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Abstract

Aim The Universal Definition of Heart Failure (UDHF) provides a framework for staging risk for HF events. It is not clear
whether prognostic biomarkers have different meaning across UDHF stages. We sought to evaluate performance of
biomarkers to predict HF events among high-risk patients undergoing coronary and/or peripheral angiography categorized
into UDHF stages.

Methods One thousand two hundred thirty-five individuals underwent coronary and/or peripheral angiography were
enrolled. Study participants were categorized into UDHF Stage A (at risk), Stage B (pre-HF), and Stage C or D (HF, including
end stage) and grouped into Stage A/B and C/D. Biomarkers and clinical variables were used to develop prognostic models.
Other measures examined included total HF hospitalizations.

Results Over a median of 3.67 years of follow-up, 155 cardiovascular (CV) deaths occurred, and 299 patients were
hospitalized with acute HF. In patients with Stage A/B, galectin-3 (HR = 1.52, P = 0.03), endothelin-1 (HR = 2.16, P = 0.001),
and N-terminal pro-B-type natriuretic peptide (NT-proBNP; HR = 1.43, P < 0.001) were associated with incident CV
death/HF hospitalization. In Stage C/D, NT-proBNP (HR = 1.26, P = 0.006), soluble urokinase-type plasminogen activator
receptor (suPAR; HR = 1.57, P = 0.007) and high-sensitivity C-reactive protein (hs-CRP; HR = 1.15, P = 0.01) were associated
with these outcomes. Higher biomarker concentrations were associated with greater total burden of HF events in Stages
A/B and C/D.

Conclusions Among higher risk individuals undergoing angiographic procedures, different biomarkers improve risk
stratification in different UDHF stages of HF. More precise prognostication may offer a window of opportunity to initiate
targeted preventive measures.
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Introduction

Heart failure (HF) is an increasingly prevalent disorder
affecting 6 million individuals in the USA® with substantial
variation in severity and prognosis® but with a progressive
course once fully established. Given this, every effort for
earlier detection and more precise treatment is necessary,
with the goal to reduce risk for progression to more
symptomatic, harder-to-treat disease. Identifying those at
heightened risk for incident HF or complication of

pre-existing diagnosis should be a major aspect of the
approach to HF care, but it may be challenging: Risk for
progression of HF is complex, as the diagnosis may be marked
by various biological processes including neurohormonal
activation, inflammation, vascular remodelling, myocardial
injury, and renal impairment.® Better characterization of
individuals at defined stages of the diagnostic journey of HF
is needed, particularly when at-risk patients may be identified
in an expeditious fashion. For example, we recently reported
significant rates of future HF events among patients
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evaluated with coronary and/or peripheral angiography,® a
population whose risk remains very high despite invasive
evaluation and management.

Among the tools leveraged to inform better risk stratifica-
tion for HF events is measurement of circulating biomarkers.®
Biomarkers add important prognostic information in HF not
otherwise available at the bedside and allow for a better
understanding of the complex pathophysiology of the
diagnosis. Besides N-terminal pro-B-type natriuretic peptide
(NT-proBNP),® numerous biomarkers have been examined
aiming to identify novel insights to the complex mechanisms
of the diagnosis, including prediction of both incident HF and
complication of pre-existing disease.’

The recent Universal Definition and Classification of HF
(UDHF) articulates an approach that places individuals into
four stages of the diagnosis: ‘at risk’ (Stage A), ‘pre-HF’ (Stage
B), past or present symptomatic HF (Stage C), and end-stage
HF (Stage D). These stages are meant to allow for more accu-
rate gauging of risk and planning of intervention. How such
staging applies to higher risk categories of individuals such
as those undergoing coronary and/or peripheral angiography
has not been examined, and where different biomarkers pro-
vide prognostic information in such patients in each stage is
unclear. To address this, we examined concentrations of sev-
eral biomarkers from samples obtained from a cohort of indi-
viduals undergoing coronary and/or peripheral angiography
categorized as a function of UDHF stages. The goal of the
study was to use recently articulated staging as a means by
which to portray the patterns of biomarkers at these various
steps along the way in the diagnosis of HF. Efforts like this will
help to add an individualized description of the milieu in each
stage. We hypothesized that in this high-risk population, dif-
ferent biomarkers might inform risk depending on where in
the HF journey each patient rests.

Methods

All study procedures were approved by the Mass General/
Brigham Institutional Review Board.

Study design and participants

The design of the Catheter Sampled Blood Archive in Cardio-
vascular Diseases (CASABLANCA) study has been described
previously (ClinicalTrials.gov Identifier: NCT00842868).% In
this heavily phenotyped cohort analysis, 1251 persons under-
going coronary and/or peripheral angiography with or with-
out intervention between 2008 and 2011 were prospectively
enrolled at the Massachusetts General Hospital in Boston,
MA. Patients were referred for angiography for various acute
and non-acute indications including acute coronary syn-
dromes, HF, abnormal stress tests, stable chest pain, claudica-

tion, and routine pre-operative evaluation. As previously
reported,8 at the time of enrolment, the details of each
individual study participant were queried at the bedside
and supported by data extraction from the medical records;
all information was verified.

