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Abstract: In children with cardiomyopathy, the severity of heart failure (HF) varies. However,
copeptin, which is a biomarker of neurohormonal adaptation in heart failure, has not been studied in
these patients. In this study, we evaluated the correlation of copeptin level with functional HF grading,
B-type natriuretic peptide (BNP), and echocardiography variables in children with cardiomyopathy.
Furthermore, we determined if copeptin levels are associated with adverse outcomes, including
cardiac arrest, mechanical circulatory support, heart transplant, or death. In forty-two children with
cardiomyopathy with a median (IQR) age of 13.1 years (2.5–17.2) and a median follow-up of 2.5 years
(2.2–2.7), seven (16.7%) children had at least one adverse outcome. Copeptin levels were highest in
the patients with adverse outcomes, followed by the patients without adverse outcomes, and then the
healthy children. The copeptin levels in patients showed a strong correlation with their functional HF
grading, BNP level, and left ventricular ejection fraction (LVEF). Patients with copeptin levels higher
than the median value of 25 pg/mL had a higher likelihood of experiencing adverse outcomes, as
revealed by Kaplan–Meier survival analysis (p = 0.024). Copeptin level was an excellent predictor of
outcomes, with an area under the curve of 0.861 (95% CI, 0.634–1.089), a sensitivity of 86%, and a
specificity of 60% for copeptin level of 25 pg/mL. This predictive value was superior in patients with
dilated and restrictive cardiomyopathies (0.97 (CI 0.927–1.036), p < 0.0001, n = 21) than in those with
hypertrophic and LV non-compaction cardiomyopathies (0.60 (CI 0.04–1.16), p = 0.7, n = 21).

Keywords: copeptin; cardiomyopathy; pediatric heart failure; BNP; biomarkers; neurohormonal

1. Introduction

Heart failure in children is associated with significant morbidity and mortality [1,2].
Cardiomyopathies are rare but important causes of heart failure in children [3–5]. Pediatric
cardiomyopathies are a heterogeneous group of disorders. The different types of car-
diomyopathies are dilated, hypertrophic, left ventricular non-compaction, and restrictive
cardiomyopathies [3]. The overall incidence of pediatric cardiomyopathies is estimated at
about 1.1 to 1.5 per 100,000 children [3]. Among the different forms of cardiomyopathy,
dilated cardiomyopathy is the most common type, followed by hypertrophic cardiomy-
opathy. Cardiomyopathies are the most common indication for heart transplantation in
children over 1 year of age. Children with cardiomyopathy can have a variable severity of
heart failure [5].
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In addition to cardiomyopathies, heart failure in children can be caused by various
diseases, including congenital structural heart defects, arrhythmias, toxins, and non-cardiac
etiologies like sepsis [2,5]. While many of the causes mentioned above can be treated
surgically or medically to reverse the underlying pathophysiological process, in contrast,
cardiomyopathies, particularly dilated and restrictive cardiomyopathies, gradually lead to
depressed systolic and diastolic function, resulting in end-stage heart failure despite medi-
cal management [2,4–6]. Patients with cardiomyopathies are at a high risk of adverse events,
including cardiac arrest and death; therefore, close monitoring of their disease progression
is vital. Monitoring using clinical assessment and biomarkers can help identify patients at
risk of clinical deterioration to provide timely evaluations for heart transplantation and
mechanical circulatory support like left ventricular assist devices. Novel neurohormonal
biomarkers may aid in monitoring the disease progression in this high-risk cohort [7].

Neurohormonal activation plays a pivotal role in the progression of heart failure, and
it also correlates with the severity of heart failure [6–8]. The sympathetic system and renin–
angiotensin–aldosterone system (RAAS) are well-known pathways of neurohormonal
changes which are associated with the severity of heart failure [8–11]. It is well established
that elevated norepinephrine and angiotensin II are associated with poor prognosis in
heart failure, and neurohormonal antagonism has improved survival in adults with heart
failure [8–11]. In addition to these two well-established pathways, the arginine vasopressin
(AVP) system is also thought to be a major neurohormonal process that plays an integral
role in the progression of heart failure [12,13]. There has been significant clinical interest in
AVP-related ventricular dysfunction and hyponatremia and the possible benefit of AVP
antagonism [14,15].

AVP is a nonapeptide secreted by supraoptic and paraventricular nuclei in the hy-
pothalamus [15,16]. It is released by the pituitary gland in the bloodstream in response
to osmotic and non-osmotic stimuli. It acts in the vasopressin receptors (V1 and V2). The
V2 receptors are in the collecting tubules of the kidneys. The activation of V2 receptors
results in the retention of free water. Similarly, the V1 receptors are in the vasculature. The
activation of V1 receptors leads to vasoconstriction resulting in an increase in systemic
vascular resistance [15,16]. In a normal physiologic state, AVP elevation does not have
significant hemodynamic effects, whereas, in patients with heart failure, AVP elevation
can have significant effects on hemodynamics and ventricular function [16]. It has been
postulated that AVP release stimulus is more shifted to a non-osmotic trigger compared
to an osmotic trigger in heart failure. In patients with heart failure, V2 receptor activation
leads to an increase in free water retention, which leads to an increase in preload. Similarly,
V1 receptor activation leads to vasoconstriction leading to an increase in afterload to the left
ventricle. In animal studies, AVP has been shown to act on the myocardium leading to my-
ocardial hypertrophy [17]. Elevated AVP has been shown to be a marker of poor prognosis
in the heart failure population and can be a potential prognostic biomarker [7,12,13].

