miRs. The primary endpoint
(PE) comprised heart failure hospitalization, cardiovascular mortality, cardiac
transplantation and LVAD implantation. Associations between temporal miR
patterns and the PE were investigated by joint modelling, which combines
mixed models with Cox regression.

Results: Mean age was 67113 years, 72% were men and 27% NYHA class IlI-IV.
We obtained 873 blood samples (median 3 [IQR 2-5] per patient). The PE was
reached in 41 patients (16%) during a median follow-up of 0.9 [0.6-1.4] years.
The temporal pattern of miR-22-3p was independently associated with the
PE (HR [95% CI] per doubling of level: 0.64 [0.47 - 0.77]). The instantaneous
change in level (slope of the temporal miR pattern) of miR-22-3p was also
independently associated with the PE (HR [95% ClI] per doubling of slope: 0.33
[0.20-0.51]). These associations remained statistically significant after adjust-
ment for temporal patterns of NT-proBNP, Troponin T and CRP.
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Conclusions: The temporal pattern of circulating miR-22-3p contains important
prognostic and independent information in CHF patients. This concept warrants
further investigation in larger series with extended follow-up.

INTRODUCTION

Contemporary treatment of chronic heart failure ((C)HF) generally aims to stabi-
lize or at least decelerate disease progression. Adjustment of pharmacotherapy
is largely based on clinical judgement and thus mostly relies on the worsening of
symptoms or signs.1,2 However, in the context of the complexity of HF therapy,
considerable clinical skills, as well as cooperation of the patients, are required to
recognize opportunities to titrate therapies and to implement such changes inter-
vene early and timely.3 Consequently, higher-risk patients may be undertreated.3
Blood biomarkers have the potential to monitor subtle changes in the heart that
reflect and possibly predict adverse changes before they become clinically apparent
or reported.4 The value of biomarkers, such as B-type natriuretic peptides (BNP),
cardiac troponins and C- reactive protein (CRP), for risk stratification of CHF pa-
tients has already been demonstrated.5-8 Moreover, natriuretic peptide-guided HF
therapy has recently been given a class lla recommendation in US HF guidelines to
achieve guideline-directed medical therapy.2,9

Nevertheless, the predictive capability of the aforementioned biomarkers for
worsening of CHF still leaves room for improvement. MicroRNAs (miRs) are upcom-
ing novel biomarkers that seem promising for early diagnosis and treatment of HF.
MiRs are non-coding, E22 nucleotide long RNA sequences, which target messenger
RNAs for cleavage or translational repression and thereby influence a great variety
of biological processes.10 The stability of miRs in plasma, and consequently their
reliable assessment in easily accessible samples, potentially makes them attractive
biomarkers for a wide range of diseases.11 Studies revealing that deletion of Dicer,
a gene encoding an RNase lll endonuclease essential for miR processing, leads to
cardiac remodeling and dilation, were the first to show involvement of miRs in
HF12,13 and to suggest that miRs might be used as biomarkers for cardiovascular
diseases.14 Several other studies have subsequently shown associations between
miRs and myocardial infarction15-18 and HF.19-24 However, most studies pertain-
ing to HF were performed in case-control settings and had a limited sample size.
Furthermore, these studies usually assessed miRs only once. Repeated, longitudinal
miR assessment in CHF patients may, however, provide insight into individual, tem-
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poral patterns and the patient’s ensuing risk of disease progression. The temporal
patterns of miRs in patients with known CHF have not yet been investigated.

In the current prospective, observational study, we have performed frequent (up
to 8), repeated measurements of multiple miRs that were previously linked to HF
(miR-1254, miR-22-3p, miR-423-5p, miR-486-5p and miR-320a) or have been shown
to be cardiac-enriched (miR-345-5p, miR-378a-3p) in a cohort of 263 outpatients
with CHF, and have subsequently investigated the associations of the obtained
temporal patterns with adverse clinical outcome during follow-up.

METHODS

Patients

The Serial biomarker measurements and new echocardiographic techniques in
chronic heart failure patients result in tailored prediction of prognosis (Bio-SHiFT)
study was designed to investigate the relationship between temporal patterns of
biomarkers involved in CHF and prognosis. Bio-SHiFT is an ongoing prospective,
observational study of stable outpatients with CHF, conducted in Erasmus MC, Rot-
terdam, The Netherlands and Medical Centre Alkmaar, The Netherlands. Patients
were recruited during their regular outpatient visits and were in clinically stable
condition. Patients were eligible for inclusion if aged 18 years or older, capable of
understanding and signing informed consent, and if CHF (including HF with pre-
served ejection fraction (HFPEF)) was diagnosed > 3 months ago according to the
guidelines of the European Society of Cardiology (ESC).25-27 Detailed inclusion and
exclusion criteria are shown in figure 1. The study was approved by the medical
ethics committees of the participating hospitals and was conducted in accordance
with the Declaration of Helsinki. Written informed consent was obtained from all
patients. The study is registered in ClinicalTrials.gov, number NCT01851538. In
the current paper, we have performed an analysis on the 263 patients who were
enrolled during the first inclusion period between October 2011 and June 2013.
Follow-up for this analysis lasted from October 2011 until November 2013.

Baseline assessment

At baseline patients were evaluated by trained research physicians, who collected
information on HF related symptoms including NYHA class25,26 and performed
a physical examination, including blood pressure, heart rate and body mass
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index. Information on aetiology of heart failure, presence of systolic dysfunction,
cardiovascular risk factors, medical history and medical treatment was retrieved
primarily from hospital records and was completed by anamnesis in case of ambi-
guities. History of myocardial infarction, percutaneous coronary intervention (PCl),
coronary artery bypass grafting, valvular heart disease, atrial fibrillation or other
arrhythmias, device implantation, cerebrovascular accident, diabetes mellitus,
hypercholesterolemia, hypertension, and sleep apnea were defined as a clinical
diagnosis of these conditions, as reported by the treating physician in the medical
chart. History of chronic renal failure was defined as glomerular filtration rate less
than 60 mL/min/1.73 m2. Alcohol consumption was defined as drinking 21 alcoholic
consumption per day. Electrocardiography and echocardiography were performed.
Data were entered into electronic case report forms. Non-fasting blood and urine
samples were collected.

Inclusion eriteria
1. Age 2 18 years

2. Diagnosis chronic heart failure 2 3 months®

AN

Heart failure with preserved ejection fraction (HFPEF)
diagnosed 2 3 months ago according to the definition of
the ESC, which includesthe following features:

3. Wiritten informed consent

/.

Heart failure, diagnosed 2 3 months ago according to the
definition of the European Society of Cardiology (ESC),
which includes the following features:

Presence of signs and/or symptoms of HF (as
described above)

+  Symptoms typical of heart failure: breathlessness .

swelling

at rest or on exercise, fatigue, tiredness, ankle

. Signs typical of heart failure: tachycardia
tachypnea, pulmonary rales, pleural effusion,

AND

AND
Presence of normal or only mildly abnormal
systolic function (LVEF 2 50%)

AND

raised jugular venous pressure, peripheral . Ewvidence of diastolic left ventricular dysfunction
oedema, hepatomegaly according to the criteria of the ESC:
AND -] EE>15
. Objective evidence of a structural or functional OR
abnormality of the heart at rest: cardiomegaly. 2 15> E/E' > 8 AND

third heart sound, cardiac murmurs, abnormality NT-proBNP > 220pg/ml /
on the echocardiogram, raised natriuretic peptide BNP > 220 pg/mi

concentration OR
o E/A <05 and DT > 280 ms

N

Atrial fibrillation
Exclusion criteria

Heart failure secondary to circulatory high output conditions
Scheduled for surgery or intervention for both coronary and non-
coronary indication within 8 months of inclusion

Severe renal failure for which dialysis is needed

Known moderate or severe liver disease

COPD Gold stage IV

Coexistent condition with life expectancy £ 1 year

Congenital heart disease

[T

- @ W

Figure 1 - Inclusion and exclusion criteria
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Follow-up visits

All patients continued routine outpatient visits during the study. Study follow-up
visits were scheduled every 3 months (a window of +1 month was allowed), for
a maximum of 30 months. For patients’ convenience, study visits and routine
outpatient visits were combined when possible. At each tri-monthly study visit, a
short medical evaluation was performed and blood and urine samples were col-
lected. Adverse cardiovascular events and changes in medication were recorded in
electronic case report forms.

Blood sampling and miR measurement

Blood samples were collected at baseline and at each follow-up visit, and were
processed and stored locally at a temperature of -800C within 2 hours after blood
collection. When applicable, samples were transported to the central laboratory
(Erasmus MC, Rotterdam, The Netherlands) under controlled conditions (at a tem-
perature of -800C), until batch analysis took place. Accordingly, results of the bio-
marker assays were not available to treating physicians at the time of the outpatient
visits. Thus, the biomarker measurements did not lead to treatment adjustments,
and all patients received usual care based on European guidelines.25,26

For the purpose of the current investigation, stored plasma samples were
transported under controlled conditions to ACS Biomarker, Amsterdam, The
Netherlands, and seven miRs were measured in one batch: miR-1254, miR-22-3p,
miR-345-5p, miR-378a-3p, miR-423-5p, miR-486-5p and miR320a. MiR-1254, miR-
22-3p, miR-423-5p, miR-486-5p and miR-320a were selected because they were
associated with HF in previous studies.11,21,24 MiR-378a-3p and miR-345-5p were
selected because of their presence in cardiomyocytes.28 Plasma was thawed on
ice and RNA isolation was performed using the TRIZOL LS reagent (Life Technology)
according to the manufacturer’s protocol, with a starting volume of 200ul plasma.
Subsequently, 8ul of the eluate from the RNA isolation was used for the reverse
transcription reaction. The transcription followed the manufacturer’s protocol of
the miScript Reverse Transcription Kit (Qiagen). For real-time PCR, 2ul of 10x diluted
cDNA was used in a total volume of 10ul. The real-time PCR reaction was performed
on a LightCycler 480 using the following program: 5 min of pre-incubation at 95°C;
10 sec of denaturation at 95°C, 20 sec of annealing at 58°C and 30 sec of elongation
at 72°C, in a total of 45 cycles. Data were analyzed with LinRegPCR quantitative PCR
data analysis software. MiR values were normalized using exogenous C. elegans
miR-39 as a spike-in control, which was applied prior to the RNA isolation step. The
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forward primers used were: miR-423-5p: TGAGGGGCAGAGAGCGAGACTTT; miR-
22-3p: AAGCTGCCAGTTGAAGAACTGT; miR-378a-3p: ACTGGACTTGGAGTCAGAAGG;
miR-1254: CTGGAAGCTGGAGCCTGC; miR-345-5p: GCTGACTCCTAGTCC; miR-486-
5p: TCCTGTACTGAGCTG; miR-320a: AAAAGCTGGGTTGAGAGGGCGA.

Batch analysis of N-terminal pro B-type natriuretic peptide (NT-proBNP), high-
sensitive cardiac troponin T (HsTNT) and C-reactive protein was performed in the
Clinical Chemistry Laboratory of the Erasmus MC, Plasma NT—proBNP and cardiac
Troponin T were analyzed using electrochemiluminescence immunoassays (Roche
Diagnostics, Elecsys 2010, Indianapolis, Indiana, USA), measuring concentrations
ranging from 5 to 35000 ng/L and 3 to 10000 ng/L, respectively. CRP was measured
using an immunoturbidimetric assay (Roche Hitachi 912 chemistry analyzer, Basel,
Switzerland), which measures concentrations ranging from 0.3 to 350 mg/L.

Clinical study endpoints

During follow-up, endpoints were recorded in the electronic case report forms by
trained research physicians, and associated hospital records and discharge letters
were collected. A clinical event committee blinded to the biomarker results subse-
quently reviewed all collected information and adjudicated primary and secondary
endpoints.

The primary endpoint comprised the composite of cardiac death, cardiac trans-
plantation, left ventricular assist device implantation, and hospitalization for the
management of acute or worsened HF. Secondary endpoints included individual
components of the primary endpoint, as well as myocardial infarction, percutane-
ous coronary intervention, coronary artery bypass grafting, cerebrovascular acci-
dent, and all-cause mortality.

Cardiac death was defined as death from myocardial infarction or other ischemic
heart disease (ICD-10: 120-125), death from other heart disease including HF (130-145
and 147-152), sudden cardiac death (146), sudden death undefined (R96) or unwit-
nessed or ill-described death (R98, R99). Hospitalization for acute or worsened HF
was defined as exacerbation of symptoms typical of HF, in combination with 2 of the
following: BNP or NT-proBNP >3x ULN, signs of worsening HF, such as pulmonary
rales, raised jugular venous pressure or peripheral edema, increased dose or intra-
venous administration of diuretics, or administration of positive inotropic agents.
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Statistical analysis

Distributions of continuous variables, including biomarker and miR concentrations,
were tested for normality using the Kolmogorov-Smirnov test. Variables with nor-
mal distributions are presented as meanSD. Variables with non-normal distribu-
tions are presented as median and interquartile range (IQR). Categorical data are
displayed as count and percentage.

In case of skewed distributions, continuous variables were logarithmically trans-
formed for further analyses. Associations between temporal patterns of each sepa-
rate miR and the primary endpoint were assessed using a joint modelling approach,
which combines a linear mixed-effects model for the serial miR measurements with
a Cox proportional hazards model for the occurrence of the primary endpoint. Re-
sults are presented as hazard ratios (HRs) per doubling of the miR concentration at
any point in time, along with the corresponding 95% Cls. All analyses were adjusted
for age and gender. Subsequently, additional multivariable adjustment for potential
confounding variables was performed. For this purpose, associations between
patient characteristics and baseline miR levels, as well as associations between
patient characteristics and the primary endpoint, were identified using univariable
linear- or Cox regression analyses, when appropriate. All characteristics associated
with the miRs or the primary endpoint were subsequently used as covariates in
the mixed-effects and Cox models used to construct the joint models. Adjustment
for repeatedly assessed NYHA class was performed by entering NYHA class as a
time-dependent variable into the joint model.

The above-described analysis assesses the predictive value of the temporal pat-
tern of the actual miR measurements. However, additional features of the miR’s tra-
jectory may better predict the primary endpoint.29,30 Therefore, we investigated
whether the instantaneous rate of change in miR (slope of the miR trajectory) is
associated with the risk of the primary endpoint. Furthermore, to assess the predic-
tive value of long-term elevation of miR levels, we investigated the associations
between the area under the miRs’ trajectory and the primary endpoint. This area
can be considered as a weighted average of the total longitudinal profile of each
patient. The results are presented as HRs per doubling of the area at any point in
time, with 95% Cls.

