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Abstract

Children with single ventricle physiology have increased ventricular work and are at greater risk for
developing heart failure than other children with congenital heart disease. However, diagnosis of
heart failure is difficult because few objective measures have been validated in this cohort. Plasma
proteins have been identified as biomarkers of heart failure in adults with structurally normal hearts.
However, whether these similarly correlate with heart failure in children with single ventricle
physiology is unknown, as the etiology of adult heart failure is typically ischemic heart disease,
whereas heart failure in these children is presumed to be due to primary myocardial dysfunction. We
conducted a single site cross-sectional observational study of young single ventricle patients. Clinical
heart failure was defined as a Ross score >2. The association of several candidate biomarkers with
heart failure was assessed using logistic regression and Receiver Operator Characteristic (ROC)
curves. Nine of 29 included children (31%) were in clinical heart failure. A doubling of plasma B-
type natriuretic peptide was associated with an odds ratio for heart failure of 2.17. The area under
the ROC curve was 80.3%. A threshold value of >30 pg/mL showed both sensitivity and specificity
for heart failure. Three other candidate biomarkers were not found to be associated with clinical heart
failure in this sample. In conclusion, plasma B-type natriuretic peptide is a sensitive biomarker for
clinical heart failure in young children with single ventricle heart disease. Use of this plasma
biomarker may facilitate detection of heart failure in these complex patients.
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Introduction

Methods

While many biomarkers have been studied extensively in adults with structurally normal hearts,
whether these correlate with heart failure (HF) in infants and young children with single
ventricle physiology is not known, as the etiology of adult HF is typically coronary heart
disease, whereas HF in these children is presumed to be due to primary myocardial dysfunction.
Furthermore, in the single ventricle patient, ventricular “cross talk” 1 may be compromised or
even absent. These important pathophysiological differences render it difficult to extrapolate
adult data to pediatric single ventricle patients. We proposed that B-type natriuretic peptide
(BNP), endothelin-1 (ET1), high sensitivity C-reactive protein (hsCRP) and/or cardiac
troponin | (cTnl) plasma levels in children with single ventricle heart disease could serve as
biomarkers for the presence of HF. To test this hypothesis, we measured the association of
elevations in these plasma proteins with HF in a cohort of single ventricle children.

A single site cross-sectional observational study utilizing a secondary study base was
conducted. All children 1 month — 7 years old with single ventricle physiology presenting to
the UCSF Pediatric Heart Center between February 2007 and June 2008 were eligible for the
study. Patients were excluded if they had trisomy 21, an acute intercurrent iliness, a congenital
defect that interfered with feeding (e.g., cleft palate, esophageal atresia), or had participated in
an investigational drug or device study in the last 6 months. This study was approved by the
UCSEF Institutional Review Board, and written consent was obtained from the guardians of all
subjects.

Each child was assigned a Ross score 24 by one of two study authors to determine the presence
of clinical HF immediately prior to phlebotomy. The Ross score is a 12-point HF score based
on historical data, vital signs, and physical exam findings that was developed for infants 2 and
has been adapted for children 34, For this study, HF scoring was recorded independent of
presumed mechanism, since the goal was to identify biomarkers in single ventricle patients
that would be clinically useful across etiologies. The primary outcome was HF (Ross score 3—
12) versus no HF (Ross score 0-2). Predictor measurement occurred subsequent to outcome
determination, allowing assessors to be blinded to plasma protein levels.

At the time of cardiac catheterization, pre-operative evaluation for cardiac surgery, or medical
admission, 6 mL of whole blood were obtained in conjunction with clinically indicated
phlebotomy. Plasma BNP, cTnl, ET1 and hsCRP were measured following assignment of the
Ross score. For cTnl and hsCRP, 2 mL of whole blood were sent to the UCSF Clinical
Laboratory for assay by fluorescent enzyme immunoassay and rate turbidimetry, respectively.
For BNP and ET1, plasma was collected from 4 mL of whole blood within 2 hours and stored
at —80°C prior to protein assay. BNP was assayed using the Biosite Triage kit (Biosite
Diagnostic, San Diego, CA) as previously described °. Plasma ET1 was assayed as modified
from published methods 8. Inter-assay and intra-assay variabilities were 10% and 4%
respectively. Each sample was assayed in duplicate. Additional data collected included patient
name, medical record number, sex, age, weight, single ventricle morphology, diagnosis,
surgical history, and current medications.