Currently, AVP measurement has been limited in the experimental laboratory. AVP
is an unstable molecule, predominantly bound to platelets and rapidly cleared due to its
short half-life. Due to these characteristics, it cannot be measured by routine sandwich
assays [18,19]. Copeptin, a C terminal part of the AVP precursor peptide, preprovasopressin,
has been considered a surrogate of AVP. Copeptin is a larger molecular fragment of pre-pro
vasopressin (a precursor molecule for AVP and copeptin) secreted in equimolar amounts to
Arginine vasopressin (AVP) [18,19]. In contrast to AVP, copeptin is highly stable and reliably
measured in stored plasma [18,19]. Therefore, copeptin has been used as a surrogate marker
of AVP to assess neurohormonal adaptation in adults with heart failure [20–23].

Several adult studies in patients with heart failure have shown that copeptin can
be a useful prognostic biomarker for acute and chronic heart failure [20–23]. Elevated
copeptin levels have been associated with an increase in disease severity and mortality in
critically ill children [24–26]. In a single-centered study, copeptin levels were associated
with adverse outcomes in children with heart failure encompassing mostly children with
congenital heart defects [26]. We conducted this prospective cohort study to measure
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copeptin levels in children with cardiomyopathy in different stages of heart failure. We
assessed the correlation of copeptin level with established markers of the severity of
heart failure, including functional heart failure grading, BNP level, and echocardiography
(ECHO) variables of left ventricular function. Furthermore, we determined if copeptin
levels are associated with adverse outcomes during the follow-up period.

2. Methods

In this single-center prospective cohort study, we enrolled children with cardiomy-
opathy in different stages of heart failure aged 1 month to 18 years at the Outpatient
Heart Failure Clinic, Inpatient Wards, and Intensive Care Units of Le Bonheur Children’s
Hospital, Memphis, Tennessee. We included children with underlying cardiomyopathy
in whom the treating cardiologists diagnosed heart failure. We excluded children if they
met any of the following exclusion criteria: age less than 1 month and more than 18 years,
presence of acute renal injury (serum creatinine > 1.5 mg/dL), or presence of acute liver
injury (Aspartate aminotransferase (AST)/Alanine aminotransferase (ALT) > 500 IU/dL).
Healthy children were enrolled in the General Pediatric Outpatient Clinic of Le Bonheur
Children’s Hospital. Informed consent was obtained from parents or legal guardians as per
the University of Health Science Center (UTHSC) Institutional Review Board guidelines
before the study enrollment.

We collected relevant demographic information, including age, gender, etiology
of heart failure, medications (diuretic agents, vasoactive-inotropic medications, beta-
adrenergic receptor blockers, angiotensin-converting enzyme inhibitors), respiratory sup-
port (high flow nasal cannula, non-invasive or invasive mechanical ventilation), and me-
chanical circulatory support (ECMO and VAD). The cases were assigned the functional
heart failure grading based on either Ross heart failure grading (for children aged ≤5 years)
or New York Heart Association (NYHA) heart failure grading (for children aged >5 years)
by the treating cardiologists specialized in pediatric heart failure at the time of enroll-
ment [27]. The treating cardiologists were blinded to the laboratory values. We drew 2 mL
of blood for each subject in ethylenediaminetetraacetic acid (EDTA) tubes with aprotinin to
measure copeptin level, BNP level, and basic metabolic panel within 24 h after enrollment.
The supernatant plasma was centrifuged at 1600 revolutions per minute for 15 min at 4 ◦C
and stored at −70 ◦C. Copeptin and BNP levels were analyzed in the UTHSC research lab-
oratory using an ELISA method by the manufacturer’s protocol (Phoenix Pharmaceutical
Inc. Burlingame, CA, USA). It costs USD 30 to test one sample of copeptin in our UTHSC
research laboratory. The basic metabolic profile was used to calculate serum osmolality.
We also obtained echocardiography data of the images performed within two days of the
enrollment based on the clinical indication. The ECHO variables included left ventric-
ular ejection fraction (LVEF), left atrial (LA) volume, and left ventricular end-diastolic
dimension (LVEDD). A board-certified and blinded pediatric cardiologist independently
read the echocardiograms. Each case was followed for a minimum of 2 years to record
the occurrence of any adverse event. The composite adverse outcome was defined as
cardiac arrest requiring cardiorespiratory resuscitation, worsening heart failure needing
mechanical circulatory (ECMO or VAD), orthotopic heart transplant, or death.

3. Statistical Analysis

The study aimed to identify a 25% difference in copeptin levels between the cardiomy-
opathy and control groups. To achieve this, a sample size of 30 participants was chosen for
each group, with a statistical power of 80% and an alpha of 0.05. Continuous variables were
reported as medians and interquartile ranges (IQR), while categorical variables were sum-
marized as frequency counts and percentages. A Wilcoxon signed-rank test was applied
to compare the cases and the controls. Mann–Whitney U tests or Fisher’s exact tests were
applied to compare the cases with and without adverse events. Spearman’s correlation
coefficients were obtained to determine the correlation between copeptin level and estab-
lished measures of the severity of heart failure. Receiver operator characteristics curves
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analyses were performed to determine the predictability of the composite adverse outcome
by copeptin level, BNP level, and LVEDD. Kaplan–Meier survival curves were derived for
the composite adverse outcomes among the cohort based on the median copeptin level in
the cases. A significance level of p = 0.05 was used. Analyses were conducted using SPSS
24 (IBM Inc., Armonk, NY, USA).