Subsequently, we assessed whether the predictive value of the temporal miR pat-
terns was independent of temporal patterns of NT-proBNP, HSTNT and CRP. For this
purpose, all individual temporal miR patterns (of miRs significantly associated with
the primary endpoint), as well as NT-proBNP, HsTNT and CRP patterns, derived from
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the adjusted joint models were saved and subsequently entered simultaneously as
time-varying covariates into an extended Cox analysis. The same approach was used
to investigate the independent predictive value of the slope and the area under the
curve of the temporal miR patterns associated with the primary endpoint.

To investigate the associations between repeated miR measurements and re-
peated NT-proBNP, HSTNT and CRP measurements, we used generalised estimating
equations. Herewith, we examined whether the miR level at a certain time-point is
associated with the level of the other biomarkers at that same time-point.

All analyses were performed with R Statistical Software using package JM.29,30
All tests were two-tailed and p-values <0.05 were considered statistically significant.

RESULTS

Baseline characteristics

From October 2011 to June 2013, 263 patients were included. Mean age was
67 years (SD +13), 72% were men, and 73% were in New York Heart Association
(NYHA) class | or Il (Table 1). Median baseline NT-proBNP was 139.6 pmol/L (IQR
51.9 — 272.9), HSTNT 18.0 ng/L (IQR 9.6 — 33.2) and CRP 2.2 mg/L (IQR 0.9 — 4.8).
Median duration of HF at inclusion was 4.6 years (IQR 1.7 — 9.9). Associations be-
tween patient characteristics and baseline miR measurements are presented in the
supplementary table. Of note is the presence of a significant association between
ischemic cardiomyopathy (ICM) and several miRs. This is further illustrated in figure
2. No significant associations were present with other baseline characteristics.

miR-320a{ —m8 —o— p=0.023
miR-486-5p —_—————— p=0.038
miR-423-5p —e—H p=0.11

miR-378a-3p 4 —e——— p=0.072

miR-345-5p 4 —e—H p=0.087
miR-22-3p - —e— p=0.72

miR-1254 - —e—— p=0.018

e 1

Figure 2 - Associations between baseline MicroRNA levels and presence of ischemic cardiomy-
opathy
0Odds ratios for doubling of microRNA (miR) expression level
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Table 1 — Baseline characteristics

Total (n=263)
Demographics

Male gender 189 (72)

Clinical characteristics

Heart rate, bpm 67 (£12)

Diastolic blood pressure, mmHg 73 (£11)

NT-proBNP (pmol/L) 139.6 (51.9 — 272.9)

CRP (mg/L) 2.2(0.9-4.8)

Duration of heart failure, years 4.6(1.7-9.9)

NYHA class Il 115 (44)

Left ventricular function

HFPEF 13 (5)

Etiology of heart failure

Hypertension 34 (13)

Cardiomyopathy 68 (26)

Hypertrophic 12 (5)

Unclassified 3(1)

Other 13 (5)

Myocardial infarction 94 (36)

CABG 43 (16)

Atrial fibrillation 105 (40)

ICD 151 (59)

Pacemaker 38 (15)

N
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Table 1 — Baseline characteristics (continued)
Total (n=263)
Chronic renal failure 136 (53)

Known hypercholesterolemia 93 (35)

Sleep apnea 26 (10)

Alcohol consumption (>1 unit/day) 108 (42)

Ever 186 (72)

Medication use

ARB 75 (29)

Diuretic 237 (90)

Aspirin 45 (17)

Nitrates 44 (17)

Antiarrhythmics 39 (15)

Normally distributed continuous variables are presented as mean (+ standard deviation). Non-nor-
mally distributed continuous variables are expressed as median (25" — 75" percentile). Categorical
variables are expressed as count (percentage). Valid percentages may vary for some counts, because
of missing values. ACE-I = ace inhibitor; ARB = angiotensin Il receptor blocker; CABG = coronary ar-
tery bypass grafting; COPD = chronic obstructive pulmonary disease; CRP = C-reactive protein; CRT =
cardiac resynchronization therapy; CVA = cerebrovascular accident; HFPEF = heart failure with pre-
served ejection fraction; HsTNT = high sensitive cardiac troponin T; ICD = implantable cardioverter /
defibrillator; LVEF = left ventricular ejection fraction; NT-proBNP = N-terminal pro-B-type natriuretic
peptide NYHA = New York heart association; PCl = percutaneous coronary intervention.

* Baseline echocardiograms were available in 72% of all patients because of logistic reasons.

Clinical endpoints

The primary, composite endpoint was reached by 41 patients (16%), during a me-
dian follow-up of 0.9 [0.6-1.4] years: 5 patients died from a cardiovascular cause,
35 patients were re-hospitalized for worsened HF and 1 patient underwent heart
transplantation. Of the 35 patients reaching the primary endpoint because of
re-hospitalization for HF, 16 patients died eventually during further follow-up, of
whom 12 died from a cardiovascular cause. Overall all-cause mortality was thus 21
(8.0%).
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Of all baseline variables, NYHA class (HR 1.98; Cl 1.24 — 3.16 for llI/IV vs I/11),
baseline NT-proBNP (HR per two-fold difference of baseline NT-proBNP 1.42; Cl 1.09
—1.86), and baseline CRP (HR per two-fold difference of baseline CRP 1.29; CI 1.05 -
1.60) were independently associated with the primary endpoint. As shown in table
2, none of the baseline miR values were associated with the primary endpoint, or
the secondary endpoint comprising HF hospitalizations only.

Table 2 — Associations between baseline miRs and the primary endpoint and secondary endpoint

Primary endpoint Secondary endpoint

HR* (95% Cl) HR (95% Cl)
miR-1254 1.01 (0.92-1.09) 0.91 1.00 (0.91-1.09) 0.99
miR-22-3p 1.02 (0.93-1.12) 0.61 1.00 (0.90-1.09) 0.85
miR-345-5p 0.99 (0.89-1.09) 0.81 0.95 (0.86-1.06) 0.38
miR-378a-3p 1.00 (0.91-1.11) 0.93 0.99 (0.89-1.09) 0.77
miR-423-5p 1.01 (0.91-1.11) 0.92 0.97 (0.87-1.07) 0.53
miR-486-5p 1.04 (0.94-1.15) 0.47 1.00 (0.89-1.11) 0.93
miR-320a 1.04 (0.95-1.13) 0.44 1.02 (0.93-1.12) 0.71

miR = microRNA.

Primary endpoint: cardiac death, cardiac transplantation, left ventricular assist device implanta-
tion, and hospitalization for the management of acute or worsened heart failure; secondary end-
point: hospitalization for the management of acute or worsened heart failure.

* Hazard ratios (HRs) and corresponding confidence intervals (Cls) were calculated using Cox re-
gression analyses and are given per doubling of level of miR.

Temporal miR patterns and the primary endpoint

During follow-up, we collected 923 blood samples, of which 885 were drawn before
the occurrence of the primary endpoint (median of 3 (IQR 2-5) samples per patient).
MiRs were successfully determined in 873 of these samples. The temporal pattern
of miR-22-3p was inversely associated with the primary endpoint (age and gender
adjusted HR per doubling of miR-22-3p level, 0.64; Cl 0.47 - 0.77; p<0.001), i.e.
higher miR-22-3p was associated with lower risk of events (table 3). As described
above, baseline measurements of several miRs were associated with ICM. On the
other hand, NYHA class was independently associated with the primary endpoint.
Therefore, the baseline variables ICM and NYHA class were added to the models.
After adjustment for age, gender, NYHA class and ICM, the association between the
temporal pattern of miR-22-3p and the primary endpoint remained present (HR per
doubling of miR-22-3p level 0.71; Cl 0.44 - 0.94; p=0.005). When serial NYHA class
assessments were added to the model instead of baseline NYHA assessments only,
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Table 3 - Associations between temporal miR patterns and the primary endpoint
miR-1254 miR-22-3p miR-345-5p miR-378a-3p

HR* HR* HR* (95% CI) p
(95% CI1) (95% C1) (95% CI)

Temporal pattern of miR value

Multivariable adjusted”  0.97 0.757 0.71 0.005 1.00 0.921 0.88 0.148
(0.78-1.22) (0.44-0.94) (0.97-1.03) (0.71-1.06)

Adjusted for age and 1.29 0.456 0.20 <0.001 NA NA NA NA
gender (0.75-2.49) (0.09-0.50)

Area under the curve of temporal pattern

Multivariable adjusted”  1.26 0.100 0.99 0.846 NA NA  NA NA
(0.95-1.53) (0.88-0.17)

Table 3 - Associations between temporal miR patterns and the primary endpoint (continued)
miR-423-5p miR-486-5p miR-320a

HR* HR* (95% Cl) p
(95% C1) (95% CI1)

Temporal pattern of miR value

Multivariable adjusted ¥ 1.00 0.845 1.00 0.380 1.01 0.896
(0.95-1.08) 0.99-1.01) (0.78-1.22)

Adjusted for age and gender NA NA NA NA 0.51 0.012
(0.29-0.90)

Area under the curve of temporal pattern

Multivariable adjusted ¥ NA NA NA NA 1.19 0.330
(0.88-1.44)

miR = microRNA.

* Hazard ratios (HRs) and corresponding 95% confidence intervals (Cls) are given per doubling of

value, slope or area under the curve at any point in time.

¥ Adjusted for age, gender, New York Heart Association class and ischemic cardiomyopathy.
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the association between miR miR-22-3p and the primary endpoint also remained
present (HR per doubling of miR-22-3p level, 0.52; CI 0.44 - 0.61; p<0.001). The
temporal patterns of the other 6 miRs were not significantly associated with the
primary endpoint.

Baseline echocardiograms were available in 72% of all patients due to logistic
reasons. After correction for left ventricular ejection fraction in this subgroup,
miR-22-3p remained significantly associated with the primary endpoint (HR per
doubling of miR-22-3p level, 0.91; Cl 0.85 - 0.95; p<0.001).

Figure 3 shows that in the patients who reached the endpoint, miR-22-3p values
declined as this endpoint approached, while in the patients who did not reach the
endpoint, miR-22-3p values remained stable.

Slope and area under the curve of the temporal miR patterns and the
primary endpoint

The hazard ratios for the doubling of the slopes and areas under the curve of the
temporal miR patterns are displayed in table 3. For 4 of the miRs (miR-345-5p, miR-
378a-3p, miR-423-5p, and miR-486-5p), slopes remained virtually constant over
time, and hazard ratios were not calculable. The slope of the temporal pattern of
miR-22-3p was inversely associated with the primary endpoint after multivariable
adjustment (HR per doubling of miR-22-3p slope at any given time point, 0.33; Cl
0.20-0.51; p<0.001), while the slopes of the patterns of miR-1254 and miR-320a
were not. None of the areas under the curves of the temporal miR patterns were
associated with the primary endpoint.

Temporal patterns of miRs, NT-proBNP, Hs-TNT and CRP combined in a
multiple-marker model

After constructing the multivariable models that corrected for age, sex, ICM and
NYHA class, we proceeded to additionally adjust the association between the
temporal miR-22-3p pattern and the primary endpoint for temporal patterns of
the other biomarkers which were measured in this study (NT-proBNP, HsTNT and
CRP). We did this by entering the multivariably adjusted temporal pattern of miR-
22-3p, as well as the multivariably adjusted temporal patterns of NT-proBNP, HSTNT
and CRP simultaneously into one model. We found an independent association of
miR-22-3p (HR per doubling of miR-22-3p level at any given time point, 0.61; CI
0.51-0.73; p<0.001) with the primary endpoint. Temporal patterns of NT-proBNP
and CRP level were also independently associated with the primary endpoint in the
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multiple-marker model (HRs: 1.34 (1.04-1.71) and 2.14 (1.59-2.88), respectively),
while the temporal pattern of HsTNT was not (HR: 1.30 (0.91-1.84)). The slope of
the temporal pattern of miR-22-3p also remained significantly associated with the
primary endpoint after adjustment for the slopes of the temporal patterns of NT-
proBNP, Troponin T and CRP (HR per doubling of miR-22-3p slope at any given time
point, 0.55 (0.46—0.65); p<0.001).

Repeated miR measurements and other biomarkers

Associations between repeatedly measured miR and repeatedly measured NT-
proBNP, HSTNT and CRP, calculated using generalised estimating equations, are
displayed in table 4. Of note are the significant inverse associations between miR-
345-5p and CRP (B-coefficient [95%Cl]: -0.04 [-0.07 — -0.01] 10log(mg/L) per 10log
increase in miR-345-5p level; p=0.012) and miR-22-3p and HsSTNT (B-coefficient
[95%Cl]: -0.01 [-0.02 — -0.00] 10log(mg/L) per 10log increase in miR-22-3p level;
p=0.014; as well as the borderline significant inverse association between miR-
22-3p and CRP (B-coefficient [95%Cl]: -0.02 [-0.04 — 0.00] 10log(mg/L) per 10log
increase in miR-22-3p level; p=0.051). No further associations between repeatedly
measured miR and repeatedly measured NT-proBNP, HSTNT and CRP were found.

Table 4 — Associations between repeatedly measured miRs and B-type natriuretic peptide, high
sensitive cardiac troponin T and C- reactive protein

NT-proBNP
Beta coefficient Beta coefficient Beta coefficient
(95% Cl) (95% CI) (95% CI)
miR-1254 0.07 (-0.05-0.02) 0.27 0.00(-0.01-0.01) 0.59  0.00(-0.02-0.02) 0.92
miR-22-3p  -0.01 (-0.022 —-0.00) 0.14 -0.01(-0.02 --0.00) 0.014 -0.03(-0.06 —0.00) 0.051
miR-345-5p -0.04 (-0.02 - 0.01) 0.57 -0.01(-0.02-0.01) 0.35 -0.04(-0.07 --0.01) 0.012
miR-378a-3p -0.01 (-0.02 —0.00) 0.12 0.00(-0.01-0.01) 091 -0.02(-0.04-0.01) 0.27
miR-423-5p  0.00 (-0.02 - 0.01) 0.81 -0.01(-0.02—0.00) 0.17  -0.01(-0.04-0.03) 0.63
miR-486-5p -0.01 (-0.02 - 0.01) 0.43 -0.01(-0.02-0.01) 0.37 -0.03(-0.06 —0.00) 0.070
miR-320a 0.00 (-0.01-0.02) 0.69 0.00(-0.01-0.01) 0.74  0.01(-0.02-0.03) 0.71

Beta coefficients and corresponding 95% confidence intervals (Cls) were calculated using gener-
alised estimating equations with 10log transformed microRNAs (miRs) as independent variables
and 10log transformed N-terminal pro-B-type natriuretic peptide (NT-proBNP), high sensitive car-
diac troponin T (HsTNT) and C- reactive protein (CRP) as dependent variables.
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DISCUSSION

In this prospective, observational cohort of CHF patients, temporal miR-22-3p
patterns were inversely and independently associated with adverse outcome. The
association was independent of temporal NT-proBNP, HSTNT and CRP patterns. The
instant rate of change in miR-22-3p level (in terms of the slope of the temporal
pattern) was also inversely associated with adverse outcome. Moreover, we found
inverse associations of temporal patterns of miR-22-3p with temporal patterns of
HsTNT and CRP. An additional finding of this study was the significant, inverse as-
sociation between ICM and miR-1254, miR486-5p and miR-320a.