Extensive historical information makes this study unique to
classify stage of HF. Utilizing all available information,
including past history and history at the time of angiography,
results of invasive evaluations (including filling pressures and
left ventricular angiograms), along with concentrations of
NT-proBNP  (Siemens Diagnostics, Newark, DE) and
high-sensitivity cardiac troponin | (hs-cTnl, Abbott Diagnos-
tics, Abbott Park, IL), study participants were categorized into
the 2021 Universal Definition and Classification of Heart
Failure Stages® (Table S1):

e Stage A: Persons with no past or present history of HF, no
symptoms of dyspnoea, no structural cardiac changes with
a left ventricular ejection fraction >50%, no history of
acute myocardial infarction, significant aortic or mitral
valve disease or history of valvular surgery, no implantable
cardioverter defibrillator placement, normal filling pres-
sures (pulmonary capillary wedge pressure <15 mmHg,
left ventricular end-diastolic pressure < 13 mmHg), NT-
proBNP < 300 ng/L, and hs-cTnl <99th percentile (male
>34 ng/L; female >16 ng/L)

e Stage B: Persons with no past or present history of HF and
no symptoms of dyspnoea, but with any of the following:
abnormal cardiac structural changes, elevated filling
pressures or abnormal biomarker concentrations
(NT-proBNP > 300 ng/L), and hs-cTnl >99th percentile
(male >34 ng/L; female >16 ng/L).

¢ Stage C/D: Persons with past or present medical history of
HF or end-stage HF.

Given the extensive background information available on
study subjects, few remained unclassified. Two physicians in-
dependently reviewed the uncertain cases and assigned the
correct stage.

Follow-up

Median follow-up was 3.67 years with a maximum follow-up
of 8 years. Medical record extraction using natural language
processing from the Massachusetts General Hospital elec-
tronic health record from time of enrolment to end of
follow-up was performed. For identification of clinical end-
points, review of medical records as well as phone follow-
up with patients and/or managing physicians was performed.
The Social Security Death Index and/or postings of death an-
nouncements were used to confirm vital status. A detailed
definition of endpoints for CASABLANCA was previously
published.?
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Specific to this analysis, HF events were defined as signs
and symptoms of HF in a patient with or without a previous
diagnosis of chronic HF and at least one of the following: (i)
initiation or increase in dosage of diuretic or (ii) radiographic
evidence for pulmonary congestion or (iii) structural heart
disease with documentation of left ventricular ejection frac-
tion <40% or (iv) diastolic dysfunction or (v) elevated natri-
uretic peptides. For any recurring events, each discrete event
was recorded. Our primary endpoint was the composite of CV
death and HF hospitalization.

Biomarker testing

Blood samples were collected immediately prior to cardiac
catheterization and were drawn from the access site (either
femoral or radial) used for the procedure. For each blood
draw, 15 mL of blood was obtained into chilled tubes contain-
ing ethylenediaminetetraacetic acid (EDTA) or no anticoagu-
lant and transported on ice to the lab for processing. Blood
was subsequently centrifuged for 10 min at 3000 g, and
plasma or serum was divided into 500 pL aliquots and stored
at —80°C until analysis None of the aliquots used for this
study were previously thawed. When assays were run, they
were done all off of the same lot of reagent, batching sam-
ples into a single run. In this study, we evaluated hs-cTnl (Ab-
bott Diagnostics, Abbott Park IL), galectin-3 (Abbott Diagnos-
tics, Abbott Park IL), soluble urokinase plasminogen activator
receptor (suPAR; ViroGates, Birkeroed, Denmark), NT-proBNP
(Siemens Inc, Newark DE), high-sensitivity C-reactive protein
(hs-CRP; Siemens, Newark, DE), cystatin-C (Siemens, Newark,
DE), myeloperoxidase (MPO; Siemens, Newark, DE), soluble
ST2 (sST2; Critical Diagnostics, San Diego, CA), Kidney Injury
Molecule-1 (KIM-1; Singulex Inc, Alameda CA), and
endothelin-1 (ET-1; Singulex, Alameda, CA).

Statistical analysis

Baseline characteristics were stratified by HF Stages A, B, and
C/D. For continuous variables, an ANOVA test for significance
was performed if data were approximately normally distrib-
uted and a Kruskal-Wallis test if data were non-normally dis-
tributed. For categorical variables, a chi-square test for signif-
icance was performed if all expected cell counts were greater
than or equal to 5 and Fisher’s exact test was performed oth-
erwise. All biomarker concentrations were log-transformed
(base 10) for prognostic analyses.

Overall, 1.78% of the data were missing, with variables
with missingness including dyslipidaemia (0.2% missing),
smoking (1.0%), hs-cTnl (0.2%), KIM-1 (0.2%), cystatin-C
(21.1%), hs-CRP (5.4%), NT-proBNP (0.2%), LDL-C (6.1%),
HDL-C (5.4%), MPO (20.3%), galectin (0.5%), suPAR (0.5%),

and sST2 (9.6%). We used multivariate imputation via
chained equations (MICE) package in R for data imputation.