4. Results

We enrolled 42 children with cardiomyopathy at different heart failure stages. Table 1
presents the clinical characteristics of the study group in detail. The cases in the study group
for heart failure management were on various medications, including 50% (21) of cases on
beta-blockers, 40% (17) on ACE inhibitors, 29% (12) on diuretics, and 26% (11) on vasoactive-
inotropic meds. Many cases were on multiple medications, including 12% (5) on three
or more agents, 33% (14) on two agents, 33% (14) on one agent, and 14 % (6) on no heart
failure therapy at the time of enrollment. Additionally, 9% (4) cases were on mechanical
ventilation. During the median (interquartile range) follow-up period of 2.3 years (2.0–2.6),
9% (4) of patients had cardiac arrest requiring cardiorespiratory resuscitation, 7% (3) needed
mechanical circulatory support in the form of ventricular assist device, 14% (6) underwent
an orthotropic heart transplant, and 2.4% (1) died. The composite adverse outcome event
occurred in 16.6% (7) cases with a median time to adverse outcome of 101 days (2–675).

Children with cardiomyopathy who experienced adverse outcomes had higher copeptin
levels (median (Interquartile Range (IQR)) of 741.8 pg/mL (351–9.14.1) compared to
those without adverse outcomes (21 pg/mL (11.9–74.4), p = 0.045) and healthy children
(6.2 pg/mL (5.8–6.7), p < 0.001), as shown in Figure 1. Copeptin levels were strongly
positively correlated with functional heart failure grading (Rho 0.715, p < 0.001) and BNP
level (Rho = 0.887, p < 0.001), as presented in Figure 2. Additionally, copeptin levels showed
weak to moderate correlation with LA volume (Rho 0.600, p < 0.001), LVEF (Rho −0.442,
p = 0.004), and serum sodium level (Rho −0.332, p = −0.005). However, no correlation was
found between copeptin levels and patients’ age (Rho 0.037, p = 0.758) and serum osmolar-
ity (Rho 0.103, p = 0.394), as presented in Table 2. Similarly, children with adverse outcomes
had elevated BNP levels, higher LA volume, and lower LVEF compared to children without
adverse outcomes, as presented in Table 1.
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Figure 1. Children with cardiomyopathy and adverse outcomes had significantly higher copeptin
levels (median (IQR) of 741.8 pg/mL (351–9.14.1)) than those without adverse outcomes (21 pg/mL
(11.9–74.4) and healthy children (6.2 pg/mL (5.8–6.7). The difference was statistically significant, with
a p-value of 0.045 for children with adverse outcomes and a p-value of less than 0.001 for healthy
children. * Represents outliers within the groups.
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Table 1. The clinical features of children with cardiomyopathy and comparison between those who
experienced adverse outcomes and those who did not.

Variable All Cases
n = 42

Cases without
Adverse

Outcomes
n = 35

Cases with
Adverse

Outcomes
n = 7

p Value

Age in years 13 (2–17) 10 (2–17) 15 (12–17) 0.530

Weight in kg 49 (12–72) 40 (11–73) 54 (45–72) 0.552

Height in cm 155 (87–171) 152 (83–168) 169 (130–180) 0.181

Female gender 17 (40.4) 16 (38) 1 (14.2) 0.222

Race 0.578

• African-American
• Caucasian
• Hispanic

21 (50)
16 (38)
4 (10)

16 (46)
14 (40)
4 (11)

5 (71)
2 (29)

Other 1 (2) 1 (3)

Cardiomyopathy type 0.190

• HCM
• LVNC
• DCM
• RCM

7 (17)
9 (21)
21 (50)
5 (12)

7 (20)
7 (20)

18 (51)
3 (9)

0 (0)
2 (28)
3 (44)
2 (28)

NYHA/Ross grading 0.003

• I
• II
• III
• IV

21 (50)
12 (28)

3 (7)
6 (15)

20 (57.1)
11 (31.4)

2 (5.7)
2 (5.7)

1 (14.2)
1 (14.2)
1 (14.2)
4 (57.4)

LVEF in % 50 (40–55) 55 (40–55) 30 (20–45) 0.004

LA Volume(mL/m2) 25 (15–35) 23 (15–33) 55 (28–68) 0.003

LVEDD (mm) 43 (38–54) 43 (37.5–50.5) 56 (39–68) 0.137

Copeptin in pg/mL 24.6 (12.3–301) 21.3 (12.3–83.7) 741.8 (351–914) 0.002

BNP in pg/mL 32.8 (10.8–425.7) 23.8 (10.8–116.7) 1153 (402–3072) 0.003

Serum Sodium in mmol/L 140 (137–142) 140 (139–142.0) 139 (133–140) 0.151

Serum Creatinine in
mg/dL 0.6 (0.3–0.7) 0.5 (0.3–0.7) 0.7 (0.7–0.80) 0.226

Serum Osmolarity in
mOsmol/L 296 (292–302) 296 (294–302) 297 (283–298) 0.440

DCM: Dilated cardiomyopathy, LVNC: Left ventricular non-compaction, Cardiomyopathy RCM: Restrictive
cardiomyopathy, HCM: Hypertrophic cardiomyopathy, NYHA: New York Heart Association, BNP: B-type
natriuretic peptide, LVEF: Left ventricular ejection fraction, and LVEDD: Left ventricular end-diastolic dimension.
p value of less than 0.05 was considered significant.

