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ABSTRACT

Background High-sensitivity C reactive protein
(hs-CRP) has been associated with outcomes in adult
congenital heart disease (ACHD). However, its prognostic
value beyond N-terminal pro B type natriuretic peptide
(NT-proBNP) or troponin T remains unknown. We

studied the temporal evolution of hs-CRP, as well as the
relation between hs-CRP and adverse clinical outcomes
independent of NT-proBNP and troponin T in patients
with ACHD.

Methods In this prospective cohort study, we enrolled
602 patients with ACHD (2011-2013) who underwent
baseline and thereafter annual blood sampling during

4 years. Hs-CRP, hs-troponin T and NT-proBNP were
measured. The primary endpoint was composed of death
or heart failure (HF). Cox regression and Joint Modelling
was used to relate 2log hs-CRP levels with the endpoint,
with adjustment for baseline characteristics and
(repeated) hs-troponin T and NT-proBNP measurements.
Results Hs-CRP was measured at baseline in 591
patients, median age 33 years, 58% men, 90% New York
Heart Association | with an average of 4.3 measurements
per patient. Median follow-up was 5.9 (IQR 5.3-6.3)
years (99.2% complete) and 69 patients met the
endpoint. Higher baseline hs-CRP was independently
associated with higher risk of death or HF (HR 1.36,
95% Cl 1.19 to 1.55). Hs-CRP increased over time prior
to death or HF, and repeated hs-CRP measurements were
associated with the endpoint, independent of repeated
NT-proBNP and hs-troponin T (HR 1.54, 95% Cl 1.24 to
1.98).

Conclusions Hs-CRP carries incremental prognostic
value for the risk of death or HF, beyond NT-proBNP and
hs-troponin T. Hs-CRP increased prior to the occurrence
of HF or death, supporting the role of inflammation in
the clinical deterioration of patients with ACHD.

INTRODUCTION

Adults with congenital heart disease (ACHD) are a
growing patient population with a high healthcare
utilisation. * Despite the increased survival pros-
pects, patients with ACHD carry an increased risk
of heart failure (HF), arrhythmias, reinterventions
and early demise.”™ Although mechanisms such as
chronic pressure or volume overload that can lead to
cardiac deterioration are well described in patients
with ACHD,® the potential role of chronic inflam-
mation has been investigated to a lesser extent.
A recent study by Opotowsky et al demonstrated

that higher high-sensitivity C-reactive protein (hs-
CRP) was associated with higher risk of cardiovas-
cular events and mortality in patients with ACHD.”
These findings suggest that chronic inflammation
may contribute to the pathophysiology of deterio-
ration in ACHD, as hs-CRP is a sensitive marker of
systemic inflammation.

Currently, it is unknown how hs-CRP relates to
other biomarkers and echocardiographic measures
in ACHD. Besides the great interest in the patho-
physiological mechanism of hs-CRP, the additive
prognostic value of hs-CRP beyond conventional
biomarkers, such as N-terminal pro B type natri-
uretic peptide (NT-proBNP) and high-sensitivity
troponin-T (hs-TnT), has not yet been assessed. It
is therefore unclear how hs-CRP could enhance risk
stratification. Moreover, it is unknown how hs-CRP
evolves over time. Studying these temporal patterns
may contribute to better understanding of hs-CRP
release in patients with ACHD.

The aim of this study was to investigate the
association of hs-CRP with other biomarkers and
echocardiographic measurements, as well as its
association with long-term cardiovascular outcomes
in patients with ACHD. Moreover, we studied the
temporal evolution of hs-CRP and the relation of
these evolutions with the risk of cardiovascular
events.

METHODS

Patient and public involvement

Patients or the public were not involved in the
design, or conduct, or reporting, or dissemination
plans of our research.

Study design and population

This is a prospective observational single-centre
cohort study, including 602 clinically stable patients
with moderately or severely complex ACHD.
Detailed aspects of the study protocol have been
described previously.® ? Patients were enrolled
during a routine visit at the outpatient clinic (2011-
2013). Exclusion criteria were age <18 years,
mild ACHD, renal impairment (creatinine >200
wmol/L) or pregnancy. All patients underwent phys-
ical examination by a cardiologist, ECG, echocardi-
ography and venous blood sampling at the day of
enrolment. Thereafter, yearly outpatient visits were
scheduled for 4years and venous blood sampling
was repeated. Patient management was according
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to the discretion of the treating physician, based on prevailing
guidelines.'* !