Our study has several strengths. Although the number of incident endpoints was
limited, this is the largest study to date that has examined miRs in a prospective
cohort of patients with chronic HF. NT-proBNP, HsTNT and CRP were measured
concomitantly, and, in addition, frequent repeated measurements were performed
during follow-up, both of the miRs and of the established blood biomarkers. Statisti-
cal models containing all these, repeatedly measured, biomarkers were constructed
and modern statistical methods were applied (‘joint modelling’), which take into
account the continuous, dynamic changes in biomarker patterns and thus result in
less bias than simpler analyses such as delta’s between two measurements. Here-
with, the study expands existing evidence with regard to miRs and cardiovascular
disease in several respects.

MiR-22-3p has previously received attention in the cancer field; it has been
implicated in the regulation of various cellular processes, including cell growth,
apoptosis, motility, and the cell cycle.31 With regard to cardiovascular disease,
fundamental experiments have demonstrated that expression of miR-22-3p is en-
riched in striated muscle tissues (i.e. cardiac and skeletal muscles); and miR-22-3p
is thought to be required for normal cardiac remodeling in response to stresses.32
A recent study in miR-22 deficient mice demonstrated that miR-22 depleted hearts
quickly progress to adverse cardiac remodeling and develop cardiac dilation, with
increased cardiomyocyte loss and deposition of fibrotic tissue, and signs of heart
failure.33 Another study also found that mice without miR-22 develop dilatation
of myocardium more quickly.34 Interestingly, several animal models have shown
that miR-22 may potentially serve as a therapeutic target in cardiac hypertro-
phy.33 Recently, Gupta et al found that pharmacological inhibition of miR-22
post-infarction activated cardiac autophagy, led to improved cardiac function, and
inhibited cardiac remodeling in older mice.35 They also found that circulating miR-
22 provides prognostic information in HF patients. Specifically, they demonstrated
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an association between higher baseline levels of circulating miR-22 and mortality
in154 HF patients. Repeated measurements were not performed. In the present
study, although we saw a temporal decline of miR-22-3p levels in patients with ad-
verse clinical outcome, we could not demonstrate a significant association between
higher baseline miR-22-3p and clinical outcome. The shorter follow-up duration
of our study (median of approx. 1 year, versus 3 years follow-up in the study of
Gupta et al) may have contributed to this. Furthermore, in an earlier study, Goren
et al, demonstrated that elevated serum levels of miR-22-3p identify patients with
systolic heart failure using 30 stable chronic systolic heart failure patients and 30
controls.24 This seeming discrepancy with our study could possibly be explained
by differences in study design. While Goren et al focused on diagnostic properties
of miR-22-3p by comparing cases and controls, we focused on prognostic value of
miR-22-3p in patients with established CHF. To the best of our knowledge, other
cardiovascular studies on miR-22-3p in human subjects are lacking. Altogether, our
study is in line with previous fundamental experiments which demonstrated that
loss of miR-22-3p leads to dilatation of myocardium and progressive HF. Our study
confirms that lower levels of miR-22-3p are associated with worsening of CHF, and
that miR-22-3p may complement established HF biomarkers in prognostication.

Previously, several studies using animal models have shown decreased levels
of miR-378a-3p during cardiac remodelling36 and in HF due to cardiac hypertro-
phy.37-39 Furthermore, a significant down-regulation of miR-378a-3p in hearts
with dilated cardiomyopathy compared to non-failing control hearts has been
observed.23 Since the presence of miR-378a-3p is required to resist ventricular
remodeling during cardiac stress, it may offer therapeutic potential for the man-
agement of HF.38 It has been suggested, that up-regulation of miR-378a-3p could
serve as a potential novel treatment for apoptosis and ischemic heart disease,
since up-regulation of this miR enhanced cell viability, and inhibited apoptosis and
necrosis in myocardium of rats.40 In the current study, we also observed a tendency
towards an inverse association between the temporal pattern of miR378a-3p and
the primary endpoint in univariable models. These results concur with the afore-
mentioned studies.

Another miR that has previously been associated with HF, is miR-423-
5p.19,21,22,24 However, in our study, there was no association between the tempo-
ral pattern of miR-423-5p and the primary endpoint. Existing studies on miR-423-5p
in humans all compared single measurements in (C)HF patients with measurements
in healthy controls, and imply that this miR has diagnostic value for HF.19,21,24 We
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did not evaluate the diagnostic value of miRs, but the prognostic value of serial miR
measurements in patients with known CHF. Although miR-423-5p may discriminate
between HF patients and healthy controls, it may lack prognostic value in patients
with longstanding CHF. Earlier findings support this hypothesis.20 Bauters et al seri-
ally measured serum levels of circulating miR-423-5p in 246 patients with a first
anterior Q-wave myocardial infarction, at discharge and subsequently at 3 months
and 1 year. They found no association between miR-423-5p levels and indices of left
ventricular function and left ventricular remodeling, which were serially assessed
during a 1-year period after the index myocardial infarction, nor with B-type natri-
uretic peptide. They concluded that miR-423-5p is not a useful biomarker of left
ventricular remodeling after myocardial infarction.20

The selection of the miRs for the current investigation was based on previous
studies, which used animal models and relatively small patient groups. Some of
these studies have shown associations between miR-1254, miR-345-5p, miR-486-
5p and miR-320a and heart failure.19,21,24,41,42 Again, these were mostly studies
that compared HF patients to healthy controls. In our study, we did not find any as-
sociations between these miRs and poor outcome in CHF. Multiple other miRs, such
as miR-133a,43 have previously been associated with HF.44 Serial measurements
of these other miRs, which were not investigated in this study, warrant further
investigation. This could lead to further improvements in CHF prognostication, as
well as tailored adjustment of treatment.

Some aspects of this study warrant consideration. For the current investigation
we only used the first round of inclusions of the ongoing Bio-SHiFT study (n=263).
It should be noted that the full Bio-SHiFT cohort is designed to have sufficient
statistical power to enable correction for multiple testing in case of application
of modern, large-scale biomarker measurement methods. However, the current
investigation examines only 7 miRs, which were chosen based on pathophysiologi-
cal considerations. Thus, the current investigation was hypothesis-driven and not
data-driven, rendering correction for multiple testing unnecessary in this particular
case. Furthermore, with an average follow-up ~1 year, the number of primary
endpoints in the current investigation (n=41) was limited, and consequently so
was the number of covariables that could be entered into the models. The lack of
a replication population is another limitation of the study. Finally, the majority of
the patient population was in NYHA functional class | or I, and thus at relatively
low risk. Accordingly, the primary outcome was predominantly composed of heart
failure hospitalizations. This may have hampered the prognostic information of the
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other miRs tested in this study. Future studies using high-risk patient populations
should therefore re-investigate the prognostic information carried by repeated as-
sessment of these miRs.

Remarkably, in the present study, the rate of HFPEF was very low compared to
other epidemiological studies. This can most likely be attributed to the fact that in
the Netherlands, most HFPEF patients are treated by the general practitioner or in
secondary referral centres, while the current study was performed in two centres
which were both tertiary referral centres. Potential inclusion bias is not a likely
reason for the low HPEF rate, because consecutive patients were screened in both
participating centres. Moreover, the number of patients on vitamin K antagonists
was quite high in this study, most likely due to the high number of patients with left
ventricular aneurysms and thrombi, as well as the high number of patients with
atrial fibrillation.

In conclusion, in patients with stable CHF, the temporal pattern of circulating
miR-22-3p is a strong and independent predictor of prognosis. Thus, the use of
individual patterns of change of circulating miR-22-3p for CHF prognostication, as
well as for tailored adjustment of treatment, warrants further investigation.
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Supplemental table — Associations between baseline characteristics and miRNAs measured at
baseline

miR1254a miR345-5p miR378
Beta Beta Beta Beta
coefficient coefficient coefficient coefficient
(95% ClI) (95% CI) (95% CI) (95% ClI)
Age* 0.02 0.44 -0.04 0.16  0.00 0.88 -0.02 0.34
(-0.03 - 0.08) (-0.09 -0.01) (-0.04 - 0.05) (-0.07 - 0,03)

BMI 0.00 0.82 0.2 012 001 0.45 0.01 0.49
(-0.03 - 0.03) (-0.01-0.05) (-0.02 - 0.03) (-0.02 - 0.04)

SBP* -0.01 044 -0.01 062 -0.01 033 -0.02 0.14
(-0.05 - 0.02) (-0.04 - 0.03) (-0.04 - 0.01) (-0.06 - 0.01)

NYHAI/V  -0.10 054 -0.27 0.086 -0.14 032 -0.24 0.093
(-0.41-0.21) (-0.57 - 0.04) (-0.40-0.13) (-0.53 - 0.04)

HCVIP 0.31 013 -0.25 021 -0.03 0.86 0.01 0.95
(-0.09 - 0.72) (-0.65 - 0.14) (-0.38-0.32) (-0.36 - 0.39)

DM 0.00 097 -0.01 0.93 -0.04 0.76  0.03 0.82
(-0.30-0.29) (-0.31-0.28) (-0.29-0.22) (-0.24-0.31)

Ever-smoker 0.13 0.44 -0.16 029 -0.06 067 -0.04 0.80
(-0.14 - 0.44) (-0.46 — 0.14) (-0.31-0.20) (-0.32-0.25)

Beta coefficients and corresponding 95 % confidence intervals (Cls) were calculated using linear
regression with the 10log transformed microRNAs (MIRs) as dependent variables.

BMI = body mass index; COPD = chronic obstructive pulmonary disease; DBP = diastolic blood
pressure; DM = diabetes mellitus; HCMP = hypertensive cardiomyopathy; HR = heart rate; HT =
hypertension; ICMP = ischemic cardiomyopathy; NYHA = New York heart association class; SBP =
systolic blood pressure;

* Per 5 points increase

N
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Supplemental table — Associations between baseline characteristics and miRNAs measured at
baseline (continued)

miR423-5p miR486-5p miR320
Beta coefficient Beta coefficient Beta coefficient
(95% Cl) (95% Cl) (95% Cl)
Age* -0.03 0.31 -0.02 0.52 0.00 0.87
(-0.08 - 0.02) (-0.06 —0.03) (-0.04 - 0.06)

BMI 0.00 0.92 0.01 0.44 0.00 0.76
(-0.03 -0.03) (-0.02 - 0.03) (-0.02 - 0.03)

SBP* -0.02 0.30 -0.02 0.28 -0.01 0.42
(-0.05-0.01) (-0.05 - 0.01) (-0.05 - 0.02)

NYHA llI/V -0.09 0.54 -0.09 0.52 -0.02 0.91
(-0.38 - 0.20) (-0.36-0.18) (-0.33-0.29)

HCMP -0.10 0.61 0.17 0.33 0.17 0.41
(-0.47 - 0.28) (-0.18-0.53) (-0.23-0.57)

DM -0.03 0.84 0.03 0.84 -0.11 0.49
(-0.30-0.25) (-0.23 -0.29) (-0.41-0.19)

Ever-smoker -0.07 0.65 0.00 0.99 0.08 0.60
(-0.35-0.22) (-0.27-0.27) (-0.22-0.39)

Beta coefficients and corresponding 95 % confidence intervals (Cls) were calculated using linear

regression with the 10log transformed microRNAs (MIRs) as dependent variables.

BMI = body mass index; COPD = chronic obstructive pulmonary disease; DBP = diastolic blood

pressure; DM = diabetes mellitus; HCMP = hypertensive cardiomyopathy; HR = heart rate; HT =

hypertension; ICMP = ischemic cardiomyopathy; NYHA = New York heart association class; SBP =

systolic blood pressure;

* Per 5 points increase
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ABSTRACT

Renal dysfunction is an important component of chronic heart failure (CHF), but
its single assessment does not sufficiently reflect clinically silent progression of
CHF prior to adverse clinical outcome. Therefore, we aimed to investigate tem-
poral evolutions of glomerular and tubular markers in 263 stable patients with
CHF, and to detl6ermine if their patient-specific evolutions during this clinically
silent period can dynamically predict clinical outcome. We determined the risk
of clinical outcome (composite endpoint of Heart Failure hospitalization, car-
diac death, Left Ventricular Assist Device placement, and heart transplantation)
in relation to marker levels, slopes and areas under their trajectories. In each
patient, the trajectories were estimated using repeatedly measured glomerular
markers: creatinine/estimated glomerular filtration rate (eGFR), cystatin C
(CysC), and tubular markers: urinary N-acetyl-beta-D-glucosaminidase (NAG)
and kidney injury molecule (KIM)-1, plasma and urinary neutrophil gelatinase-
associated lipocalin (NGAL). During 2.2 years of follow-up, we collected on
average 8 urine and 9 plasma samples per patient. All glomerular markers
predicted the endpoint (univariable hazard ratio [95% confidence interval]
per 20% increase: creatinine: 1.18 [1.07-1.31], CysC: 2.41[1.81-3.41], and per
20% eGFR decrease: 1.13[1.05-1.23]). Tubular markers, NAG, and KIM-1 also
predicted the endpoint (NAG: 1.06[1.01-1.11] and KIM-1: 1.08[1.04-1.11]).
Larger slopes were the strongest predictors (creatinine: 1.57[1.39-1.84],
CysC: 1.76 [1.52-2.09], eGFR: 1.59[1.37-1.90], NAG: 1.26[1.11-1.44], and
KIM-1: 1.64[1.38-2.05]). Associations persisted after multivariable adjustment
for clinical characteristics. Thus, during clinically silent progression of CHF,
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glomerular and tubular functions deteriorate, but not simultaneously. Hence,
patient-specific evolutions of these renal markers dynamically predict clinical
outcome in patients with CHF.

