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Editorial on the Research Topic

Acquired Heart Disease in Children: Pathogenesis, Diagnosis and Management

Myocarditis, pericarditis, and cardiomyopathy are important acquired heart diseases during
childhood. Under the Research Topic “Acquired Heart Disease in Children: Pathogenesis,
Diagnosis and Management,” totally seven literatures focused on the above diseases and shed light
on the pathogenesis, diagnosis and treatment of the diseases, attracting large numbers of readers,
and stimulating their thinking in the future studies on these diseases.

MYOCARDITIS

The diagnosis and treatment of myocarditis, especially acute fulminant myocarditis (AFM),
in pediatric population are challenging. Three articles in this Topic reported the research
advance in pediatric AFM, although it is unclear why children with AFM manifest such critical
symptoms and rapid progression, abnormal immune response triggered by certain pathogens in
susceptible individuals may be considered as possible mechanisms (1). To investigate the potential
pathogenesis of AFM, Liu et al. analyzed the profiles of long non-coding RNAs (lncRNAs) and
mRNA in the leukocytes of pediatric patients with AFM as well as controls using microarrays and
found that the expressions of lncRNAs andmRNAswere distinctly different between the two groups
of the subjects. Further analysis on the potential biological function and the molecular interactions
of these differentially expressed genes revealed that immune processes such as T cell activation and
several signaling pathways related to immune activation may take part in the pathogenic process
of AFM. Furthermore, the study showed that most differentially expressed lncRNAs were related
to the target genes that were adjacent to them. Although the functional prediction still needs to
be verified, these results may provide important clues on the immune mechanisms for AFM. Early
diagnosis and appropriate evaluation for patients’ condition are pivotal aspects in the management
of pediatric AFM. Lv et al. reviewed 20 pediatric patients with AFM and summarized their
clinical features. Particular attention was paid to the value of cardiovascular magnetic resonance
(CMR) in the diagnosis as well as follow-up of AFM in this study. Abnormal findings of CMR,
mainly including high signal in T2-weighted image and late gadolinium enhancement, were
determined in 80% of the cases. Another study from Zhu et al. retrospectively analyzed the alert
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symptoms and other manifestations of 23 pediatric patients
with AFM. The above two studies showed that extracardiac
symptoms were the most common initial manifestations of their
patients with AFM, which was also consistent with the previous
studies (2). Therefore, it is suggested that hypoperfusion signs
with abdominal pain, vomiting, dizziness, or/and convulsions
may be the alert of AFM in children. Besides, treatment
for children with AFM included intravenous immunoglobulin
(IVIG), glucocorticoids and the supportive therapies such as
continuous renal replacement therapy, extracorporeal membrane
oxygenation, and temporary pacemakers according to the
two studies.

Although it is believed that the pathogenesis of myocarditis
may involve abnormal immune reaction to the pathogen, the
present views on immunosuppressive therapy with steroids or
immunomodulatory therapy with IVIG for treating myocarditis
in children are still controversial (3, 4). To evaluate the
therapeutic response to corticosteroids and IVIG in pediatric
myocarditis, Li et al. conducted a meta-analysis on the topic.
The results supported that IVIG was effective in enhancing
the impaired left ventricular ejection fraction (LVEF) as well
as survival for children with myocarditis; while corticosteroids
didn’t show an efficacy advantage over the conservative
treatment. The authors also called for large sample size,
randomized controlled trials because of the limited numbers of
associated studies on the topic.

PERICARDITIS

Recurrence pericarditis (RP) stands for the recurrence of acute
pericarditis after a recorded first course with a symptom-free
interval of at least 4–6 weeks (5). Tombetti et al. reviewed
the present advances in etiology, pathogenesis, diagnosis,
management, and prognosis of RP in children and adolescents.
Tuberculosis is still the commonest cause of RP worldwide,
while 70% of children with RP were attributed to an idiopathic
origin in developed countries. It was recommended that the
genetic factors should be paid great attention in children
with RP when certain warning signals existed. As for the
prognosis, deaths related to idiopathic RP were rare, and frequent
recurrence, cardiac tamponade, pericardial constriction, and
myocardial involvement were the most concerned conditions.
They also summarized some risk factors of the recurrence and
complications, which were helpful for clinical practice. Anti-IL1

therapy was highlighted in the management of RP based on an
accurate diagnosis and a reasonable treatment algorithm.

CARDIOMYOPATHY

According to the latest scientific statement from the American
Heart Association (AHA) on classification of cardiomyopathy
in children, the morphofunctional phenotype is still the
primary hierarchy in the diagnostic system, including dilated,
hypertrophic, restrictive, non-compaction, and arrhythmogenic
cardiomyopathies (6). In this Research Topic, Guo et al. evaluated
a series of drug-related receptors in pediatric patients suffering
from dilated cardiomyopathy (DCM). It is highly valuable that
they analyzed the drug-related receptors on left ventricular
tissue from children with idiopathic DCM who underwent
heart transplantations, from the controls (heart donors) and
from adult DCM. As a result, the difference in distributions of
drug-related receptors on heart tissue provided significant clues
to make a specific medication regimen for pediatric patients.
Another article from Bai et al. focused on the genetic mechanisms
for non-compaction of ventricular myocardium (NVM). They
discovered a de novo MTUS1 mutation from a rare family with
NVM and found that the mutation can reduce the stability
of microtubules and increase the polarity of cell through the
Rac1/Cdc42 signaling pathway in in vitro studies. However, the
role of this mutation inMTUS1 gene in the pathogenesis of NVM
still merits further studies.

In summary, the articles from this Research Topic showed the
latest advances in the above acquired heart diseases in children.
The discoveries would not only deepen the understanding of the
mechanisms, but also bring important improvement to clinical
practice. However, there are still a lot of issues in this field, such
as the pathogenesis of pediatric myocarditis, cardiomyopathy
as well as pericarditis, and the biomarker-based individualized
therapy for different categories of cardiomyopathies, need
further investigation.
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Introduction: A chronic active Epstein–Barr virus (EBV) infection (CAEBV), which is

characterized by persistent “infectious mononucleosis-like” symptoms, can lead to

cardiovascular complications, including coronary artery aneurysms. No published studies

have reported an occurrence of chronic EB virus infection in conjunction with systemic

vasculitis and pulmonary hypertension.

Case Presentation: Herein, we present a case of a 9-year-old boy with CAEBV,

associated with pulmonary arterial hypertension (PAH) and systemic vasculitis. Recurrent

skin ulcers were a major early clinical manifestation in this case. The histopathological

examination of a dermal biopsy sample from the lesions revealed vasculitis, and the in-situ

hybridization test was positive for EBV-encoded small RNA.

Results: The patient was administered immunosuppressants (prednisolone and

cyclophosphamide) and targeted drugs (sildenafil and bosentan) to control the pulmonary

pressure. This combination therapy decreased the systolic pulmonary arterial pressure

to 40mm Hg (on echocardiography), and the N-terminal pro b-type natriuretic peptide

level also reduced to 62.3 pg/ml. After discontinuation of prednisone, the child developed

shortness of breath, edema, and oliguria. He was again started on prednisone, with an

addition of thalidomide. Sildenafil was replaced by riociguat, due to the side effect of

penile erection. The patient is being followed up every 2 months at the clinic. The most

recent follow-up visit was 2 weeks before this report was written, during which, the child

was observed to have no rash, shortness of breath, edema, and other symptoms.Written

informed consent was obtained from the parents for the publication of this case report.

Conclusion: A CAEBV should be considered among the differential diagnoses while

managing a pediatric patient with secondary PAH and systemic vasculitis. However,

elucidation of its potential pathophysiological mechanisms requires further study.

Keywords: chronic active Epstein–Barr virus infection, coronary artery aneurysm, pulmonary arterial hypertension,

vasculitis, cardiac insufficiency
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BACKGROUND

Chronic active Epstein–Barr virus (EBV) infection (CAEBV)
was first reported in 1978 (1). It is now considered to be an
EBV-related T-cell, natural killer (NK)-cell, or B-cell type of
lymphoproliferative disorder or lymphoma. The pathogenesis
of the infection is still unclear and is suggested to have a
correlation with an abnormal proliferation of EBV-infected
cells. Its “infectious mononucleosis-like,” non-specific, common
clinical symptoms include malaise, fatigue, headache, sore throat,
nausea, abdominal pain, myalgia, and fever, which may be of an
acute-onset or prolonged (for >1 week). A clinical presentation
in the form of skin lesions or pulmonary arterial hypertension
(PAH) is very rare. No previous reports in the existing
literature have highlighted cases of chronic EB virus infection
occurring in conjunction with systemic vasculitis and pulmonary
hypertension. Here, we report a rare case of a pediatric patient
with CAEBV, presenting with PAH and systemic vasculitis.

CASE PRESENTATION

We describe the case of a child, who first presented to us at 8
years of age, with a complaint of recurrent calf ulcers for >3
years. The histopathological examination of a skin biopsy sample
from the lesion showed vasculitis, and an in-situ hybridization
test was positive for EBV-encoded small RNA (EBER) (Figure 1).
The EBV load in the plasma was at a level of 4.53 × 106

copies/L, the EBV viral capsid antigen-immunoglobulin (Ig) G
was positive, and the level of serum IgE was also significantly
high. The patient had no obvious manifestations of pulmonary
hypertension. An echocardiography revealed an enlargement
of the aortic sinus along with pulmonary arterial hypertension
(PASP = 54 mmHg). A further cardiac computed tomography
(CT) examination was recommended; however, the family
refused this.

Based on these findings, the treating dermatologist
diagnosed the child with EB virus-related lymphoblastic
proliferative disease at the time. The therapeutic regimen

FIGURE 1 | Pathological analysis of skin ulcer shows a perivascular

lymphocytic infiltrate and fibrinoid necrosis of small vascular wall(HE 400x) (A).

The lymphoma cells are positive for EBER(400x) (B).

Abbreviations: EBV, Epstein–Barr virus; CAEBV, Chronic active Epstein–Barr

virus infection; PAH, Pulmonary arterial hypertension; EBER, EBV-encoded

small RNA; Ig, Immunoglobulin; NT-proBNP, N-terminal pro b-type natriuretic

peptide; PAP, Pulmonary arterial pressure; CT, Computed tomography.

included a small dose of prednisone (10mg qd), thymic
peptide (30mg qid), anti-allergic, and antiviral (valaciclovir
0.5 g bid) drugs. Two months after this treatment,
the child’s rash disappeared, resulting in the healing
of ulcers.