The study was performed according to the principles outlined
in the Declaration of Helsinki. All patients gave written informed
consent for their participation in the study.

Laboratory testing

During baseline and follow-up study visits, peripheral venous
blood sampling was performed. Blood samples were directly
used, or stored at —80°C in the biobank until batch analysis was
performed. NT-proBNP and estimated glomerular filtration rate
(eGFR) were directly measured in fresh blood samples in our
clinical chemistry laboratory. Serum hs-CRP and hs-TnT were
measured batch wise from the same samples (first batches of
591 baseline measurements in 2012; second batches of 1943
follow-up samples in 2018) in thawed serum samples in the
same laboratory using Roche immunoturbidimetric assays and
electrochemiluminescence immunoassays, respectively (Roche
Diagnostics, Basel, Switzerland). Samples had not been exposed
to a prior freeze-thaw cycle. On average 4.3 measurements per
patient were available. The lower limits of detection of hs-CRP,
hs-TnT and NT-proBNP were 0.30mg/L, 5 ng/L and 0.6 pmol/L,
respectively. Lower limit of blank of hs-TnT was 3 ng/L. For
analytical purposes, hs-CRP levels<0.30 mg/L were substituted
with 0.15mg/L, and hs-TnT levels<3ng/L were substituted
with 1.5 ng/L. Elevated levels of hs-CRP and NT-proBNP were
defined as; >3.0mg/L and > 14 pmol/L, respectively.

Definition and assessment of endpoints

The primary endpoint was defined as all-cause mortality or HF
(defined as HF requiring initiation/intensification of HF medi-
cation or requiring hospitalisation). The secondary endpoint
was defined as any major adverse cardiovascular event (MACE)
and was composed of; all-cause mortality, HF, hospitalisation
for cardiac reasons (eg, endocarditis), arrhythmia (symptomatic
and recorded, or requiring treatment), thromboembolic events
or cardiac (re)interventions (surgical or percutaneous). Survival
status was checked in the Municipal Population Register.
Endpoint events were adjudicated by two investigators who were
blinded for any study related information.

Statistical analysis

Sample size calculation was performed and has been previously
been described.” In the current study, the composite endpoint of
death or HF was considered the primary endpoint because of its
greater clinical relevance than any MACE.

Continuous data are presented as mean=SD or median (IQR).
Trends between clinical characteristics and hs-CRP tertiles were
tested with the y* Mantel-Haenszel test for trend or linear
regression. Skewed biomarker distributions were transformed
by taking logarithms to the base 2. The variability of hs-CRP
and reference change value (RCV) were assessed in primary
endpoint-free patients. The methods are specified in online
supplemental file 1.

Survival curves were derived using the Kaplan-Meier method
and were stratified based on elevated NT-proBNP and hs-CRP
levels. The log-rank test was used to compare survival curves.
Cox regression analyses were performed to investigate the asso-
ciation between baseline hs-CRP and the endpoints. We present
crude HRs, and HRs that are adjusted for NT-proBNE, hs-TnT
and baseline characteristics including age, sex, congenital diag-
nosis, New York Heart Association (NYHA) class, cardiac medi-
cation and systemic ventricular function.

The temporal evolution of hs-CRP was described using linear
mixed effect models (LME) and Cox models were used to
assess the association between hs-CRP and the endpoints. The
LME model is described in online supplemental file 2. Param-
eters of LME and Cox models were estimated jointly in Joint
Models to relate biomarker trajectories with endpoints and
avoid bias.'* The rational and assumptions of Joint Models are
outlined in online supplemental file 3. Hs-CRP measurements
that were taken after occurrence of endpoints were discarded
in the analyses. We reported crude HRs, and HRs adjusted for
repeatedly measured NT-proBNP and hs-TnT,” and baseline
characteristics. Subanalyses were performed to assess the asso-
ciation between hs-CRP and endpoints in patients with elevated
baseline NT-proBNP. The C-index was calculated to assess the
discriminative value of hs-CRP.

