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Abstract

Aims Cellular communication network factor 1 (CCN1) is an independent predictor of MACE after ACS and elevated levels
correlated with infarct size after STEMI. We compared the prognostic accuracy of baseline levels of CCN1, NT-proBNP, hsTnT,
and ST2 and changes in levels over time to predict the development of structural and functional alterations typical of LV
remodelling.

Methods Serial 3-T ctMRI scans were performed to determine LVEF, LVEDV, LVESV, infarct size, and relative infarct size,
which were correlated with serial measurements of the four biomarkers. The prognostic significance of these biomarkers
was assessed by multiple logistic regression analysis by examining their performance in predicting dichotomized cardiac
MRI values 12 months after STEMI based on their median. For each biomarker three models were created using baseline
(BL), the A value (BL to 6 months), and the two values together as predictors. All models were adjusted for age and renal
function. Receiver operator curves were plotted with area under the curve (AUC) to discriminate the prognostic accuracy of
individual biomarkers for MRI-based structural or functional changes.

Results A total of 44 predominantly male patients (88.6%) from the ETiCS (Etiology, Titre-Course, and Survival) study were
identified at a mean age of 55.5 £ 11.5 (SD) years treated by successful percutaneous coronary intervention (97.7%) at a rate
of 95.5% stent implantation within a median pain-to-balloon time of 260 min (IQR 124-591). Biomarkers hsTnT and ST2 were
identified as strong predictors (AUC > 0.7) of LVEDV and LVEF. BL measurement to predict LVEF [hsTnT: AUC 0.870 (95%
Cl: 0.756-0.983), ST2: AUC 0.763 (95% Cl: 0.615-0.911)] and the A value BL-6M [hsTnT: AUC 0.870 (95% Cl: 0.756-0.983),
ST2: AUC 0.809 (95% Cl: 0.679-0.939)] showed a high prognostic value without a significant difference for the comparison
of the BL model vs. the A-value model (BL-6M) for hsTnT (P = 1) and ST2 (P = 0.304). The combined model that included
baseline and A value as predictors was not able to improve the ability to predict LVEF [hsTnT: AUC 0.891 (0.791-0.992),
P =0.444; ST2: AUC 0.778 (0.638-0.918), P = 0.799]. Baseline levels of CCN1 were closely associated with LVEDV at 12 months
[AUC 0.708 (95% Cl: 0.551-0.865)] and infarct size [AUC 0.703 (95% Cl: 0.534-0.872)].

Conclusions Baseline biomarker levels of hsTnT and ST2 were the strongest predictors of LVEF and LVEDV at 12 months after
STEMI. The association of CCN1 with LVEDV and infarct size warrants further study into the underlying pathophysiology of this
novel biomarker.
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Introduction

Inflammation and fibrotic turnover are characteristic features
of infarct healing after acute myocardial infarction that pro-
mote structural changes typical of adverse left ventricular
(LV) remodelling and subsequent heart failure.? The struc-
tural changes in LV volumes and function can be assessed
by cardiac magnetic resonance imaging (cMRI) and circulating
biomarkers.> The observation of reverse remodelling and
myocardial recovery in heart failure suggests that early recog-
nition of such alterations may enable implementation of ther-
apeutic measures to attenuate or even reverse severe heart
failure.*® Circulating biomarkers that reflect underlying
pathology may serve as a useful tool to assess alterations in
LV volumes and function and thus enable the use of person-
alized precision medicine in heart failure patients.®