Univariate logistics regression analysis revealed that several factors, including copeptin
level, functional HF grading, BNP level, LVEF, and LA volume, were associated with ad-
verse outcomes. These findings are presented in Table 3. In addition, we determined that
copeptin levels were independently associated with adverse outcomes even after adjusting
for the severity of HF, as indicated by functional HF grading on the multivariable logistic
regression analysis. Specifically, we found an adjusted Odds Ratio (OR) of 1.010 with a 95%
CI of 1.002–1.019 and a p-value of 0.019.
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Figure 2. The correlations of copeptin levels with BNP (A) and heart failure grading (B) are repre-
sented by Spearman’s correlation coefficients.

The receiver operator characteristics (ROC) curves were obtained to assess predictive
values of copeptin level, BNP level, LVEF, and LA volume for all cases, cases with dilated
and restrictive cardiomyopathies, and cases with hypertrophic and LV non-compaction
cardiomyopathies, as illustrated in Figure 3. Copeptin levels had moderate to high predic-
tive value with the area under the curve (AUC) of 0.86 with a 95% CI of 0.63–1.08 and a
p-value of 0.002 for all cases with a sensitivity of 86% and specificity of 60% for copeptin
level of 25 pg/mL or higher. Copeptin levels had an even better predictive value (AUC
0.97 (95% CI 0.9–1.03), p-value < 0.001) in cases with either dilated and restrictive cardiomy-
opathy, but no predictive value in cases with either hypertrophic or LV non-compaction
cardiomyopathy (AUC 0.61 (95% CI 0.05–1.17), p-value = 0.71). The predictive value of
BNP level was similar to copeptin level in all cases, cases with dilated and restrictive
cardiomyopathies, and cases with hypertrophic and LV non-compaction cardiomyopathies.
Only LVEF had a predictive value in those with either hypertrophic or LV non-compaction
cardiomyopathy. Lastly, we performed Kaplan–Meier survival time to event analysis using
the median copeptin level of 25 pg/mL for all cases as the grouping variable. The log-Rank
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test showed a higher likelihood of adverse events in cases with copeptin levels higher than
the median value during the follow-up period, as illustrated in Figure 4.

Table 2. Correlation of copeptin levels with clinical and laboratory variables by Spearman’s correla-
tion coefficients.

Variable Spearman’s Rho 95% Confidence
Interval p Value

Age in years 0.370 −0.200, 0.269 0.758

HF grading 0.715 0.517, 0.800 <0.001

Serum Sodium
(mmol/L) −0.332 −0.531, −0.098 0.005

Serum Osmolarity
(mOsmol/L) 0.103 −0.42, 0.337 0.394

BNP (pg/mL) 0.887 0.824, 0.929 <0.001

LVEF (%) −0.442 −0.665, −0.146 0.004

LA Volume (mL/m2) 0.600 0.351, 0.770 <0.001

LVEDD (mm) −0.111 −0.420, 0.221 0.502
HF: Heart failure, BNP: B-type natriuretic peptide, LVEF: Left ventricular ejection fraction, LA: Left atrial, and
LVEDD: Left ventricular end-diastolic dimension. p value of less than 0.05 was considered significant.

Table 3. The results of a univariable logistics regression conducted to investigate the association
between clinical features and adverse outcomes in children with cardiomyopathy.

Variable Odds Ratio 95% Confidence
Interval p Value

Age in years 1.080 0.945–1.233 0.259

Female gender 0.222 0.024–2.047 0.184

DCM/RCM type 1.875 0.319–11.021 0.487

HF grading 0.025
II 1.8 0.103–32 0.683
III 10 0.437–228 0.149
IV 40 2.8–554 0.006

Copeptin (pg/mL) 1.007 1.003–1.012 0.002

BNP (pg/mL) 1.003 1.000–1.005 0.023

LVEF (%) 0.935 0.886–0.986 0.013

LA volume (ml/m2) 1.093 1.029–1.161 0.004

LVEDD (mm) 1.074 0.999–1.154 0.053
DCM: Dilated cardiomyopathy, RCM: Restrictive cardiomyopathy, HF: Heart failure, BNP: B-type natriuretic
peptide, LVEF: Left ventricular ejection fraction, LA: Left atrial, and LVEDD: Left ventricular end-diastolic
dimension. p value of less than 0.05 was considered significant.
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Figure 3. Receiver operating characteristic (ROC) curves that evaluate the ability of copeptin level, B
type natriuretic peptide (BNP), left atrial (LA) volume, and left ventricular ejection fraction (LVEF)%
predictions to anticipate adverse outcomes in all cases (a), cases with dilated and restrictive cardiomy-
opathy (b), and cases with hypertrophic and left ventricular non-compaction cardiomyopathy (c).
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Figure 4. For all cases, using the cutoff median copeptin level of 25 pg/mL, children with cardiomy-
opathy had a greater likelihood of experiencing adverse outcomes, as shown with the Kaplan–Meier
survival curves. p value of less than 0.05 was considered significant.

5. Discussion

In this study of children with different types of cardiomyopathies, we found elevated
copeptin levels are associated with worse outcomes in children with cardiomyopathy.
This association was significant even after adjusting for the severity of their heart failure.
Copeptin levels were found to be a moderately to highly accurate predictor of adverse
outcomes in children with cardiomyopathy, with a sensitivity of 86% and specificity of 60%
for levels of 25 pg/mL or higher. However, this accuracy was only observed in cases of
dilated and restrictive cardiomyopathy, with no predictive value for hypertrophic and LV
non-compaction cardiomyopathy. BNP levels were similarly predictive across all types
of cardiomyopathies when compared to Copeptin levels. Interestingly, only LVEF was
found to be a predictor in cases of hypertrophic and LV non-compaction cardiomyopathy.
Overall, these results suggest that copeptin levels may be a useful tool for predicting
outcomes in children with certain types of cardiomyopathies. We found that most patients
in our group who had end-stage heart failure and were waiting for a heart transplant were
in the dilated and restrictive cardiomyopathy group. These patients had severe systolic
and diastolic function and were receiving inotropic support. We considered the severity
of their heart failure when analyzing the data, but it still might have an impact on the
results. This may be why copeptin was a better predictor of adverse outcomes in these
patients. Interestingly, copeptin levels were not a reliable predictor in hypertrophic and
LV non-compaction cases, which warrants further investigation. Our study sheds light on
an area that has not been well explored before, and we recommend conducting a larger
multicenter study with comparable heart failure severity in different types of pediatric
cardiomyopathies subgroups to further our understanding.