Missing baseline covariates were handled by single imputa-
tion. SPSS (V.24) and R statistical software (V.3.6.1, packages
mice, Survival, nlme, JMbayes) were used. A two-tailed p<0.05
was considered statistically significant.

RESULTS

Baseline characteristics

In 591 patients (98.2%), hs-CRP was measured at baseline and
was therefore included in the current analysis. Median age was 33
(IQR 25-41) years, 58% of the patients were men and 90% were
NYHA class I (table 1). The most prevalent congenital diagnoses
were: Tetralogy of Fallot (n=174, 29%), aortic stenosis (n=136,
23%) and aortic coarctation (n=110, 19%). Median hs-CRP
level was 1.50 (IQR 0.60-3.50) mg/L. Hs-CRP was below the
limit of detection in 44 patients (7.4%), and 164 patients (28%)
had elevated hs-CRP. Higher hs-CRP was associated with older
age, female sex, higher body mass index (BMI), cardiac medica-
tion use and NYHA class. Highest hs-CRP levels were found in
patients with a functionally univentricular heart and those with
pulmonary arterial hypertension (PAH) (figure 1). None of the
echocardiographic measurements were related to hs-CRP, except
for measures of left ventricular diastolic function (E/A ratio, E’
wave and E/E’ ratio). Hs-CRP showed significant, but weak,
correlations with NT-proBNP (Spearman r=0.28, p<0.001)
and eGFR (Spearman r=—-0.14, p=0.001, but not with hs-TnT
(Spearman r=0.04, p=0.323).

Follow-up and associations between baseline hs-CRP and
endpoints
Follow-up data were complete in 586 patients (99.2%). Median
follow-up was 5.9 (IQR 5.3-6.3) years. Death or HF occurred
in 69 patients (11.8%) and MACE in 228 patients (38.9%).
Occurrence of individual endpoint events was as follows: 25
deaths, 59 HF, 127 arrhythmias, 180 hospitalisations (of which
n=13 endocarditis), 137 (re)interventions and 29 thromboem-
bolic events. Patients in the first hs-CRP tertile (<0.80 mg/L)
had a significant better HF-free and MACE-free survival than
patients in higher tertiles (online supplemental file 4). Analysed
continuously, hs-CRP was associated with death or HF (HR
1.36,95%CI 1.19 to 1.55, C-index 0.66), also after adjustment
for baseline NT-proBNP, hs-TnT and baseline clinical character-
istics (table 2). Hs-CRP was also associated with death and HF
when analysed as separate events (online supplemental material
5).

Patients with both elevated baseline hs-CRP and NT-proBNP,
had the worst HF-free survival (figure 2).
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Table 1 Baseline characteristics of the study cohort for all patients and categorised according to the tertile distribution of hs-CRP