One year later, at the age of 9 years, the child was again brought
to the hospital with complaints of edema and easy fatiguability
on ambulation. On physical examination, significant findings
including systemic edema, hepatomegaly, and a pronounced
second heart sound. Laboratory results showed elevated levels of
both erythrocyte sedimentation rate (70 mm/h; normal reference
range: 0–30 mm/h) and N-terminal pro b-type natriuretic
peptide (NT-proBNP) (1,381 pg/ml; normal reference range:
0–84 pg/ml). On echocardiography, the estimated systolic
pulmonary arterial pressure (PAP; evaluated on the basis of
the tricuspid regurgitation velocity), was 60 mmHg, suggestive
of PAH (Figure 2). Bilateral coronary aneurysms were also
detected. A general CT scan of the aorta revealed dilatation of
the aortic sinus. The bilateral pulmonary and coronary arteries
were also found to be dilated (Figure 3), while the abdominal
aortic stem and the distal section of the superior mesenteric
artery showed minor dilatation. An electrocardiogram revealed
ST-segment and T-wave changes. There were no other findings
suggestive of connective tissue disease, and a contrast-enhanced
abdominal CT scan did not show the presence of an intrahepatic
shunt. The child’s family refused a right heart catheterization
procedure. Therefore, the patient was diagnosed with (1)
CAEBV; (2) PAH; (3) cardiac insufficiency (Class III); and
(4) systemic vasculitis and managed conservatively. He was
administered immunosuppressants (prednisolone 25mg qd),
the targeted pulmonary pressure-reducing drugs (sildenafil
25mg bid and bosentan 31.25mg bid) and antiplatelet therapy
(clopidogrel 50mg qd). The patient was also administered
cyclophosphamide 4 times pulse therapy once every 2 weeks,
with a cumulative 4-g dose of the drug. This combination
therapy resulted in a decrease in his systolic PAP to 40 mmHg
on echocardiography, and a reduction of NT-proBNP level to
62.3 pg/ml.

At 9months after last vist, once the prednisone administration
was discontinued, the child developed shortness of breath,
edema, and oliguria. The child was once again administered
prednisone (5mg qd) along with thalidomide (25 mg bid).

Three months later, due to the side effect of penile erection,
sildenafil was replaced by riociguat (0.5mg bid), another drug
that targets pulmonary pressure.

The patient is being followed up regularly at every 2-month
intervals at our rheumatic immunology and cardiovascular
pediatric clinic. The most recent follow-up visit was 2

weeks before this report was written, during which, the

child was observed to have no rash, shortness of breath,
edema, and other symptoms. Echocardiography revealed
mild pulmonary arterial hypertension (PASP = 39 mmHg).
Current treatments include prednisone (5mg qod), thalidomide
(25mg bid),bosentan (31.25mg bid), riociguat (0.5mg bid),
and clopidogrel (50mg qd). Written informed consent
was obtained from the parents for the publication of this
case report.
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FIGURE 2 | Echocardiogram (apical four-chamber view) at the onset of pulmonary arterial hypertension at 9 years of age, showing severe tricuspid regurgitation (A)

and continuous wave doppler estimation of tricuspid reflux velocity 3.88 m/s, PG = 60 mmHg (B).

FIGURE 3 | Enhanced coronary CT examination showing left and right coronary artery aneurysms (A), and three-dimensional CT reconstruction of the aorta showing

dilation of the aortic root and the left anterior descending coronary artery (B). CT, computed tomography; LAD, left anterior descending; RCA, right coronary artery.

DISCUSSION

Although no typical symptoms and signs of EBV infection were

observed in this patient, the child had experienced recurring skin

damage over many years. The histopathological assessment of

the dermal biopsy sample showed vascular inflammation, and

the in-situ hybridization test of the damaged tissue suggested
the presence of EBV infection, during the initial assessment.
Since then, the plasma EBV- deoxyribonucleic acid load may
have continued to increase, causing the many vasculitic changes
in the patient’s major arteries, which were eventually detected
during the second visit. Following an exclusion of the currently
known, commoner autoimmune disorders, malignancies, and

immunodeficiency diseases, we evaluated whether the patient
was fulfilling the diagnostic criteria for CAEBV (2).

CAEBV can usually involve multiple organ systems
and present with diverse clinical signs. The main clinical
manifestations include continuous or intermittent fever,
hepatomegaly, splenomegaly, abnormal liver function,
thrombocytopenia, anemia, and lymphadenopathy. Previous
reports indicate that the occurrence of skin damage due to
CAEBV is rare in children but not in adults. The differential
diagnosis for CAEBV-induced skin rash includes measles,
mosquito bites, allergic reaction, acne blisters, vaccine-induced
blistering disease, and nasal K/T lymphocytic lymphoma (3).
Kimura et al. reported that about 32.9% of the 82 patients
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with EBV infection in their study were allergic to mosquito
bites, 25.6% had rashes, and 9.8% had a blistering disease (4).
Therefore, for patients with recurring skin damage showing
an unsatisfactory response to conventional treatment, it is
necessary to be aware of the possibility of EBV infection.
The pathophysiological mechanism of EBV-induced skin
damage remains unclear. The histopathological examination
of the damaged skin revealed a large number of infiltrating
lymphocytes and neutrophils, and the in-situ hybridization
test was positive for EBER, suggesting that it may be related to
an abnormal proliferation and replication of the virus within
the EBV-infected cells. Our findings suggest that resolving the
dermal pathophysiology of EBV infections can lead to an early
diagnosis and treatment of the disease.

The child showed systemic vasculitis during the illness,
associated with coronary artery aneurysms and severe PAH.
Cardiovascular complications are characteristic of CAEBV.
Two different studies have respectively, documented that ∼9.8
and 17.9% of patients with CAEBV developed complications
involving the circulatory system (5, 6). Most cases present with
coronary artery aneurysms or myocarditis (7). PAH associated
with CAEBV is rare, and there has been only previously one
reported case in the pediatric age-group (8). Unlike our case,
the patient was an 11-year-old boy with PAH and junctional
ectopic tachycardia, who did not suffer from any other major
symptoms attributable to CAEBV. Hashimoto et al. reported the
first case of CAEBV-associated PAH in a 45-year old man in
2011 (9). In this adult patient, PAH with heart failure and liver
dysfunction manifested in the initial part of the illness, prior to
the diagnosis of CAEBV. The patient also did not have any major
symptoms attributable to CAEBV. There have been reported
cases of CAEBV occurring in combination with mild pulmonary
hypertension (10), but these patients also have associated
severe liver dysfunction and portal hypertension. The authors
speculated that pulmonary arterial hypertension may be related
to severe hepatic functional impairment and subsequent portal
hypertension. Our patient had significant systemic vasculitis,
however, there was no associated liver dysfunction or portal

hypertension. Therefore, we theorized that the PAH in our
patient might be a consequence of the systemic vasculitis.

The pathophysiology of the development of PAH in CAEBV
is unclear. It may be related to lymphocytic infiltration and
the resultant damage to the pulmonary vascular endothelium
caused by EBV infection or may occur secondary to the
vascular damage caused by inflammatory reactions induced
by EBV infection (11, 12). The current treatment strategies
for CAEBV with pulmonary hypertension consist of targeted
antihypertensive therapy, combined with immunosuppressants.
Our patient had endothelial dysfunction due to vasculitis, and
the targeted pulmonary pressure-reducing drugs mainly reduced
the pulmonary pressure by supporting endothelial function. It
has been reported that stem cell transplantation can effectively
control the disease, but the treatment involves serious risks (13).
At present, our patient is being followed up regularly. However,
we are not optimistic about his long-term prognosis.

To the best of our knowledge, this is the first reported case
of systemic vasculitis and PAH associated with CAEBV in a
pediatric patient. This case report shows that a CAEBV should
be considered within the differential diagnoses while managing
a pediatric patient with secondary PAH and systemic vasculitis.
And when the patient shows shortness of breath, edema, and
other clinical manifestations of cardiac insufficiency, the PAH
should be considered and given immunosuppressants combined
with the targeted pulmonary pressure-reducing drugs. It must be
emphasized that immunosuppressants are the main drugs and
need for long-term treatment.
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Background: Kawasaki disease (KD) is usually characterized as an inflammatory

vasculitis during early childhood, which predominantly involves medium-sized arteries

and is treated with intravenous γ-globulin (IVIG) and oral aspirin. KD with hemodynamic

instability, characterized by systolic blood pressure decreasing by more than 20%

below the normal range, is defined as Kawasaki disease shock syndrome (KDSS).

The pathogenesis of KDSS is still not comprehensively understood. Life-threatening

cardiogenic shock can occur during the acute phase of KDSS, while the mechanism

of cardiac dysfunction due to KDSS is still controversial, and such cases are rarely

reported. Here, we present the application of veno-arterial (VA) extracorporeal membrane

oxygenation (ECMO) for cardiac function support of a child with KDSS. By doing so, it

will be a reminder that KDSS can cause severe cardiac dysfunction, and we should stay

vigilant at the early stage of the disease to distinguish KDSS from toxic septic shock

in the first place and initiate the appropriate treatment at the right moment, in order to

prevent such patients from having irreversible outcomes.

Keywords: Kawasaki disease, Kawasaki disease shock syndrome, extracorporeal membrane oxygenation,

cardiogenic shock, intravenous γ-globulin resistance

INTRODUCTION

Kawasaki disease (KD) is an inflammation related to vasculitis and mostly involving medium-
sized arteries (1). The incidence of Kawasaki disease shock syndrome (KDSS) among patients
with KD ranges from 1.9 to 7.0 (2–5). Children with KDSS require hemodynamic support and
intensive medical care (6). The diagnosis of KDSS can be easily ignored, which can sometimes lead
to irreversible consequences (7). In industrialized countries, KD is the leading cause of acquired
heart disease during early childhood, andmay result in long-term, potentially severe cardiovascular
sequelae (8). Patients who clinically present with high degree of fever, rash, conjunctivitis, and
severe cardiac and other organ dysfunction, mimicking toxic septic shock syndrome, lead to a
diagnosis of KDSS (9). Use of extracorporeal life support for cardiac failure should be considered
for patients with evidence of inadequate end organ perfusion and oxygen delivery resulting from
inadequate systemic cardiac output: (a) Hypotension despite maximum doses of two inotropic or
vasopressor medications. (b) Low cardiac output with evidence of end organ mal-perfusion despite
medical support as described above: persistent oliguria, diminished peripheral pulses. (c) Low
cardiac output with mixed venous or superior caval central venous (for single ventricle patients)
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oxygen saturation <50% despite maximal medical support. (d)
Low cardiac output with persistent lactate >4.0 and persistent
upward trend despite optimization of volume status andmaximal
medical management (10). The case we reported here describes
the successful deployment of veno-arterial (VA) extracorporeal
membrane oxygenation (ECMO) under such circumstance.

