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Abstract
POTS is a global public-health disease, but predictor for therapeutic response to metoprolol

in children with POTS is lacking. This study was designed to investigate predictive value of

plasma C-type natriuretic peptide (CNP) in the therapeutic efficacy of metoprolol on postural

tachycardia syndrome (POTS) in children. Totally 34 children with POTS and 27 healthy

children were included in the study. The head-up test or head-up tilt test was used to check

heart rate and blood pressure from supine to upright in subjects. A double antibody (com-

petitive) sandwich immunoluminometric assay was used to detect plasma CNP. Metoprolol

was used to treat children with POTS. The difference in plasma concentrations of CNP be-

tween responders and non-responders was compared. An ROC curve was used to analyze

plasma CNP to predict efficacy of metoprolol on POTS in children. Plasma CNP in children

with POTS was significantly higher than that of healthy children [(51.9 ± 31.4) vs. (25.1 ±

19.1) pg/ml, P<0.001]. Plasma CNP in responders to metoprolol was significantly higher

than non-responders [(59.1 ± 33.5) vs. (34.8 ± 16.7) pg/ml, P = 0.037] before treatment. The

ROC curve showed that area under the curve was 0.821 (95% CI 0.642–0.999). The cut-off

value of plasma CNP> 32.55 pg/ml yielded a sensitivity of 95.8% and specificity of 70% in

predicting therapeutic efficacy of metoprolol on POTS children. Plasma CNP might serve as

a useful predictor for the therapeutic efficacy of metoprolol on POTS in children.

Introduction
Postural tachycardia syndrome (POTS) is a subtype of orthostatic intolerance (OI). Clinically,
for children and adolescents, POTS patients have a heart rate� 40 beats/min or a maximum
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heart rate� 120 beats/min during the head-up test or head-up tilt test, and are clinically ac-
companied by dizziness or vertigo, chest tightness, headache, palpitations, paleness, blurred vi-
sion, fatigue, morning discomfort, and even syncope. All the symptoms last no less than 1
month. Some POTS children have more severe clinical symptoms which impact their studies
and daily life [1,2]. Therefore, timely and effective treatment is particularly important. The β-
blocker, metoprolol, plays an important role in the treatment of POTS largely by blocking β-
adrenoceptor, and as a result, blocking the action of high level of catecholamines in the blood
stream [3]. However, Chen et al. found that after 3–6 months of treatment, the efficacy of met-
oprolol on POTS was only 57.89% [4]. Therefore, looking for useful biomarkers to predict
whether the patient is suitable for metoprolol therapy would be of great significance.

C-type natriuretic peptide (CNP) is a small molecule protein that was isolated by Sudoh
et al. from the tissue of a porcine brain in 1990 [5]. It was the third natriuretic peptide, after the
atrial natriuretic peptide (ANP) and the brain natriuretic peptide (BNP). The original human
CNP precursor is composed of 126 amino acids. After the removal of the signal peptide which
is composed of 23 amino acids at the amino-terminal, the original CNP is generated compos-
ing 103 amino acids CNP22 and CNP53 [6]. CNP22 was generally considered an active form
and CNP53 an intermediate storage [7]. Experiment in vitro indicated that CNP played a role
in the reduction of blood pressure and the inhibition of smooth muscle cell proliferation, natri-
uresis, diuresis, vasodilation and inhibition of the renin- angiotensin system [8]. It was also in-
volved in the pathogenesis of heart failure [9–13] and myocardial infarction [14]. More
interestingly, CNP in plasma could also be used as a biomarker of bone injury induced by ste-
roid hormones [15]. Based on its features of easy detection, stable content in circulation, and
convenience of saving, numerous studies used CNP as a clinical biomarker. Importantly, Take-
koshi et al. found that CNP, ANP and BNP could increase the catecholamine synthesis by in-
creasing the expression of tyrosine hydroxylase mRNA via the cGMP / PKG pathway [16].
Springer et al. found that CNP could activate the guanylate cyclase receptor- related CNP re-
ceptor (NPR-A and NPR-B) and increase the heart rate by restraining the activity of phospho-
diesterase (PDE3) [17]. The increment of catecholamines in plasma is an important
pathophysiological mechanism for POTS [18, 19], and it can worsen the symotoms of POTS.
So, we assumed that plasma CNP could likely reflect the level the catecholamine in the blood
and reflect the heart rate to a certain extent. Therefore, the present study was undertaken to ex-
amine if the plasma level of CNP could predict the efficacy of metoprolol in the treatment of
children with POTS.