Copeptin is a larger molecular fragment of pre-pro vasopressin (a precursor molecule
for AVP and copeptin) secreted in equimolar amounts to Arginine vasopressin (AVP)
secreted by hypothalamus neurally transported to the posterior pituitary and released in the
bloodstream [18,19]. Excess AVP secretion in response to osmotic and non-osmotic stimuli
will cause stimulation of AVP V2 receptors, which leads to free water retention resulting
in hyponatremia in congestive heart failure (CHF) [16,28]. The stimulation of atrial and
arterial baroreceptors in response to hypotension and volume depletion results in the non-
osmotic release of AVP. The predominance of non-osmotic AVP secretion over osmotic AVP
release plays a crucial role in developing water imbalance and hyponatremia in CHF [16].
AVP-mediated dilutional hyponatremia, fluid accumulation, and vasoconstriction are
associated with worsening heart failure in adults [16]. Hyponatremia in heart failure is
an important finding. It has been shown that hyponatremia in heart failure is associated
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with poor outcomes [16]. In addition, it is also very difficult to treat hyponatremia in
patients with heart failure. There has been a significant interest in AVP antagonism in
the past years for heart failure with hyponatremia [15,16]. Several AVP antagonists are
in different stages of development. Conivaptan is a combined V1 and V2 antagonist,
which is approved by US Food and drug administration for use in hyponatremia with or
without decompensated heart failure [16,28]. Based on animal and human studies, there is
a steady increase in urine output and serum sodium with conivaptan use [16,28,29]. Other
promising vasopressin antagonists are tolvaptan, lixivaptan, etc. [14,16,28]. Interestingly,
our cohort did not observe significant hyponatremia or decreased serum osmolarity. The
above observation might be due to our cohort’s relatively lower severity of heart failure,
limited use of diuretic agents, and age-related variation in the neurohormonal milieu. Based
on our observation, there is a slight negative correlation between copeptin levels and serum
sodium concentration. However, there is no correlation between copeptin levels and serum
osmolarity or the patient’s age. This suggests that AVP is mainly released non-osmotically,
leading to the release of copeptin in our cohort. These results are similar to the results
reported in the adult study [30].

Several studies have shown that copeptin levels can predict outcomes in adults with
heart failure [20–23]. In a study of 268 adult patients with advanced heart failure, Stoiser
et al. showed that copeptin has a better ability to predict death compared to BNP [20].
Similarly, in a large cohort of adult patients with all the stages of heart failure, Neuhold
et al. showed that copeptin has a similar predictive ability of all-cause mortality compared
to BNP, but when both were combined, the predictive ability improved [21]. Maisel et al.
showed that increased copeptin levels and hyponatremia are associated with increased
90-day mortality in adult patients with acute heart failure [22]. In this study, the prognostic
ability of copeptin increased when it was combined with hyponatremia. Another large
prospective study by Pozsonyi et al. showed that copeptin is also a useful long-term
prognostic marker to predict all-cause mortality in patients with decreased left ventricular
ejection fraction [23]. Based on these observations, copeptin can be used as a short- and
long-term prognostic biomarker in the adult heart failure population.

Pediatric data on copeptin level as a predictor of adverse outcomes are limited to few
studies, including arterial hypotension in critically ill children, pulmonary hypertension,
ventricular dysfunction with vaso-occlusive crises of sickle cell anemia, and pediatric acute
heart failure [25,26,31–33]. Gaheen et al. showed that copeptin levels were elevated in
children with pulmonary hypertension secondary to congenital heart disease [31]. Copeptin
levels increased with increased severity of pulmonary hypertension, and higher copeptin
levels predicted adverse outcomes [31]. Similarly, Baumann et al. showed that copeptin
levels were elevated in critically ill patients with arterial hypotension [25]. A single-center
prospective study by Deveci et al. found that copeptin levels were elevated in patients
with Sickle cell anemia with vaso-occlusive crisis compared to healthy controls [32]. They
concluded that copeptin might help detect vaso-occlusive crisis early in patients with sickle
cell disease. Interestingly contrast to adult studies, copeptin levels were not significantly
elevated in children with sepsis and septic shock compared to healthy controls [33,34].
Similar to our observations, Amrousy et al. have reported copeptin level as an excellent
prognostic value to predict adverse outcomes in pediatric heart failure [26]. However,
they did not compare the predictive value of copeptin levels with BNP levels and the
echocardiography variables of left ventricular function. Also, their cohort was much
younger (mean age of 3.8 years) compared to the median age of 13 years, with a shorter
follow-up period of 6 months compared to 2 years in our cohort. Most of their patients
(68%) had underlying congenital heart defects as a cause of heart failure, which might
explain differences in correlations among variables and a cutoff value of copeptin compared
to our study.