CASE PRESENTATION

A 4-year-old girl (weight, 18 kg) with no medical history
presented with 3 days of fever, 2 days of rash, and
conjunctivitis. Physical examination revealed bilateral cervical
lymphadenopathy and swelling of limb extremities. Chest and
cardiac examination results were unremarkable. Laboratory
test showed that the white blood cell (WBC) count was 12.50
× 109/L, neutrophils ratio (NE%) was 70.8%, platelet count
(PLT) was 121 × 109/L, and C-reactive protein (CRP) was
127 mg/L. Erythrocyte sedimentation rate (ESR) was 90mm.
Serum albumin (ALB) and sodium were 38.17 g/L and 129
mmol/L, respectively. Troponin I was 0.07. Brain natriuretic
peptide (BNP) was 147.03 pg/ml. Echocardiography on day 1
was normal (shortening fraction: 35%; ejection fraction: 66%).
Diameters of the left and right coronary arteries were 0.24 and
0.20 cm (Z score, 2.0). Hence, she was suspected of having KD,
and on day 2 of admission, before we could treat her with IVIG,
she showed signs of shock, including increase in heart speed,
cool extremities, oliguria, tachypnea, and hypotension (70/33
mmHg) requiring mechanical ventilation. She was immediately
transferred to the intensive care unit. Electrocardiography (ECG)
showed sinus tachycardia with alternation of T wave on leads
II, III, and avF (Figure 1a). Chest X-ray showed bilateral lung
field exudation and cardiomegaly. Arterial blood gas showed a
lactate of 4.9 mmol/L. The urine output of the patient was <0.5
ml/kg/h. She urgently received continuous renal replacement
therapy (CRRT) in CVVHDFmode and therapy for septic shock.
Echocardiography showed a depression of systolic function (EF
35%) with dilation of left ventricular end diastolic dimension
(LVDd 3.7 cm) and severe tricuspid valve regurgitation (TR;
Figures 1b,c). Cardiac index (CI) was 1.7 L/min/m2. Despite
0.6 µg/kg/min of both epinephrine and norepinephrine, her
blood pressure couldn’t be maintained (range, 57–69/31–40
mmHg). BNP was >15,000.00 pg/ml, and troponin I was 0.55.
Laboratory findings and clinical features concluded the diagnosis
of cardiogenic shock resulting from KDSS. Four hours later, she
was placed onto central VA ECMO via neck cannulation.

A 15-Fr cannula (Medtronic or Edward’s Lifesciences, Irvine,
CA, USA) was placed in the right atrium and a 12-Fr cannula
(Medtronic or Edward’s Lifesciences, Irvine, CA, USA) was
placed in the right common carotid aorta (Figure 2a). The
fraction of inspiration O2 (FiO2) was 1.0, blood flow was 0.8
L/min, and gas sweep flow was 1.0 L/min. Treatment with
2 days of IVIG (1 g/kg per day) and 5 days of intravenous
methylprednisolone (2 mg/kg per day) were initiated right away.
A mean blood pressure level of 50–60 mmHg was maintained by
the initial flows of ECMO, and the serum lactate was normalized
within 8 h. After 2 days of IVIG, her body temperature still

FIGURE 1 | (a) ECG shows sinus tachycardia with lowering and inverted T

wave on leads II, III, and avF. (b) Echo shows a dilated, poorly functioning left

ventricle (EF 35%). (c) Echo shows a severe TR.

fluctuated, and she was considered to be IVIG-resistant; she
received plasma exchange (PE) for 6 h to reduce the inflammatory
and immune reaction. Aspirin wasmaintained for 3 days at a dose
of 30 mg/kg, and then at a dose of 5 mg/kg since. Fever settled
on day 6.

The cardiac function of the patient recovered promptly on
ECMO, and blood flow was reduced to 0.18 L/min and gas
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FIGURE 2 | (a) V-A ECMO via neck cannulation with a 15-Fr cannula in the

right atrium and a 12-Fr cannula in the right common carotid aorta. (b) Chest

X-ray post-ECMO.

sweep flow was 0.3 L/min after 76 h, which meets the standard of
separation of ECMO. Figure 2b showed the X-ray post-ECMO.
The patient’s vital signs tended to be stable during ECMO, with
proper blood pressure, adequate urine output, and resolution
of heart failure (EF 46% at day 2 ECMO and EF 54% at day 3
ECMO). Bilateral blood culture detected no infections spreading
through the bloodstream. Table 1 shows laboratory findings
pre- and post-ECMO. On day 9, the mechanical ventilation
was separated and she was discharged on day 22. Follow-up
within 3 months demonstrated that the cardiac and vascular
functions were in the normal range (EF 65%, coronary arteries;
Z score, 2.0).

DISCUSSION

KD is usually regarded as a type of systematic inflammatory
vasculitis, of which coronary artery lesions (CALs) are the
most common cardiovascular complications (2). Occasionally,
life-threatening cardiac complications may occur during the
acute phase of KD or even later as a consequence of

TABLE 1 | Laboratory findings pre- and post-ECMO.

Day of admission 1 2* 3 4 5# 6

WBC (×109/L) 12.50 17.05 30.75 13.91 23.51 22.80

N (%) 70.8 81.2 82.5 84.2 89.6 77.8

PLT (×109/L) 121 118 210 112 112 116

AST (mmol/L) 54 50 74 591 2,720 633

ALT (mmol/L) 38 52 50 251 1,060 640

CRP (mg/L) 127 >180 >170 117 107 47

Albumin (g/L) 38.17 27.12 31.76 39.13 38.31 42.53

Sodium (mmol/L) 129 129 132 135 139 141

BNP (pg/ml) 147.03 >15,000.00 >15,000.00 >15,000.00 11,446.35 7,723.41

Troponin I 0.07 0.55 1.08 0.57 0.33 0.15

*ECMO was initiated. #ECMO was separated.

myocardial involvement (9). KD is diagnosed according to
the American Heart Association (AHA) guidelines (11). Acute
cardiac dysfunction was observed at nearly 20% of KD cases,
which is considered to be related to the higher incidence of
coronary artery dilatation (9).

KDSS is a manifestation of KD that is uncommonly seen,
defined as systolic hypotension or signs of poor perfusion (12).
Capillary leakage caused by vasculitis and cytokine dysregulation
due to inflammatory syndrome may be responsible for KDSS,
although the actual cause is still unclear (13). Recently, one case
of a KD patient was reported with suspected systemic capillary
leak syndrome (SCLS) (3). As in our case, the patient could have
experienced plasma extravasation due to such capillary leakage,
and myocardial destruction may be linked to the elevated BNP
and troponin I level. In a recent study, researchers suggested
that acute LV dysfunction and mitral regurgitation (MR) are
associated with inflammation-related laboratory findings, such
as decreased ALB and elevated ESR (14). Cardiac abnormalities
without coronary artery involvement and CALs in acute KD
may develop from a common pathological mechanism relating
to systemic inflammation (14). Qiu et al. (2) spoke highly of the
specificity of cardiac injury markers compared to inflammatory
indicators in KD patients complicated with cardiac dysfunction
and thus concluded that the blood pressure of such patients
who show signs of accelerated heart rate, diminished urine
output, and cool extremities should be closely monitored and
that more attention should be paid to their echocardiography
and laboratory findings. Among patients with KDSS, the lower
serum albumin, sodium, and potassium concentrations may be
related to protein leakage caused by vascular inflammation (2). In
addition, Schuster et al. (15) suggested that the presence of a low
level of serum sodium is associated with the presence of shock.
Further studies are necessary to assess whether the presence of
moderate/severe hyponatremia may be used to predict KDSS.
KDSS is often associated with more severe laboratory markers of
inflammation and higher risk of coronary arterial dilation (11).
In recent studies, the profound inflammation may be associated
with a higher incidence of CALs in KDSS patients compared with
KD patients without KDSS (4), while there were opposite results
in other series (16). In our case, there were no positive coronary
artery findings through the whole stage of her hospitalization,
even during follow-up. Further investigation of themechanism of
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TABLE 2 | Clinical features in ELSO data comparing our case.

ELSO Data (Cardiac/ECPR) for Kawasaki disease:

1999–2017

Our reported case

Median Range

Age (days) 248 51–4,625 1,645

Weight (kg) 8 5–50 18

Ventilation time prior to ECMO (h) 22 2–201 5

Blood flow 4h (ml/kg/min) 85.5 46–156 50

Blood flow 24 h (ml/kg/min) 95 39–155 55

KDSS cardiac dysfunction might be helpful for us to understand
the consequences of KD in the long run (14).

Manifestation of KDSS can be similar with clinical features of
toxic shock syndrome, when hypotension was most commonly
observed (17). The profound cardiac failure led to shock, which
was difficult for us to distinguish from toxic septic shock at the
beginning. As in our case, the profound shock manifested on day
four of the illness, before the patient could meet the diagnostic
criteria of complete KD. The high degree of the inflammatory
indexes led us to the diagnosis of toxic septic shock. The
echocardiography finding in toxic septic shock patients at early
stage is mostly hyperdynamic systolic function of LV without
myocardial dysfunction (18). This finding in toxic septic shock
may suggest a compensating reaction to physiological shock,
rather than a direct myocardial involvement (18). As a result,
emergency bedside echocardiography and Uscom were used to
detect ejection fraction and CI, which were helpful for us to
distinguish cardiogenic shock caused by KDSS from septic shock.

Given the diagnosis of the shock in our case, we used
V-A ECMO via neck cannulation. We searched through the
Extracorporeal Life Support Organization (ELSO) Registry
database. ECMO applications for 23 KD patients were reported
from 1999 to 2017. Among those, 9 were supported for
respiratory indication, while the other 14 underwent ECMO
support for indications of cardiac or ECMO CPR (ECPR) (9, 19).
In the accessible literature, we found that VA ECMO cardiac
or ECPR support for KD cases was scarcely reported. Although
ELSO is the authority in terms of ECMO use worldwide, it may
be incomplete. There may still be other cases of VA ECMO
support for KD that were not reported. Table 2 compares the
mean clinical features of patients from the ELSO database and
our case, which shows that the ECMO flows we used were similar
to that used in such population.