Materials and Methods

Subjects
Sixty-one subjects were recruited in the study, including 34 children with POTS from the out-
patient and inpatient pediatric department of Peking University First Hospital [aged 7–16
(11.7 ± 2.0) years, 18 males and 16 females] with manifestations of dizziness or vertigo, chest
tightness, headache, palpitations, paleness, blurred vision, fatigue, morning discomfort, or syn-
cope, diagnosed as POTS [1]. All children fulfilled a complete history taking and laboratory in-
vestigations including ECG, EEG, blood glucose and blood biochemistry tests, and a cranial CT
or MRI, to exclude a transient loss of consciousness caused by cardiac, neurologic, metabolic
and psychogenic diseases. Twenty-seven healthy children, aged 9–14 (11.4 ± 1.7) years, served
as controls, based on the normal findings of medical history taking, physical examination, and
ECG, etc. All children were told the purposes of the research and agreed to provide relevant re-
search information. The study was approved by the Peking University First Hospital Ethics
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Committee, China. Written informed consent was obtained from all study subjects/parents,
the next of kin, or guardians of the minors/children enrolled in our study.

Head-up test and head-up tilt test
Head-up test (HUT). Children were asked to stop using all drugs that might affect auto-

nomic function before the test. The test was performed in a quiet room at suitable room tem-
perature equipped with medical resuscitation facilities. The patients were required to lie down
for at least ten minutes. The heart rate and blood pressure were monitored by a Dash 2000
Multi-Lead Physiological Monitor (General Electric, NY, New York, USA). The children were
then asked to stand up for ten minutes, with heart rate and blood pressure being monitored. If
a positive response appeared within 10 minutes of the upright position, the test would be dis-
continued. If changes in the heart rate and blood pressure were within normal range during
HUT, subjects would undertake the HUTT.

Head-up tilt test (HUTT). All children were fasted before the test, and stopped using all
drugs that might affect autonomic function. Children lay on the tilt table (HUT-821; Beijing
Juchi, Beijing, China) as their heart rate and blood pressure were consistently monitored by a
Dash 2000 Multi-Lead Physiological Monitor until the heart rate stabilized. The table was then
tilted to a 60° angle, and the heart rate and blood pressure were monitored until either a posi-
tive response appeared or the test (with a process of 45 minutes) was complete. During the test,
if an increase in heart rate� 40 beats/min or the maximum heart rate� 120 beats/min was ac-
companied by two of the following symptoms such as dizziness or vertigo, chest tightness,
headache, palpitations, a change in paleness, blurred vision, fatigue, morning discomfort, or
syncope during tilt, the diagnosis of POTS was made[20].

POTS diagnostic criteria
POTS diagnostic criteria [20,21]: (1) normal heart rate when supine and no evidence of any
cardiovascular diseases; (2)≧2 of dizziness, headache, fatigue, blurred vision, chest tightness,
palpitations, hand tremors, or syncope after standing; (3) increment in heart rate� 40 beats-
min-1 or maximum heart rate� 120 beats min-1 after standing during the head-up test or
head-up tilt test, with at least 2 of the following symptoms: dizziness or vertigo, lightheaded-
ness, headache, palpitations, complexion change, blurred vision, fatigue, discomfort in the
morning, and syncope for severe cases; (4) symptoms relieved or diminished by recumbence
and symptoms for ≧1 month; and (5) exclusion of other cardiac, neurologic or metabolic
diseases.