It is important to note that our study has certain limitations. Due to a small sample
size and diverse patient characteristics, our findings may not apply to a larger population.
We could not establish a temporal relationship between copeptin level and heart failure
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progression due to the lack of serial measurements. Furthermore, we could not consider
many confounding factors, including different heart failure treatments, which may have
affected our results. However, this is the first study to compare the predictive value of
copeptin levels in a cohort of children with cardiomyopathy. Our study provides valuable
information to help design future large multi-centered studies.

6. Conclusions

Copeptin levels are associated with the severity of heart failure and adverse outcomes
in children with cardiomyopathy. Copeptin levels are moderately to highly accurate
predictors of adverse outcomes in children with cardiomyopathy. However, this accuracy
was only observed in dilated and restrictive cardiomyopathy cases, with limited predictive
value for hypertrophic and left ventricular non-compaction cardiomyopathy. BNP levels
are similarly predictive across all types of cardiomyopathies. The clinical usefulness of
copeptin as a biomarker beyond BNP levels in children with cardiomyopathy needs further
investigation.

Author Contributions: Conceptualization, K.B.K. and A.S.; methodology, K.B.K. and A.S.; validation,
J.A.T. and S.H.S.; data analysis, A.S.; investigation, K.B.K., A.S. and R.R.P.; resources, A.N.W. and
S.D.T.; data curation, K.B.K. and A.S.; writing—original draft preparation, K.B.K.; writing—review
and editing, A.S., J.A.T., S.H.S. and S.D.T.; visualization, J.A.T., S.H.S. and R.R.P.; supervision, A.S.
and J.A.T.; project administration, A.N.W.; funding acquisition, K.B.K. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was supported by the Fellow’s Research Grant at Le Bonheur Children’s Hospital,
University of Tennessee Health Science Center, Memphis, TN. The funding number is #641044.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of Tennessee Health Science Center (protocol code 17-05252-XP) for studies involving humans. The
study was approved by IRB on 24 May 2017.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: All data generated or analyzed during this study are included in this
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Jennifer Marshall for helping with patient enrollment, Frankie Stentz
for laboratory support, and Camden Harrell, Tamekia Jones (CFRI), Patricia J. Goedecke (Trish), and
Qi, Zhao (BERD clinic) for providing the statistical support.

Conflicts of Interest: The authors report no conflicts of interest in this work.

References
1. Rossano, J.W.; Kim, J.J.; Decker, J.A.; Price, J.F.; Zafar, F.; Graves, D.E.; Morales, D.L.; Heinle, J.S.; Bozkurt, B.; Towbin, J.A.; et al.

Prevalence, morbidity, and mortality of heart failure-related hospitalization in the United States: A population-based study. J.
Card. Fail. 2012, 18, 459–470. [CrossRef] [PubMed]

2. Hsu, D.; Pearson, G. Heart failure in children. Part I History, etiology, pathophysiology. Circ. Heart Fail. 2009, 2, 63–70. [CrossRef]
[PubMed]

3. Lee, T.M.; Hsu, D.T.; Kantor, P.; Towbin, J.A.; Ware, S.M.; Colan, S.D.; Chung, W.K.; Jefferies, J.L.; Rossano, J.W.; Castleberry, C.D.;
et al. Pediatric Cardiomyopathies. Circ. Res. 2017, 121, 855–873. [CrossRef] [PubMed]

4. Towbin, J.A.; Lowe, A.M.; Colan, S.D.; Sleeper, L.A.; Orav, E.J.; Clunie, S.; Messere, J.; Cox, G.F.; Lurie, P.R.; Hsu, D.; et al.
Incidence, causes, and outcomes of dilated cardiomyopathy in children. JAMA 2006, 296, 1867.e76. [CrossRef] [PubMed]

5. Andrews, R.E.; Fenton, M.J.; Ridout, D.A.; Burch, M. New-onset heart failure due to heart muscle disease in childhood. Circulation
2007, 117, 79–84. [CrossRef] [PubMed]

6. Packer, M. The neurohormonal hypothesis: A theory to explain the mechanism of disease progression in heart failure. J. Am. Coll.
Cardiol. 1992, 20, 248–254. [CrossRef]

7. Braunwald, E. Biomarkers in Heart Failure. N. Engl. J. Med. 2008, 358, 2148–2159. [CrossRef]

https://doi.org/10.1016/j.cardfail.2012.03.001
https://www.ncbi.nlm.nih.gov/pubmed/22633303
https://doi.org/10.1161/CIRCHEARTFAILURE.108.820217
https://www.ncbi.nlm.nih.gov/pubmed/19808316
https://doi.org/10.1161/CIRCRESAHA.116.309386
https://www.ncbi.nlm.nih.gov/pubmed/28912187
https://doi.org/10.1001/jama.296.15.1867
https://www.ncbi.nlm.nih.gov/pubmed/17047217
https://doi.org/10.1161/CIRCULATIONAHA.106.671735
https://www.ncbi.nlm.nih.gov/pubmed/18086928
https://doi.org/10.1016/0735-1097(92)90167-L
https://doi.org/10.1056/NEJMra0800239


Children 2023, 10, 1138 12 of 13

8. Francis, G.S.; Benedict, C.; Johnstone, D.E.; Kirlin, P.C.; Nicklas, J.; Liang, C.S.; Kubo, S.H.; Rudin-Toretsky, E.; Yusuf, S.
Comparison of neuroendocrine activation in patients with left ventricular dysfunction with and without congestive heart failure.
A substudy of the Studies of Left Ventricular Dysfunction (SOLVD). Circulation 1990, 82, 1724–1729. [CrossRef]