Taddio et al. (4) reported that a reduced ejection fraction
was frequently seen in KDSS patients. Most cardiovascular
complications recovered rapidly during the sub-acute or
convalescent phase, and no patient presented persistent CALs.
Some researchers have concluded that the prompt LV function
resolution was associated with the modulation of immune-
mediated processes (14). As in our case, we detected such
cardiac abnormalities without CALs, including acute LV systolic
dysfunction and severe TR, which were transient under VA
ECMO support. The situation in our case was similar to prior
studies (14). At the acute stage of KDSS, it may be misdiagnosed

as toxic septic shock and be treated with inappropriate fluid
resuscitation, hence worsening cardiac function or delaying IVIG
treatment. As in our case, the cardiogenic shock occurred on
day 4 of fever, before the patient met the diagnostic criteria
of complete KD and also earlier than we usually initiate
IVIG treatment as we deal with KD patients without KDSS.
According to the AHA guidelines, such patients should be treated
with high-dose IVIG (2 g/kg given as a single intravenous
infusion) within 10 days of illness onset but as soon as possible
after diagnosis (11). As in our case, the IVIG was not given
in one large dose, which may be responsible for the rapid
deterioration of the patients’ situation. To sum up, it is vital
to increase the knowledge of KDSS early recognition. Further
studies on the correct use of IVIG for KDSS might help
reveal the approach of preventing such patients from having
irreversible outcomes.

CONCLUDING REMARKS

KDSS can cause life-threatening cardiac dysfunction, potentially
complicated by coronary artery involvement. Clinicians should
pay closer attention to KDSS, and IVIG should be initiated as a
single intravenous infusion as soon as possible in such patients.
Emergency bedside echocardiography and Uscom may serve as
sensitive methods for early differentiation between KDSS and
toxic septic shock. Although rarely reported, VA ECMO is useful
as a lifesaving procedure for cardiac support in such cases.
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Objectives: To explore the long-term outcomes of children and adolescents with

postural tachycardia syndrome receiving conventional interventions.

Materials and Methods: A total of 121 patients were recruited, but 6 (5.0%) of them

were lost at follow-up. The detailed clinical data were collected, and the reoccurrence and

frequency of orthostatic intolerance symptoms were evaluated with a mean followed-up

period of 18.7 months (range, 14–74 months). The Kaplan-Meier curve was used to

show the cumulative symptom-free rate of patients over time. Factors influencing the

long-term outcomes were examined using the Cox’s proportional hazards models.

Results: The cumulative symptom-free rate was gradually increased over time. It

was 48.4% at the 1-year follow-up and increased to 85.6% at the 6-year follow-up.

The duration of symptoms before treatment and the maximum upright heart rate in

standing-up test were identified as independent indicators for the long-term outcomes.

Each 1-month prolongation in the duration of symptoms before treatment was associated

with a 1.2% decrease in the cumulative symptom-free rate. However, each 1-bpm

increase in the maximum upright heart rate in standing-up test was associated with a

2.1% increase in the cumulative symptom-free rate.

Conclusions: The long-term outcomes of postural tachycardia syndrome patients who

received conventional interventions are benign and the cumulative symptom-free rate

was gradually increased over time. The prolonged duration of symptoms before treatment

and the reduced maximum upright heart rate in standing-up test are the independent

risk indicators.

Keywords: postural tachycardia syndrome, conventional interventions, long-term outcomes, children,

adolescents
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INTRODUCTION

Postural tachycardia syndrome (POTS) is an important form of
orthostatic intolerance (OI) and is a constellation of symptoms
including lightheadedness, chest discomfort, blurred vision,
palpitations, and even syncope, which are elicited by excessive
upright tachycardia and relieved by recumbence (1).

POTS in adolescents was firstly described by Bou-Holaigah
et al. and it occurs at an estimated rate of 6.8% (2, 3). It negatively
affects their physical and psychological health and impairs their
quality of life (4, 5). Therefore, the investigation of the treatment
for POTS has attracted great interest of clinical scientists. Up
to now, multiple therapeutic methods have been introduced to
deal with POTS in children and adolescents (6), among which
conventional interventions are irreplaceable for their simplicity
and for no obvious adverse effects (7, 8). There have been several
studies on the therapeutic efficacy of conventional interventions
in pediatric POTS patients (9–14). However, their long-term
outcomes have never been reported, which limits pediatricians
to predict the prognosis of this disease.

Therefore, this study focuses on the long-term outcomes
and the associated factors of pediatric POTS patients receiving
conventional treatment.

MATERIALS AND METHODS

We enrolled 121 patients [54 males and 67 females, median age
12.0 (10.0, 13.0) years] with a diagnosis of POTS and treated
with conventional interventions at the Department of Pediatrics
of Peking University First Hospital from July 2012 to July 2017.
One hundred and fifteen patients completed our follow-up by
telephone or clinic visits, but the remaining six patients (5.0%)
were lost. This research was authorized by the Ethics Committee
of Peking University First Hospital and all guardians of included
patients gave written informed consent in accordance with the
percepts expressed in the Declaration of Helsinki.

Mean corpuscular hemoglobin concentration and platelet
were from blood routine test. Blood was drawn by venipuncture
after at least 4 h fast and collected in a tube containing ethylene
diamine tetraacetic acid. It was tested immediately at the
Medical Laboratory of Peking University First Hospital (XE-
5000, SYSMEX Corporation, Kobe, Japan) (13).

A urine collection kit for each patient was prepared in
advance. A 24 h urine sample was collected and females were
asked to take the 24 h urine samples during non-menstrual
days. The 24 h urinary sodium excretion was determined
using the ion-selective electrode method (Cobas 6000, Roche,
Switerland). Twenty-four hours urinary sodium excretion = the
concentration of sodium× the total urine volume (15).

Drugs influencing autonomic nervous function were avoided
for at least 3 days before standing-up test. The testing
environment was quiet, warm and dimly lit. Heart rate and
blood pressure were recorded after 10–20min of supine rest.
Then, the patient was asked to stand for another 10min, with

Abbreviations: POTS, Postural tachycardia syndrome; OI, Orthostatic

intolerance.

simultaneously monitoring of heart rate and blood pressure
(Dash 2000, General Electric, Schenectady, New York). The
test was terminated ahead if the patient could not persist in
finishing it. 1HR = the maximum heart rate during standing—
the baseline heart rate during supine (16).

Criteria of POTS in children and adolescents consisted of
the following: (1) the presence of predisposing factors such
as prolonged standing, rapid postural changes or exposure to
emotional stress; (2) suffering from OI symptoms; (3) a positive
response during standing-up test [normal heart rate in the supine
position and an increment of heart rate≥ 40 bpm or a maximum
heart rate≥ 130 bpm (in children aged 6–12 years) or≥ 125 bpm
(in adolescents aged 13–18 years) in standing-up test, without a
decrease in blood pressure≥20/10 mmHg]; and (4) the exclusion
of other diseases that may likely cause OI symptoms (16).

The symptom scores of POTS were determined by the
presence of typical symptoms (dizziness, headache, syncope,
blurred vision, palpitation, chest discomfort, nausea, tremors,
and sweating). Each symptom was counted based on its
frequency (0 score, no symptom; 1 score, each symptom
occurring once per month; 2 scores, 2–4 times per month; 3
scores, 2–7 times per week; 4 scores, more than once per day)
and the total scores were calculated by summing all of the scores
of each symptom (17).

Conventional interventions were used for each patient once
diagnosed with POTS. Details of conventional interventions
were listed as follows: (1) health education: informing patients
and their guardians of possible causes, and teaching them how
to avoid triggers and to protect themselves when experiencing
OI symptoms; (2) supplement of water and salt: one bag
of oral rehydration saline (Anjian Pharma Company, Xi‘an,
China) per day, containing 0.650 g sodium chloride, 0.725 g
sodium citrate, 0.375 g potassium chloride and 3.375 g anhydrous
glucose; (3) orthostatic training: asking patients to stand against
a wall with the feet 15 cm away from the wall for a gradually
increasing duration from 3 to 30min, 2–3 times a day, depending
on their orthostatic tolerance (11, 18). None of the patients
continued implementing these interventions during the long-
term follow-up. However, two of them got metoprolol or
midodrine hydrochloride treatment for recurrent OI symptoms
and they were regarded as censored subjects at the beginning
of the introduction of the abovementioned new interventions.
Designated doctors conducted the follow-up tasks by telephone
or clinic visits in October 2018, with a mean follow-up duration
of 18.7 months (range, 14–74 months). The main content
of follow-up contained the reoccurrence and frequency of
OI symptoms.

SPSS version 21.0 (IBM, Armonk, New York) was used
for all data analyses. The normality of continuous data was
examined by the Shapiro-Wilk test and continuous data with
normal distribution are presented as mean± standard deviation,
otherwise as median (P25, P75). Bivariate correlations for
continuous variables were tested using Pearson’s correlation
coefficient. Categorical variables are summarized as numbers
(percentages). No reoccurrence of OI symptoms during follow-
up was defined “event.” The Kaplan-Meier curve was used to
show the trend of cumulative symptom-free rate of patients

Frontiers in Pediatrics | www.frontiersin.org 2 June 2019 | Volume 7 | Article 26120

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Tao et al. Long-Term Outcomes and POTS

TABLE 1 | Baseline demographic and clinical characteristics of the study

participants.

Characteristics Values

Participants (n) 115

Age (years) 12.0 (10.0, 13.0)

Gender (n, male/female) 50/65

Body mass index (kg/m2) 17.4 (16.1, 19.8)

Duration of symptoms before treatment (months) 10.5 (2.0, 36.0)

MEDICAL HISTORY

Predisposing factors (n, yes/no) 77/38

Syncope (n, yes/no) 61/54

Symptom scores before treatment (points) 4 (3, 7)

PERSONAL HISTORY

Motion sickness (n, yes/no) 16/99

Allergic diseases (n, yes/no) 29/86

Family history about OI (n, yes/no) 29/86

CHARACTERISTICS IN STANDING-UP TEST

Supine heart rate (bpm) 74 ± 11

Maximum upright heart rate (bpm) 121 ± 14

Changes of heart rate (bpm) 46 (40, 53)

ITEMS OF BLOOD ROUTINE TEST

Mean corpuscular hemoglobin concentration (g/L) 347 (339, 354)

Platelet (*109/L) 257 (229, 298)

24 h urinary sodium excretion (mmol/24 h) 102 (73, 135)

Duration of treatment (months) 3.5 (3, 5)

OI, orthostatic intolerance. Continuous data with normal distribution are presented as

mean ± standard deviation, otherwise as median (P25, P75 ) and categorical variables are

summarized as numbers.

over time. The prognostic significance of baseline demographics,
clinical characteristics, personal history, family history about
OI, characteristics during standing-up test, blood routine test
parameters and 24 h urinary sodium excretion with respect to
long-term outcomes was examined using the Cox’s proportional
hazards models. Parameters with a p-value <0.1 in univariate
model were introduced in the multivariate model by a stepwise
method. All p-values were 2-sided and a p-value <0.05 was
considered statistically significant.