Efficacy evaluation and follow-up
All patients were evaluated by using symptom scoring and the head-up test or head-up tilt test
as a basal investigation before treatment. All patients were treated with metoprolol (12.5 mg,
twice/day) for 3 months. The symptoms were evaluated during follow-up for each child after 3
months of treatment in the outpatient department or over telephone. The severity of the symp-
toms of the disease was calculated by using symptom score system [22, 23] and the adverse ef-
fects of patients were recorded. As for symptom score system, ten of the main clinical
symptoms are syncope, dizziness, lightheadedness, nausea, heart palpitations, headaches, hand
tremors, sweating, blurred vision and inattention [22]. 0 point was given for the absence of
POTS symptoms; 1 point was given for one symptom once a month; 2 points were given for
one symptom 2–4 times per month; 3 points were given for one symptom 2–7 times per week;
and 4 points were given for one symptom at least once per day. Symptom scoring was repeated
to evaluate the overall severity of the disease at the end of the treatment. The patients were
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considered as responders if the decrease in symptom score was� 2 points after treatment.
They were considered as non-responders if the decrease in symptom score was< 2 points after
treatment [23,24]. Twenty-three patients repeated the head-up test to show the heart rate in-
crement after treatment for 3 months.

Determination of plasma CNP
POTS patients and healthy children were fasted before blood sampling. Four ml of blood sam-
ples were drawn at 8:00 in the morning in supine position. and were saved within an EDTA an-
ticoagulant tube. Plasma was obtained after centrifuging at 2000 g for 20 minutes at 4°C.
Aprotinin was added into the plasma and the plasma samples were stored in a -80°C refrigera-
tor. The plasma CNP was measured in a sandwich immunoluminometric assay (Phoenix Phar-
maceuticals, Burlingame, California, USA). The assay employed 2 polyclonal rabbit antibodies
to the CNP, and had an analytical detection limit of 10 pg/ml.

Statistical analysis
The data were analyzed with the SPSS 17.0 software. Enumeration data are described in the
form of case number, and measurement data are described in the form of mean ± s. A χ2 test
and t test were used for the analysis of enumeration data and measurement data, respectively,
between the two groups. A paired t test was applied for the analysis of measurement data of
one patient before and after treatment. The ROC curve was used to evaluate the predictive
value of CNP in assessing the therapeutic effect of metoprolol. The area under curve (AUC)
was used to indicate the predictive value. An AUC from 0.5 to 0.7 indicates a lower predictive
value; AUC from 0.7 to 0.9 indicates a moderate predictive value; AUC> 0.9 indicates a high
predictive value. P value< 0.05 was considered statistically significant.

Results

Demographic and hemodynamic parameters and plasma CNP between
patients with POTS and healthy children
There was no statistical difference between the two groups in age, height, weight, supine systolic
blood pressure, supine heart rate, or systolic and diastolic blood pressure after standing
(P> 0.05). Compared to healthy children, the supine diastolic blood pressure was low in POTS
patients [(61 ± 7) vs. (68 ± 8) mmHg, t = 3.494, P< 0.001], but the upright maximum heart rate
was significantly increased in POTS patients [(119 ± 14) vs. (105 ± 11) beats/min, t = -4.242,
P< 0.001] and the increment in heart rate was significantly obvious in POTS patients after
standing [(39 ± 12) vs. (22 ± 7)/min, t = -6.951, P< 0.001]. The plasma concentrations of CNP
were significantly increased in POTS patients [(51.9 ± 31.4) vs. (25.1 ± 19.1) pg/ml, t = -3.908,
P< 0.001]. (Table 1)

Symptom scores and heart rate changes of patients with POTS after
metoprolol treatment
Compared to the symptom scores before treatment, the scores were significantly decreased
after treatment in 34 children with POTS [(5.7 ± 2.2) vs. (2.9 ± 2.5), t = 9.232, P<0.001)].
Twenty-three patients repeated the head-up test, showing that the increment in heart rate in-
duced by postural changes was significantly reduced after treatment [(41 ± 11) vs. (28 ± 13)
beats/min, t = 3.476, P = 0.002]. (Fig. 1)

CNP and Treatment for POTS

PLOSONE | DOI:10.1371/journal.pone.0121913 March 26, 2015 4 / 12



Plasma concentration of CNP between responders and non-responders
to metoprolol
The concentration of plasma CNP was significantly different between the responders and non-
responders before treatment (P< 0.05). In responders, the plasma concentration of CNP was
significantly higher than that of the non-responders [(59.1 ± 33.5) vs. (34.8 ± 16.7) pg/ml, t =
-2.177, P< 0.05]. (Table 2)

Symptom outcome among patients responded to metoprolol
Twenty-four patients claimed for dizziness and lightheadedness, 20 of them were improved, 2
got worsened and 2 unchanged. Seventeen patients claimed for headaches, 13 of them were im-
proved, 1 got worsened and 3 patients unchanged. Fourteen patients claimed for inattention, 9
of them were improved, 1 got worsened and 4 patients remained unchanged. Eight patients
claimed for heart palpitations, 4 of them were improved, 2 got worsened and 2 unchanged. Six

Table 1. Baseline characteristics of study participants.