INTRODUCTION

Heart failure (HF) is the leading cause of hospitalization worldwide.! Despite de-
clines in HF-related mortality as a result of current therapies, re-hospitalization
rates for decompensation of chronic heart failure (CHF) remain high.*? Several
blood biomarkers that predict re-hospitalization and mortality have been identified
in patients with CHF.? Still their predictive capabilities in practice are limited, and
adequate risk assessment remains a challenge.’ Estimation of renal dysfunction,
which coexists and interacts with HF,®> may improve risk stratification. Baseline
glomerular dysfunction, as assessed by estimated glomerular filtration rate (eGFR),
entails an unfavorable prognosis in CHF.*® Besides glomerular impairment, such
patients often have tubular damage due to tubulo-interstitial injury by renal tissue
hypoperfusion or due to damaged glomerular barrier.”® Notably, a single assessment
of damaged tubules predicts adverse outcome in CHF independently of eGFR.>™"

It is clear that both glomerular and tubular function are important in patients
with CHF, but their single assessment does not sufficiently reflect deterioration
along the cardiorenal axis that occurs over time preceding adverse events. Yet the
temporal evolution of renal function preceding the event may dynamically ascertain
the clinically silent progression of the disease. Specifically, it would enable accurate
investigation of whether, and to which degree, increasing (or decreasing) levels of
renal biomarkers contribute to the patient’s risk, regardless of whether these levels
exceed established cut points at study baseline (i.e., a random point in time prior
to event).

In the context of cardio-renal interplay, patients with CHF also display large bio-
logical heterogeneity. Renal function not only changes dynamically within a patient
over time, but also differs from patient to patient. Hence, the true potential of renal
markers in ascertaining individual disease progression and their accurate relation
with clinical outcome can only be revealed if their patient-specific evolutions are
considered. However, detailed individual temporal evolutions of renal function in
CHF have never been described.

To overcome theseissues, our aim was 2-fold: (i) to investigate the average (popula-
tion) temporal evolutions of glomerular function (measured with plasma creatinine
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[Cr], eGFR, and cystatin C [CysC]) and tubular status (measured with urinary kidney
injury molecule [KIM]-1, N-acetyl-beta- D-glucosaminidase [NAG], and urinary and
plasma neutrophil gelatinase-associated lipocalin [NGAL]) in stable patients with
CHF; and (ii) to determine whether patient-specific (individual) evolutions of these
renal biomarkers during a clinically silent period can dynamically predict clinical
outcome. For this purpose we examined several aspects of the temporal evolution
of each renal biomarker that may be relevant for clinical prediction.

RESULTS

Baseline characteristics

Table 1 displays the baseline characteristics. At baseline, patients who later experi-
enced the endpoint were older; more frequently had diabetes and atrial fibrillation;
had lower systolic blood pressure, higher New York Heart Association (NYHA) class,
higher levels of N-terminal prohormone of brain natriuretic peptide (NT-proBNP),
cardiac troponin T, CysC, urinary N-acetyl-beta-D-glucosaminidase (NAG), and
plasma urinary neutrophil-gelatinase-associated-lipocalin (NGAL); and were more
frequently on diuretics than the patients who remained endpoint-free.

Follow-up and study endpoints

From 263 patients with CHF, a total of 1912 urine and 1984 blood samples were
collected with a median (interquartile range, IQR) of 8 (5-10) urine and 9 (5-10)
plasma samples per patient. During a median (IQR) follow-up of 2.2 (1.4-2.5) years,
70 (27%) patients reached the primary endpoint: 56 patients were re-hospitalized
for acute or worsened HF, 3 patients underwent heart transplantation, 2 patients
underwent left ventricle assist device (LVAD) placement, and 9 patients died of
cardiovascular causes.

Temporal evolution of glomerular function

Creatinine and eGFR. In patients who reached the composite endpoint, Cr levels
on average showed an increasing pattern over time preceding the endpoint. In
endpoint-free patients Cr levels were lower and remained stable during follow-up
(Figure 1a). eGFR displayed similar dynamics (Figure 1b). Independently of baseline
levels, repeatedly measured Cr and eGFR predicted the endpoint (per 20% increase
of Cr levels: hazard ratio [95% confidence interval] 1.18 [1.07-1.31], P = 0.004, and
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Table 1 | Patient characteristics in relation to the occurrence of the composite endpoint

Composite endpoint reached

Variable ———————————— Pvalue
Yes No

N (%) 263 (100) 70 (27) 193 (73)

Age, yr (mean £ SD) 67 +13 69+13 66+ 12 0.05

Clinical characteristics

Heart rate, bpm (mean £ SD) 67 +12 69 +13 67 +11 0.31

DBP, mm Hg (mean * SD) 72+11 70+10 73+11 0.06

NYHA class Il or IV, n (%) 69 (26) 31 (44) 38 (20) <0.001

HF-pEF n (%) 13 (5) 4 (6) 9(5)

NT pro-BNP (pmol/I)* 137.3 (51.7-272.6)  282.4(176.4-517.4) 95.3 (31.72-207.7)  <0.001

Etiology of heart failure, n (%)

Hypertension 34 (13) 10 (14) 24 (12) 0.70

Cardiomyopathy 68 (26) 15 (21) 53(28) 0.32

Medical history, n (%)

Prior PCI 82 (31) 27 (39) 55 (28) 0.12

Atrial fibrillation 106 (40) 36 (51) 70 (36) 0.03

Hypercholesterolemia 96 (36) 30 (43) 66 (34) 0.20

COPD 31(12) 12 (17) 19 (10) 0.10

Beta-blocker 236 (90) 61 (87) 175 (91) 0.40

Diuretics 237 (90) 68 (97) 169 (88) 0.02

Thiazides 7(3) 3(4) 4(2) 0.28
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Table 1 | Patient characteristics in relation to the occurrence of the composite endpoint (continued)
Composite endpoint reached
Variable Total ———————— Pvalue
Yes No

Glomerular function markers*

eGFR, ml/min per 1.73m’ 58 (43-76) 53 (40-73) 59 (44-77) 0.16

KDOAQI classification, n (%)

eGFR 60-89 ml/min per 1.73m> 95 (36) 20 (28) 75 (39)

eGFR < 30 ml/min per 1.73m> 21 (8) 6(9) 15 (8)

NAG, U/gCr (urine) 5.9 (3.8-9.3) 8.0 (6.0-11.0) 5.1 (3.3-8.0) <0.001

NGAL, pg/gCr (urine) 17.4 (9.2-32.6) 18.2 (10.0-50.5) 17.4 (9.0-31.4) 0.20

ACE-|, angiotensin-converting enzyme inhibitors; ARB, angiotensin Il receptor blockers; BMI, body
mass index; bpm, beats per minute; CABG, coronary artery bypass grafting; COPD, chronic ob-
structive pulmonary disease; CVA, cerebrovascular accident; DBP, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HF-pEF, heart failure with preserved ejection fraction; HF-rEF,
heart failure with reduced ejection fraction; LVEF, left ventricular ejection fraction; Ml, myocardial
infarction; NYHA, New York Heart Association; PCl, percutaneous coronary intervention; SBP, sys-
tolic blood pressure; TIA, transitory ischemic attack.

Normally distributed continuous variables are presented as mean + SD, and non-normally distrib-
uted variables as median and interquartile range. Categorical variables are presented as numbers
and percentages.

*All biomarkers levels were presented as median (interquartile range).

per 20% eGFR decrease: 1.13 [1.05-1.1.23], P = 0.002) (Table 2). Similarly, their
larger slopes and larger area under the curve of the marker’s trajectory (AUCm)
predicted the endpoint (per 20% increase of Cr slope: 1.57 [1.39-1.84], P < 0.001,
per 20% decrease of eGFR slope: 1.59 [1.37-1.90], P < 0.001) (per 20% increase
of Cr’'s AUCm: 1.10 [1.03-1.18], P = 0.010, and eGFR’s AUCm: 1.07 [1.02-1.11],
P < 0.001). These risk estimates remained significant even after adjustment for
clinical characteristics and dose changes of HF medications during followup. After
adjustment for cardiac markers, Cr’s levels and AUCm lost precision, whereas eGFR
remained significant (Table 2). Table S1 shows similar results for HF hospitalizations
(secondary endpoint).

N
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Figure 1 | Average evolution of glomerular function markers during follow-up. Average evolution
in patients who reached the study endpoint (solid red line), and in endpoint-free patients (solid
blue line). Dashed lines represent the 95% confidence interval. X-axis depicts the time from base-
line (left part of the x-axis), and time remaining to the event (patients who experienced incident
events) or last sample moment (patients who remained event-free; right part of the x-axis). Bio-
marker levels are presented on the y-axis. (a) Creatinine (mg/dl). (b) eGFR (ml/min per 1.73 m?).
(c) Cystatin C (ug/ml). BL, baseline; pts., patients.

Cystatin C. In patients who reached the composite endpoint, CysC showed on
average higher baseline levels that increased further as the endpoint approached.
In endpoint-free patients, CysC levels were lower and slightly decreased during
follow-up (Figure 1c). Independently of baseline levels, CysC levels at any time dur-
ing follow-up were associated with the endpoint (per 20% increase of CysC levels:
2.41 [1.81-3.41], P < 0.001) (Table 2). Similarly, larger slope and larger AUCm pre-
dicted the endpoint (1.76 [1.52-2.09], P < 0.001 and 1.32 [1.17-1.54], P < 0.001).
These risk estimates remained significant after multivariable adjustments (Table 2).
Supplementary Table S1 shows similar results for HF hospitalizations.
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Table 2 | Associations between glomerular function markers and the composite endpoint
Creatinine eGFR Cystatin C
HR (95% Cl) Pvalue HR (95% Cl) Pvalue HR (95% Cl) P value

Baseline level”

Model B 1.02 (0.97-1.07) 0.49  1.02(0.97-1.06) 0.48  1.07 (1.02-1.12) 0.007

Temporal evolution®

Model 1 1.18(1.07-1.31) 0.004 1.13(1.05-1.23) 0.002  2.41(1.81-3.41) <0.001

Model 3 1.05(0.96-1.15) 0.28 1.09 (1.04-1.14) <0.001 1.63(1.35-2.30) <0.001

Annual slope

Model 2 1.65(1.40-1.98) <0.001 1.64(1.38-2.02) <0.001 2.00(1.66-2.51) <0.001

Model 4 1.28 (1.16-1.43) <0.001 1.18 (1.07-1.31) 0.001  1.63 (1.50-1.77) <0.001

Model 1 1.10(1.03-1.18) 0.010  1.07(1.02-1.11) <0.001 1.32(1.17-1.54) <0.001

Model 3 1.04 (0.98-1.10) 0.17 1.06 (1.02-1.10) <0.001 1.17(1.08-1.28) <0.001

AUCm, area under the curve of marker’s trajectory; Cl, confidence interval; eGFR, estimated glo-
merular filtration rate; HR, hazard ratio; LME, linear mixed effects.

®HRs and 95% Cls are given per 20% increase of creatinine and cystatin C, and 20% eGFR decrease.
Model A is unadjusted. Model B is adjusted for age, sex, diabetes, atrial fibrillation, baseline New
York Heart Association class, diuretics, and systolic blood pressure. Model C is adjusted for base-
line NT-proBNP and hs-cTnT.

°HRs and 95% Cls are given per 20% increase of the level, slope, and AUCm of creatinine and cys-
tatin C, and 20% decrease of the level, slope, and AUCm of eGFR. Model 1 is Cox model—adjusted
for marker’s baseline levels and LME model—adjusted for sampling time. Model 2 is Cox and LME
model—adjusted for the clinical variables age, sex, diabetes, atrial fibrillation, baseline New York
Heart Association class, diuretics, systolic blood pressure, and sampling time (LME). Model 3 is
Cox and LME model—-adjusted for baseline NT-proBNP and hs-cTnT and sampling time (LME).
Model 4 is time-dependent Cox—adjusted for total daily equivalent doses of carvedilol, enalapril,
furosemide, and spironolactone during follow-up.

Temporal evolution of tubular function

Overall, we found substantial associations between NAG, KIM-1, and NGAL, but only
mild associations between these tubular markers and glomerular function markers
(namely CysC), when assessed during follow-up (Table S2).

N
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Figure 2 | Average evolution of tubular markers urinary NAG and KIM-1 during follow-up. For de-
scription see Figure 1. Dashed black lines represent the biomarkers’ reference values. (a) Urinary
N-acetyl-beta-D-glucosaminidase (NAG) (U/gCr). (b) Urinary kidney injury molecule-1 (KIM-1)
(ng/gCr). BL, baseline; pts., patients.

Urinary NAG. In patients who reached the composite endpoint, NAG showed on
average higher baseline levels that increased further as the endpoint approached.
In endpoint-free patients, NAG levels were lower and decreased during follow-up
(Figure 2a). Independently of baseline levels, higher NAG levels at any time during
follow-up were associated with the endpoint (per 20% increase of NAG levels: 1.06
[1.01-1.11], P = 0.018). Similarly, larger NAG slope predicted the endpoint (1.26
[1.11-1.44], P = 0.004).These risk estimates remained significant after multivariable
adjustments, except for NAG slope that became insignificant after controlling for
cardiac markers (Table 3). Table S3 shows similar results for HF hospitalizations,
except for NAG levels that lost significance after adjusting for cardiac markers.

Urinary KIM-1. In patients who reached the composite endpoint, KIM-1 levels
showed an average increasing pattern over time preceding the endpoint. In end-
point-free patients, KIM-1 levels were lower and slightly decreased during followup
(Figure 2b). Independently of baseline levels, higher KIM-1 levels at any time during
follow-up were associated with the endpoint (per 20% increase of KIM-1 levels: 1.08
[1.04-1.11], P < 0.001). Similarly, larger KIM-1 slope predicted the endpoint (1.64
[1.38-2.05], P < 0.001). These risk estimates remained significant after multivari-
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able adjustments (Table 3). Table S3 shows similar results for HF hospitalizations,
except for KIM-1 levels that lost significance after adjusting for cardiac markers.

Table 3 | Associations between tubular markers, urinary NAG and KIM-1, and the composite end-
point

Urinary NAG Urinary KIM-1

HR (95% Cl) P value HR (95% Cl) P value

Baseline levels®

Model B 1.06 (1.03-1.09) <0.001 1.01 (0.99-1.03) 0.26

Temporal evolution®

Model 1 1.06 (1.01-1.11) 0.018 1.08 (1.04-1.11) <0.001

Model 3 1.05 (1.00-1.10) 0.048 1.04 (1.01-1.07) 0.016

Annual slope

Model 2 1.50 (1.18-2.00) 0.002 1.78 (1.41-2.39) <0.001

Model 4 1.10 (1.02-1.20) 0.009 1.12 (1.04-1.20) 0.002

Model 1 1.02 (0.99-1.05) 0.11 1.01 (0.99-1.02) 0.23

Model 3 1.01 (0.98-1.05) 0.33 1.01(0.99-1.02) 0.38

AUCm, area under the curve of marker’s trajectory; Cl, confidence interval; HR, hazard ratio; KIM-
1, kidney injury molecule-1; LME, linear mixed effects; NAG, N-acetyl-beta-D-glucosaminidase.
®HRs and 95% Cls are given per 20% increase of urinary NAG and KIM-1. Model A is unadjusted.
Model B is adjusted for age, sex, diabetes, atrial fibrillation, baseline New York Heart Association
class, diuretics, systolic blood pressure, and estimated glomerular filtration rate. Model C is ad-
justed for baseline NT-proBNP and hs-cTnT.