Cellular communication network factor 1 (CCN1, previ-
ously denoted cysteine-rich angiogenic inducer 61, Cyr61) is
a secreted matricellular protein involved in inflammation
and angiogenesis.”** CCN1 is expressed in cardiomyocytes
from patients with ischaemic cardiomyopathy and promotes
the transition of fibroblasts to a senescent phenotype, limit-
ing cardiac fibrosis.®** We recently identified circulating
CCN1 as an independent predictor of all-cause mortality
and the composite of all-cause mortality and recurrent myo-
cardial infarction in patients with an acute coronary syn-
drome (ACS).2>** In patients with ST-elevation myocardial in-
farction (STEMI), CCN1 levels were associated with infarct
size measured enzymatically and LV dysfunction in the acute
phase.® Further biomarkers commonly used in diagnosis and
risk stratification of heart failure are N-terminal pro-B-type
natriuretic peptide (NT-proBNP), high-sensitivity troponin
(hsTnT), and suppression of tumorigenicity 2 (ST2), a member
of the interleukin (IL)-1 receptor family.'® In the present
study, circulating levels of CCN1, NT-proBNP, hsTnT, and ST2
were serially measured in order to evaluate which of these
biomarkers and what points in time best reflect morphologic
changes detected by cMRI that are typical of LV remodelling
in patients after an acute STEMI.

Methods
Patient population

The investigator-initiated, prospective, multicentre diagnostic
ETiCS (Etiology, Titre-Course, and Survival) study recruited pa-
tients with acute myocarditis or acute myocardial infarction
between 2010 and 2013.) In the present single-centre
substudy of ETICS, patients presenting to the University
Hospital of Wirzburg with an acute STEMI with serial serum
samples and serial 3-T cMRI scans available during a 12-
month follow-up period were included.

Imaging was serially performed to determine LV ejection
fraction (LVEF), LV end-systolic stroke volume (LVESV),
LV end-diastolic volume (LVEDV), stroke volume, LV mass, in-
farct size, and relative infarct size defined as percentage of in-
farct size per systolic LV mass at Days 1-4 (Scan 1), Days 7-9
(Scan 2), and 12 months (Scan 3). Procedural details for this
substudy, including cMRI, were previously reported.*®

Serum samples were available at baseline [single mea-
surement at a median time interval of 1 (IQR 1, 2) day
post-PCI (min 0, max 3 days)] and at 6 and 12 months to
measure concentrations of biomarkers. The study complies
with the Declaration of Helsinki, and informed consent was
obtained from all individuals as approved by the local ethics
committee.

Biomarkers

Concentrations of CCN1 in serum were measured in stored,
thawed duplicates of single serum aliquots using an immu-
noassay (Quantikine Immunoassay, R&D Systems, Minneapo-
lis, MN, USA). The inter-assay and intra-assay coefficients of
variation of CCN1 were 5.47% and 2.2%, respectively, as re-
ported by the manufacturer. Soluble ST2 was measured
using the Presage ST2 Assay (Critical Diagnostics, USA).
NT-proBNP and hsTnT (both from Roche Diagnostics, Mann-
heim, Germany) were measured in serum aliquots on a
Cobas e 602 reader (Roche Diagnostics, Mannheim,
Germany) with assay characteristics as reported by the
manufacturer.

Statistical analyses

Dichotomized values from cMRI scans were correlated with
serial measurements of biomarker concentrations (continu-
ous variable). The prognostic significance of these bio-
markers was assessed by multiple logistic regression analysis
by examining their performance in predicting dichotomized
cMRI values 12 months after STEMI based on their median.
For each biomarker, three models were created using base-
line (BL), the A value from BL to 6 months (BL-6M), or both
values together as predictors. P < 0.05 was considered sta-
tistically significant. All models were adjusted for age and re-
nal function represented by Modification of Renal Diet
(MDRD)-based estimated glomerular filtration rate. Receiver
operator curves (ROC) were plotted with area under the
curve (AUC) to discriminate the prognostic accuracy of indi-
vidual biomarkers for MRI-based structural or functional
changes.