Items Control group POTS group t/χ2 P

Cases 27 34

Sex 12/15 18/16 0.435 0.51

Age, yrs 11.4 ± 1.7 11.7 ± 2.0 -0.488 0.627

Height, cm 151.7 ± 11.4 153.8 ± 11.0 -0.723 0.473

Weight, kg 42.6 ± 10 46.7 ± 6.1 -1.874 0.068

Supine SBP, mmHg 110 ± 12 106 ± 8 1.566 0.127

Supine DBP, mmHg 68 ± 8 61 ± 7 3.494 0.001

Supine HR, mmHg 83 ± 11 80 ± 9 1.357 0.18

Upright SBP, mmHg 113 ± 11 113 ± 10 -0.164 0.871

Upright DBP, mmHg 70 ± 7 71 ± 8 -0.386 0.701

Upright HR, beats/min 105 ± 11 119 ± 14 -4.242 <0.001

Delta HR, beats/min 22 ± 7 39 ± 12 -6.951 <0.001

CNP (pg/ml) 25.1 ± 19.1 51.9 ± 31.4 -3.908 <0.001

POTS: Postural tachycardia syndrome; SBP:systolic blood pressure;DBP: diastolic blood pressure;HR: heart rate; delta HR:upright heart rate minus

supine heart rate; CNP: C-type natriuretic peptide.

doi:10.1371/journal.pone.0121913.t001

Fig 1. Symptom scores and heart rate changes of patients with POTS after metoprolol treatment. Compared to the symptom scores before treatment,
the scores were significantly decreased after treatment in 34 children with POTS [(5.7 ± 2.2) vs. (2.9 ± 2.5), t = 9.232, P<0.001)]. Twenty-three patients
repeated the head-up test, showing that the increment in heart rate induced by postural changes was significantly reduced after treatment [(41 ± 11) vs.
(28 ± 13) beats/min, t = 3.476, P = 0.002]. * P< 0.01 compared with before treatment.

doi:10.1371/journal.pone.0121913.g001
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patients claimed for nausea, syncope and sweating, 5 of them were improved and 1 patient re-
mained unchanged. Five patients claimed for blurred vision, 4 were improved but 1 unchanged.
At last, 4 patients claimed for hand tremors and all of them were improved. (Table 3)

Severity of the symptoms, increment in heart rate from supine to upright
and the maximum upright heart rate were positively correlated with
plasma CNP
The symptom scores, the increment in heart rate from supine to upright position and the maxi-
mum upright heart rate were found to positively correlate with plasma concentrations of CNP
(symptom scores: r = 0.361, r2 = 0.13, P = 0.004; increment in heart rate: r = 0.434, r2 = 0.19,
P< 0.001; and maximum upright heart rate: r = 0.445, r2 = 0.20, P< 0.001, respectively).
(Fig. 2)

The predictive value of plasma CNP for therapeutic efficacy of
metoprolol by the ROC curve
The ROC curve showed that the area under the curve was 0.821, (95% CI 0.642–0.999), indicat-
ing that it yielded a high predictive value for using a pre-treatment plasma concentration of
CNP to predict the efficacy of oral metoprolol therapy in patients with POTS. When plasma
concentration of CNP was> 32.55 pg/ml, the sensitivity and specificity for predicting meto-
prolol efficacy were 95.8% and 70%, respectively. (Fig. 3)

Table 2. Comparisons of baseline heart rate increments, symptom scores and plasma CNP level between responders and non-responders to met-
oprolol in POTS children

Patients n Delta HR, beats/min Symptom scores Plasma CNP (pg/ml)

Responders 24 38±13 5.9±2.2 59.1±33.5

Non-responders 10 42±9 5.4±2.2 34.8±16.7

t 0.913 -0.581 -2.177

P 0.368 0.565 0.037

CNP: C-type natriuretic peptide.

doi:10.1371/journal.pone.0121913.t002

Table 3. Changes in symptoms among the patients responded to metoprolol.