°HRs and 95% Cls are given per 20% increase of the level, slope, and AUCm of urinary NAG and
KIM-1. Model 1 is Cox model—adjusted for marker’s baseline levels and LME model-adjusted for
sampling time. Model 2 is Cox and LME model-adjusted for age, sex, diabetes, atrial fibrillation,
baseline New York Heart Association class, diuretics, systolic blood pressure, estimated glomeru-
lar filtration rate, and sampling time (LME). Model 3 is Cox and LME model-adjusted for base-
line NT-proBNP and hs-cTnT and sampling time (LME). Model 4 is time-dependent Cox—adjusted
for total daily equivalent doses of carvedilol, enalapril, furosemide, and spironolactone during
follow-up.

N

40



Patient-specific evolution of renal function in chronic heart failure patients dynamically predicts clinical outcome in the
Bio-SHiFT study

Plasma and urinary NGAL. Although baseline plasma NGAL levels were higher
in patients who reached the endpoint, this difference declined during follow-up
(Supplementary Figure S1A). The evolution of urinary NGAL levels of patients
who reached the endpoint and those who did not substantially overlapped during
follow-up (Supplementary Figure S1B). No clear associations were found between
NGAL and primary and secondary endpoints during follow-up (Supplementary
Tables S4 and S5).

Prospective accuracy

Supplementary Table S6 shows the time-dependent area under the receiver operat-
ing curve (AUC) for the different renal markers for the composite endpoint. After
the 1-year collection time period, markers showed reasonably good discriminatory
power both for the 6- and 12-month risk window, with slightly better accuracy for
the 6-month window. The highest accuracy was found for clinical models using
levels of CysC, NAG, and KIM-1 (6-month AUCs: 0.80, 0.81, and 0.80, respectively).

Patient-specific dynamic prediction

Figure S2 shows the temporal patterns of eGFR and NAG in several individual
patients from our cohort, together with their corresponding individual survival
probabilities as estimated by the joint model. The figure shows that each time an
additional measurement is performed in the patient, the individual survival prob-
ability is updated. Specifically, rising marker levels and worsening prognosis can be
seen in the example patients who ultimately reached the composite endpoint ver-
sus stable or decreasing marker levels and more favorable prognosis in the example
patients who stayed event-free.

DISCUSSION

We have shown that in patients with CHF both glomerular function (as assessed by
repeatedly measured creatinine, eGFR, and CysC), and tubular function (as assessed
by repeatedly measured urinary NAG and KIM-1) deteriorate over time preceding
clinical outcome. Importantly, patient-specific trajectories of all glomerular markers
dynamically predicted the event, and CysC was the strongest predictor. Similarly,
patient-specific trajectories of urinary NAG and KIM-1 indicated progression of
tubular damage in patients who later suffered adverse events. No clear associations
were found between repeatedly measured plasma or urinary NGAL and the event.
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Therefore, the current study does not justify its use for clinical prediction in patients
with CHF.

Our findings confirm that renal function is an indivisible component of HF, and
that it is clinically relevant for the monitoring of stable patients with CHF. Impor-
tantly, our results show that temporal changes in renal function remain predic-
tive for clinical outcome despite controlling for NYHA class, cardiac markers and
other clinical features, which suggests that renal dysfunction may drive adverse
clinical outcomes independently of cardiac dysfunction. In addition, the results
demonstrate the predictive value not only of GFR levels (single value or cumulative
effects), but also of GFR slope. These findings are supported by other studies.**°
However, unlike previous studies, our study underscores that GFR evolution should
be assessed as a function of time. In other words, information on early and late GFR
changes,'” as well as the time interval during which GFR was measured, should be
taken into consideration. This recommendation is also supported by recent results
from Damman et al., who found that when eGFR is assessed as a function of time,
any decrease in eGFR will result in increased event rates. In previous studies, deltas
in creatinine or eGFR between any 2 sampling moments were mostly used, which
may have led to bias as a consequence of differences in the time periods (before
the event) in which sampling was performed. In our study, the observations were
made using 2 glomerular markers, creatinine and CysC, which were assessed at
fixed time intervals; using more than twice as many repeated measurements as
previous studies did. Notably, CysC showed the strongest association with adverse
events. Considering that generation of creatinine changes when muscle wasting
occurs with progression of cardiac disease, this can be of particular interest when
renal function is repeatedly assessed in the same individual with CHF. Nonetheless,
this issue requires further exploration.

In the setting of tubular injury, we found not only that patients with CHF experi-
ence tubular damage, but also that the damage progresses over time (months) pre-
ceding a clinical event. This extends previous findings by demonstrating that tubular
markers, which were previously shown to capture acute kidney injury,” are also
clinically relevant in chronic tubular damage in patients with CHF when followed
during a prolonged time period."" To our best knowledge, our study is the first to
simultaneously follow glomerular and tubular markers and to show that glomerular
dysfunction and tubular injury, in most cases, do not progress over time in parallel.
This implies that, although the failing heart affects both renal compartments, the
degree of damage in these compartments is usually not temporally coupled. There-
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fore, they should be viewed as different renal entities in CHF. In addition, when we
examined NAG and KIM-1, we found that NAG levels will rise first, followed by a rise
in KIM-1. This suggests that, although both markers are labeled as “tubular damage
markers,” they reflect different biological aspects of tubular injury, and their values
depend on the moment in time prior to the event at which they are assessed. These
findings are in line with their behavior as previously found. Increased urinary excre-
tion of NAG has been found to occur with abnormal increases in protein traffic
across the proximal tubules as a consequence of a damaged glomerular barrier.**
On the other hand, KIM-1 gene expression has been found to be upregulated in
a dose-dependent manner in response to direct tubular injury.”” KIM-1 also cor-
related strongest with tubular damage as determined by kidney biopsies. It outper-
formed serum creatinine, blood urea nitrogen (BUN), and urinary NAG.'*" Thus, it
appears that NAG is a marker of tubular dysfunction that shows an early initial rise,
while KIM-1 can serve as a quantitative marker of tubular damage, if modeled in a
time-dependent manner. Importantly, both tubular markers are relevant for clinical
outcomes.

The unique advantages of our study include frequent repeated measurements
at pre-specified time intervals (i.e., sampling was not left at the discretion of the
treating physicians) during longer-term follow-up. This allowed us to provide an
unbiased assessment of a patient’s risk by using the complete temporal biomarker
trajectory as assessed over the entire follow-up period. Based on this underlying
trajectory, biomarker levels are used to estimate the risk of future adverse events.*®
Herewith, a window of opportunity may be gained to modify the treatment before
a future event occurs. Joint modeling (JM) of patient-specific marker trajectories
and survival analysis enables us to perform individualized risk predictions based on
individual biomarker values. Subsequently, predictions are dynamically updated to
provide real-time risk assessment whenever extra information is collected.'® Such
dynamic risk profiling can enable physicians to better detect disease progression
and to make wellinformed individualized treatment decisions. Applicability of JM in
daily practice is user-friendly, and an app is already available into which a patient’s
data (baseline and follow-up) can be uploaded (for details please see Figure $3).%

Study limitations

Firstly, our cohort consisted mainly of patients with HF and reduced ejection frac-
tion. The low number of patients with HF and a preserved ejection fraction can
most likely be attributed to the fact that in the Netherlands, most such patients
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are treated by the general practitioner or in secondary referral centers, while the
current study was performed in 2 centers that were both tertiary referral centers.
Potential inclusion bias is not a likely reason for the low HF and preserved ejection
fraction rate, because all consecutive patients were screened in both participating
centers. Secondly, enrolled CHF patients were in a better health condition than
previously reported CHF populations. Yet, we were able to demonstrate, even in
this “less sick” CHF population that evolutions of glomerular and tubular dysfunc-
tion predict clinical outcome. Thus, it is possible that these markers could perform
even better in more sick CHF patients. Thirdly, although we adjusted for several con-
founders, residual confounding may be present. However, we corrected all urinary
markers for concentration or dilution of urine caused by diuretics during follow-up.
Furthermore, treating physicians were blinded to biomarker data to exclude bias
by treatment effect. Finally, although our findings underscore the importance of
regular monitoring of both glomerular and tubular function in CHF, routine evalu-
ation of kidneys should always be seen in the light of the patient’s clinical status.

Altogether, our findings demonstrate that glomerular function (as assessed by
creatinine, eGFR, and CysC), and tubular function (as assessed by urinary NAG and
KIM-1) deteriorate, but not simultaneously, during clinically silent progression of
CHF over time preceding adverse events. Patient-specific temporal evolutions of
these repeatedly measured renal markers dynamically predict clinical outcome in
CHF patients, and are useful for individual risk profiling.

MATERIALS AND METHODS

The Bio-SHIFT study is a prospective, observational cohort study of stable patients
with CHF, conducted at Erasmus Medical Center (Rotterdam, Netherlands) and
Noordwest Ziekenhuisgroep (Alkmaar, Netherlands). Patients were recruited during
their regular visits to the cardiology outpatient clinics of these hospitals. For this
purpose, consecutive patients were screened according to the inclusion and exclu-
sion criteria specified in Supplementary Figure S1, and eligible patients were asked
for informed consent. The main inclusion criteria were age 218 years, capability
of understanding and signing informed consent, and diagnosis of CHF >3 months
ago according to European Society of Cardiology guidelines (Supplementary Figure
S4).*?? patients were ambulatory and stable (i.e., they had not been hospitalized
for HF in the past 3 months). The study was approved by the medical ethics com-
mittees, conducted in accordance with the Declaration of Helsinki, and registered
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with ClinicalTrials.gov (NCT01851538). Written informed consent was obtained
from all patients who participated in the study. This investigation comprised 263
stable patients with CHF enrolled during the first inclusion period (October 2011
until June 2013).

Baseline assessment

All patients were evaluated by research physicians, who collected information on
HF-related symptoms, NYHA class, and performed a physical examination, includ-
ing blood pressure, heart rate, and body mass index. Information on HF etiology,
left ventricular ejection fraction, cardiovascular risk factors, medical history, and
medical treatment was retrieved primarily from hospital records and was checked
if ambiguities were present. History of cardiovascular and other comorbidities was
defined as a clinical diagnosis of these conditions. Non-fasting blood and urine
samples were collected, as described below.

Follow-up and study endpoints

During the study, all patients were routinely followed at the outpatient clinic by
treating physicians who were blinded to biomarker sampling and results. Study
follow-up visits were predefined and scheduled every 3 months (+1 month was
allowed), with a maximum of 10 study follow-up visits. At each study follow-up
visit, a short medical evaluation was performed and samples were collected. All
medication changes and occurrence of adverse cardiovascular events since the
previous visit were recorded in electronic case report forms. During follow-up,
hospitalizations for HF, myocardial infarction, percutaneous coronary intervention,
coronary artery bypass surgery, arrhythmias, cerebrovascular accident, cardiac
transplantation, LVAD implantation, and mortality were recorded in the electronic
case report forms, and associated hospital records and discharge letters were col-
lected. Subsequently, a clinical event committee, blinded to the biomarker sampling
and results, reviewed hospital records and discharge letters and adjudicated the
study endpoints.

The primary endpoint comprised the composite of cardiac death, cardiac trans-
plantation, LVAD implantation, and hospitalization for the management of acute or
worsened HF, whichever occurred first. Secondary endpoints included individual
components of the primary endpoint, and also myocardial infarction, percutaneous
coronary intervention, coronary artery bypass surgery, cerebrovascular accident,
and all-cause mortality. Cardiac death was defined as death from myocardial in-
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farction or other ischemic heart disease (ICD-10: 120-125), death from other heart
disease including HF (130-145 and 147-152), sudden cardiac death (146), sudden death
undefined (R96) or unwitnessed or ill-described death (R98, R99). Hospitalization
for acute or worsened HF was defined as a hospitalization for an exacerbation of
HF symptoms, in combination with 2 of the following: BNP or NT-proBNP > 3x ULN,
signs of worsening HF, such as pulmonary rales, raised jugular venous pressure or
peripheral edema, increased dose or i.v. administration of diuretics, or administra-
tion of positive inotropic agents.”

Blood and urine analysis

Blood and urine samples were collected at baseline and at each study follow-up
visit and were processed and stored at a temperature of —80°C within 2 hours after
collection. The biomarker measurements performed for this study did not lead to
drug adjustments and all patients received usual care. Batch analysis of plasma and
urine samples was performed at HaemoScan BV (Groningen, Netherlands) using
methods described in the supplementary text. All urinary biomarkers were normal-
ized to urinary creatinine concentrations to correct for concentration or dilution of
urine.

GFR was determined by the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation that has been validated in HF patients.”® Patients were catego-
rized using National Kidney Foundation—Kidney Disease Outcome Quality Initiative
(K/DOQY) clinical practice guidelines.”

Statistical analysis

Biomarkers measured at baseline. The association between baseline marker lev-
els and the study endpoint was examined by Cox regression analysis. If skewed,
’log-tranformation of continuous variables was used for further analyses. Analyses
were first performed univariably, then statistical adjustments were performed by
using 2 models: (i) model with biomarker of interest plus clinical variables age, sex,
diabetes, atrial fibrillation, NYHA class, diuretics, systolic blood pressure, and eGFR
(for tubular markers); and (ii) model with biomarker of interest plus biomarkers of
myocardial stretch and damage, NT-proBNP, and hs-cTnT. Data on all variables were
complete, except for systolic blood pressure, which was missing in <5% of patients
and for which imputations were applied using patients’ clinical and outcome data.
The proportional hazards (PH) assumption was evaluated by plotting transformed
Kaplan-Meier estimates, and by evaluating scaled Schoenfeld residuals.

246



Patient-specific evolution of renal function in chronic heart failure patients dynamically predicts clinical outcome in the
Bio-SHiFT study

Repeatedly measured biomarkers. We applied a joint modeling (JM) of linear
mixed-effects (LME) models to assess the true underlying trajectory of a repeat-
edly measured marker, and a Cox survival analysis to analyze the association of this
trajectory with the study endpoint. For both the fixed- and random-effects parts of
LME, nonlinear evolutions were tested using restricted cubic splines. If the model
was not significantly improved, a linear evolution was retained. All markers were
adjusted for the sampling time during follow-up. Additional statistical adjustments
were as follows: (i) the repeatedly measured marker was adjusted for its baseline
level (Cox model) to examine incremental value of repeated over baseline measure-
ments; (ii) Cox and LME models were adjusted for the clinical variables age, sex,
diabetes, atrial fibrillation, NYHA class, diuretics, systolic blood pressure, and eGFR
(for tubular markers) to examine incremental value of the renal markers over the
patients’ clinical characteristics; (iii) Cox and LME models were adjusted for bio-
markers of myocardial stretch and damage (NT-proBNP and hs-cTnT) to examine the
incremental value of the renal markers over these commonly used cardiac markers.
Results are presented as hazard ratios (HRs) with 95% confidence intervals (Cls) per
20% change in biomarkers levels.