RESULTS

A total of 121 pediatric POTS patients receiving conventional
treatment were enrolled in this research, but 6 of them were
lost at follow-up (5.0%). Among the 115 followed-up cases [50
males and 65 females, median age 12.0 (10.0, 13.0) years], 77 cases
(67.0%) were accompanied with predisposing factors (prolonged
standing as the most common one, then postural changes) and 61
cases (53.0%) suffered from syncopal events. A varied period of
treatment, 3.5 (3, 5) months, was mainly because of the difference
in the time of re-visiting our clinics and the more details are
presented in Table 1.

In Figure 1, the number of patients with OI symptoms was
gradually decreased over time, with a range of duration from 14
to 74 months to demonstrate the patients’ outcomes at varied

follow-up time. The cumulative symptom-free rates at 1, 2, 3, 4, 5,
and 6 years after the beginning of follow-up were 48.4, 59.8, 73.0,
82.0, 85.6 and 85.6%, respectively.

Parameters with a p < 0.1 in the Cox univariate analysis
(the duration of symptoms before treatment, the supine heart
rate and the maximum heart rate in standing-up test, Table 2)
were introduced in the multivariate analysis. However, given
the strong collinearity between the supine heart rate and the
maximum heart rate in standing-up test (r = 0.711, 95% CI,
0.620–0.795, p < 0.001) and the maximum heart rate used as one
of the diagnostic criteria for POTS in standing-up test (16), only
the maximum upright heart rate and the duration of symptoms
before treatment were included eventually. The multivariate
model showed that both of them were independent indicators for
the long-term outcomes of the study patients (p < 0.05, Table 3).
For each 1-month prolongation in the duration of symptoms
before treatment, a decrease of 1.2% in the cumulative symptom-
free rate was detected. However, for each 1-bpm acceleration
in the maximum upright heart rate during standing-up test, an
increase of 2.1% was detected.

DISCUSSION

In this research, we found that the cumulative symptom-free rate
was gradually increasing during follow-up period. The duration
of symptoms before treatment and the maximum upright heart
rate in standing-up test were independent indicators for the long-
term outcomes of pediatric POTS patients after conventional
treatment, the former being a risk factor with its prolongation
and the latter being a protective factor with its acceleration.

POTS is a hot topic in pediatrics, not only for its relatively high
prevalence but also for its impact on the quality of life (19). We
found that although most patients had benign outcomes, some
of them still sustained OI symptoms for such a long term that it
would be of help to reduce their psychological burden if clinicians
could predict the prognosis and its influencing factors in advance.
Kimpinski et al. conducted a prospective study to demonstrate
favorite clinical outcomes at the 1-year follow-up, however, their
therapeutic regimens were miscellaneous (20).

Prolonged duration of symptoms before treatment was
identified as a risk factor for the prognosis of POTS patients
receiving conventional interventions. Namely, the earlier such
treatment was carried out, the better the prognosis would
be. Unfortunately, in a large pediatric sample-sized study,
Boris et al. observed that most of the participants visited
doctors after suffering from OI symptoms for about 2
years (21), implying that the patients and their guardians
might overlook such symptoms and more importantly, the
physicians might lack the awareness of POTS and make
misdiagnosis sometimes (22). Our results provided physicians
with the evidence to encourage patients to visit doctors
as early as possible and emphasized the importance of
recognizing POTS.

When changing from supine to upright, gravity produces
a rapid and large downward shift from thorax into vessels
of the lower body. Simultaneously, the endogenous integrated
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FIGURE 1 | Cumulative symptom-free rate of POTS patients receiving conventional interventions during long-term follow-up. POTS, postural tachycardia syndrome.

TABLE 2 | Results of univariate Cox’s proportional hazard model regression.

Characteristics B SE Wald p-value HR (95% CI)

Age (years) −0.067 0.045 2.164 0.141 0.936 (0.856–1.022)

Gender (male vs. female) −0.181 0.221 0.674 0.412 0.834 (0.541–1.286)

Body mass index (kg/m2) −0.033 0.043 0.582 0.445 0.968 (0.890–1.052)

Duration of symptoms before treatment (months) −0.009 0.005 3.481 0.062 0.991 (0.982–1.000)

MEDICAL HISTORY

Predisposing factors (yes vs. no) −0.160 0.234 0.465 0.495 0.852 (0.539–1.349)

Syncope (yes vs. no) −0.028 0.22 0.016 0.900 0.973 (0.632–1.498)

Symptom scores before treatment (points) −0.001 0.028 0.001 0.978 0.999 (0.946–1.055)

PERSONAL HISTORY

Motion sickness (yes vs. no) 0.387 0.317 1.488 0.223 1.472 (0.791–2.739)

Allergic diseases (yes vs. no) −0.198 0.25 0.625 0.429 0.821 (0.503–1.340)

Family history about OI (yes vs. no) 0.11 0.253 0.191 0.662 1.117 (0.681–1.832)

CHARACTERISTICS IN STANDING–UP TEST

Supine heart rate (bpm) 0.025 0.011 5.703 0.017 1.026 (1.005–1.047)

Maximum upright heart rate (bpm) 0.014 0.008 3.153 0.076 1.014 (0.999–1.030)

Changes of heart rate (bpm) −0.001 0.011 0.004 0.952 0.999 (0.977–1.022)

ITEMS OF BLOOD ROUTINE TEST

Mean corpuscular hemoglobin concentration (g/L) 0.011 0.009 1.437 0.231 1.011 (0.993–1.029)

Platelet (*109/L) 0.002 0.002 0.757 0.384 1.002 (0.998–1.006)

24 h urinary sodium excretion (mmol/24 h) −0.001 0.002 0.218 0.641 0.999 (0.995–1.003)

Duration of treatment (months) −0.001 0.106 <0.001 0.989 0.999 (0.812–1.228)

OI, orthostatic intolerance.

mechanisms are activated to compensate the reduced venous
return. Any abnormality in the regulated progress might result
in postural tachycardia (23). Our team previously found that
the maximum upright heart rate in standing-up test ≥ 123
bpm could predict a favorable outcome after oral rehydration
saline therapy in pediatric POTS patients (10). Tachycardia
would be more obvious when reduced blood volume and
impaired muscle sympathetic nerve activity occur concurrently
in POTS patients, both of which are identified as common
mechanisms for POTS (24, 25). Supplement of water and salt

and orthostatic training could not only increase blood volume
but also improve muscle sympathetic nerve activity (10, 26, 27).
Under such condition, conventional treatment might improve
patients’ well-being significantly. It was observed in this study
that the cumulative symptom-free rate would increase by 2.1%
if there was a 1-bpm acceleration in the maximum upright
heart rate in standing-up test. However, body mass index, mean
corpuscular hemoglobin concentration, 24 h urinary sodium
excretion and platelet, reported to have correlations with blood
volume or autonomic nervous function (9, 10, 12, 28), were not
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TABLE 3 | Results of multivariate Cox’s proportional hazard model regression.

Characteristics B SE Wald p-value HR (95% CI)

Duration of symptoms before treatment (months) −0.012 0.005 5.652 0.017 0.988 (0.979–0.998)

Maximum upright heart rate in standing-up test (bpm) 0.021 0.009 5.661 0.017 1.021 (1.004–1.039)

independent indicators for the long-term outcomes for their un-
representativeness of both blood volume and autonomic nervous
function. Additionally, allergic diseases, common comorbidities
in pediatric POTS patients (29, 30), and inheritance were not
testified as independent factors.

Exactly, some limitations existed in the present study: (1)
there is no control group in the present study. We could
not tell the differences among patients receiving conventional
interventions, pharmacological therapies and nothing; (2) there
is a possibility of bias for the retrospective study design;
(3) the study have the limitation of generalizability to other
study populations for the characteristics, such as the similar
gender ratio of the subjects in our study; and (4) the hazard
ratios of the duration of symptoms before treatment and the
maximum upright heart rate in the standing-up test were close
to one.

To interpret the results of this study cautiously, the
data showed that the cumulative symptom-free rate of
POTS patients receiving conventional treatment would
increase gradually over time and implementing conventional
interventions to POTS patients with obvious tachycardia as
early as possible might be of great help in improving their
long-term outcomes.
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Kawasaki disease (KD) is an acute vasculitis, which leads to 20% of sufferers developing

coronary artery aneurysm in children if not appropriately treated. Therefore, the early

diagnosis of KD is essential for alleviating the risk of developing heart disease. MicroRNAs

(miRNAs) are a large class of small non-coding RNAs which post-transcriptionally

regulate gene expression and have been shown to play critical roles in numerous

biological processes and diseases. In this study, we used high-throughput miRNA

sequencing and found dozens of miRNAs are highly expressed in platelets. By comparing

the miRNA expression profile of platelets of acute KD patients and other febrile patients,

miR-222-3p is validated to be significantly upregulated in platelets of acute KD patients.

Furthermore, KEGG pathway analysis shows that targets of miR-222-3p are enriched in

immune-related signaling pathways. Our study uncovers the potential of miR-222-3p in

platelets as biomarker for early diagnosis of Kawasaki disease.

Keywords: Kawasaki disease, other febrile illness, miRNAs, platelets, miR-222-3p

INTRODUCTION

Kawasaki disease (KD) is also known as mucocutaneous lymph node syndrome (1), which is a
systemic vasculitis and its etiology remains obscure. Asian children and those younger than 5 years
are more prone to be afflicted with Kawasaki disease (2). Approximately 15–25% cases of Kawasaki
disease childrenmay develop coronary artery abnormalities if not treated appropriately (3). It turns
out to be the leading cause of pediatric acquired heart disease and increases the risk of myocardial
infarction (4).