Symptoms Cases Improved Unchanged Worsened

dizziness 24 20 2 2

lightheadedness 24 20 2 2

headaches 17 13 3 1

inattention 14 9 4 1

heart palpitations 8 4 2 2

nausea 6 5 1 0

syncope 6 5 1 0

sweating 6 5 1 0

blurred vision 5 4 1 0

hand tremors 4 4 0 0

doi:10.1371/journal.pone.0121913.t003
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Fig 2. Linear correlation of plasma CNPwith the upright maximum heart rate, increased heart rate
from supine to upright and symptom scores. A: concentration of CNP was positively correlated with the
upright maximum heart rate. Correlation coefficient r = 0.445, r2 = 0.20, (P< 0.001); B: concentration of
plasma CNP was positively associated with increased value of heart rate from supine to upright. Correlation
coefficient r = 0.434, r2 = 0.19, (P< 0.001); C: concentration of plasma CNP was positively correlated with
symptom scores. Correlation coefficient r = 0.361, r2 = 0.13, (P< 0.01)

doi:10.1371/journal.pone.0121913.g002

Fig 3. The receiver-operating characteristic (ROC) curve for plasma CNP levels for predicting the therapeutic effect of metoprolol. The y-axis
represents the sensitivity to predict the effectiveness of different plasma CNP levels in metoprolol therapy. The x-axis represents the false-positive rate
(1-specificity) of the prediction. When the area under the curve was 0.5 to 0.7, the prediction value was low; when it was 0.7 to 0.9, the prediction value was
medium; and when it was> 0.9, the diagnostic value was relatively high. The area under the curve was 0.821 (P< 0.01).

doi:10.1371/journal.pone.0121913.g003
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Discussion
Low et al. reported that the incidence of POTS in the adult population was 170/100,000 [25]
and another study showed that the prevalence of POTS in young males was around 10% [26].
Children with POTS often have headache, dizziness, palpitations, blurred vision and other
symptoms, but also a poor quality of sleep, bladder dysfunction, nausea, abdominal pain, diar-
rhea, constipation and other symptoms. Syncope and other serious clinical manifestations can
hinder patients’ daily life and school performance, potentially causing a greater negative impact
on their psychological state. Therefore, timely and standardized treatment is very important.

Metoprolol is one of the main drugs for POTS currently. It is used to treat POTS by blocking
β-adrenoceptor, and as a result, blocking high levels of catecholamines in circulation, and low-
ering the heart rate [3]. Previous studies showed that the efficacy of metoprolol on POTS was
variable. Zhang et al. showed that metoprolol had a relatively high efficacy in the therapy of
POTS [27], but Chen et al. indicated that the effective rate was only 57.89% [4]. Therefore, if
the efficacy of metoprolol had been predicted before treatment, it would have been possible to
significantly improve the treatment efficacy of metoprolol. In patients with POTS, during the
position changes from supine to upright, such stimuli would result in excessively reduced ve-
nous return and central blood volume causing an increase in the arginine vasopressin (AVP)
level as well as a proportional high level of catecholamine which would cause POTS symptoms.
Coppeptin, a joint glycopeptide of AVP, could be released equally with AVP, and they remain
at stable levels in the blood[20]. Therefore, Zhao et al. attempted to predict the therapy effec-
tiveness of metoprolol for children with POTS by using plasma copeptin. The results revealed
that when the concentration of plasma copeptin was 10.2 pmol/L before treatment, the sensi-
tivity and specificity of predicting metoprolol efficacy were 90.5% and 78.6%, respectively [20].
However, the plasma copeptin in the study is detected by enzyme-linked immunosorbent assay
(ELISA), a method with relatively complex operating procedure. Zhang Q et al. attempted to
predict the therapeutic effectiveness of metoprolol for children with POTS by using plasma
norepinephine. The results revealed that when the concentration of plasma norepinephine was
3.59 pg/ml before treatment, the sensitivity and specificity of predicting metoprolol efficacy
were 76.9% and 91.7%, respectively [28]. But the plasma norepinephine was very unstable
in circulation.