Hs-CRP Hs-CRP Hs-CRP
All <0.80mg/L 0.80-2.50mg/L >2.50mg/L P value % missing
Number of patients 591 200 200 191
Clinical characteristics
Age, years 33 (25-41) 31 (23-40) 33 (25-42) 34 (26-42) 0.002 0.0
Sex, men 343 (58) 139 (70) 120 (60) 84 (44) <0.001 0.0
Surgical repair 537 (91) 184 (92.0) 185 (92.5) 168 (88.0) 0.248 0.0
Age at surgical repair, years 3.9 (0.8-12.0) 2.9 (0.7-11.3) 4.1 (1.0-14.4) 4.2 (0.8-11.2) 0.730 0.0
Mechanical valve 62 (9) 13 (7) 27 (14) 22 (12) 0.063 0.0
Pacemaker 37(3) 6(3) 16 (8) 15 (8) 0.065 0.0
ICD 20 (3) 6 (3) 8(4) 6(3) 0.837 0.0
Cardiac medication use* 211 (36) 48 (24) 83 (42) 80 (42) <0.001 0.0
Body mass index, kg/m? 24.8+4.4 23.3+3.8 24.7+3.8 26.4+5.0 <0.001 0.5
Heart rate, beats/minute 74+13.4 73+13 7113 7714 0.016 1.4
Systolic blood pressure, mm Hg 126+16 126+16 125+15 128+18 0.175 1.9
02 saturation <90% 17 (3) 4(2) 4(2) 9(5) 0.114 7.4
NYHA class, Il or Il 61 (10) 15 (8) 19 (10) 27 (14) 0.032 0.0
Electrocardiography
Rhythm 0.3601 0.0
Sinus 510 (86) 178 (89) 171 (86) 161 (84)
Paced 44 10 (5) 18 (9) 16 (8)
Atrial fibrillation 15 3(1) 6(3) 6 (5)
Other 22 9(5) 5() 8(4)
QRS duration, ms 112 (100-137) 114 (101-144) 112 (101-134) 111 (97-135) 0.124 7.4
Echocardiography
Left atrial volume, mL/m*$ 20.7 (15.7-29.2) 21.5(14.9-27.9) 20.2 (16.1-30.8) 20.5 (16.3-28.6) 0.881 284
LV end-diastolic volume, mL/m?*# 63.4+18.8 62.3+15.8 66.5+21.8 61.2+18.0 0.737 32.1
LV ejection fraction, % % 56.0+7.8 56.7+7.0 55.7+7.9 55.7+8.6 0.305 323
Right ventricular fractional area change, % 38.2+11.3 38.6+10.8 38.4+12.0 37.7+11.2 0.511 35.7
Systemic ventricular function 0.408 0.0
Normal 298 (50) 107 (53) 95 (48) 96 (50)
Mildly impaired 206 (35) 69 (35) 69 (35) 68 (36)
Moderately impaired 69 (12) 21 (10) 26 (13) 22 (11)
Severely impaired 18(3) 3(2) 10 (5) 5(@3)
E/A ratio 1.6+0.7 1.7+0.6 1.7+0.8 1.5+0.6 0.023 27.1
E' wave, m/s 8.2+2.6 8.5+2.4 8.3+2.8 7.9+2.6 0.039 34.5
E/E' ratio 11.6+5.1 10.8+4.1 11.6+5.3 12.5+5.7 0.007 35.7
Severe valvular dysfunction§ 84 (14.5) 25(13) 23 (12) 36 (19) 0.068 1.9
Laboratory results
eGFR, mL/min/1.73 m? 90 (82-90) 90 (86-90) 90 (81-90) 90 (80-90) 0.002 1.5
Haemoglobin, mmol Fe/L 9.22+0.99 9.39+0.83 9.21+0.94 9.06+1.15 0.001 1.5
NT-proBNP, pmol/L 15 (7-33) 10 (5-22) 15 (7-37) 24 (11-40) <0.001 0.7
Hs-TnT, ng/L 43(1.5-7.2) 4.0 (1.5-6.5) 4.6 (1.5-7.6) 4.3 (1.5-7.6) 0.068 0.3

Categorical variables are presented as number (%) and continuous variables as mean+SD or median (IQR).
*Angiotensin-converting-enzyme inhibitors, angiotensin 2 receptor blockers, beta-blocker, diuretics, calcium blockers or anti-arrhythmic drugs.

1P value for comparison of sinus rhythm vs no sinus rhythm.

tLeft-sided volumes were not measured in patients with a systemic right ventricle, univentricular heart, pulmonary hypertension or a poor acoustic window.
§Defined as maximal aortic or pulmonary valve velocity >4.0 m/s; grade 3 or 4 out of 4 aortic, pulmonary or mitral valve regurgitation; or grade 4 out of 4 tricuspid valve

regurgitation.

eGFR, estimated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; hs-TnT, high-sensitivity troponin T; LV, left ventricular; NT-proBNP, N-terminal pro B-type

natriuretic peptide; NYHA, New York Heart Association.

Associations between repeated hs-CRP and endpoints

In total, 2421 hs-CRP measurements were available prior to
the primary endpoint. Baseline hs-CRP was higher in patients
with the primary endpoint (2.53 mg/L) than those who remained
endpoint-free (1.29 mg/L)(p<0.001). Hs-CRP further increased
in anticipation to death or incident HF, whereas endpoint-free
patients showed stable hs-CRP levels throughout follow-up
(figure 3). The average 4-year hs-CRP increase in patients with

the primary endpoint was 3.09 mg/L, vs 0.07 mg/L in stable
patients. In relation to MACE, no difference was found in
hs-CRP evolution.