The primary outcome was the presence of clinical HF. The relationship between raw Ross
score (0-12) and plasma proteins was summarized using scatter plots, and analyzed using
simple linear regression. Model checking was performed using component-plus-residual plots,
DFBETA statistics, and residual plots. Single-predictor logistic regression was used to assess
the crude association between each of the four cardiac-related plasma proteins and clinical HF.
A p-value <0.05 was considered statistically significant. Receiver Operator Characteristic
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(ROC) curves were created to evaluate these proteins as potential biomarkers. Assays were
deemed potentially useful if they carried a c-statistic >0.75 (corresponding to >75% of the
graph area encompassed by the curve). For a potentially useful test, a clinically relevant cut
point was identified that would distinguish single ventricle children in HF from those free of
HF at the time of evaluation. All statistical analyses were performed using Stata 10 (StataCorp
LP, College Station, TX).

We approached 39 single ventricle children meeting the inclusion criteria for this study and
presenting to the UCSF Pediatric Heart Center between February 2007 and June 2008 for
enrollment. Four (10%) declined, and of the 35 remaining subjects, 6 (15%) were subsequently
excluded from analysis because of missing data. Thus, 29 children were studied (Table). We
obtained blood samples at the time of cardiac catheterization in 26 of 29 (90%). Of the
remaining 3, 2 were drawn immediately prior to cardiac surgery, and 1 was drawn in the course
of medical admission for HF.

Of 29 children, 22 (76%) had systemic non-left ventricles. The median Ross score in the overall
sample was 2, with a standard deviation of 2.3 Ross units. Among the 20 children free of clinical
HF, the median Ross score was 1, with a standard deviation of 0.8 Ross units. Among the 9
children with clinical HF (Ross score >2), the median score was 4, with a standard deviation
of 2.3 Ross units and a range of 3 to 9. The overall prevalence of HF in our included sample
was 31%.

Only 4 of the 29 children (14%) were taking no cardiac medications at the time of the study.
Diuretics were the most common cardiac medications (69%), followed by angiotensin
converting enzyme inhibitors (55%). Two children were on inotropic therapy at the time of the
study. Not surprisingly, these children were both in HF. Digoxin use was more prevalent in
children free of HF.

Figure 1 shows scatter plots of our candidate biomarkers versus the Ross HF score. The scatter
plots provide a visual appraisal of the linearity of the relationship between the candidate
biomarkers and the Ross HF score. Notably, after logs transformation, BNP demonstrated a
roughly linear relationship with the Ross score. A one unit increase on this scale corresponds
to a doubling on the linear scale. Simple linear regression analysis on the transformed variable
revealed that a doubling of plasma BNP was associated with a 0.7 unit increase in Ross score
(95% C1 0.4, 1.0; p<0.001). Component-plus-residual plots demonstrated that the assumption
of linearity had not been violated, and the residuals were normally distributed, suggesting that
the linear model is a good fit for these data. Although DFBETA statistics revealed two
potentially influential points, exclusion of these points preserved the linear association: a
doubling of plasma BNP was still associated with a 0.4 unit increase in Ross score, with the
95% CI encompassing zero (95% CI —0.05, 0.8; p=0.082).

For hsCRP, a 0.2 mg/L increase was associated with a 0.8 unit increase in Ross score (95% Cl
—0.03, 1.6; p=0.058), however, DFBETA statistics and component-plus-residual plots revealed
three highly influential points. Exclusion of these points abolished the association. Neither ET1
(20 unit increase associated with 0.07 decrease in Ross score, 95% CI (—0.3, 0.15), p=0.50)
nor ¢Tnl (0.1 microgram/L increase associated with a 0.07 unit increase in Ross score, 95%
Cl (-0.2, 0.3), p=0.61) was associated with increased Ross score in our sample. Exclusion of
influential data points for these assays did not alter the results.

Using single-predictor logistic regression, a doubling of plasma BNP was associated with an
odds ratio for HF of 2.17 (95% CI 1.10, 4.3; p=0.026). A 0.2 mg/L increase in hsCRP was
associated with an odds ratio for HF of 1.76 (95% CI 0.69, 4.5; p=0.23), suggesting that
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elevations in hsCRP may be associated with increased odds of HF, but this result had poor
precision (31-350% increase in odds). Likewise, neither cTnl (OR=0.72, 95% CI 0.05, 10;
p=0.81) nor ET1 (OR=0.86, 95% CI1 0.54, 1.36; p=0.52) was associated with clinically relevant
alterations in the odds of HF.

We generated Receiver Operator Characteristic (ROC) curves, which plot a test's true positives
against its false positives, for each of the four potential biomarkers (Figure 2). Only one protein,
BNP, exceeded our pre-specified threshold of >75% area contained by the ROC curve. The
area under the curve for the plot of BNP against HF was 80.3%. cTnl failed to distinguish
children in HF from those free of failure. Similarly, hsCRP and ET1 demonstrated relatively
poor sensitivities and specificities for HF throughout their curves.