All statistical analyses were carried out using the statistical
software R (v4.1.1, R Foundation for Statistical Computation,
Vienna, Austria).
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Results
Baseline characteristics

A total of 44 patients from the ETiCS study who survived the
first year after STEMI had serum samples available from base-
line, 6 months, and 12 months together with three serial cMRI
scans performed (Scans 1-3; Figure 1). The mean age was
55.5 + 11.5 (standard deviation) years with a male preponder-
ance (88.6%) and a prevalence of known coronary artery dis-
ease in a fifth of patients. Successful percutaneous coronary
intervention was performed in 97.7% of patients at a rate of
95.5% stent implantation within a median pain-to-balloon
time of 260 (IQR 124-591) min. Baseline characteristics are
shown in Table 1.

Differential time course of biomarkers

Serial measurements of biomarkers showed remarkable ho-
mogeneity for ST2, NT-proBNP, and hsTnT with a pronounced
and persistent decline in concentration at 6 and 12 months
after STEMI compared with baseline levels. Conversely, the
concentration of CCN1 increased from baseline to 6 months,
reaching a plateau thereafter with no further increase from 6
to 12 months (Figure 2).

Prognostic value of biomarkers at baseline to
predict cMRI-based structural or functional
changes

A consistent pattern of strong correlations with cMRI param-
eters at 12 months (P < 0.001) was found only for baseline
hsTnT: LVEF (rho = —0.71), LVESV (rho = 0.61), and infarct size
(rho = 0.66). Multivariable analysis comprising hsTnT, ST2,
NT-proBNP, CCN1, age, and eGFR identified as independent
predictors of cMRI parameters at 12 months (above or below
the median; P < 0.05) a consistent pattern for baseline hsTnT

to predict LVEF odds ratio (OR) 0.13 (95% Cl 0.03, 0.49);
infarct size OR 3.26 (95% ClI 1.18, 8.99), relative infarct size
OR 3.46 (95% CI 1.22, 9.79), LVESV OR 4.74 (95% Cl 1.65,
13.57), and LVEDV OR 2.95 (95% Cl 1.26, 6.91), whereas base-
line CCN1 was singularly associated with LVEDV OR 0.39 (95%
Cl1 0.16, 0.92). Baseline ST2 was associated with LVEF OR 0.31
(95% Cl 0.11, 0.84) as well as LVESV OR 3.17 (95% Cl 1.13,
8.91) and LVEDV OR 3.01 (1.08, 8.37).

Comparison of prognostic value of serial changes
of biomarkers vs. baseline to predict MR-based
structural or functional changes

ROC analysis via multiple logistic regression models of the
levels of individual biomarkers at baseline and 6 months
and the delta change baseline vs. 6 months (A value BL-6M)
was performed to predict changes in cMRI-based structural
or functional parameters at 12 months compared with base-
line. Considering AUC values >0.7 as a clinically meaningful
cut-off, the highest AUC to predict LVEF was found for hsTnT
at baseline (0.870, 95% Cl 0.756—0.983), which was identical
to the AUC of the hsTnT A value BL-6M (0.870, 95% ClI
0.756-0.983, P = 1 for comparison) and was not improved
when the two approaches were combined (0.891, 95% ClI
0.791-0.992, P = 0.444 for comparison baseline vs. combined
and P = 0.444 for comparison of A value BL-6M vs. combined)
(Figure 3A, scatter plot Figure 5A, calibration plot Figure S6A).
ST2 levels at baseline showed a clinically meaningful associa-
tion with LVEF (0.763, 95% ClI 0.615-0.911) but a numerically
higher association for the ST2 A value BL-6M (0.809, 95% Cl
0.679-0.939, P = 0.304 for comparison) and the combination
of the two (0.778, 95% Cl 0.638-0.918, P = 0.799 for compar-
ison baseline vs. combined and P = 0.234 for comparison of A
value BL-6M vs. combined) (Figure 3B). NT-proBNP and CCN1
were not associated with LVEF (Figure 3C,D). Scatter plots are
provided in Figure S7A.