Any time during follow-up, each twofold higher hs-CRP
was associated with a 2.14 times higher hazard of mortality or
HF (C-index 0.82) (table 3). This remained significant after
adjustment for repeatedly measured NT-proBNP and hs-TnT,
and baseline clinical characteristics. Repeated hs-CRP showed
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Figure 1 Hs-CRP levels according to congenital diagnosis. The median

hs-CRP level in each diagnosis group is indicated by the horizontal
red line together with the 25th and 75th percentile presented by the
blue bars. P value is given for comparison of hs-CRP levels between
diagnoses (for the analysis univentricular heart was combined with
Fontan, and Rastelli/REV with PAH). ccTGA, congenitally corrected
transposition of the great arteries; hs-CRP, high-sensitivity C reactive
protein; PAH, pulmonary arterial hypertension; TGA-ASO, transposition
of the great arteries corrected by the arterial switch operation; TGA-
Mustard, transposition of the great arteries corrected by the Mustard
procedure.

a significant association with MACE, but not when adjusted
for baseline characteristics, or other repeatedly measured
biomarkers. Associations between repeated hs-CRP and indi-
vidual endpoints are shown in online supplemental file 5.

As posthoc sensitivity analysis, we repeated the analysis
after excluding patient with baseline hs-CRP levels>10mg/L
(n=34). This did not result in qualitative meaningful differences
in strengths of the associations. Similarly, analysis excluding
women who became pregnant during follow-up (n=31) did
not lead to different results. Posthoc analysis stratifying for sex
showed that repeated hs-CRP was more strongly associated with
the risk of death or HF in men than in women (HR 3.95 (95%
CI2.39 to 8.25) vs 1.55 (95% CI 1.20 to 2.03), p=0.005). This
difference was not present when adjusted for NT-proBNP (HR

1.81 (95% CI 1.24 to 2.78) vs 1.51 (95% CI 1.17 to 1.99),
p=0.157). Subanalysis restricted to patients with elevated base-
line NT-proBNP demonstrated that the association between
repeatedly measured hs-CRP and the risk of death or HF, is also
present in these patients (online supplemental file 6).

Biological variation of hs-CRP

Based on repeated hs-CRP measurements in primary endpoint-
free patients, the within-subject and between-subject variation
of hs-CRP were 52% and 113%, respectively. The index of indi-
viduality was 0.48, indicating that it may be preferred to have
a patient-based reference value based on previously measured
hs-CRP levels of the individual patient. The RCV was 149%
(lognormal RCV limits —75% to 304%).

DISCUSSION

This study demonstrated that in patients with ACHD higher
baseline hs-CRP is associated with a higher risk of death of HE,
independent of NT-proBNP and hs-TnT. Furthermore, annu-
ally repeated hs-CRP measured up to 4years, showed that on
average hs-CRP levels steadily increased prior to the occurrence
of death or HF and remained stable in HF-free patients. As
repeated hs-CRP measurements provided prognostic informa-
tion beyond repeated NT-proBNP and hs-TnT measurements,
hs-CRP is a valuable potential biomarker for risk stratification in
patients with ACHD.

Comparison with previous studies
In 2018, Opotowsky et al described hs-CRP in a prospective
cohort consisting of 707 patients with ACHD.” The proportion
of patients with elevated hs-CRP (>3 mg/L) in our study was
comparable to their study (28% vs 25%), as were study settings
on most aspects, except for our cohort not including mild
ACHD. This might explain why we found slightly higher hs-CRP
levels (median 1.50 vs 1.22 mg/L), despite that our patients were
younger, more often NYHA class I and had a lower BMI.
Whereas in our study baseline hs-CRP primarily showed
an independent association with all-cause mortality and HF,
Opotowsky et al found associations with other adverse cardiac
events such as arrhythmia and thromboembolic events. An
explanation could be the lower event rate and longer follow-up
in our cohort, creating a longer time interval between baseline
hs-CRP and event occurrence, probably diluting associations.
The fact that repeatedly measured hs-CRP was associated with