To investigate the independent predictive value of these renal markers on the
study endpoints, all individual temporal biomarker patterns derived from the joint
models were extracted and subsequently entered simultaneously with HF medi-
cation doses (repeatedly assessed during follow-up) into a time-dependent Cox
analysis.

Parameterization of marker’s trajectory. The above-described analyses estimate
the instantaneous risk based on repeatedly measured marker levels. However, in the
context of repeated measurements, we also estimated the following aspects:*>*® (i)
the time-dependent slope (or rate of change) of the marker’s trajectory, indicating
whether and by how much the levels are increasing or decreasing at any point in
time, which corresponds to the first derivative of the marker’s trajectory; and (ii)
the AUCm, indicating the cumulative effect of all the values the marker has taken in
the past (Figure 3). The results are presented as HRs [95% Cl] per 20% change in the
annual slope (delta of the marker’s levels/year) and the AUCm.

Prospective accuracy. We determined the longitudinal marker’s predictive accu-
racy (i.e., the ability of a marker to discriminate between a patient who experiences
the event within a given time window after the last measurement and the patient
who does not experience the event within that same time window) using the time-
dependent AUC methodology." For this purpose, we chose the first year as the
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Figure 3 | Dynamic risk prediction model using repeated marker measurements. An illustration
of the underlying trajectory of a repeatedly assessed biomarker in a patient who ultimately ex-
periences the event (solid red line) and in an event-free patient (solid blue line). Marker’s levels
(asterisks) are displayed on the y-axis and follow-up time on the x-axis. The figure shows different
types of parameterization that can be examined: marker’s levels at any point in time (ta), slope of
the marker’s trajectory at any point in time (ta), and the area under the curve of marker’s trajec-
tory (AUCm) up to the same point in time (ta). te, time when the event occurred.

collection time period, and we assessed 2 risk time-windows: 6 and 12 months after
the collection time.

All analyses were performed with R package JMbayes statistical software.'®? All
tests were 2-tailed, and P values < 0.05 were considered statistically significant.
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Summary and conclusions

SUMMARY AND CONCLUSIONS

In order to fully utilize the opportunities of a personalized medicine model in coro-
nary artery disease (CAD) and heart failure (HF), our understanding of the (adverse)
disease course in individual patients must be improved. The cohesive research
projects that compose this thesis aimed to investigate if, and to what extent, serum
biomarkers and intracoronary imaging may contribute to that goal. We now sum-
marize our main findings.

Part | - Blood biomarkers and novel imaging techniques in coronary artery
disease

The first part of this thesis focused on the role of blood biomarkers and intracoro-
nary imaging characteristics in CAD patients. For this purpose, investigations were
performed in the European Collaborative Project on Inflammation and Vascular
Wall Remodeling in Atherosclerosis - IntraVascular UltraSound (ATHEROREMO-
IVUS) study and the Integrated Biomarker and Imaging Study 3 (IBIS-3).

ATHEROREMO-IVUS was designed to evaluate the association between novel
circulating biomarkers, coronary plaque characteristics as assessed by radiofre-
quency- (RF-)IVUS and near-infrared spectroscopy system (NIRS), and the occur-
rence of major adverse cardiac events (MACE), defined as the composite of all-
cause mortality, nonfatal acute coronary syndrome (ACS) or unplanned coronary
revascularization. IVUS and NIRS were performed in a 40 mm long non-culprit
coronary artery segment in patients referred for coronary angiography (CAG) or
percutaneous coronary intervention (PCl) for stable angina pectoris (SAP) or ACS.
ATHEROREMO-IVUS enrolled 768 patients; NIRS was performed in a subset of 203.

IBIS-3 study is a prospective, observational cohort, in which the effect of high
intensity statin therapy was evaluated through repeated IVUS (N=164) and NIRS
(N=103) measurements of a non-stenotic coronary artery segment, and repeated
blood sampling, both performed at baseline and 1-year follow-up.

In Chapter 2 we described the association between atherosclerotic burden
derived from all three coronary arteries, as assessed by the CAG-based anatomic
Syntax score (SXscore), and atherosclerotic burden as assessed by RF-IVUS and NIRS
in a single non-culprit segment. For the selection of the optimal revascularization
strategy - and thus for optimal risk reduction on the longer term - adequate quan-
tification of the complexity of CAD is required. Several scores have been developed
for this purpose, and the SXscore is a well-established example. This score takes
into account the number of significant lesions and their location, but also the
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complexity of each lesion independently. We investigated whether the SXscore is
correlated with information on the extent and phenotype of coronary atheroscle-
rosis as provided by the intracoronary imaging modalities RF-IVUS and NIRS. We
found that a higher SXscore was associated with higher RF-IVUS- and NIRS-derived
atherosclerotic burden. While the SXscore lacks detail with respect to coronary
artery wall pathology, RF-IVUS and NIRS have been shown to provide information
on plaque morphology in the imaged coronary segment. Thus, our results show a
direct association between the angiographic atheroma burden of all three vessels
and intravascular coronary wall evaluation of a non-culprit segment. These findings
underline the value of RF-IVUS and NIRS derived measures for risk assessment of
CAD patients.

Although intracoronary imaging techniques provide valuable tools for risk assess-
ment, blood biomarkers may carry potential to detect vulnerable plaques in an early
stage and in a non-invasive manner. Chapters 3-5 describe the associations between
circulating biomarkers of inflammation, renal function and lipid metabolism, with
coronary lipid core burden index (LCBI) assessed by NIRS imaging, as well as the
association of these biomarkers with the occurrence of MACE during (a median of
4.7 year) follow-up in ATHEROREMO-IVUS.

In Chapter 3, we studied 26 inflammatory (acute phase proteins, cytokines and
chemokines) and renal biomarkers, using a validated multiplex assay (Myriad RBM).
After adjustment for clinical characteristics, TNF-a appeared the only biomarker
that tended to be associated with higher LCBI, although this association did not
persist after correction for multiple testing. Thus, the multiplex panel that we used
did not render a useful blood biomarker of high LCBI. Moreover, from this multiplex
panel only IL-8 was independently associated with MACE.

In Chapter 4 we studied the prognostic value of ten previously identified high-
risk molecular lipid species and three ceramide ratios. We found that plasma
Cer(d18:1/16:0) was associated with MACE, independent of statin use and serum
LDL-C level. Furthermore, after multivariable adjustment, concentrations of
Cer(d18:1/16:0), Cer(d18:1/20:0), Cer(d18:1/24:1), and all investigated ceramide
ratios were associated with the composite of all-cause mortality or nonfatal ACS,
our secondary endpoint. Our results support the hypothesis that plasma concen-
trations of ceramides and their ratios are predictive of long-term cardiovascular
outcome in patients with established CAD.

The proprotein convertase subtilisin/kexin type 9 (PCSK9) enzyme induces LDL-
receptor degradation in the liver, resulting in an increase in circulating serum LDL-C
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levels that promote atherosclerosis. In Chapter 5, we demonstrated that higher
serum levels of PCSK9 were associated with higher NIRS-derived LCBI, as well as
with a high MACE incidence. Our finding indirectly supports previous observations,
showing that serum PCSK9 levels directly contribute to inflammation of the ath-
erosclerotic plaque, and may thus reflect the vulnerability of the entire coronary
tree. Herewith, our findings imply that PCSK9 inhibition may exert its beneficial
therapeutic effects in CAD patients, not only by means of its LDL-C lowering, but
also by its anti-inflammatory properties.

In Chapter 6 we focused on inflammation, and studied changes in serum CRP lev-
els, serum cholesterol levels and plaque characteristics in relation to rosuvastatin
treatment (the IBIS-3 study). In patients with established CAD, we found clinically
relevant reductions in CRP levels after 1 year intensive (40 mg daily) rosuvastatin
therapy. These changes were observed in SAP as well as in ACS patients, but most
prominent in ACS. Furthermore, in the ACS patients that we studied, CRP changes
were correlated with changes in IVUS-derived plaque characteristics. We found no
such correlations in SAP patients. CRP changes were uncorrelated with the also
observed reductions in LDL-C. Hence, our study supports the role of inflammation
in CAD progression, but also emphasizes that the relation between LDL-C reduc-
tion, inhibition of (vascular) inflammation, changes in extent and composition of
coronary plaques, and coronary event reduction is not straightforward.

Finally, in Chapter 7 we move to clinical practice in the context of CAD and
describe the implementation of a new electrocardiogram (ECG) electronic trans-
mission (e-transmission) system in the Rotterdam region. In pre-hospital settings
handled by paramedics, identification of patients with myocardial infarction (Ml)
remains challenging when automated ECG interpretation is inconclusive. In De-
cember 2013 we supplemented the automated ECG-devices on the ambulances
with a modem, which enabled e-transmission of the ECGs for expert consultation.
Thus we modified the diagnostic protocol for patients with acute ischemic chest
pain by incorporating this technical option. The study cohort comprised 1421 pa-
tients. During a 1-year evaluation period, applying the modified pre-hospital triage
protocol, 115 acute Ml patients with an initially inconclusive ECG received primary
PCI within 90 min, whereas another 20 received PCI within 90-120 min. Since our
study was not a randomized trial or before-after study, we cannot conclude with
entire certainty that the observed early treatment was the direct consequence of a
change in patient flow that was induced by the new triage protocol. Still, based on
the obtained results, we have decided to continue the use of the modified protocol.
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Part Il - Blood biomarkers in heart failure

The second part of the thesis “Blood biomarkers in heart failure” focused on the
additional value of blood biomarkers in patients with HF. For this purpose, inves-
tigations were performed in the Biomarker Measurements and New Echocardio-
graphic Techniques in Chronic Heart Failure Patients Result in Tailored Prediction
of Prognosis (Bio-SHiFT) study. The Bio-SHiFT study is a prospective, observational
cohort of 263 clinically stable patients with chronic heart failure (CHF) conducted
in the Erasmus MC, Rotterdam, and Noordwest Ziekenhuisgroep, Alkmaar. Patients
were recruited during their regular outpatient visits and were in clinically stable
condition. At baseline, and subsequently every 3 months (until 30 months), blood
and urine samples were collected and clinical status (including NYHA class) was as-
sessed. This repeated-measures design allowed us to explore in detail the temporal
trajectories of a wide range of biomarkers during the course of CHF.

In Chapter 8 we describe the associations between repeatedly measured NT-
proBNP, high-sensitivity troponin T (Hs-TnT) and CRP with NYHA class, as well as
with adverse clinical outcomes during a median follow-up of 1 year. Temporal pat-
terns of NT-proBNP and Hs-TnT were positively associated with repeatedly assessed
NYHA class. Moreover, temporal patterns of NT-proBNP, CRP and NYHA class were
independently associated with the composite endpoint of cardiovascular mortality,
heart failure hospitalization, cardiac transplantation or left ventricular assist device
implantation. Serial assessments of NT-proBNP and CRP both added value to clinical
characteristics in terms of discriminative ability. Serially measured NT-proBNP in
combination with NYHA class seemed best suited for monitoring CHF outpatients.
Altogether, our findings underscore the incremental value of biomarkers to NYHA
class for monitoring stable CHF outpatients.

In Chapter 9 we extended the follow-up to a median of 2.2 years to further ex-
plore the associations between repeatedly measured NT-proBNP, Hs-TnT and CRP
with adverse clinical outcomes. We confirmed the findings that we described in
Chapter 8. Using a joint modeling approach, we found that not only the temporal
evolution of biomarker levels, but also the instantaneous rate of change in level
(i.e. the instantaneous slope of the temporal pattern) of NT-proBNP and CRP was
associated with adverse clinical outcomes, as was the area under the curve of the
trajectory of NT-proBNP. Our findings suggest that individual patterns of change
of biomarkers, as well as combinations of multiple biomarkers, may be clinically
relevant as they may further refine estimation of a patient’s prognosis.
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MicroRNAs (miRs) are upcoming novel biomarkers that seem promising for early
diagnosis and treatment of HF. MiRs are non-coding, ~22 nucleotide long RNA se-
qguences, which target messenger RNAs for cleavage or translational repression and
thereby influence a great variety of biological processes. In Chapter 10 we describe
the association of repeated measurements of 7 MiRs that were previously linked
to HF (miR-1254, miR-22-3p, miR-423-5p, miR-486-5p and miR-320a) or have been
shown to be cardiac-enriched (miR-345-5p, miR-378a-3p), with adverse clinical
events in CHF patients. We found that the temporal pattern of circulating miR-22-3p
was associated with adverse outcome. The association was independent of clinical
characteristics and temporal NT-proBNP, HSTNT and CRP patterns. The instanta-
neous rate of change in miR-22-3p level was also inversely associated with adverse
outcome. Moreover, we found inverse associations of temporal patterns of miR-22-
3p with temporal patterns of HsTNT and CRP. Thus, the use of individual patterns of
change of circulating miR-22-3p may potentially be useful for CHF prognostication.

Although it is known that chronic kidney disease is frequently present in patients
with CHF, the detailed temporal evolutions of glomerular and tubular markers in
CHF have never been described. In Chapter 11 we demonstrated that in patients
with CHF, glomerular function (as assessed by creatinine, estimated glomerular
filtration rate (eGFR) and cystatin C (CysC)), and tubular function (as assessed by
urinary N-acetyl-beta-D-glucosaminidase (NAG) and kidney-injury-molecule (KIM-
1)) deteriorate during clinically silent progression of CHF. Moreover, patient-specific
temporal evolutions of these repeatedly measured renal markers predict adverse
clinical outcomes in CHF patients, independently of the patients clinical character-
istics, pharmacological treatment, cardiac natriuretic peptides and troponins, and
for tubular markers also independently of eGFR. To our best knowledge, this study
is the first to simultaneously and repeatedly asses glomerular and tubular function
over time during long-term follow-up, and to show that both renal compartments
chronically deteriorate during progression of HF. These renal biomarker levels and
their rates of change may be useful for dynamic risk profiling, which can support
physicians in improved detection of disease progression and in making personalized
treatment decisions.

MAIN CONCLUSIONS

The main conclusions of the thesis can be summarized as follows:
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Part 1, coronary artery disease

Higher SXscore is associated with higher atherosclerotic burden as assessed by
NIRS and RF-IVUS in a single non-stenotic coronary artery segment in patients
with CAD.