According to previous studies, intravenous immunoglobulin (IVIG) and aspirin can
significantly reduce the incidence of coronary artery lesions (CALs) to ∼5% if treated in the first
10 days of KD (5, 6). However, the diagnosis of KD can be very challenging. Kawasaki disease is
presented by prolonged fever for at least 5 days and coupled with at least four of the following
clinical criteria: (1) bilateral non-exudative conjunctival injection; (2) changes in the mucosa of the
oropharynx, including injected pharynx, dry fissured lips and strawberry tongue; (3) polymorphous
exanthema; (4) changes of the peripheral extremities such as indurative oedema or erythema of
hands and feet in the acute phase, and later membranous desquamation starting around the nail
bed; (5) cervical lymphadenopathy >1.5 cm usually unilateral (7–11). Children with inadequate
diagnostic criteria are classified as incomplete KD or atypical KD patients (8, 12), who are easily
misdiagnosed and their treatment may be subsequently delayed, which greatly increases the risk
of CALs. Thus, the identification of reliable biomarkers may facilitate early diagnosis and effective
treatment of KD.
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Some attempts have been made to identify protein biomarkers
for KD. A study indicated that fibrinogen-related plasma protein
(fibrinogen, alpha-1-antitrypsin, clusterin, and CD5L) levels are
highly elevated during acute KD (13), among which plasma
clusterin, also known as apolipoprotein J, has been recognized as
a prognostic biomarker for CAL sequelae in KD (14). Besides,
N-terminal pro-BNP (NTpro-BNP) was found to be elevated
in the acute phase of KD (13, 15) and possess diagnostic
utility and predictive value (16, 17). Kim et al. reported serum
cardiac troponin I (cTnI) and creatinine kinase (CK)-MB as
two biomarkers, occurring at higher level in KD patients in
comparison to age-matched, non-KD control patients (18).
Furthermore, nitric oxide synthases (iNOS) in neutrophils have
also been identified as a promising biomarker, and have been
found at higher expression levels during acute KD (19). Another
important finding is that CXCL10 (IP-10) levels were significantly
increased in KD patients, and there was IP-10 receptor CXCR3
activation in T cells of the acute KD cohort (20), providing
insight into the use of cytokines as biomarkers for KD (21).
Moreover, Yayoi et al. proved the potential of LRG1 as a
biomarker to facilitate KD diagnosis by mass spectrometry
(MS) (22).

Although various biomarkers have been reported, the
consistency between different studies remains challenged.
Besides, the low sensitivity to quantify low-abundant proteins
and antibody-based detection limits the utility of protein
biomarkers (23). Therefore, much easier detected and more
delicate biomarkers are necessary.

Recent studies on cancer have revealed the potential
importance of platelets in biomarker assessment from blood
samples (24). Circulating platelets were reported to crosstalk
with various cells such as leukocyte, endothelial cell et al. and
molecules like ATP, thus serving as active media of intracellular
communication. Furthermore, the transcriptome of platelets is
swift altered responding to extracellular queues (25). Apart
from mRNAs, platelet transcriptome contains various non-
coding RNAs, including microRNAs and circular RNAs. These
non-coding RNAs involve in multifarious biological processes,
including vascular homeostasis, inflammation and contribute to
platelet function (14).

To date, whether these non-coding RNAs, especially miRNAs
in platelets have the potential as diagnostic biomarkers is still
not clear. MicroRNAs (miRNAs) are a class of small RNA
transcripts ranging from 18 to 25 nucleotides which post-
transcriptionally regulate gene expression through destabilizing
mRNA and/or translation inhibition. Previous studies have
demonstrated that miRNAs play critical roles in numerous
biological processes and diseases such as tumorigenesis (26–
30), immune responses (31–34), differentiation (35–39), and
apoptosis (40, 41). Furthermore, miRNA profiles are specific
to various physiological and pathological conditions (42).
Additionally, miRNA profiling has been shown to be more
accurate than mRNA expression profiling in characterizing
the difference of multiple human cancers (43), which
postulates the possibility of platelets miRNAs as predictive
biomarkers (44). In the current study, we investigated
the potential of platelet miRNAs as biomarker for early

diagnosis of Kawasaki disease and identified miR-222-3p as a
distinguishing marker.

METHODS

Platelets Isolation
This study was carried out in accordance with the principles
of the Basel Declaration and recommendations of guidelines
for good clinical practice (GCP). The protocol (No.2018LW001)
was approved by Children’s Hospital of Soochow University
ethics committee. Peripheral blood from KD patients and
other febrile controls was obtained at initial diagnosis from
Children’s Hospital of Soochow University, Suzhou. Platelets
were isolated from plasma at room temperature. In brief, a total
of 1ml peripheral whole blood was collected from the patients,
anticoagulated with EDTA in purple-cap BD Vacutainers. The
blood was centrifuged at 120 g for 20min to collect platelet-rich
plasma. The platelet-rich plasma was further centrifuged at 360 g
for 20min, after which the platelet pellet was washed twice in PBS
(Gibco). The isolated platelet pellets were snap-frozen at −80◦C
for future use.

RNA Isolation
The mirVanaTM miRNA isolation kit (P/N: AM1560, Applied
Biosystems) was chosen for the isolation of platelet miRNAs,
and used according to the manufacturer’s instructions with some
modifications. Briefly, the platelet pellet was lysed and vortexed
to obtain a homogenous lysate. A tenth volume of miRNA
homogenate additive was added to the lysate and the sample was
mixed rigorously by vortex before incubation on ice for 10min.
The mix was purified with acid-phenol: chloroform, followed
by filter through solid-phase cartridge. The flow-through was
discarded and the column was subjected to washing steps. 100µl
of nuclease-free water, preheated to 95◦C, was used to elute
platelet miRNA and centrifuged at 11,000 g for 45 s. The RNA
was quantified with Nanodrop spectrophotometer (ND1000).
RNA sample quality was evaluated by Agilent 2100 Bioanalyzer
(Agilent Technologies).

Small RNA Library Construction and
Sequencing
All small RNA libraries were prepared using NEBNext Multiplex
Small RNA Library Prep Set (NEW ENGLAND Biolabs). Briefly,
100 ng of total RNA was prepared from each sample to ligate

diluted 3’ SR adaptor directly. Subsequently excessed 3
′

SR
adaptors were hybridized with SR RT primer to prevent adaptor-

dimer formation, followed by ligation of 5
′

SR adaptor with
T4 RNA ligase and reverse transcription to generate single-
strand cDNA. To enrich the products for sequencing, 15-cycle
PCR amplification was performed on the first cDNA strands
using Illumina compatible multiplexed primer sets. The resulting
library was subjected to size selection and purification with 10%
PAGE gel (Solarbio). The concentration and quality of each small
RNA library was examined by Qubit 2.0 (Invitrogen) and DNA
High Sensitivity Chip (Agilent). High quality libraries with size
between 150 and 160bp were pooled in equimolar concentration
and sequenced for SE50 on Hiseq 2500 (Illumina).
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Quantitative Real-Time PCR (qRT-PCR)
Validation of miRNAs
The cDNA was synthesized in a 25 µl volume containing 50
ng total RNA, 5 µl 5 × PAP/RT buffer, 1 µl RTase mix and 1
µl 2.5 U/µl Poly A Polymerase included in the All-in-OneTM

miRNA First-Strand cDNA Synthesis kit (GeneCopoeia). RT
reactions were incubated at 37◦C for 1 h, followed by 85◦C
for 5min to inactivate reverse transcriptase mix and placed
on ice. The resultant cDNAs were diluted to 1 ng/µl before
use. MiRNA qPCR primers were designed based on mature
miRNA sequences from miRBase v20. For has-miR-222-3p the
primer sequence is AGCTACATCTGGCTACTGGGTAA
and for C.elegans miR-39-3p the primer sequence is:
TCACCGGGTGTAAATCAGCTTGAA. Quantitative real-
time PCR reactions were conducted on the 7500 Real-Time PCR
system (Applied Biosystems) using the All-in-OneTM miRNA
qRT-PCR Detection kit (GeneCopoeia).

Bioinformatics
MiRNA sequencing reads were matched to the miRBase miRNA
hairpin precursors by mapper.pl provided by miRDeep2, after
trimming the adapter sequence with fastx_clipper from fastx
toolkit. CPM was obtained with the raw read count of each
miRNA normalizing to library size of corresponding sample. R
3.5.1 was used for the generation of venn diagram, heatmap
and violin plot. Python 3.5.5 was used to build random forest
classifier model and generate receiver operating characteristic
(ROC) curve and histogram.

RESULTS

Sets of miRNAs Are Differentially
Expressed in Platelets of Kawasaki
Disease and Other Febrile Patients
To identify candidate miRNAs differentiating Kawasaki disease
(KD) and other febrile illness (OFI), we enrolled 32 pediatric
patients, including 16 children diagnosed with KD and 16
diagnosed with pneumonia, Bronchitis et al. which were
grouped into OFI (Supplementary Table 1). Patients included
in KD and OFI were matched for age and prolonged fever
time (Supplementary Figure 1). Total RNA was extracted from
platelets after elaborating isolation of platelets from whole blood.
The platelet RNA was subjected to small RNA sequencing library
construction and sequenced. Count per million (CPM) was used
for expression level quantification. MiRNAs with CPM higher
than 100 in at least half samples were considered expressed for
further analysis (Supplementary Table 2).

The most abundant microRNAs in platelets of KD patients
are members of the let-7 microRNA family, which represented
42.84% of the platelet microRNA content (Figure 1A), consistent
with previous identified miRNA profile in human platelets (45–
47). The data pertaining to the 10 most abundant platelet
microRNA families are compiled (Supplementary Table 3) and
show that individual microRNAs, such as miR-21-5p, miR-
30a/d-5p, miR-92a-3p, miR-103a-3p, miR-148a-3p, miR-26a-5p,
miR-222-3p, and miR-151a-3p also accounted for an important

proportion of human platelet microRNAs. 123 and 121 miRNAs
were detected in platelets of OFI and KD patients, respectively,
and the majority of miRNAs (78.1%) were both expressed in
different disease states (Figure 1B), including key miRNAs in
innate immune responses such as miR-146a and miR-155 (48).
Among the expressed miRNAs in either KD or OFI patients’
platelets, volcano plot showed that 35 miRNAs were differentially
regulated with average CPM change for more than 2 folds and
p-value < 0.01 (Figures 1C,D). 12 miRNAs were upregulated in
KD patients’ platelets while 23 miRNAs were downregulated.

MiR-222-3p Is Identified as a
Distinguishing Marker in KD and OFI
Patients
We reasoned that these differentially expressed miRNAs may
largely contribute to the distinguished bio-signatures of KD and
OFI patients, and thus may play important roles in the early
diagnosis of Kawasaki disease. A random forest classifier (RFC)
model was built with a training set containing 22 samples (11
KD and 11 OFI) using differentially expressed 35 miRNAs as
features. Parameters were optimized by Bayesian Optimization
(49) and used to train the model. Furthermore, we examined
the generalization ability of the model by interrogating the
remaining 10 samples (5 KD and 5 OFI). The receiver operating
characteristic (ROC) curve was generated by comparing the
predicted result with true sample class and the area under
curve (AUC) reached 0.94 (Figure 2A), which suggested the
high quality of this model in distinguishing KD from OFI
samples. These data showed that the differentially expressed
platelet miRNAs hold great potential in distinguishing KD
patients from other febrile illness patients. To determine the
most important miRNA in differentiating KD and OFI patients,
the relative rank (i.e., depth) of miRNAs was used as decision
node in the RFC model. As a result, miR-222-3p was shown as
the miRNA feature with greatest importance (Figure 2B). MiR-
222-3p shares identical seed sequence “GCUACAU” with miR-
221-3p, both of which belong to miR-221 family of miRNAs,
are highly expressed in platelets of KD patients (Figure 1A),
which denotes it as a potent distinguishing marker in KD
and OFI.