The test characteristics for various plasma levels of BNP as markers of current clinical HF
were determined. A cut point of >30 pg/mL showed both sensitivity (88.9%; 95% CI 51.8% —
99.7%) and specificity (75%; 95% CI 50.9% — 91.3%). The wide 95% confidence intervals
demonstrate that our results are consistent with sensitivities as low as 51.8%. However, our
sample consists of predominantly mild HF, and as such, we would expect this to be a relatively
difficult population to detect. Given the roughly linear relationship between BNP doubling and
raw Ross score, we expect BNP values to be higher in moderate than in mild failure. Thus,
lowering the cut point further would increase the false positive rate without increasing detection
of moderate HF. As such, we believe a cut point of >30 pg/mL presents the best threshold for
identifying HF in young children with single ventricle physiology.

Discussion

The present study is the only one reported to date that shows a direct relation between clinical
HF scores and BNP values in young children with single ventricle physiology (see Figure 2).
We have suggested a cut point of >30 pg/mL for distinguishing between HF and non-failure
in this population, which is distinct from the cut point value of 100 pg/mL established for adults
7. However, 30 pg/mL is also substantially higher than previously published normal values
observed in similarly aged children with normal hearts (5.1-12.1 pg/mL) 8. We believe that
this value should form the basis of future validation research and longitudinal studies needed
to determine the value of BNP in monitoring severity of HF.

Despite published literature describing increased ET1 levels in adult patients with heart failure
9 and in the setting of pulmonary overcirculation, we did not find an association with clinical
HF in patients with single ventricle physiology. In keeping with this, the ratio of pulmonary
to systemic blood flow (Qp:Qs) assessed at the time of cardiac catheterization was not
predictive of Ross score (data not shown).

hsCRP had been identified previously as a biomarker of both acute and chronic HF in adults,
and is proposed to be elevated due to the general inflammatory response that accompanies
these syndromes 1. We found no such association in our study, possibly because such
elevations reflect inflammatory states that predispose to atherosclerotic plaque formation 11,
Since atherogenesis is not a typical mechanism of HF in children with single ventricle heart
disease, it is perhaps not surprising that hsCRP did not correlate with HF in this population.

cTnl also failed to distinguish single ventricle patients with HF from those without. Notably,
despite the stresses of both pre- and post-Glenn physiology, cTnl levels were below the
threshold of detection in most of our cohort. Since cTnl has been best described as a marker
of ischemia 12, we wondered whether single ventricle patients with aortic atresia, who may
have an increased risk of developing HF from ischemia, would demonstrate higher cTnl levels,
but the present study lacked the power to examine this subgroup.
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Our study had several limitations. First, the Ross score has not been specifically validated in
the single ventricle population. However, it has been utilized in several previous studies of HF,
including a recent multi-center trial of carvedilol therapy for pediatric HF that included single
ventricle patients 13715, As such, we considered it the most relevant outcome measure for this
study.

Fifteen percent (6/39) of the children approached for the study—214% (5/35) of the consenting
study subjects—did not have plasma drawn despite providing consent. This was typically due
to logistical issues related to maintaining intravenous access in hospitalized children and
laboratory hours. While this missing data could be a source of bias in our study, those 5 children
with missing data were similar to the overall sample with regard to age, gender, weight,
morphology of systemic ventricle, and medication usage. Because our ability to obtain samples
was not related to a child's HF status, these missed data degraded our power, but should not
have led to spurious associations. Rather, we may have failed to detect an association between
hsCRP or ET1 and HF.

Finally, our sample was predominantly composed of children with systemic right ventricles,
which limits our ability to comment on the accuracy of BNP for detecting HF of the single left
ventricle. However, because single right ventricles are more difficult to evaluate functionally
using current methods such as echocardiography, BNP has the potential to be particularly useful
in children with a single right ventricle.
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Figure 1. Scatter plots of biomarkers versus Ross scores

Scatter plots of plasma protein concentrations versus raw Ross scores in 29 single ventricle
patients. Log, transformation of BNP revealed a roughly linear relationship with raw Ross
score, while this was not the case for the other plasma proteins studied.
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Figure 2. Receiver Operator Characteristic curves for BNP, cTnl, hsCRP and ET1
False positives (1-Specificity) were plotted against true positives (Sensitivity). A test for which
the area under the curve (c-statistic) is >0.75 was defined as a useful test.
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