For the prediction of LVEDV at 12 months, baseline hsTnT
had the highest AUC (0.753, 95% CI 0.604-0.903), which

Figure 1 Timeline of data collection. Blood draws are illustrated by red tubes; cMRI scans are shown by grey appliances.
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Table 1 Baseline characteristics
Median [IQR] or n (%) Unit Data
Age 55.5 [49-64.25] Years 44/44
Sex Male 39 (88.6), female 5 (11.4) n (%) 44/44
BMI 26.84 [24.27-29.29] kg/m2 44/44
Systolic BP 120 [110-130.5] mmHg 44/44
Diastolic BP 72.5 [63-78.5] mmHg 44/44
Co-morbidities
Hypertension 17 (38.6) n (%) 44/44
Diabetes mellitus 7 (15.9) n (%) 44/44
Dyslipidaemia 7 (15.9) n (%) 44/44
Smoker Current 17 (38.6), previous 10 (22.7) n (%) 44/44
CAD 9 (20.5) n (%) 44/44
Previous Ml 0 (0) n (%) 44/44
Heart failure 1(0.02) n (%) 44/44
PCl 44 (100) n (%) 44/44
Pain-to-balloon time 260 [123.8-591] Min 44/44
Successful intervention 43 (97.7) n (%) 44/44
Stent implantation 42 (95.5) n (%) 44/44
1-vessel disease 26 (59.1) n (%) 44/44
2-vessel disease 14 (31.8) n (%) 44/44
3-vessel disease 4(9.1) n (%) 44/44
Infarct-related artery
RCA 15 (34.1) n (%) 44/44
LAD 19 (43.2) n (%) 44/44
LCX 10 (22.7) n (%) 44/44
LMCA 0(0) n (%) 44/44
Clinical chemistry (baseline)
Creatinine in serum 0.9 [0.8-0.98] mg/dL 44/44
eGFR (MDRD) peak value (d1-9) 91 [80.5-104] mL/min/1.73 m? 43/44
CK-MB 59.0 [45.18-138.6] U/L 33/44
CK-MB peak value (d1-9) 57.95 [43-135.48] U/L 33/44
Leucocytes 9.2 [8.25-10.8] n*1000/uL 43/44
C-reactive protein 1.07 [0.52-4.06] mg/dL 42/44
cMRI parameters (12 months)
LVEF 52.8 [47.2-58.52] % 44/44
LVEDV 174.75 [150.78-190.95] mL 44/44
LVESV 77.3 [61.85-97.2] mL 44/44
Infarct size 9.7 [7.3-16.1] g 44/44
Stroke volume 90.95 [79.98-98.03] mL 44/44
Biomarker (baseline)
hsTnT 1969 [883.22-3032] pg/mL 44/44
ST2 33.47 [26.56-49.95] ng/mL 44/44
NT-proBNP 885.5 [668.25-1476.75] pg/mL 44/44
CCN1 152.85 [116.88-190.02] pg/mL 44/44

Abbreviations: BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; CCN1, cellular communication network factor 1;
CK-MB, creatine phosphokinase-MB; eGFR, estimated glomerular filtration rate; hsTnT, high-sensitivity troponin T; LAD, left anterior de-
scending artery; LCX, left circumflex artery; LMCA, left main coronary artery; LVEDV, left ventricular end-diastolic volume; LVEF, left ven-
tricular ejection fraction; LVESV, left ventricular end-systolic volume; MDRD, modified renal diet; MI, myocardial infarction; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; PCl, percutaneous coronary intervention; RCA, right coronary artery; ST2, suppression of tumor-

igenicity 2.

Successful intervention was defined as restituted TIMI-3 flow post-PCl.

was identical to the hsTnT A value BL-6M (0.753, 95% ClI
0.604-0.903, P = 1 for comparison) and similar to the value
when the two approaches were combined (0.771, 95% ClI
0.624-0.918, P = 0.599 for comparison baseline vs. com-
bined and P = 0.599 for comparison of A value BL-6M vs.
combined) (Figure 4A, scatter plot Figure 5B, calibration plot
Figure S6B). For ST2, the highest association with LVEDV was
for the A value BL-6M (0.781, 95% ClI 0.641-0.921), which
was the same as when the baseline and A values were com-
bined (0.771, 95% CI 0.629-0.912, P = 0.426 for compari-
son); the AUC for ST2 at baseline was numerically lower