Table 2 Association between baseline hs-CRP levels and the endpoints, adjusted for clinical characteristics, NT-proBNP and hs-TnT

Death or HF (n=69)

MACE (n=228)

HR (95% Cl) P value HR (95%Cl) P value

Baseline hs-CRP, mg/L (unadjusted) 1.36 (1.19 to 1.55) <0.001 1.08 (1.00 to 1.16) 0.038
Adjusted for:

Baseline NT-proBNP 1.19 (1.04 t0 1.37) 0.014 1.00 (0.92 to 1.07) 0.910

Baseline hs-TnT 1.35(1.18 to 1.56) <0.001 1.08 (1.00 to 1.16) 0.059

Baseline characteristics* 1.21 (1.05 to 1.40) 0.008 1.02 (0.95 to 1.10) 0.587

Baseline characteristics* and NT-proBNP 1.18 (1.03 to 1.35) 0.016 1.00 (0.93 to 1.08) 0.989

Baseline characteristics*and hs-TnT 1.18 (1.03 to 1.35) 0.018 1.02 (0.95 to 1.10) 0.594

Baseline characteristics* NT-proBNP and hs-TnT 1.17 (1.02 to 1.34) 0.023 1.00 (0.93 to 1.08) 0.987

HRs are expressed per twofold higher biomarker level.

*Age, sex, congenital diagnosis (aortic stenosis, aortic coarctation, transposition of the great arteries operated by arterial switch procedure vs the other diagnoses), NYHA (NYHA

I'vs NYHA I1/111), cardiac medication use (no vs yes), systemic ventricular function (0-3).

HF, heart failure; hs-CRP, high-sensitivity C reactive protein; hs-TnT, high-sensitivity troponin T; MACE, major adverse cardiac event; NT-proBNP, N-terminal pro B type natriuretic

peptide.
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Figure 2 Heart failure-free and MACE-free survival according to normal or elevated baseline levels of hs-CRP and NT-proBNP. Elevated hs-CRP was
defined as >3 mg/L and elevated NT-proBNP as >14 pmol/L. hs-CRP, high-sensitivity C reactive protein; MACE, major adverse cardiovascular event;
NT-proBNP; N-terminal pro B type natriuretic peptide.

arrhythmia, reintervention and hospitalisation in our study may assays now allow for assessment of chronic, low inflammatory
support this, as hs-CRP will be measured more closely to the  levels in not eminently inflammatory conditions, like ACHD.
event and therefore better reflects a patients’ disease status. Findings of our study support evidence regarding chronic

Scognamiglio et al investigated serial CRP measurements
retrospectively in 225 adults with PAH due to congenital heart
disease. Higher CRP correlated weakly with higher BNP similar
to our study, and was associated a higher mortality risk. While
they excluded CRP measurements in patients with signs of active
infection, elevated CRP levels (>10mg/L) were still measured
in 54% of the patients at least once during follow-up."* Four
out of nine patients with PAH in our study had baseline hs-CRP ) ) / ] Y
>10mg/L; one patient had a cold without fever; in the others, factor to both increasing hs-CRP and diastolic dysfunction.

inflammation accompanying cardiac deterioration and mortality
in patients with ACHD.” "* 5 The question remains whether
inflammation induces HF or is rather an ‘innocent bystander’
and thereon reflects disease severity. Hs-CRP was not associated
with measures of right or left ventricular systolic function in our
study, while hs-CRP was associated with measures of diastolic
dysfunction. This could be explained by age as contributing

no signs of infection were present. Therefore, elevated hs-CRP Nevertheless, other biomarkers that are considered more linked
seem not restricted to acute infections but may be triggered by to the HF pathophysiology, such as NT-proBNP and hs-TnT,
their disease state linked to PAH. seem to relate to echocardiographic measurements of cardiac
function more closely.” ' '* In addition, hs-CRP did not correlate
Role of inflammation in ACHD with hs-TnT and only weakly with NT-proBNP. Therefore,
Hs-CRP is an acute phase protein and is commonly used blood causal involvement of hs-CRP in the pathophysiology of cardiac
test to assess presence of acute inflammation. Improved hs-CRP deterioration seems less plausible.
Death or heart failure MACE
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were discarded. Time point zero is denoted as the time of study inclusion. The average evolution is accompanied by the 95% prediction band (thin
lines). ACHD, adult congenital heart disease; hs-CRP, high-sensitivity C reactive protein; MACE, major adverse cardiovascular event.
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Table 3  Association between repeated hs-CRP levels and endpoints, adjusted for clinical characteristics and (repeated) NT-proBNP and hs-TnT