MiR-222-3p Is Validated to Be Upregulated
in Platelets of KD Patients
With the high throughput miRNA sequencing data, we found
that miR-222-3p expression was significantly upregulated in KD
patients comparing with OFI patients (Figure 2C). Quantitative
real time PCR (qRT-PCR) was performed to validate the
expression change of miR-222-3p in KD patients. Due to the
limited amount of platelet RNA available from patients, we only
performed qPCR on 6 samples with platelet RNA remained (3
KD and 3 OFI). With C.elegans miR-39-3p as exogenous miRNA
normalization control as suggested by Nicholas et al. (47), miR-
222-3p was upregulated for 2.41 fold (Figure 2D), which was
consistent with the small RNA sequencing data. These data
demonstrate that miR-222-3p is upregulated in platelets of KD
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FIGURE 1 | MiRNA expression profile of platelets of Kawasaki disease and other febrile patients. (A) Ten most abundant miRNA families expressed in platelets of KD

samples. (B) Patients with KD or OFI share majority of expressed miRNAs in platelets. (C) Volcano plot of expressed miRNAs. (D) Heatmap of 35 miRNAs differentially

expressed in KD compared with other febrile patients.

patients, which may act as a potential biomarker for the diagnosis
of Kawasaki disease.

KEGG Pathway Enrichment of Predicted
Target Genes of miR-222-3p
To further understand the biological significance of the
upregulation of miR-222-3p in platelets of KD patients, we
conducted KEGGpathway enrichment analysis of predictedmiR-
222-3p target genes. Three target prediction tools were chosen
to identify authentic target genes of miR-222-3p, including
TargetScan (50), miRanda (51) and MirTarget2 (52). A total of
165 common target genes of hsa-miR-222-3p were identified
by comparing three sets of predicted target genes (Figure 3A).
DAVID (53) was used for KEGG pathway enrichment analysis
and the top 10 pathways were listed (Figure 3B). Surprisingly, the
predicted target genes of miR-222-3p weremost enriched in the T

cell receptor signaling pathway, as well as B cell receptor signaling
pathway, suggesting the involvement of platelet miRNAs in
immune dysfunction. Consistently, KD is characterized with
down-regulation of T cell receptor and B cell receptor signaling
pathways by several studies (54–56).

DISCUSSION

Due to the long-lasting and detrimental coronary effects that
Kawasaki disease may cause (11), accurate early diagnosis
is necessitated for early recognition of the disease. To
our knowledge, this is the first study showing potential of
implementing platelet miRNAs in clinical practice for the
diagnosis of Kawasaki disease. Here we show that human platelets
express dozens of miRNAs, including miRNA families reported
previously, such as let-7, miR-21, miR-25, miR-203 et al. (45). We
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FIGURE 2 | MiR-222-3p was identified as a distinguishing marker in KD and OFI samples. (A) Receiver operating characteristic (ROC) curve of RFC model on test

set. (B) Relative rank of miRNAs used as decision node in the RFC model. (C) CPM distribution of miR-222-3p by small RNA sequencing. (D) qRT-PCR validation of

miR-222-3p expression. C.elegans miR-39-3p was used as control. ***P < 0.001.

FIGURE 3 | KEGG pathway analysis of miR-222-3p predicted targets. (A) Three miRNA target prediction tools are used for identifying authentic targets of

miR-222-3p. (B) KEGG pathways enriched by common miR-222-3p predicted targets.

further identify 35 miRNAs differentially expressed in platelets
of KD patients and other febrile patients, among which miR-
222-3p was validated to be upregulated in KD platelets. KEGG

pathway analysis revealed that the targets of miR-222-3p were
enriched in T-cell receptor pathway, indicating the crosstalk
of miRNA between immune pathways. Further interactome
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FIGURE 4 | Gene interactions of miR-222-3p predicted targets. Genes related to T cell receptor signaling pathway were denoted red.

analysis suggested that the predicted target genes of miR-222-3p
constituted a network of signaling pathways.

A few studies have been focusing on miRNA biomarkers
for Kawasaki disease. Jia et al. reported that two pairs of
serum exosomal miRNAs, including miR-1246/miR-4436b-5p,
and miR-197-3p/miR-671-5p, distinguish KD patients from
healthy individuals and those with viral infection as candidate
diagnostic biomarkers (57). Another study uncovered seven
miRNAs were significantly upregulated (hsa-let-7b-5p, hsa-miR-
223-3p, hsa-miR-4485, hsa-miR-4644, hsa-miR-4800-5p, hsa-
miR-6510-5p, and hsa-miR-765) and three were significantly
downregulated (hsa-miR-33b-3p, hsa-miR-4443, and hsa-miR-
4515) in plasma of acute KD compared with the healthy controls
(58). A similar study claimed that miR-200c and miR-371-5p
were elevated in serum in children with Kawasaki disease (59).
In our study, hsa-let-7b-5p and hsa-miR-223-3p were slightly
downregulated, while miR-200c, miR-197-3p and miR-671-5p
was upregulated in KD for 2.09, 2.09 and 2.43 fold, respectively,
and the rest of the above mentioned miRNAs were detected in
neither KD nor OFI platelet samples. The discrepancy lies in
the different background of starting material, indicating specific
miRNA expression profile in exosome, plasma and platelets.

There were 35 miRNAs differentially expressed for more
than 2 fold, among which miR-222-3p was the top miRNA
with highest expression. Previous study revealed that serum
miR-221/222 level was significantly elevated in patients with
coronary artery disease, suggesting they might be potential
diagnostic biomarkers (60). Another important finding is that
pathway significance analysis of blood lymphocyte-specific gene
markers revealed that T cell receptor signaling pathway is down-
regulated in KD, compared to febrile controls (55). Intriguingly,
the overlapped miR-222-3p predicted targets were enriched in
the T cell receptor signaling pathway and the B cell receptor
signaling pathway. Thus, the upregulation of miR-222-3p in
KD platelets may partially explain the downregulation due
to the crosstalk between platelets and leukocytes. However,
more delicate validations are imperative of whether these target
genes are indeed regulated by miR-222-3p. These data indicated
the involvement of platelet miRNAs in regulation of essential
signaling pathways in immune response, which is worthy of
further mechanistic investigations.

To understand the interactome of predicted targets of
miR-222-3p, the total 165 targets overlapped by the three
prediction tools were used to construct the interaction network
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with STRING (61). The core sub-network was shown with
default settings (Figure 4). The genes involved in T and B
cell receptor signaling pathway were denoted red, including
PIK3R1, FOS, NFATC2, NFATC3, PPP3R1, and PAK1. These
genes also interacted with many other factors involved in
various signaling pathways, resulting in a network influenced
by miR-222-3p.

This study brings the possibility of miR-222-3p as potential
diagnostic biomarker for Kawasaki disease. MiR-222 has been
reported to participate in the pathogenesis of many inflammatory
diseases, including rheumatoid arthritis, atherosclerosis and
obesity-related inflammation (62, 63). Comparing to the
miRNAs merely enriched by bioinformatics, miR-222-3p was
more biological. Besides, even in the KD group, miR-222-
3p was lower in those suffering with coronary artery lesion
(Supplementary Figure 3), indicating the potential of using
miR-222-3p as predictor of CAL. Future work shall be focused
on application of this miRNA in clinical diagnosis of KD, such as
developing easily handled in vitro diagnostic kits and exploring
combinatory diagnostic miRNA sets. Besides, it turns out that
the KD group patients are prone to have high CRP levels and
platelet count at initial diagnosis (Supplementary Figure 2),
which has been reported as inflammatory biomarkers for
Kawasaki disease (64). Incorporating clinical manifestations
such as CRP and/or platelet count with miRNAs as
combinatory biomarkers to facilitate diagnosis is worthy of
further investigation.
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Supplementary Figure 2 | Detailed comparison of clinical lab data between KD

and OFI samples. WBC, white blood cell; AST, aspartate aminotransferase; CRP,

C-reaction protein; PLT, platelet count (at initial diagnosis). Each point represents

one sample. ∗P <0.05; ∗∗P <0.01.

Supplementary Figure 3 | MiR-222-3p expression within KD group differentiated
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Supplementary Table 1 | Clinical manifestations of samples enrolled in this study.
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Background: The MTUS1 gene encodes a microtubule-associated protein involved

in multiple processes including cell polarity and microtubule balance during

myocardial development.

Aims: To investigate the association between a de novo c. 2617A->C mutation in

MTUS1 (NM_001001924.2) and non-compaction of ventricular myocardium (NVM) and

explore the potential mechanisms.

Methods: A de novomutation inMTUS1was identified for a familial pedigree with NVM.

Lentiviral vectors containingMTUS1 wild type or the mutationMTUS1 were constructed

and co-infected into HEK-293 cells.MTUS1, Rac1/Cdc42, α-tubulin, α/β-tubulin, polarity

protein (PAR6), and the morphology of daughter cells were measured by real-time PCR,

Western blot, and immunofluorescence assays, respectively.

Results: The lentiviral vectors were constructed successfully. Immunofluorescence

assays revealed the fluorescence intensity of α-tubulin to be decreased and α/β-tubulin

to be increased in the mutation MTUS1 group. The fluorescence intensity of PAR6 was

higher and morphology of the daughter cells in the mutation group was different from

the wild type group. The phosphorylation of Rac1/Cdc42 in the mutation group was

significantly lower than in the wild type group.

Conclusions: A de novo mutation in MTUS1 decreased the stability of microtubules

and increased cell polarity via the Rac1/Cdc42 pathway, which may partly elucidate the

mechanism underlying cellular protection in NVM.