(0.745, 95% ClI 0.589-0.901, P = 0.685 for comparison base-
line vs. combined and P = 0.512 for comparison of A value
BL-6M vs. baseline) (Figure 4B). For LVEDV, there were no
clinically =~ meaningful  associations  for  NT-proBNP
(Figure 4C). For CCN1, the highest association with LVEDV
was for the baseline value (0.708, 95% CI 0.551-0.903),
which was the same as when the baseline and A values
were combined (0.729, 95% Cl 0.578-0.881, P = 0.520 for
comparison). The CCN1 A value BL-6M did not show clini-
cally relevant predictive power for LVEDV (Figure 4D). Scat-
ter plots are provided in Figure S7B.
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Figure 2 Differential time course of biomarkers in the first 12 months after STEMI. Boxplot illustration showing median with the first and third
quartiles. CCN1, cellular communication network factor 1; hsTnT, high-sensitivity troponin T; NT-proBNP, N-terminal pro-B-type natriuretic peptide;

ST2, suppression of tumorigenicity 2. ****pP < 0.001.
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Among the four biomarkers evaluated, only hsTnT and
ST2 showed multiple associations (AUC >0.7) with infarct
size (Figure SIA,B), relative infarct size (Figure S2A,B) and
LVESV (Figure S3A,B), but there was no difference in
AUC between baseline and the A value BL-6M. None of
the four biomarkers were able to predict stroke volume
(Figure S4).

Baseline levels of CCN1 were closely associated with in-
farct size (Figure SID) besides LVEDV (Figure 4D). In light of
the differential time course of the four biomarkers after
STEMI in the first year, with a rise and subsequent plateau
phase after 6 months observed only for CCN1, a separate
ROC analysis was performed. CCN1 levels at 6 months could
not predict cMRI-based changes at 12 months at AUC levels
>0.7 (Figure S5).

Discussion

In this multimarker substudy of the ETiCS study, we identified
baseline levels of hsTnT and ST2 as strong predictors of
changes in LVEF and LVEDV at 12 months after STEMI.

The ETICS study provides several time points for measure-
ment of biomarkers that can be correlated with serial cMRI
scans after STEMI,*”"*® enabling comparison of serial changes
in biomarker levels with cMRI-based structural and functional
changes typical of remodelling. In our study, hsTnT measured
at baseline after STEMI showed the strongest association
with long-term LV remodelling (in particular LVEF, but also
LVEDV, infarct size, and relative infarct size), corroborating
previous data.’®>* Of note, individual time points early after
STEMI—in particular at Day 4—were shown to adequately
predict infarct size.>?> The present study extends these data
to 6 months, demonstrating that baseline levels provide as
much information as does the change in biomarker levels be-
tween baseline and 6 months.

Of note, a recent study in 374 STEMI patients with serial
cMRI scans performed at 6 days and 6 months after reperfu-
sion and assessment of adverse clinical events showed that a
single cMRI scan at baseline is enough to serve as a surrogate
marker for clinical endpoints ascertained during a 6-year fol-
low-up. In comparison with exclusive use of LVEDV, the com-
bination of LVEDV and LVEF determined by a cMRI scan at
baseline improved the predictive value regarding adverse
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Figure 3 ROC analysis of individual biomarkers at baseline and 6 months to predict left ventricular ejection fraction (LVEF) at 12 months. (A) hsTnT,
high-sensitivity troponin T. (B) ST2, suppression of tumorigenicity 2. (C) NT-proBNP, N-terminal pro-B-type natriuretic peptide. (D) CCN1, cellular