To select the final variables from candidates [age, sex, race,
hypertension, diabetes mellitus, body mass index, hyperlipid-
aemia, smoking status, CVA/TIA, eGFR (cystatin-based), LDL-C,
HDL-C, hyperthyroid, atrial fibrillation, PAD, CKD, COPD, his-
tory of M, history of CAD, history of CABG, history of PClI,
log sST2, log NT-proBNP, log suPAR, log hs-cTnl, log galectin-
3, log KIM-1, log hs-CRP, log ET-1, log MPOQ], the least absolute
shrinkage and selection operator (LASSO) method was used.
LASSO may outperform standard methods (stepwise ap-
proach) when dealing with high-dimensional data. We used
the value of ‘lambda’, the tuning parameter, giving the most
regularized model such that deviance is within one standard
error of the minimum, which is less prone to overfitting. The
R package ‘glmnet’ (version: 4.1-3) was used. Using variables
from the LASSO method, Cox proportional hazards models
assessed the relationship between final variables and com-
posite primary outcome (incident HF admission and CV
death). Final adjusted Cox models were developed that in-
cluded age, sex, log NT-proBNP, log ET-1, log galectin-3, and
log suPAR concentrations for Stage A/B and age, sex, diabetes,
log NT-proBNP, log ET-1, log suPAR, log hs-cTnl, log hs-CRP,
and log sST2 for Stage C/D. We used the following criteria to
report the performance of each prognostic model: Harrell’s
C statistic was reported as the discrimination ability of the
models, whereas calibration was assessed using Hosmer—
Lemeshow Xz test and Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC).

From these Cox models, predicted risk scores were calcu-
lated for each individual by applying the model coefficient
values to their covariate distribution. Median risk scores were
determined to stratify individuals into risk groups. Kaplan—
Meier curves for the composite endpoint of HF hospitaliza-
tion and CV death were plotted after creating risk groups to
demonstrate survival profiles over time, with time points that
had fewer than five subjects remaining at risk excluded from
plotting.

To assess the association between biomarker concentra-
tions and total burden of events, mean cumulative count
methodology was used; this approach quantifies recurrent
event rates (hospitalization for HF) in the presence of a com-
peting risk (all-cause mortality). The mean cumulative count
estimates the average number of recurrent events within a
given time frame using Nelson’s mean cumulative function.*®
Competing risks are accounted for by terminating a subject’s
at-risk status for having the recurrent event. Mean cumula-
tive count analyses were performed for UDHF Stages A/B
and C/D comparing lower risk vs. higher risk groupings from
the Cox models above. 95% confidence intervals for the mean
cumulative count were calculated by creating 1000
bootstrapped datasets and then taking the 2.5th and 97.5th
percentiles of each time point estimate, following the percen-
tile bootstrapping method. Although a first HF event in a
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study participant in Stage A or B would qualify them as
transitioning to Stage C or D, the point of this analysis was
to emphasize ability of a cross-sectionally measured bio-
marker to predict future burden of disease regardless of the
subsequent staging. Lastly, to further account for competing
risk, we implemented the sub-distribution hazard function in-
troduced by Fine and Gray.'?

All hypotheses were two-sided with a P value < 0.05 consid-
ered statistically significant. All statistical analyses were per-
formed using the R Version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria; https://www.R-project.org/).

Results

A study flow diagram is detailed in Figure 1. After exclusions,
the study sample was 1235 patients. Following categorization
into UDHF stages, there were 77 (6.2%) individuals in Stage A,
733 (59.4%) in Stage B, and 425 (34.4%) in Stage C/D. After
using all available information, only eight patients with ‘dys-
pnoea’ as the cause of being in the lab required further cate-
gorization and were assigned.

Baseline characteristics of study population across UDHF
Stages A, B, and C/D are presented in Table 1, whereas char-
acteristics as a function of UDHF stages and CV death/HF hos-
pitalization events are shown in Table S2. Patients with Stage

Figure 1 CONSORT diagram for the present analysis. Excluding those
with prior heart transplantation and those missing biomarker results,
the study sample was 1235 participants.

Total population

n=1251

Heart transplant

n=12

n=1239

Missing values for
all biomarkers

n=4

Final cohort

n=1235

C/D UDHF were older, had higher prevalence of Type 2 diabe-
tes, chronic kidney disease, coronary artery disease, myocar-
dial infarction, coronary artery bypass graft, smoking, and
atrial fibrillation. With the exception of MPO, a stepwise
increase in biomarker concentrations was seen across UDHF
stages.

During follow-up, among Stage A subjects, there were four
(5.2%) first HF events and two (2.6%) CV deaths. Stage B sub-
jects experienced 118 (16.1%) first HF events and 65 (8.9%) CV
deaths. In order to maximize analytical power, Stage A/B was
pooled for subsequent analyses. Among Stage A/B subjects,
there were a total of 281 first and recurrent HF events ob-
served among 810 subjects with 88 (10.9%) subjects reaching
the terminal endpoint of all-cause mortality. Stage C/D sub-
jects experienced 177 (41.6%) first HF events and 88 (20.7%)
CV deaths; there were a total of 489 first and recurrent HF
events observed among 425 subjects with 104 (24.5%) sub-
jects reaching the terminal endpoint of all-cause mortality.