Death or HF (n=69) Any MACE (n=228)

HR (95% CI) P value HR (95% CI) P value

Repeated hs-CRP, mg/L (unadjusted) 2.14 (1.73 10 2.73) <0.001 1.22 (1.10 to 1.37) <0.001

Adjusted for baseline characteristics* 1.77 (1.38 t0 2.31) <0.001 1.08 (0.96 to 1.22) 0.230

Adjusted for baseline NT-proBNP 1.68 (1.35t0 2.10) <0.001 1.05(0.94 t0 1.18) 0.397

Adjusted for baseline characteristics and baseline NT-proBNP 1.60 (1.26 to 2.05) <0.001 1.03 (0.92 to 1.16) 0.585
Repeated hs-CRP and NT-proBNP

Repeated hs-CRP, mg/L 1.53 (1.20 t0 2.00) 0.002 0.99 (0.88 t0 1.12) 0.916

Repeated NT-proBNP, pmol/L 2.48 (2.04 t0 2.98) <0.001 1.62 (1.48 t0 1.76) <0.001
Repeated hs-CRP and hs-TnT

Repeated hs-CRP, mg/L 1.94 (1.52 to 2.50) <0.001 1.13(1.00 to 1.27) 0.044

Repeated hs-TnT, ng/mL 2.46 (1.93 t0 3.15) <0.001 1.57 (1.38 10 1.78) <0.001
Repeated hs-CRP, hs-TnT and NT-proBNP

Repeated hs-CRP, mg/L 1.54 (1.24 10 1.98) <0.001 1.00 (0.89t0 1.12) 0.984

Repeated hs-TnT, ng/mL 1.19 (0.85 to 1.57) 0.248 1.11 (0.96 to 1.28) 0.146

Repeated NT-proBNP, pmol/L 2.20 (1.74 t0 2.86) <0.001 1.53(1.39 t0 1.69) <0.001

HRs are expressed per twofold higher biomarker level.

*Age, sex, congenital diagnosis, NYHA, cardiac medication, systemic ventricular function.

HF, heart failure; hs-CRP, high-sensitivity C reactive protein; hs-TnT, high-sensitivity troponin T, MACE, major adverse cardiac event; NT-proBNP, N-terminal pro B type natriuretic

peptide.

Data on whether inflammation are a bystander or a medi-
ator in cardiovascular diseases, in general, remain controver-
sial.”” 2% In pulmonary arterial smooth muscle cells, known for
their role in PAH, it was shown that impediment of inflam-
mation by atorvastatin, reduces hs-CRP-induced expression of
inflammatory pathways,?! suggesting causality. Unfortunately,
no specific data on ACHD exist. Longitudinal hs-CRP patterns
now showed that inflammation increased in patients with
ACHD prior to deceasing or HFE. Similar patterns have been
observed in patients with chronic HE.?* This at least suggests
that progression of HF is associated with increasing inflamma-
tory levels and that stable inflammatory levels are indicative of
a stable cardiac status.

Value of hs-CRP as prognostic biomarker in ACHD

There may be several explanations for the independent
prognostic value of hs-CRP. First, hs-CRP may reflect other
processes of deterioration in ACHD that are not captured
by clinical characteristics and biomarkers measured in our
study, this makes causal inferences on inflammation and
cardiac deterioration difficult, as this requires measurement
and adjustment for all other potential confounders. Residual
confounding could distort the association between hs-CRP
and endpoints, resulting in false conclusions about the relation
between inflammation and cardiac deterioration. Neverthe-
less, hs-CRP can then still be valuable for risk stratification.
As hs-CRP is a non-specific inflammatory marker, hs-CRP may
identify vulnerable patients in general, and therefore have
prognostic value.