A multiplex panel of 26 inflammatory biomarkers (acute phase proteins,
cytokines, and chemokines) and renal markers did not render a useful blood
biomarker of high NIRS-derived LCBI. Conversely, circulating serum PCSK9 levels
were positively associated with LCBI. This association was independent of estab-
lished cardiac risk factors, statin use and serum LDL-C.

Plasma IL-8, plasma Cer(d18:1/16:0) and serum PCSK9 levels were independent-
ly associated with adverse cardiovascular outcomes during a median follow-up
period of 4.7 years in patients with CAD.

After 1 year intensive rosuvastatin therapy clinically relevant reductions in CRP
levels were observed in a series of patients with established CAD. The observed
CRP changes were correlated with changes in IVUS-derived plaque characteris-
tics in ACS patients, but not in SAP. CRP changes were uncorrelated with changes
in LDL-C levels.

Part Il, heart failure:
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Serially assessments NT-proBNP and Hs-TnT were positively associated with
serially assessed NYHA class in patients with stable CHF. Repeatedly measured
NT-proBNP and CRP both add individually to serial NYHA-class assessments for
monitoring CHF patients in terms of discriminative ability compared to a model
with only serial NYHA class measurements.

The dynamic, temporal patterns of serially measured NT-proBNP and CRP are
strong and independent predictors of adverse clinical events in patients with
stable CHF. Not only the evolution of biomarkers level, but also their instanta-
neous rate of change in NT-proBNP and CRP levels as well as the area under the
curve of the trajectory of NT-proBNP, were associated with adverse outcome.
The temporal pattern of circulating miR-22-3p is a strong and independent
predictor of prognosis in CHF patients.

Repeatedly assessed glomerular function (creatinine, eGFR and CysC), and tubu-
lar function (NAG and KIM-1) independently predicts adverse clinical outcomes
in CHF patients. Both renal compartments chronically deteriorate, but not in
parallel, during clinically silent progression of CHF.



Clinical perspectives and future directions

CLINICAL PERSPECTIVES AND FUTURE DIRECTIONS

The view on pathophysiology of coronary artery disease (CAD) has undergone
an evolution during the past decades. It has shifted from a chronic, steady and
progressive cholesterol storage disease towards a multifactorial, dynamic disease.
CAD is complex and heterogeneous in nature, as it is caused by multiple genetic,
environmental and behavioural factors. Therefore CAD patients should be treated
using an individual approach to improve their quality of life, reduce mortality- and
hospitalisation rates but also to reduce healthcare costs. In order to fully utilize the
opportunities of a personalized medicine model, our understanding of the (adverse)
disease course in individual patients must be improved. Further improvements in
our understanding of coronary pathophysiology and the prediction of an adverse
disease course in individual patients could be established by continuing investiga-
tions on the additional value of blood biomarkers and intracoronary imaging in CAD
patients.

In this thesis, in patients with established CAD, the invasive coronary imaging
modalities RF-IVUS and NIRS are shown to provide valuable information on plaque
morphology in the imaged coronary segment and to be promising tools for risk
prediction. Moreover, several circulating blood biomarkers are shown to be associ-
ated with adverse cardiovascular outcomes during long term follow-up. The major
advantage of blood biomarkers is that they can be measured in a non-invasive man-
ner and repeatedly over time. Further studies on the value of repeated biomarker
measurements are warranted. In the future, studies combining clinical character-
istics with repeated biomarker measurements and with repeated intracoronary
imaging in a prognostic model may even further improve individual risk prediction.
Such a prognostic tool may better identify ‘high risk’ patients and may thus facilitate
clinical decision making.

In this thesis we show that in patients with stable CHF, temporal patterns of sev-
eral circulating biomarkers have incremental value for prognostication. Herewith
these temporal patterns carry potential to accurately detect disease dynamics,
which could be useful for tailored adjustment of treatment. This thesis provides a
basis for future, larger studies to confirm the value of temporal patterns of these
blood biomarkers for prognostication, as well as for studies on tailored, biomarker-
guided adjustment of treatment strategy.

Although the findings of this thesis are promising, it is essential that they are con-
firmed in large, prospective clinical studies. Thus, although much progress has been
made, substantial work remains to be done in this field of personalized medicine.
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Een ongunstig ziektebeloop komt nog vaak voor in patiénten met coronaire hart-
ziekte (CAD) en patiénten met hartfalen (HF). Om de risicovoorspelling in deze
patiéntengroepen verder te verbeteren, zijn nieuwe methoden nodig die uitgaan
van zogenaamde ‘gepersonaliseerde geneeskunde’. De samenhangende onder-
zoeksprojecten in dit proefschrift zijn bedoeld om te evalueren of, en in welke
mate, serum biomarkers en intracoronaire beeldvorming kunnen bijdragen aan
verbetering van de risico stratificatie en behandelstrategie van deze patiénten. In
dit hoofdstuk vatten we de belangrijkste resultaten van dit proefschrift samen.

Deel | Bloed biomarkers en nieuwe beeldvormende technieken bij coronaire
hartziekte

In het eerste deel van dit proefschrift genaamd “Bloed biomarkers en nieuwe beeld-
vormende technieken bij coronaire hartziekte” ligt de nadruk op additionele waarde
van serum biomarkers en intracoronaire plaque karakteristieken in patiénten met
coronarialijden binnen de European Collaborative Project on Inflammation and
Vascular Wall Remodeling in Atherosclerosis - IntraVascular UltraSound (ATHER-
OREMO-IVUS) studie en de Integrated Biomarker and Imaging Study 3 (IBIS-3).

De ATHEROREMO-IVUS studie heeft als doel om de associatie tussen circule-
rende serum biomarkers en intracoronaire plaque karakteristieken bepaald met
radiofrequentie(RF)-IVUS en near-infrared spectroscopy (NIRS) te bestuderen.
Verder heeft deze studie als doel om de prognostische waarde van de circulerende
serum biomarkers en intracoronaire plaque karakteristieken voor ongunstige car-
diovasculaire uitkomsten op een relatief lange termijn (1-4 jaar) te evalueren.

De invasieve afbeelding van de kransslagaders is uitgevoerd door middel van IVUS
en NIRS in een “non-culprit” (niet acuut afgesloten) coronair segment van 40 mm
lang bij patiénten die verwezen waren voor coronair angiografie (CAG) of percutane
coronaire interventie (PCl) vanwege stabiele angina pectoris (SAP) of acuut coronair
syndroom (ACS). Er namen 768 patiénten deel aan de ATHEROREMO-IVUS studie.
Intracoronaire beeldvorming middels IVUS is in 581 patiénten verricht; NIRS werd
uitgevoerd in een subset van 203 patiénten.

Het IBIS-3-onderzoek is een prospectieve studie waarin het effect van statine
therapie op de kransslagaders werd geévalueerd d.m.v. herhaalde IVUS (N = 164)
en NIRS (N = 103) metingen, bij aanvang van de studie en na 1 jaar follow-up.

Hoofdstuk 2 beschrijft de associatie tussen atherosclerotische karakteristieken
van alle drie de kransslagaders, bepaald met de CAG-gebaseerde anatomische
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Syntax-score (SXscore), en intracoronaire atherosclerotische karakteristieken, be-
oordeeld met RF-IVUS en NIRS, in een enkel niet-culprit coronair segment. Voor een
optimale revascularisatie strategie - en dus voor een optimale risicoreductie op lan-
gere termijn - is een adequate kwantificering van de complexiteit van CAD vereist.
Er zijn verschillende scores ontwikkeld en de SXscore is daar een goed voorbeeld
van. SXscore houdt rekening met het aantal significante laesies en hun locatie, en
ook met de complexiteit van elke laesie, onafhankelijk van elkaar. We hebben on-
derzocht of de SXscore verband houdt met de mate en het fenotype van coronaire
atherosclerose, vastgesteld met intracoronaire beeldvorming (RF-IVUS en NIRS).
We ontdekten dat een hogere SXscore geassocieerd was met een hogere mate van
intracoronaire atherosclerose vastgesteld met RF-IVUS- en NIRS. Onze resultaten
laten hiermee een directe associatie zien tussen de angiografisch vastgestelde
atheroom belasting van alle drie de vaten en de intracoronaire atherosclerotische
karakteristieken van een niet-culprit segment. Deze bevindingen onderstrepen de
waarde van van RF-IVUS en NIRS voor risicobeoordeling van patiénten met stabiel
CHF.

Hoewel intracoronaire beeldvormingstechnieken waardevolle instrumenten zijn
voor het detecteren van hoog risico coronaire plaque, kunnen biomarkers in het
bloed de potentie hebben om kwetsbare plaques in een vroeg stadium en op een
niet-invasieve wijze te detecteren. Hoofdstukken 3-5 beschrijven de associaties
van verschillende circulerende biomarkers met coronaire plaque karakteristieken,
specifiek LCBI waarden, bepaald met NIRS beeldvorming in een non-culprit coronair
segment; evenals de associatie van deze biomarkers met ongunstige klinische (car-
diovasculaire) uitkomsten gedurende lange termijn follow-up (met een mediaan
van 4.7 jaar) in de ATHEROREMO-IVUS studie.

Hoofdstuk 3 beschrijft de associatie tussen 26 inflammatoire (acute fase eiwit-
ten, cytokines en chemokines) en renale biomarkers gemeten met behulp van een
gevalideerde multiplex assay (Myriad RBM) en coronaire plaque karakteristieken
gemeten met NIRS in patiénten met coronarialijden. Na correctie voor klinische
kenmerken bleken TNF-a waarden geassocieerd te zijn met hogere LCBI waarden,
echter deze associatie hield geen stand na correctie voor meervoudig testen.
Kortom, het multiplex-panel dat we hier hebben gebruikt leverde geen bruikbare
bloed biomarker op van hoge LCBI waarden. Bovendien was van dit multiplexpanel
alleen IL-8 onafhankelijk geassocieerd met ongunstige cardiovasculaire uitkomsten.

Hoofdstuk 4 beschrijft de prognostische waarde van 10 eerder geidentificeerde

hoog risico moleculaire lipide soorten en 3 ceramide ratio’s voor lange termijn car-
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diovasculaire uitkomsten bij patiénten met coronarialijden. Plasma Cer (d18: 1/16:
0) bleek geassocieerd met ongunstige cardiovasculaire uitkomsten, onafhankelijk
van statinegebruik en serum LDL-C-spiegels. Na multivariabele correctie, waren
de concentraties van Cer (d18: 1/16: 0), Cer (d18: 1/20: 0), Cer (d18: 1/24: 1) en
alle onderzochte ceramide ratio’s geassocieerd met slechtere klinische uitkomsten
(mortaliteit door alle oorzaken of niet-fatale ACS, ons secundaire eindpunt). Deze
resultaten ondersteunen de hypothese dat plasmaconcentraties van ceramiden
en hun ratio’s voorspellend zijn voor lange-termijn cardiovasculaire uitkomsten bij
patiénten met coronarialijden.

Het proproteine convertase subtilisine / kexine type 9 (PCSK9) enzym induceert
LDL-receptor afbraak in de lever, wat resulteert in een verhoging van de circule-
rende serum LDL-C-spiegels die atherosclerose bevorderen. Hoofdstuk 5 beschrijft
de associatie tussen serum PCSK9 waarden met LCBI waarden gemeten met NIRS,
en met klinische uitkomsten op de lange termijn. Hoge serum PCSK9 levels waren
positief en onafhankelijk geassocieerd met hogere LCBI waarden, evenals met
slechtere klinische uitkomsten bij een mediane follow-up periode van 4.7 jaar na de
indexprocedure bij patiénten met CAD die een CAG ondergingen omwille van ACS
of SAP. Deze associatie was onafhankelijk van cardiale risicofactoren, evenals van
serum LDL-C spiegels en statine gebruik. Onze bevinding ondersteunt indirect eer-
dere waarnemingen, die erop wezen dat serum PCSK9 waarden ontsteking van de
atherosclerotische plaque op directe wijze kunnen beinvioeden, en dus de kwets-
baarheid van de coronaire vaten kunnen weergeven. Onze bevindingen suggereren
dat de gunstige effecten van PCSK9-remming bij CAD-patiénten niet alleen door
LDL-C-verlaging, maar ook door ontstekingsremmende eigenschappen optreden.

Hoofdstuk 6 beschrijft veranderingen in circulerende serum CRP waarden, circu-
lerende serum cholesterol waarden en plaque-kenmerken, invasief gemeten met
IVUS en NIRS, na 12 maanden intensieve behandeling met rosuvastatine (de IBIS-3-
studie). Bij patiénten met CAD vonden we klinisch relevante verlagingen van serum
CRP-spiegels na 1 jaar intensieve (dagelijks 40 mg) rosuvastatine therapie. Deze
veranderingen werden zowel bij de SAP als bij de ACS-patiénten waargenomen,
maar waren het meest prominent bij ACS. Bovendien waren CRP-veranderingen
gecorreleerd met veranderingen in d.m.v. IVUS gemeten plaque-kenmerken bij
de ACS-patiénten. We vonden dergelijke correlaties niet bij de SAP-patiénten.
Veranderingen in CRP waarden waren niet gecorreleerd met de waargenomen ver-
lagingen in LDL-C. Vandaar dat onze studie de rol van ontsteking bij CAD-progressie
ondersteunt, maar ook benadrukt dat de relatie tussen LDL-C-reductie, remming

265



Chapter 11

van (vasculaire) ontsteking, veranderingen in omvang en samenstelling van coro-
naire plaques, en vermindering van het aantal coronaire ‘events’, niet eenvoudig is.

Hoofdstuk 7 beschrijft de implementatie van een elektronisch transmissie (e-
transmissie) systeem voor elektrocardiogrammen (ECGs) in de regio Rotterdam.
Buiten het ziekenhuis blijft de identificatie van patiénten met een acuut myocard-
infarct (MI) een uitdaging in situaties waar het ECG geen specifieke ST-elevatie
myocard infarct (STEMI) karakteristieken laat zien, en ook indien er andere onder-
liggende ritme- en geledingsproblemen zijn. De automatische ECG interpretatie
geeft dan vaak een inconclusieve uitkomst. In december 2013 hebben we de
geautomatiseerde ECG-apparaten van de ambulances in Rotterdam aangevuld
met een modem, waardoor elektronische transmissie van de ECG’s mogelijk werd.
Het diagnostische protocol voor patiénten met acute ischemische pijn op de borst
werd ook aangepast met nieuwe algoritmen. Alle ECGs met tekenen van een acuut
myocard infarct (STEMI) werden doorgestuurd naar de interventie cardioloog en
de patiénten werden aangekondigd in het PCI centrum. De overige ECGs werden
bij twijfel doorgestuurd ter overleg met de interventie cardioloog. Tijdens de eva-
luatieperiode van 1 jaar, omvatte het studiecohort 1421 patiénten. Met toepassing
van het gewijzigde pre-ziekenhuis triageprotocol ontvingen 115 patiénten met een
acuut myocard infarct met een aanvankelijk niet doorslaggevend ECG een primaire
PCI binnen 90 minuten, en 20 patiénten binnen 90-120 minuten. Aangezien onze
studie geen gerandomiseerde studie is, kunnen we niet met volledige zekerheid
concluderen dat de waargenomen vroege behandeling het directe gevolg is van een
verandering in de patiéntenstroom die wordt veroorzaakt door het nieuwe triage-
protocol. Desondanks hebben we op basis van de verkregen resultaten besloten het
gebruik van het aangepaste protocol voort te zetten.