Figure 2 details variables of influence for the composite
endpoint of CV death or HF hospitalization in Stages A/B
(Figure 2A) and C/D (Figure 2B). Notably, biomarkers had dif-
fering importance depending on UDHF stage category. For ex-
ample, whereas NT-proBNP was a relatively similar predictor
of future events across both categories, ET-1 appeared more
prognostically meaningful in Stage A/B than Stage C/D.

The varying importance of biomarkers for prognosticating
the composite outcome of first HF/CV death in a fully ad-
justed Cox proportional hazards model including clinical and
biomarker variables is detailed in Table 2. For individuals with
Stage A/B (Table 2) in multivariable adjustment, increase in
one unit of log NT-proBNP (HR = 1.43; 95% ClI = 1.21-1.68,
P < 0.001), log ET-1 (HR = 2.16; 95% Cl = 1.36-3.41,
P = 0.001) and log galectin-3 (HR = 1.52; 95% CI = 1.04—
2.21, P = 0.03) remained predictive of increased risk of HF
hospitalization or CV death. In those with Stage C/D HF (Table
2), NT-proBNP remained prognostic, sSUPAR concentrations
were associated with greater prognostic association than in
Stage A/B, and concentrations of hs-CRP and sST2 both were
retained as predictors. Restricted cubic spline cox models
showing the shape of association between each biomarker
with HF hospitalization/CV death are presented in Figure
S1. Moreover, associations of each clinical and biomarker var-
iable with HF hospitalization/CV death are shown in Table
S3A and S3B.

In final adjusted Cox models for prognosticating outcomes
in Stage A/B, variables included were age, sex, log NT-
proBNP, log ET-1, log galectin-3, and log suPAR concentra-
tions, whereas for Stage C/D the variables were age, sex, di-
abetes, log NT-proBNP, log ET-1, log suPAR, log hs-cTnl, log
hs-CRP, and log sST2. Table S4 shows the discrimination and
calibration for each biomarker model. Combination of the
biomarkers resulted in a significant increase in the discrimina-
tion ability of the model with preservation of acceptable cal-
ibration (P value > 0.2). Both final models had modest dis-
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Table 1 Baseline characteristics of the study population by Universal Definition of Heart Failure stages

Stage A HF (n = 77) Stage B HF (n = 733) Stage C/D HF (n = 425) P value®
Age, mean (SD) 57.3 (8.90) 66.0 (11.3) 68.8 (11.5) <0.001
Male sex, n (%) 62 (80.52%) 515 (70.26%) 303 (71.29%) 0.17
Caucasian race, n (%) 69 (89.61%) 683 (93.18%) 402 (94.59%) 0.24
Medical history, n (%)
Type 2 diabetes 13 (16.88%) 171 (23.33%) 132 (31.06%) 0.003
Hypertension 55 (71.43%) 546 (74.49%) 331 (77.88%) 0.30
Hyperlipidaemia 52 (67.53%) 502 (68.58%) 271 (64.07%) 0.29
CKD 0 (0%) 80 (10.91%) 81 (19.06%) <0.001
RRT 0 (0%) 18 (2.46%) 14 (3.29%) 0.24
CAD 27 (35.06%) 383 (52.25%) 240 (56.47%) 0.002
M 0 (0%) 156 (21.28%) 131 (30.82%) <0.001
COPD 12 (15.58%) 116 (15.85%) 91 (21.41%) 0.05
PAD 15 (19.48%) 199 (27.15%) 109 (25.65%) 0.33
CVA/TIA 5 (6.49%) 75 (10.23%) 57 (13.41%) 0.10
PCl 15 (19.48%) 214 (29.2%) 114 (26.82%) 0.17
DES 1 (50%) 3 (59.09%) 2 (33.33%) 0.53
CABG 8 (10.39%) 124 (16.92%) 96 (22.59%) 0.01
Current smoker 9 (11.84%) 126 (17.38%) 44 (10.45%) 0.005
Atrial fibrillation 5 (6.49%) 82 (11.19%) 143 (33.65%) <0.001
Haemodynamic data
LVEDP 9.00 (0-12.0) 16.0 (0-36.0) 17.0 (0-45.0) <0.001
PCWP 6.50 (3.00-14.0) 12.0 (2.00-34.0) 15.0 (2.00-40.0) <0.001
LVEF 65.5 (58.0-78.0) 64.0 (32.0-86.0) 51.0 (11.0-81.0) <0.001
Angiography results
>30% coronary stenosis in >2 vessels 33 (42.9%) 417 (56.9%) 249 (58.6%) 0.04
>30% coronary stenosis in >3 vessels 26 (33.8%) 323 (44.1%) 197 (46.4%) 0.12
>50% coronary stenosis in >2 vessels 28 (36.4%) 343 (46.8%) 195 (45.9%) 0.22
>50% coronary stenosis in >3 vessels 14 (18.2%) 232 (31.7%) 138 (32.5%) 0.04
>70% coronary stenosis in >2 vessels 17 (22.1%) 263 (35.9%) 154 (36.2%) 0.05
>70% coronary stenosis in >3 vessels 9 (11.7%) 156 (21.3%) 81 (19.1%) 0.11
Medications
Aspirin 63 (81.82%) 593 (81.12%) 300 (71.09%) <0.001
Clopidogrel 20 (25.97%) 195 (26.64%) 85 (20.19%) 0.05
Warfarin 5 (6.49%) 63 (8.62%) 119 (28.2%) <0.001
Statin 54 (70.13%) 552 (75.51%) 299 (70.85%) 0.17
ACE inhibitors 33 (43.42%) 286 (39.02%) 182 (43.03%) 0.36
ARB 9 (11.69%) 7 (13.27%) 84 (19.91%) 0.007
Beta-blocker 36 (46.75%) 513 (70.08%) 321 (76.07%) <0.001
MRA 3 (3.9%) 21 (2.87%) 30 (7.11%) 0.003
Loop diuretic 2 (2.6%) 72 (9.84%) 185 (43.84%) <0.001
Thiazide diuretic 15 (19.48%) 129 (17.67%) 60 (14.25%) 0.25
Ca channel blocker 17 (22.08%) 197 (26.95%) 100 (23.64%) 0.36
Nitrates 10 (12.99%) 148 (20.22%) 80 (19%) 0.30
Biomarkers, median (Q1-Q3)
sST2 36 (28-47) 35 (27-47) 41 (30-58) <0.001
NT-proBNP 170 (100-240) 1,200 (540-2,800) 3,000 (1,300-7,500) <0.001
suPAR 2.6 (2.1-3.6) 3.4 (2.5-4.8) 4.3 (2.9-6.0) <0.001
hs-cTnl 1.7 (1.2-3.3) 4.2 (2.1-12.0) 6.3 (2.8-15.0) <0.001
Galectin-3 17 (15-19) 19 (15-24) 21 (16-27) <0.001
KIM-1 110 (77-180) 150 (95-230) 180 (120-290) <0.001
hs-CRP 1.8 (0.9-3.8) 2.5(1.0-5.2) 3.3(1.3-7.1) <0.001
Cystatin C 0.74 (0.64-0.80) 0.78 (0.68-0.96 0.87 (0.75-1.20) <0.001
MPO 390 (310-520) 420 (320-590) 430 (310-600) 0.50
ET-1 2.1 (1.8-2.6) 2.4(2.0-3.0) 3.0 (2.1-3.3) <0.001