9. Dzau, V.J.; Colucci, W.S.; Hollenberg, N.K.; Williams, G.H. Relation of the renin-angiotensin-aldosterone system to clinical state in
congestive heart failure. Circulation 1981, 63, 645–651. [CrossRef]

10. Cohn, J.N.; Levine, T.B.; Olivari, M.T.; Garberg, V.; Lura, D.; Francis, G.S.; Simon, A.B.; Rector, T. Plasma norepinephrine as a
guide to prognosis in patients with chronic congestive heart failure. N. Engl. J. Med. 1984, 311, 819–823. [CrossRef]

11. Swedberg, K.; Eneroth, P.; Kjekshus, J.; Wilhelmsen, L. Hormones regulating cardiovascular function in patients with severe
congestive heart failure and their relation to mortality. CONSENSUS Trial Study Group. Circulation 1990, 82, 1730–1736. [CrossRef]

12. Goldsmith, S.R.; Francis, G.S.; Cowley, A.W.; Barry Levine, T.; Cohn, J.N. Increased plasma arginine vasopressin levels in patients
with congestive heart failure. J. Am. Coll. Cardiol. 1983, 1, 1385–1390. [CrossRef]

13. Price, J.F.; Towbin, J.A.; Denfield, S.W.; Clunie, S.; Smith, E.O.; McMahon, C.J.; Radovencevic, B.; Dreyer, W.J. Arginine vasopressin
levels are elevated and correlate with functional status in infants and children with congestive heart failure. Circulation 2004, 109,
2550–2553. [CrossRef] [PubMed]

14. Konstam, M.A.; Gheorghiade, M.; Burnett, J.C.; Grinfeld, L.; Maggioni, A.P.; Swedberg, K.; Udelson, J.E.; Zannad, F.; Cook, T.;
Ouyang, J.; et al. Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study With Tolvaptan (EVEREST) Investigators.
Effects of oral tolvaptan in patients hospitalized for worsening heart failure: The EVEREST Outcome Trial. JAMA 2007, 297,
1319–1331. [CrossRef] [PubMed]

15. Goldsmith, S.R. Arginine vasopressin antagonism in heart failure: Current status and possible new directions. J. Cardiol. 2019, 74,
49–52. [CrossRef] [PubMed]

16. Finley, J.J., 4th; Konstam, M.A.; Udelson, J.E. Arginine vasopressin antagonists for the treatment of heart failure and hyponatremia.
Circulation 2008, 118, 410–421, Erratum in Circulation 2009, 119, e552. [CrossRef] [PubMed]

17. Nakamura, Y.; Haneda, T.; Osaki, J.; Miyata, S.; Kikuchi, K. Hypertrophic growth of cultured neonatal rat heart cells mediated by
vasopressin V(1A) receptor. Eur. J. Pharmacol. 2000, 391, 39–48. [CrossRef]

18. Morgenthaler, N.G.; Struck, J.; Jochberger, S.; Dunser, M.W. Copeptin: Clinical use of a new biomarker. Trends Endocrinol. Metab.
2008, 19, 43–49. [CrossRef]

19. Morgenthaler, N.G. Copeptin: A biomarker of cardiovascular and renal function. Congest. Heart Fail. 2010, 16, S37–S44. [CrossRef]
20. Stoiser, B.; Mörtl, D.; Hülsmann, M.; Berger, R.; Struck, J.; Morgenthaler, N.J.; Bergmann, A.; Pacher, R. Copeptin, a fragment of

the vasopressin precursor, as a novel predictor of outcome in heart failure. Eur. J. Clin. Investig. 2006, 36, 771–778. [CrossRef]
21. Neuhold, S.; Huelsmann, M.; Strunk, G.; Stroiser, B.; Struck, J.; Morgenthaler, N.G.; Bergmann, A.; Moertl, D.; Berger, R.; Pacher, R.

Comparison of copeptin, B-type natriuretic peptide, and amino-terminal pro-B-type natriuretic peptide in patients with chronic
heart failure. Prediction of death at different stages of the disease. J. Am. Coll. Cardiol. 2008, 52, 266–272. [CrossRef] [PubMed]

22. Maisel, A.; Xue, Y.; Shah, K.; Mueller, C.; Nowak, R.; Peacock, W.F.; Ponikowski, P.; Mockel, M.; Hogan, C.; Wu, A.H.; et al.
Increased 90-day mortality in patients with acute heart failure with elevated copeptin secondary results from the Biomarkers in
Acute Heart Failure (BACH) study. Circ. Heart Fail. 2011, 4, 613–620. [CrossRef]

23. Pozsonyi, Z.; Förhécz, Z.; Gombos, T.; Karádi, I.; Jánoskuti, L.; Prohászka, Z. Copeptin (C-terminal pro Arginine-Vasopressin) is
an independent long-term prognostic marker in heart failure with reduced ejection fraction. Heart Lung Circ. 2015, 24, 359–367.
[CrossRef] [PubMed]

24. Dong, X.Q.; Huang, M.; Yang, S.B.; Yu, W.H.; Zhang, Z.Y. Copeptin is associated with mortality in patients with traumatic brain
injury. J. Trauma. 2011, 71, 1194–1198. [CrossRef]

25. Baumann, P.; Gotta, V.; Atkinson, A.; Deisenberg, M.; Hersberger, M.; Roggia, A.; Schmid, K.; Cannizzaro, V. Copeptin Release
in Arterial Hypotension and Its Association with Severity of Disease in Critically Ill Children. Children 2022, 9, 794. [CrossRef]
[PubMed]