Deel Il bloed biomarkers bij hartfalen

In het tweede deel van dit proefschrift genaamd “bloed biomarkers bij hartfalen”
ligt de nadruk op de additionele waarde van bloed biomarkers bij patiénten met
chronisch hartfalen (CHF) binnen de “Serial Biomarker Measurements and New
Echocardiographic Techniques in Chronic Heart Failure Patients Result in Tailored
Prediction of Prognosis (Bio-SHiFT)" studie. De Bio-SHiFT studie is een prospectieve,
observationele cohort studie van 263 klinisch stabiele patiénten met CHF opgezet in
het Erasmus MC, Rotterdam, en de Noordwest Ziekenhuisgroep, Alkmaar. Patiénten
met chronisch hartfalen, > 3 maanden geleden gediagnosticeerd volgens de richt-
lijnen van de ‘European Society of Cardiology’, werden benaderd tijdens hun regu-

266



Nederlandse samenvatting

liere poliklinische bezoeken in klinisch stabiele toestand. Bij aanvang en vervolgens
om de 3 maanden (tot 30 maanden) werden bloed- en urine monsters verzameld
en werd een korte medische evaluatie omtrent de klinische status (inclusief NYHA-
klasse) gedaan. Door deze unieke studieopzet van herhaalde metingen waren we in
staat om tijdens het proces van CHF het beloop van vele biomarkers te bestuderen.
Deze dynamische patronen van de biomarkers werden vervolgens gebruikt om het
risico van een patiént op slechte klinische uitkomsten in te schatten.

Hoofdstuk 8 beschrijft de associaties tussen seriéle metingen van N-terminal
pro-brain natriuretic peptide (NT-proBNP), high sensitive troponine T (Hs-TnT) en
C-reactive protein (CRP) met New York Heart Association (NYHA)-klasse, evenals
met slechte klinische uitkomsten tijdens een mediane follow-up van 1 jaar. Tem-
porele patronen van serieel gemeten NT-proBNP en Hs-TnT waren geassocieerd
met herhaald vastgestelde NYHA-klasse. Daarnaast waren temporele patronen
van NT-proBNP-, CRP- en NYHA-klasse onafhankelijk geassocieerd met slechte
klinische uitkomsten (cardiovasculaire mortaliteit, ziekenhuisopname bij hartfalen,
harttransplantatie en implantatie van Left Ventricular Assist Device (LVAD)). Seriéle
metingen van NT-proBNP en CRP verbeterden het onderscheidend vermogen bij
het monitoren van CHF patiénten t.o.v. een model met alleen seriéle NYHA-klasse
metingen, hetgeen de waarde van seriéle biomarkers metingen onderstreept.

Hoofdstuk 9 beschrijft de associatie tussen de dynamische, temporele patronen
van serieel gemeten NT-proBNP, Hs-TnT en CRP met slechte klinische uitkomsten
gedurende een follow-up verlengd tot een mediaan van 2.2 jaar. Met behulp van
‘joint modeling’ ontdekten we dat veranderingen in biomarker waarden, evenals
de snelheid van de veranderingen (oftewel de helling van het temporele patroon)
en langdurige verhogingen van gemeten NT-proBNP en CRP waarden,geassocieerd
zijn met slechte klinische uitkomsten. Onze bevindingen suggereren dat het gebruik
van individuele patronen van verandering van biomarker waarden, evenals de com-
binatie van meerdere biomarkers, klinisch relevant kunnen zijn bij het bepalen van
de prognose van patiénten met stabiel CHF.

MicroRNA’s (miR’s) zijn nieuwe biomarkers die veelbelovend lijken voor vroege
diagnostiek en behandeling van HF. MiR’s zijn niet-coderende, ~ 22 nucleotide lange
RNA-sequenties, die een rol spelen bij de splitsing of bij translationele repressie van
messenger-RNA’s en daardoor vele biologische processen beinvioeden. Hoofdstuk
10 beschrijft de associatie van seriéle metingen van 7 MiR’s die eerder gerelateerd
werden aan HF (miR-1254, miR-22-3p, miR-423-5p, miR-486-5p en miR-320a) of
verrijkt zijn in het myocard ,(miR-345-5p, miR-378a-3p) met slechte klinische
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uitkomsten van patiénten met CHF. Het temporele patroon van circulerende miR-
22-3p was geassocieerd met slechte klinische uitkomsten. Deze associatie was
onafhankelijk van klinische karakteristieken van de patiénten en van temporele
NT-proBNP-, HSTNT- en CRP-patronen. De snelheid van verandering in miR-22-3p-
waarden was ook geassocieerd met klinische uitkomsten. Daarnaast waren tempo-
rele patronen van miR-22-3p geassocieerd met temporele patronen van HsTNT en
CRP. Individuele patronen van circulerend miR-22-3p zouden dus nuttig kunnen zijn
voor risicoprofilering bij CHF patiénten.

Hoewel bekend is dat renale dysfunctie vaak voorkomt bij patiénten met CHF,
zijn de temporele evoluties van glomerulaire en tubulaire markers bij CHF nooit
beschreven. Hoofdstuk 11 toont aan dat bij patiénten met CHF de glomerulaire
biomarkers (creatinine, geschatte glomerulaire filtratiesnelheid (eGFR) en cystatine
C (Cys()), en tubulaire biomarkers (urinary N-acetyl-beta-D- glucosaminidase (NAG)
en kidney-injured-molecule (KIM-1)) verslechteren tijdens progressie van CHF en
dat ze slechte klinische uitkomsten voorspellen. Deze bevindingen zijn onafhanke-
lijk van de klinische karakteristieken van een patiént, farmacologische behandeling,
cardiale natriuretische peptiden en troponines, en voor tubulaire markers is de
voorspellende waarde ook onafhankelijk van eGFR. Voor zover wij weten, is dit de
eerste studie die zowel de glomerulaire als de tubulaire functie tijdens langdurige
follow-up van enkele jaren herhaaldelijk beoordeelt en daarmee aantoont dat beide
renale compartimenten verslechteren tijdens progressie van HF, maar dat ze dit niet
tegelijkertijd doen. De serumwaarden van renale biomarkers en ook de snelheid van
de veranderingen die hierin optreden, zouden nuttig kunnen zijn voor dynamische
risicoprofilering. Hierdoor kunnen artsen potentieel in staat worden gesteld om
ziekte progressie te detecteren en om geindividualiseerde behandelbeslissingen te
nemen.

CONCLUSIES

De belangrijkste conclusies van het proefschrift kunnen als volgt worden samenge-
vat:

268



Nederlandse samenvatting

Deel 1, bloed biomarkers en nieuwe beeldvormende technieken bij coronaire
hartziekte:

Een hogere SX-score is geassocieerd met een hogere mate van atherosclerose
zoals beoordeeld door NIRS en RF-IVUS in een enkel niet-stenotisch kransslag-
adersegment bij patiénten met CAD.

Een multiplex-panel van 26 inflammatoire biomarkers (acute-fase-eiwitten,
cytokines en chemokines) en renale markers leverde geen bruikbare bloed bio-
marker op van hoge LCBI waarden gemeten met NIRS. Wel waren circulerende
serum PCSK9-spiegels positief geassocieerd met hogere LCBI waarden gemeten
met NIRS. Deze associatie was onafhankelijk van cardiale risicofactoren, evenals
van serum LDL-C spiegels en statine gebruik.

Plasma IL-8, plasma Cer (d18: 1/16: 0) en serum PCSK9-spiegels waren onaf-
hankelijk geassocieerd met ongunstige cardiovasculaire uitkomsten tijdens een
mediane follow-upperiode van 4.7 jaar bij patiénten met CAD.

Na 1 jaar intensieve behandeling met rosuvastatine werden klinisch relevante
verlagingen van CRP-spiegels waargenomen bij een reeks patiénten met be-
wezen CAD. De waargenomen CRP-veranderingen waren gecorreleerd met
veranderingen in IVUS-afgeleide plaquekenmerken bij ACS-patiénten, maar
niet bij SAP patiénten. CRP-veranderingen waren echter niet gecorreleerd met
veranderingen in LDL-C-niveaus.

Deel I, Bloed biomarkers bij hartfalen:

Serieel gemeten NT-proBNP en Hs-TnT waren positief geassocieerd met herhaald
vastgestelde NYHA-klasse bij patiénten met stabiele CHF. Temporele patronen
van serieel gemeten NT-proBNP, CRP en NYHA-klasse zijn sterk en onafhankelijk
geassocieerd met slechte klinische uitkomsten in deze patiénten. Seriéle metin-
gen van NT-proBNP en CRP verbeterden het onderscheidend vermogen bij het
monitoren van CHF patiénten t.o.v. een model met alleen seriéle NYHA-klasse
metingen. Dit benadrukt de waarde van biomarkers boven het alleen scoren van
de NYHA klasse bij patiénten met CHF.

De dynamische temporele patronen van serieel gemeten NT-proBNP en CRP
levels zijn sterk en onafhankelijk geassocieerd met slechte klinische uitkomsten.
De snelheid van de veranderingen in serumwaarden, en langdurige verhoging
van de serumwaarden van deze biomarkers, zijn ook geassocieerd met slechte
klinische uitkomsten.
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- Het temporele patroon van circulerend miR-22-3p was onafhankelijk geassoci-
eerd met slechte klinische uitkomsten en hierdoor een sterke voorspeller van de
prognose bij CHF-patiénten.

- Serieel gemeten glomerulaire functie (creatinine, geschatte glomerulaire
filtratiesnelheid (eGFR) en cystatine C (CysC)) en tubulaire functie (urinary
N-acetyl-beta-D- glucosaminidase (NAG) en kidney-injured-molecule (KIM-1))
verslechteren, echter niet parallel aan elkaar, tijdens progressie van CHF, en
voorspellen op dynamische wijze ongunstige klinische uitkomsten bij patiénten
met CHF.

Klinische en toekomstige perspectieven

De visie op de pathofysiologie van coronaire hartziekte (CAD) heeft de afgelopen
decennia een evolutie doorgemaakt. CAD wordt niet alleen gezien als een chroni-
sche, gestage en progressieve cholesterolstapelingsziekte maar als een multifacto-
riéle, dynamische ziekte. CAD is complex en heterogeen van aard, omdat het wordt
veroorzaakt door meerdere genetische, omgevings- en gedragsfactoren. Patiénten
met verworven CAD moeten daarom op een geindividualiseerde manier worden
behandeld teneinde de kwaliteit van het leven te verbeteren, de sterftecijfers en
ziekenhuisopnames te verminderen en om de kosten voor de gezondheidszorg te
verlagen. Om een optimaal model te maken t.b.v. individuele risico-inschatting en
behandeling, is het belangrijk om onze kennis te vergroten over de factoren die
bijdragen aan een nadelig ziektebeloop bij deze patiénten. Dit kunnen we bereiken
door verder onderzoek te doen naar de toegevoegde waarde van serum biomarkers
en intracoronaire beeldvorming ten behoeve van het voorspellen van cardiovascu-
laire uitkomsten bij patiénten met verworven CAD.

Dit proefschrift toont aan dat invasieve beeldvorming van de kransslagaders door
middel van RF-IVUS en NIRS bij patiénten met verworven CAD waardevolle infor-
matie verschaft over de plaque-morfologie in het afgebeelde coronaire segment,
en ingezet kan worden voor risicovoorspelling. Bovendien wordt aangetoond dat
verschillende serum biomarkers geassocieerd zijn met ongunstige cardiovasculaire
uitkomsten tijdens lange termijn follow-up. Het voordeel van bloed biomarkers is
dat ze op een niet-invasieve manier en herhaaldelijk in de tijd gemeten kunnen
worden. Verder onderzoek naar de waarde van herhaalde biomarker metingen is
aangewezen. Studies die klinische kenmerken combineren met herhaalde biomar-
ker metingen en met herhaalde intracoronaire beeldvorming zouden in de toekomst
de individuele voorspellingen van een nadelig ziektebeloop kunnen verbeteren.
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Bovendien toont dit proefschrift aan dat in patiénten met chronisch hartfalen, de
tijdspatronen van meerdere circulerende biomarkers toegevoegde waarde hebben
voor het voorspellen van de prognose. Hiermee hebben deze tijdspatronen poten-
tie om het dynamische ziektebeloop nauwkeurig te volgen, wat nuttig zou kunnen
zijn voor een geindividualiseerde behandeling.

Dit proefschrift biedt hiermee een basis voor toekomstige, grotere studies die de
waarde van tijdspatronen van deze biomarkers voor het bepalen van de prognose
bevestigen, en die onderzoeken of de hier beschreven biomarkers gebruikt kunnen
worden voor een biomarker-geleide behandelstrategie.

Hoewel de bevindingen van dit proefschrift veelbelovend zijn, is het essentieel
dat ze worden bevestigd in grote, prospectieve, klinische studies. Ondanks dat er
dus reeds veel vooruitgang is geboekt, blijft er nog steeds veel werk te verrichten in
het veld van de gepersonaliseerde geneeskunde.
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In this thesis, in patients with established CAD, the invasive
coronary imaging modalities RF-IVUS and NIRS are shown to
provide valuable information on plaque morphology in the
imaged coronary segment and to be promising tools for risk
prediction. Moreover, several circulating blood biomarkers
are shown to be associated with adverse cardiovascular
outcomes during long term follow-up. The major advan-
tage of blood biomarkers is that they can be measured in
a non-invasive manner and repeatedly over time. Further
studies on the value of repeated biomarker measurements
are warranted. In the future, studies combining clinical
characteristics with repeated biomarker measurements
and with repeated intracoronary imaging in a prognostic
model may even further improve individual risk predic-
tion. Such a prognostic tool may better identify ‘high risk’
patients and may thus facilitate clinical decision making.

In this thesis we also show that in patients with stable CHF,
temporal patterns of several circulating biomarkers have
incremental value for prognostication. Herewith these tem-
poral patterns carry potential to accurately detect disease
dynamics, which could be useful for tailored adjustment
of treatment. This thesis provides a basis for future, larger
studies to confirm the value of temporal patterns of these
blood biomarkers for prognostication, as well as for stud-
ies on tailored, biomarker-guided adjustment of treatment
strategy.