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CABG, coronary artery bypass graft; CAD, coronary artery dis-
ease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CVA/TIA, cerebrovascular accident/transient ischaemic
attack; DES, drug-eluting stent, ET-1, endothelin1;hs-CRP, high-sensitivity C-reactive protein; hs-cTnl, high-sensitive troponin I; Kim-1, Kid-
ney Injury Molecule-1; LVEDP, left ventricular end diastolic pressure; LVEF, left ventricular ejection fraction; MI, myocardial infarction;
MPO, myeloperoxidase; MRA, mineralocorticoid antagonist; NT-proBNP, N-terminal prohormone of B-type natriuretic peptide; PAD, pe-
ripheral artery disease; PCl, percutaneous coronary intervention; PCWP, pulmonary capillary wedge pressure; RRT, renal replacement ther-
apy; sST2, soluble ST2; suPAR, soluble urokinase-type plasminogen activator receptor.

°For continuous variables, an ANOVA test was used to compare groups if data were approximately normally distributed, and a Kruskal-
Wallis test was used if data were non-normally distributed. For categorical variables, Pearson’s chi-square test was used if all expected
cell counts were >5 and Fisher’s exact test was used otherwise.
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Figure 2 Influential variables predicting cardiovascular death or heart failure hospitalization. Patients were categorized as Universal Definition of Heart
Failure (A) Stage A/B and (B) Stage C/D. hxcopd, history of chronic obstructive pulmonary disease; Hxdm2, history of diabetes mellitus; Log ET-1,
log-transformed endothelin 1; log ET-1, log-transformed endothelin-1; log Gal3, log-transformed galectin-3; log hs-CRP, log-transformed high-sensitiv-
ity C-reactive protein; log hs-cTnl, log-transformed high-sensitivity cardiac troponin I; Log NTproBNP, log-transformed N-terminal prohormone of
B-type natriuretic peptide; log ST2, log-transformed soluble ST2; log suPAR, log-transformed soluble urokinase plasminogen activator receptor.

(A)

NT-proBNP

Galectin-3

Endothelin-1

suPAR

0.0 0.1 0.2 0.3 0.4 0.5

Unexponentiated Coefficient

B)

suPAR
NT-proBNP
Diabetes mellitus
sST2

hs-CRP

COPD

hs-cTnl
Endothelin-1

Age

0.0 0.1 0.2 0.3 0.4

Unexponentiated Coefficient

Table 2 Cox modelling results for predictors of heart failure hospitalization or CV death among individuals based on Universal Definition