26. El Amrousy, D.; Abdelhai, D.; Nassar, M. Predictive Value of Plasma Copeptin Level in Children with Acute Heart Failure. Pediatr.
Cardiol. 2022, 43, 1737–1742. [CrossRef]

27. Ross, R.D. The Ross classification for heart failure in children after 25 years: A review and an age-stratified revision. Pediatr.
Cardiol. 2012, 33, 1295–1300. [CrossRef]

28. Higashi, K.; Murakami, T.; Ishikawa, Y.; Itoi, T.; Ohuchi, H.; Kodama, Y.; Honda, T.; Masutani, S.; Yamazaw, H.; Senzaki, H.; et al.
Efficacy and safety of tolvaptan for pediatric patients with congestive heart failure. Multicenter survey in the working group of
the Japanese Society of Pediatric Circulation and Hemodynamics (J-SPECH). Int. J. Cardiol. 2016, 205, 37–42. [CrossRef]

29. Udelson, J.E.; Smith, W.B.; Hendrix, G.H.; Painchaud, C.A.; Ghazzi, M.; Thomas, I.; Ghali, J.K.; Selaru, P.; Chanoine, F.; Pressler,
M.L.; et al. Acute hemodynamic effects of conivaptan, a dual V1A and V2 vasopressin receptor antagonist, in patients with
advanced heart failure. Circulation 2001, 104, 2417–2423. [CrossRef]

30. Balling, L.; Kistorp, C.; Schou, M.; Egstrup, M.; Gustafsson, I.; Goetze, J.P.; Hildebrandt, P.; Gustafsson, F. Plasma copeptin levels
and prediction of outcome in heart failure outpatients: Relation to hyponatremia and loop diuretic doses. J. Card. Fail. 2012, 18,
351.e358. [CrossRef]

31. Gaheen, R.; El Amrousy, D.; Hodeib, H.; Elnemr, S. Plasma copeptin levels in children with pulmonary arterial hypertension
associated with congenital heart disease. Eur. J. Pediatr. 2021, 180, 2889–2895. [CrossRef] [PubMed]

https://doi.org/10.1161/01.CIR.82.5.1724
https://doi.org/10.1161/01.CIR.63.3.645
https://doi.org/10.1056/NEJM198409273111303
https://doi.org/10.1161/01.CIR.82.5.1730
https://doi.org/10.1016/S0735-1097(83)80040-0
https://doi.org/10.1161/01.CIR.0000129764.84596.EB
https://www.ncbi.nlm.nih.gov/pubmed/15148276
https://doi.org/10.1001/jama.297.12.1319
https://www.ncbi.nlm.nih.gov/pubmed/17384437
https://doi.org/10.1016/j.jjcc.2019.03.001
https://www.ncbi.nlm.nih.gov/pubmed/30904236
https://doi.org/10.1161/CIRCULATIONAHA.108.765289
https://www.ncbi.nlm.nih.gov/pubmed/18645067
https://doi.org/10.1016/S0014-2999(99)00775-X
https://doi.org/10.1016/j.tem.2007.11.001
https://doi.org/10.1111/j.1751-7133.2010.00177.x
https://doi.org/10.1111/j.1365-2362.2006.01724.x
https://doi.org/10.1016/j.jacc.2008.03.050
https://www.ncbi.nlm.nih.gov/pubmed/18634981
https://doi.org/10.1161/CIRCHEARTFAILURE.110.960096
https://doi.org/10.1016/j.hlc.2014.10.008
https://www.ncbi.nlm.nih.gov/pubmed/25618448
https://doi.org/10.1097/TA.0b013e31821283f2
https://doi.org/10.3390/children9060794
https://www.ncbi.nlm.nih.gov/pubmed/35740731
https://doi.org/10.1007/s00246-022-02909-w
https://doi.org/10.1007/s00246-012-0306-8
https://doi.org/10.1016/j.ijcard.2015.12.003
https://doi.org/10.1161/hc4501.099313
https://doi.org/10.1016/j.cardfail.2012.01.019
https://doi.org/10.1007/s00431-021-04060-9
https://www.ncbi.nlm.nih.gov/pubmed/33813676


Children 2023, 10, 1138 13 of 13

32. Deveci, O.S.; Ozmen, C.; Karaaslan, M.B.; Celik, A.I.; Rahimova, H.; Akray, A.; Tepe, O.; Gurkan, E.; Deniz, A. Increased
Circulating Copeptin Levels Are Associated with Vaso-Occlusive Crisis and Right Ventricular Dysfunction in Sickle Cell Anemia.
Med. Princ. Pract. 2022, 31, 47–53. [CrossRef] [PubMed]

33. Lee, J.H.; Chan, Y.H.; Lai, O.F.; Puthucheary, J. Vasopressin and copeptin level in children with sepsis and septic shock. Intensive
Care Med. 2013, 39, 747–753. [CrossRef]

34. Jochberger, S.; Dorler, J.; Luckner, G.; Mayr, V.D.; Wenzel, V.; Ulmer, H.; Morgenthaler, N.G.; Hasibeder, W.R.; Dunser, M.W. The
vasopressin and copeptin response to infection, severe sepsis, and septic shock. Crit. Care Med. 2009, 37, 476–482. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1159/000521216
https://www.ncbi.nlm.nih.gov/pubmed/34852350
https://doi.org/10.1007/s00134-013-2825-z
https://doi.org/10.1097/CCM.0b013e3181957532
https://www.ncbi.nlm.nih.gov/pubmed/19114902

	Introduction 
	Methods 
	Statistical Analysis 
	Results 
	Discussion 
	Conclusions 
	References