communication network factor 1.
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outcome. Conversely, evaluation of LVEDV and LVEF by cMRI
scan at 6 months did not add further prognostic value to the
early cMRI.2 In our study, a single biomarker measurement
(especially hsTnT) performed early after reperfusion in STEMI
patients provides valid information on LVEF and LVEDV,
obviating the need for further biomarker measurements
and serial cMRI scans after STEMI. Our study extends the data
on associations of cMRI-based LVEF and LVEDV with adverse

outcome reported by Rodriguez-Palomares,?® suggesting that
a single biomarker measurement early after reperfusion may
be enough to discern patients at high risk for adverse events.
Future studies are warranted to assess whether
biomarker-guided therapies addressing the underlying patho-
physiology can change cMRI-based structural and functional
parameters and ultimately adverse events to inform treat-
ment decisions. Our data showing the ability of ST2 to predict
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Figure 4 ROC analysis of individual biomarkers at baseline and 6 months to predict left ventricular end-diastolic volume (LVEDV) at 12 months.
(A) hsTnT, high-sensitivity troponin T. (B) ST2, suppression of tumorigenicity 2. (C) NT-proBNP, N-terminal pro-B-type natriuretic peptide. (D) CCN1,

cellular communication network factor 1.
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deterioration of LVEF determined late after STEMI are in line
with previous data.?* The lack of an association of NT-proBNP
with long-term LV volume indices is likely attributable to the
timing of biomarker measurements, as a later time point may
be more appropriate.’®

This is the first study to describe the time course of the
novel circulating biomarker CCN1 during the first year in
STEMI patients. Several aspects delineated from the current
study suggest a distinct underlying pathophysiology for

CCN1. First, the kinetics characterized by an increase in
CCN1 levels that reaches a plateau at 6 months after the
index STEMI clearly distinguish it from the established car-
diovascular biomarkers hsTnT, ST2, and NT-proBNP, which
show a decrease with persisting low levels after 6 months.
Second, CCN1 levels measured at baseline after STEMI
showed a clinically meaningful association (c-statistics
>0.7) with LVEDV and infarct size but not LVEF as deter-
mined by cMRI at 12 months. LV remodelling has a complex
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Figure 5 Scatter plot of association between the cardiac biomarker high-sensitivity troponin T (hsTnT) at baseline and cMRI parameters at 12 months.
(A) LVEF, left ventricular ejection fraction. (B) LVEDV, left ventricular end-diastolic volume.
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pathophysiology, with some but not all cMRI parameters be-
ing reflected by individual biomarkers. The reason for this
may be biological (distinct pathophysiology not reflected
by the biomarker) or numerical (small patient number to
detect weak associations of a biomarker with cMRI-based
pathology). Data from our study may serve as a starting
point to conduct a power calculation for a future, larger
study. These findings warrant further study into the under-
lying pathophysiology of CCN1 after STEMI to explain the
previously observed association of elevated CCN1 levels
with all-cause mortality and recurrent MI.**** Our current
data put previously published data into perspective, as cMRI
provides better assessment of infarct-related injury and sub-
sequent LV remodelling than creatine kinase levels mea-
sured shortly after STEMI.'®> Beyond a mere association, it
appears rather that elevated CCN1 levels in STEMI patients
represent different strata of patients with larger or smaller
infarcts in the early phase, which, however, might have only
a minor impact on LV remodelling in the ensuing later
stages after STEMI.

Limitations

This substudy of the ETiCS study analysed a rather small num-
ber of patients. However, the strength of the study lies in the
well-characterized patients and in the serial measurements of
biomarkers and serial cMRI scans performed. The distinct
time points of sampling on Days 0-3 (baseline) after STEMI
are noteworthy, and we cannot exclude some level of con-

founding here. However, this represents the timeframe of a
plateau, at least for troponin T, and our data on hsTnT are
line with published data.??

Conclusion

After STEMI, baseline hsTnT is the one of four biomarkers
analysed that was most closely correlated with heart
failure-related changes in structural and functional LV pathol-
ogy at 12 months. The novel biomarker CCN1 was closely
related to LVEDV and infarct size, warranting further study
into the underlying pathophysiology.
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