of Heart Failure: Stage A/B or C/D

Univariable Multivariable
Variables HR (%95 CI) P value HR (%95 ClI) P value
Stage A/B
Age, per year 1.04 (1.03-1.06) <0.001 1.02 (1.01-1.04) 0.006
Male sex 1.39 (0.97-2.01) 0.08 1.68 (1.16-2.43) 0.006
Log NT—proBNPa 1.90 (1.68-2.16) <0.001 1.43 (1.21-1.68) <0.001
Log ET-1° 5.45(3.65-8.15) <0.001 2.16 (1.36-3.41) 0.001
Log galectin-3° 3.07 (2.38-3.97) <0.001 1.52 (1.04-2.21) 0.03
Log suPAR® 3.01 (2.32-3.92) <0.001 1.32 (0.88-1.97) 0.17
Stage C¢/D
Age, per year 1.04 (1.03-1.05) <0.001 1.02 (1.01-1.04) 0.001
Male sex 1.12 (0.83-1.52) 0.45 1.46 (1.07-1.98) 0.02
Type 2 diabetes 1.68(1.28-2.22) <0.001 1.60 (1.19-2.13) 0.002
Log NT—proBNPa 1.71 (1.51-1.93) <0.001 1.26 (1.07-1.49) 0.006
Log ET-1° 2.85 (2.08-3.91) <0.001 1.29 (0.87-1.92) 0.20
Log suPAR? 3.01 (2.34-3.87) <0.001 1.57 (1.13-2.18) 0.007
Log hs-cTnl® 1.28 (1.19-1.38) <0.001 1.10 (0.99-1.21) 0.07
Log hs-CRP? 1.33 (1.21-1.46) <0.001 1.15(1.03-1.29) 0.01
Log sST2° 1.76 (1.42-2.19) <0.001 1.19 (0.95-1.49) 0.14

ET-1, endothelin-1; hs-CRP, high-sensitivity C-reactive protein; hs-cTnl, high-sensitivity cardiac troponin I; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; sST2, soluble ST2; suPAR, soluble urokinase-type plasminogen activator receptor.

°Per log unit change.

crimination ability as evident by Harrell’s C-statistics 0.76 and
0.73 for Stages A/B and C/D, respectively (Table S5). More-
over, to account for competing risk, sub-distribution hazard
ratios (SHR) of each biomarker for primary outcome are
shown in Table S6. Similar associations between biomarkers
and adverse clinical outcomes were found except that in
Stage A/B, SHR of galectin-3 and in Stage C/D, SHR of hs-
CRP and hs-cTnl for incident HF/CV death were statistically
non-significant.

In an effort to translate results of the multivariable model
to a predictive tool for risk of HF events in those with Stage
A/B or C/D undergoing angiographic procedures, the coeffi-
cients from the models for each scenario were applied to de-
velop a risk stratification tool and divided at the median value
for the continuous output of the risk model. For Stage A/B,
this was 0.77, whereas for Stage C/D, it was 0.75. Outcomes
of CV death or HF hospitalization across median split are
depicted for Stages A/B (Figure 3) and C/D (Figure 4).
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Figure 3 Kaplan—Meier curve predicting heart failure hospitalization or CV death in Universal Definition of Heart Failure Stage A/B based on high and
low risk. For Stage A/B risk modelling, variables included age, sex, log NT-proBNP, log ET-1, log galectin-3, and log suPAR concentrations.
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Figure 4 Kaplan—Meier curve predicting heart failure hospitalization or CV death in Universal Definition of Heart Failure Stage C/D based on high and
low risk categories. For Stage C/D risk modelling, variables included were age, sex, diabetes, log NT-proBNP, log ET-1, log suPAR, log hs-cTnl, log hs-

CRP, and log sST2.
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Besides predicting first events, higher biomarker concen-
trations (leading to higher risk categories in the Cox models)
were associated with total burden of HF events. The average
number of first and recurrent HF events is shown over time
for high- and low-risk groups in Figure 5. In Stage A/B, for
the high-risk group at the end of follow-up (1610 days), the
average number of recurrent events was 66 HF hospitaliza-
tions per every 100 individuals (95% Cl: 53—-89 events). For

the low-risk group at the end of follow-up (1197 days), the av-
erage number of recurrent events was 11 per every 100 indi-
viduals (95% Cl: 5-19 events); thus, the average number of
recurrent events for the high-risk group in Stage A/B is ap-
proximately six times higher than that of the low-risk group
at the end of each group’s follow-up. Among the low-risk in-
dividuals in Stage A/B with HF events (N = 19), most (N = 11;
58%) experienced only one event, whereas 57% high-risk par-
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Figure 5 Average number of first and recurrent heart failure events over time expressed as a function of high and low risk groups as derived from Cox

regression models.
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ticipants in Stage A/B experienced more than one outcome
event. In Stage C/D, for the high-risk group at the end of fol-
low-up (1554 days), the average number of recurrent events
was 187 per every 100 individuals (95% Cl: 156-224 events).
For the low-risk group at the end of follow-up (1514 days),
the average number of recurrent events was 52 per every
100 individuals (95% Cl: 34—74 events). Therefore, the aver-
age number of recurrent events for the high-risk group in
Stage C/D is approximately 3.5 times higher than that of
the low-risk group at the end of each group’s follow-up. For
low-risk individuals in Stage C/D (n = 212), a total of 104 first
and recurrent HF events were observed, while for higher risk
Stage C/D study participants (n = 213), a nearly fourfold
higher (N = 385) total HF event count was observed. Similar
to Stage A/B, lower risk individuals in Stage C/D were more
likely to have single events (61%), whereas higher risk Stage
C/D individuals had the opposite finding, with 64% experienc-
ing first and recurrent events.