A previous study revealed that plasma CNP played a role in increasing the secretion of plas-
ma catecholamine and accelerating the heart rate [16,17]. The increased plasma level of cate-
cholamine was suggested to be involved in the pathogenesis of POTS [18,19], evidenced by a
heart rate increment in such children. Therefore, plasma CNP might be reflective to some ex-
tents to the clinical manifestations of children with POTS. Furthermore, at present, many small
peptide molecules including CNP can be identified conveniently by an
immunoluminometric assay.

As was expected, in this study the concentration of plasma CNP in children with POTS was
significantly higher than in healthy children. Plasma CNP levels in children presented a posi-
tive correlation with clinical severity (symptom score, increment in heart rate from supine to
upright position and the maximum heart rate after standing). More importantly, for respond-
ers to metoprolol, their plasma concentrations of CNP before treatment were significantly
higher than those of non-responders. ROC curve analysis showed that plasma CNP could be a
predictive biomarker for the efficacy of metoprolol in the treatment of POTS patients.

There are two reasons for the increased plasma catecholamine levels and heart rate in chil-
dren with POTS. First, during upright, about 500–1000 ml of blood moves from the upper part
body to the lower part, primarily into the leg and abdomen. The venous filling is reduced and
accordingly blood return to the heart is reduced, resulting in a drop of cardiac output and
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blood pressure. When the cardiac baroreceptors senses the signal of a drop in blood pressure,
sympathetic nerve efferent activity increases, inducing a greater vascular resistance. At the
same time, the heart rate accelerates as a compensatory means for cardiac output [29,18]. Dur-
ing the pathophysiological processes, there is an increment in plasma norepinephrine due to
the excessive activation of the sympathetic system. Compared to supine position, the plasma
levels of norepinephrine raised 2–3 times after standing in a normal person [18]. A further
study showed that there was an increased plasma concentration of norepinephrine in patients
with neurally-mediated syncope (NMS) by the head-up tilt test. Compared to the normal con-
trol group, the norepinephrine concentrations in patients with NMS were greatly increased
during syncopal episodes [19]. Second, the plasma CNP could increase catecholamine synthe-
sis by increasing the mRNA expression of tyrosine hydroxylase via the cGMP/PKG pathway
[16]. Plasma CNP could also activate the guanylate cyclase related CNP-receptor (NPR-A and
NPR-B) and restrain the activity of phosphodiesterase (PDE3) to increase the heart rate [17].
Therefore, children with POTS congenitally present a high concentration of CNP, and when
there is a central hypovolemia, it might aggravate the pathophysiologic process. Finally, it was
confirmed by Liao et al. that there was peripheral vasodilation in children with POTS. They ex-
plored the vascular endothelial function in children with POTS through the application of
color Doppler ultrasound to detect the flow-mediated vasodilation response (FMD). They
found that the basal FMD in children with POTS was significantly higher than in the control
group (11 ± 3% vs. 6 ± 2%, p<0.001) [30]. Therefore, CNP in children with POTS assists in di-
lating blood vessels, speeding up the heart rate and increasing the concentration of catechol-
amine in the circulatory system.

The main mechanism for metoprolol in the treatment of POTS is that it blocks β-adreno-
ceptor, slows down the heart rate, and reduces the high levels of circulating catecholamines.
Plasma CNP can reflect the severity of the pathophysiology of a patient with POTS. According
to this study, when the plasma concentration of CNP is up to 32.55 pg/ml in a patient with
POTS, metoprolol can possibly improve the clinical symptoms of pediatric POTS.

There are limitations of this study, however. It is a single-centered study and enlargement of
the case number is in need in the future. Anyway, the present study discovered for the first
time the differences in the plasma concentration of CNP between patients with POTS and
healthy children. Of great significance are the findings that plasma concentrations of CNP
could predict the efficacy of metoprolol in treating POTS, which provided an important step-
ping stone for the individualized treatment of POTS.
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