The biological variation of hs-CRP found in this study was
considerable, which is in line with previous studies.” ** However,
both within-subject and between-subject variation were higher
and thus the corresponding RCV. This can most likely be
explained by differences in study design: less frequent sampling,
less hs-CRP measurements per patient and a different study
population.

Clinical implications
Hs-CRP is able to provide prognostic value not captured by
other prognosticators. In the absence of another likely cause of

inflammation, an elevated hs-CRP (>3 mg/L) may help to detect
patients at higher risk of HF or mortality. Hs-CRP may specif-
ically be useful to detect vulnerable patients in copresence of
an elevated NT-proBNP. Measuring hs-CRP should therefore be
considered in addition to the current practice of NT-proBNP in
patients with ACHD. Repeated NT-proBNP can be combined
with repeated hs-CRP to further enhance risk stratification.
Increasing hs-CRP levels over time can identify high-risk patients
who require closer monitoring, while stable levels can identify
low-risk patients who can be reassured and less frequently moni-
tored. Nonetheless, the substantial biological variation and high
RCV should be kept in mind when interpreting repeated hs-CRP
measurements.

If hs-CRP is induced by low-grade inflammation of an extra-
cardiac origin, that subsequently leads to cardiac deterioration,
inflammation in general may have substantial negative influences
on the prognosis of patients with ACHD. For clinical practice,
this would indicate that attention should be paid to inflamma-
tory diseases in ACHD, as this might trigger HF.

Last, inflammation may be a potential therapeutic target;
however, further research is needed to elucidate the inflamma-
tory mechanism in ACHD.

Limitations
We were not able to definitely rule out concomitant inflam-
matory processes which may have led to increasing hs-CRP
levels. The association found in our study might therefore be
interfered by occurrence of acute infections in some patients.
However, we included stable patients with ACHD in who
hs-CRP was measured during regular study visits, making the
interference of infections with their prognosis and biomarker
measurement very unlikely. Also, documented baseline chronic
infections and inflammatory conditions were rare; 10 patients
carried a rheumatologic diagnosis, 2 patients inflammatory
bowel disease, 1 latent tuberculosis and 1 cystic fibrosis.
However, we had no data on depression, while depression has
been associated with inflammation and poorer prognosis in
ACHD.”

We could not adjust for oral contraceptive or hormonal
replacement use. This may have biased the associations, as
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What is already known on this subject?

» In clinically stable patients with adult congenital heart
disease (ACHD), N-terminal pro B type natriuretic peptide
(NT-proBNP) can be used to identify patients with a poor
prognosis. Recently, C-reactive protein (CRP) has been
associated with adverse cardiac outcomes in ACHD; however,
its additive prognostic value beyond NT-proBNP remains
unknown.

What might this study add?

» CRP can help to further discriminate between patients at low
or high risk of death or heart failure. Higher CRP is associated
with an increased risk of death or heart failure, independent
of clinical characteristics, NT-proBNP and troponin T.
Moreover, annual CRP measurements show that CRP levels
increase prior to the occurrence of death or heart failure and
repeated CRP measurements provide prognostic information
beyond repeated NT-proBNP and troponin T measurements.

How might this impact on clinical practice?

» In the routine clinical assessment of patients with ACHD, an
annual CRP measurement should be considered in addition
to an annual NT-proBNP measurement to improve risk
stratification. Further research should investigate how low-
graded inflammation is related to worsening heart failure in
patients with ACHD.

hormonal replacement therapy is known to be associated with
higher hs-CRP levels®® and it can be questioned whether oral
contraception use could have increased the risk of certain
cardiovascular events in women. Peak VO, and peak heart
rate have been associated with increased hs-CRP levels,” as we
did not have exercise data, we could not assess the prognostic
value of hs-CRP beyond these variables.

Conclusion

In clinically stable patients with ACHD, an elevated hs-CRP in
combination with an elevated NT-proBNP is associated with an
increased risk of death or HF. Hs-CRP levels increased over time
prior to the occurrence of HF or death, and serially repeated
hs-CRP measurements provided additional prognostic informa-
tion over repeated NT-proBNP measurements. This study shows
that hs-CRP is a potential biomarker for risk stratification in
patients with ACHD.
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