Discussion

The recent UDHF consensus provides important guidance re-
garding staging of HF, something that is applicable to individ-
uals not only in the community but also under medical care,
such as hospitalized individuals or those undergoing evalua-
tion in the catheterization laboratory. In this heavily

phenotyped cohort of patients referred for angiographic pro-
cedures, we demonstrated the distribution of UDHF Stages,
finding a high number of at-risk Stage A and particularly Stage
B (or ‘pre-HF’) individuals along with a comparably large
number of Stage C/D HF. Consistent with the concept of
the UDHF, those with Stage B or C/D HF had worse overall
risk factors and higher prognostic biomarkers compared with
those with Stage A. When grouped as Stage A/B or C/D, we
also found differential prognostic impact of various bio-
markers when added to prognostication models across the
UDHF risk continuum as defined by the UDHF. For example,
among those with earlier stages, biomarkers reflective of
myocardial strain and remodelling and pulmonary hyperten-
sion (NT-proBNP, galectin-3, ET-1) were predictive; in those
with prevalent HF, NT-proBNP again remained prognostic,
but was joined by biomarkers reflecting immune activation
and inflammation (hs-CRP, suPAR) and by sST2, a biomarker
well-known to be associated with HF-related events.? We ex-
tended our results by evaluating how risk models might be
applied to individuals undergoing angiographic procedures
depending on their UDHF stage, with discrimination for CV
death or HF hospitalization by the predictive rules developed
from risk models at each stage, and finally show how higher
biomarker concentrations are associated not only with first
events but total burden of events. These results show how
the UDHF staging system reliably risk stratifies high-risk indi-
viduals undergoing angiography and emphasize importance
of biomarkers to more precisely panel risk across the UDHF,
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not only for first events but also for total burden of
disease-related outcomes.

The findings of this study identify clear opportunities to
identify risk in those thought to be lower risk (e.g. Stage
A/B) and categorize risk in those with established Stage C/
D HF. As those undergoing evaluation in the catheterization
laboratory represent a population easily identified and
treated, the approach we have taken might be expected
to assist in more precise application of care: Given estab-
lished treatments to reduce risk for incident HF events, im-
proved understanding of risk strata may lead to interven-
tions to reduce such risk with less delay.*®> Biomarkers may
be used as a low-cost, low-risk tool to build prognostic
models  and understand HE.14 However, a
biomarker-leveraged approach for patient risk assessment
is only now gaining support. Part of the challenge with prior
studies is application of biomarker testing in a ‘one size fits
all’ approach to individual patients with varying baseline
risks. Our results suggest prognostic meaning of mechanisms
involved in HF (including inflammation, neurohormonal acti-
vation, myocardial stretch, myocyte injury, and matrix re-
modelling) may vary in those at different UDHF stages®>'*¢;
depending on the stage of diagnosis and clinical setting
where measured, the relative importance of different bio-
markers may shift, reflecting progression in the pathophysi-
ologic pathways involved in HF.

Among those with Stage A/B HF, concentrations of NT-
proBNP, ET-1, and galectin-3 remained significant in adjusted
models. Although the role of NT-proBNP is well established to
predict HF events in those at risk for the diagnosis, our results
show important findings relative to ET-1 and galectin-3. ET-1
is a pulmonary vasoconstrictor, and endothelin signalling has
been proposed to be a marker of pulmonary hypertension.’
Previous studies have been inconsistent about the associa-
tion of elevated levels of ET-1 with outcomes in patients with
coronary artery disease.'®? In our analysis, ET-1 was associ-
ated with HF hospitalization and CV death in Stage A/B, but
this independent association was diminished in patients with
Stage C/D. Galectin-3 is a macrophage lectin associated with
fibrotic conditions including myocardial fibrosis.?® Studies
have demonstrated that higher levels of galectin-3 are associ-
ated with an increased risk for HF and mortality events; how-
ever, the link between galectin-3 and outcomes has been in-
consistent, particularly in Stage C/D HF.2%?*? In this study,
among higher risk Stage A/B (but not C/D) study participants,
galectin-3 was independently associated with risk of CV death
or HF hospitalization. This finding is consistent with the no-
tion that processes leading to fibrosis may precede clinical
manifestations of HF by many years. The identification of
galectin-3 activation in UDHF Stage A/B before impairment
of LV function may offer a window of opportunity to initiate
targeted preventive treatment early in the course of the dis-
ease, particularly as therapies to inhibit galectin-3-mediated
fibrosis are under development.?®

In those with Stage C/D HF, once again, NT-proBNP re-
mained a predictor of outcome; higher NT-proBNP concentra-
tions in established HF inform presence and significance of
cardiac remodelling and more congestion,*®%* helping to un-
derstand how this biomarker predicts future CV events.*®?°
Setting Stage C/D patients apart from earlier stages however
was the emergence of importance of inflammatory bio-
markers; chronic inflammation is an important pathophysio-
logical aspect of HF.?® SUPAR is released from activated
monocytes, neutrophils, T cells, and endothelial cell from pro-
teolytic cleavage and release of the membrane-bound recep-
tor into the plasma.?” Three prospective cohort studies have
extended the prognostic significant role of suPAR for predic-
tion of adverse outcomes in HF patients.?® In a similar fash-
ion, concentrations of hs-CRP remained prognostic in this
analysis, even in adjusted models. Although hs-CRP has had
mixed results with respect to predicting incident HF events
in some studies, among those with Stage C/D HF undergoing
angiographic procedures—an arguably higher risk patient
population—this biomarker remained robust as a risk predic-
tor. Lastly, sST2 represents the intersection of inflammation
and tissue fibrosis; it is an interleukin 1 receptor family mem-
ber whose concentrations are strongly linked to tissue fibro-
sis, cardiac remodelling, and HF events.

A noteworthy finding in the present analysis is the associ-
ation between biomarker concentration and total burden of
HF hospitalization/CV death events. Recent studies have
shown that some therapies not only reduce first but also total
HF events,?® a finding with both clinical and financial rele-
vance. The results of this study suggest that biomarkers
may not only identify those more likely to develop events
but also identify those with higher likelihood for a greater
burden of such events; in the present analysis, those in the
higher risk groupings had a fourfold to fivefold excess of HF
hospitalization/CV death events compared with lower risk in-
dividuals and greater propensity towards recurrent events.
Whether more targeted therapeutic intervention would be
expected to reduce such risk remains uncertain but bears fur-
ther evaluation.

Lastly, when we performed the competing risk analysis
considering non-CV death as a competing factor, we found
slight changes in the associations of biomarkers with the pri-
mary outcome. The associations of galectin-3 in Stage A/B
and hs-CRP and hs-cTnl in Stage C/D with primary outcome
were attenuated or diminished. These findings may be
interpreted with caution, given that the SHR is not ideal for
studying disease aetiology and causal inference, but has the
advantage of precise predicting individuals’ risk in the pres-
ence of competing risk.3°>?

This study has limitations. First, there were only 77 cases of
Stage A UDHF in this population of individuals undergoing
coronary and/or peripheral angiography. No antecedent data
exist to predict the prevalence of Stage A HF in the catheter-
ization laboratory; however, given the underlying reason for
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being in this environment, it is improbable there would be
many. This is exactly why the results of this study are impor-
tant: The catheterization laboratory affords an obvious op-
portunity to identify individuals at risk for HF, even the few
with Stage A. Due to small number of patients with Stage A
UDHF, we combined Stages A and B into a single group,
and we were unable to assess the predictors of progression
from Stage A to B. Another potential issue is the risk for
mis-staging individuals with Stage A HF as Stage B. Given
the low expected prevalence of such patients together with
the extensive phenotyping of individuals in the CASABLANCA
study (including available NT-proBNP and hs-cTnl in every in-
dividual), this seems highly improbable. Furthermore, given
limited numbers of those in Stage D, we combined Stages C
and D. Based on previous studies,**3** a small number in
Stage D (a highly specialized patient population) would be en-
tirely expected. We had high percentage of missing values for
cystatin ¢ and MPO; this might have weakened their associa-
tions with primary outcome and ultimately precluded their
inclusion into our final models. Future studies need to
re-assess the prognostic role of these two biomarkers. Al-
though the CASABLANCA population is unique in its detailed
phenotyping, there are few study participants with available
results from invasive haemodynamic measurements. Further-
more, our study included patients who underwent coronary
or peripheral angiography. Future studies may need to exam-
ine the role of proposed biomarkers in the entire population
with UDHF Stages A-D besides those seen in the cardiac cath-
eterization laboratory, who represent a generally higher risk
group of individuals with more Stage B-D HF. Still, those com-
ing through the catheterization laboratory are an ideal popu-
lation in some ways for this type of analysis, given the de-
tailed assessment and follow-up typically seen after their
procedure. Our study was conducted in era before angioten-
sin receptor/neprilysin inhibitors and sodium glucose co-
transporter 2 inhibitors as treatment option for patients with
HF. Improved survival as result of these novel treatments
cannot be assessed in this study. Although the goal of this
study was not to create new tools for predicting outcomes,
the discrimination ability of our models was similar to the
existing prognostic HF scores.3 Lastly, our study lacks exter-
nal validation. Future studies are needed to test generalizabil-
ity of our models in independent cohorts.

In conclusion, we have shown how the UDHF stages of HF
are able to categorize individuals undergoing angiographic
procedures in the Cardiac Catheterization Laboratory and
how biomarkers may provide specific risk stratification to
those at risk/preclinical and those with established HF. Ther-
apies now exist to improve prognosis at each stage of the
UDHF classification; such treatments remain grossly under-
utilized. The increased focus on earlier detection of risk for
HF provides an opportunity to change this treatment gap.
Emphasis on detection of risk and application of preventive
treatments would be expected to improve outcomes from

those at risk for or affected by HF. The results of this analysis
suggest more precise prognostication across UDHF stages
may be possible.
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