Keywords: non-compaction of ventricular myocardium, MTUS1, microtubule, cell polarity, Rac1/Cdc42
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INTRODUCTION

Non-compaction of ventricular myocardium (NVM) is a
structural abnormality of the left ventricular myocardium that is
accompanied by severe clinical symptoms and a poor prognosis
with no currently available effective prevention and therapeutic
methods (1–4). NVM is diagnosed based on the ratio of the
thickness of the non-compact endocardial layer to the thickness
of the compact epicardial layer being >2.0 on echocardiograph
(5). In the majority of patients, NVM is associated with genetic
disease, particularly neuromuscular disorders and chromosomal
defect (6, 7). The polarity of myocardial cells was recently
reported to play an important role in the development of NVM
(8, 9). However, the underlyingmolecularmechanisms regulating
cell polarity during early cardiac development and trabecular
formation remain poorly understood.

Polarity is one of the basic processes that occur in living
organisms (10). Cell polarity is the result of asymmetrical
organization of cell membrane proteins and cell contents and can
influence cell fate and specialized functions, such as migration,
development, and proliferation (11). Cell polarity is controlled
by Rho GTPase family members, the Par polarity complex,
and cytoskeleton (12). Microtubules are a component of the
cytoskeleton, found in eukaryotic cells, and formed by the
polymerization of a dimer of two globular proteins, α, and β

tubulin. These tubular polymers of tubulin are highly dynamic
and stabilize the cell structure, transport intracellular substances,
and mediate cell movement. The Rho GTPase family consists of
six subfamilies: Rho, Rac, Cdc42, Rnd, RhoBTB, and RhoT/Miro
(13). The Rho GTPase family mediates the formation of the Par
polarity complex, which causes cell polarity. The PAR proteins
PAR3, PAR6, and aPKC localize to the anterior cortex, where
PAR1 and PAR2 localize to the posterior pole and have essential
functions in the first asymmetric division (14). Polar proteins are
transported to the cell membrane through microtubule dynamic
balance, thus forming polar protein complexes (15). In cardiac
development, disruption of the cell polarity complex by targeted
gene mutations results in aberrant mitotic spindles, loss of
polarized cardiomyocyte division, and loss of normal myocardial
trabeculation (9).

Microtubule-associated tumor suppressor 1 (MTUS1)
encodes the microtubule-associated protein ATIP3, which
cooperates with type-2 angiotensin II receptor (AGTR2)
to inhibit extracellular signal-regulated kinase 2 (ERK2)
activation and cell proliferation, which are closely related to
cell division and migration (16, 17). A recently published study
showed that MTUS1 knock-out mice developed spontaneous
heart hypertrophy (18), suggesting that MTUS1 may affect
cardiovascular system development.

However, the specific mechanisms underlying these processes
have not yet been elucidated. Our team discovered a de novo
mutation in MTUS1, c. 2617A->C (rs187103704), in a rare

Abbreviations: NVM, non-compaction of ventricular myocardium; MTUS1,

Microtubule-associated tumor suppressor 1; AGTR2, type-2 angiotensin II

receptor; ERK2, extracellular signal-regulated kinase 2; WES, whole exome

sequencing; ANOVA, one-way analysis of variance; RHD, rheumatic heart disease.

NVM family, that is likely associated with the mechanism
underlying NVM. Therefore, the aim of this study was to
investigate the association between a de novo mutation in
MTUS1 with NVM and to explore the potential mechanisms
underlying this association. The current findings may help
understand the genetic basis of NVM development, provide
a theoretical basis for genetic counseling, prenatal diagnosis,
and early intervention, and facilitate the development of new
strategies for personalized medicine.

MATERIALS AND METHODS

Subjects
A rare NVM family pedigree was discovered at the Children’s
Hospital of Chongqing Medical University. Blood samples were
collected from the propositus and her family (sister, mother
and aunt) for DNA extraction and whole exome sequencing
(WES) (Deyi Oriental Translational Medicine Research Center,
China). The original WES data were analyzed to confirm the
biological relationships between the daughters, their mother
and their aunt. First, the mutations identified by WES
were selected by bioinformatics analysis and then functional
predictions were made by making comparisons using Genebank,
including the UCSC Genome Browser (http://genome.ucsc.
edu/), GENECARDS (https://www.genecards.org/), the NCBI
database (https://www.ncbi.nlm.nih.gov/), UNIPROT (https://
www.uniprot.org/), and STRING (https://string-db.org/). Then
the well-conserved mutations that caused amino acid polarity
changes in important functional domains were screened as
possibly pathogenic for NVM. The mutations were then
identified by Sanger sequencing, with the Chromas software used
for data analysis.

Cell Culture and Transfections
HEK-293 cells, a classic cell line used in cell biology and gene
research, were maintained at 37◦C in a humidified atmosphere
with 5% CO2 in Dulbecco’s Modified Eagle Medium (Hyclone)
containing 4.5 g/l glucose, 10% fetal bovine serum (Hyclone),
and 100 mg/ml penicillin/streptomycin (19). Plasmosin (55 µl;
InvivoGen, ant-mpt) was added to 550ml complete medium to
avoid mycoplasma contamination.MTUS1 has multiple different
isoforms with distinct functions. ATIP3 isoform (encoded
by MTUS1 gene), which expresses most in heart, has been
studied most extensively. This isoform is known to play an
important role in microtubule functions. We avoided selecting
truncations or short isoforms which contain the mutant site of
MTUS1, and we chose full length genes to construct lentiviruses,
in order to avoid that the mutation site may affect the
function of different functional domains through interaction.
Lentiviruses containing GFP and FLAG-tags were completed
by Genechem (China). To co-transfect with lentiviruses, HEK-
293 cells were plated at a density of 2 × 105 cells/5ml in
T25 culture flasks. Media were replaced with fresh media
daily. Once the cells reached a density of about 40–50%,
they were co-transfected with mutation variant, wild type,
and vector lentiviruses at an MOI of 5. A total of 12 h after
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FIGURE 1 | Familial pedigrees of NVM and information of the de novo mutation of MTUS1 c. 2617A->C. (A) Pedigree showing individuals with non-compaction of

ventricular myocardium (NVM) and Rheumatic Heart Disease (RHD). The arrow shows the index patient with NVM carrying the MTUS1 mutation (c. 2617A->C).

Squares, men; circles, women; black figures, individuals with NVM; oblique line figures, individuals with RHD; oblique line figures with a black question mark in the

middle, suspicious RHD patient. (B) The echocardiographic image showing that the ratio of the thickness of the non-compact endocardial layer to the thickness of the

compact epicardial layer was >2.0 (0.791/0.381). (C) Backward sequencing chromatogram of propositus and her family (sister, mother, and aunt). Parts of the

nucleotide sequence are given below. The mutation site is pointed by an arrow (the position means c. 2617A->C). (D) Evolutionary conservation of c. 2617A->C

mutation in all species. (E) Schematic representation of the structural organization shows human MTUS1 gene and ATIP3 (encoded by MTUS1 gene) protein regions.

The de novo mutation of MTUS1 c. 2617A->C located in exon 6. Position of the mutant amino-acid sequence was in D2. D1: domain 1, D2: domain 2, D3: domain 3.

transfection, lentivirus-containing medium was replaced with
fresh medium.

MTUS1 Expression Based on Real-Time
PCR
At 24 h post-transfection, total RNA was extracted from HEK-
293 cells using a TRIzol Reagent kit (Ambion) per the
manufacturer’s instructions and quantified by spectrophotometry
at 260 nm. The mRNA was reversely transcribed using the Prime
Script RT reagent kit containing gDNA Eraser (Takara, NO:
RR047A) as described (20). The primers used for amplification
were as follows: MTUS1, GAGCTGAGCACTTACAGCAACAA
(forward) and TTCAACTGCATTAAGAGCTGTAA (reverse);
and β-actin, CTCTTCCAGCCTTCCTTCCT (forward) and
AGCACTGTGTTGGCGTACAG (reverse). The mRNA levels
were normalized using β-actin as a housekeeping gene. Each
experiment was repeated at least three times.

Immunofluorescence Staining for Tubulin
and PAR6
Cells plated on coverslips that were 30–40% confluent were fixed
in an ice-cold 4% formaldehyde solution for 20min prior to
incubating for 15min at room temperature with 0.05% Triton-
X100 (21). The slides were then blocked with normal goat serum

for 30min. Slides were washed three times for at least 3min
each time after each incubation and then incubated overnight
at 4◦C with mouse anti-α-tubulin antibodies (Santa Cruz, USA,
sc-5286, 1:50), rabbit anti-α/β-tubulin antibodies (Cell signaling,
USA, Cat:2148,1:50), or rabbit anti-PAR6 antibodies (Abcam,
USA, ab49776, 1:200). After washing three times the following
day, cells were incubated for 60min at room temperature
with either Cy-3-conjugated anti-mouse antibodies or Cy-3-
conjugated anti-rabbit antibodies (Seville, wuhan, 1:250) and
then washed three times. The cell nuclei were identified by
staining with DAPI (Roche, 10236276001, 5µg/ml) for 15min at
room temperature. Coverslips weremounted on glass slides using
DAPI Fluoromount-GTM (YEASEN, 36308ES11, Shanghai) and
examined by confocal microscopy. Image analysis was performed
using NIH and Image J software. Each experiment was repeated
at least three times.

Western Blot Analysis of Rac1/Cdc42
Protein was extracted from cells in exponential growth. Total
cellular protein was extracted on ice using 1× lysis buffer
(KeyGEN BioTECH, NO: KGP250) supplemented with protease
inhibitor (Roche, Switzerland) and phosphatase inhibitor (Roche,
Switzerland). The entire protein extraction was performed
strictly on ice. Protein concentrations were measured with
the Coomassie (Bradford) Protein Assay (KeyGEN BioTECH,
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FIGURE 2 | Lentiviral vector validation and transfection. (A) Co-transfect with lentiviruses containing GFP (c. 2617A->C mutation, wild type, vector, respectively), 48 h

after transfection, cell state and transfection efficiency of each group were observed under ordinary microscope and fluorescence microscope. (B) After 48 h

transfection, the MTUS1 mRNA level expression was increased in the mutation and wild type group. (C) When GFP fluorescence occurs in mutation, wild type and

vector group, the expression of flag-MTUS1 protein was detected to verify successful overexpression in HEK293 cells. FG-MT: flag-c. 2617A->C mutation, FG-WT:

flag-wild type, FG-EV: flag-vector, Scale bar = 500µm.

China). Total protein, 150 µg per lane, was separated on 12%
SDS-PAGE gels. The SDS-PAGE gels and PVDFmembranes were
cut into corresponding sizes according to the molecular weights
of the target proteins. Proteins were then transferred onto
0.22-µm PVDF membranes. Non-specific bands were blocked
with Tris-buffered saline and Tween 20 (TBST) containing 5%
bovine serum albumen for 1.5 h at room temperature. Then
the membranes were incubated with specific primary antibodies
at 4◦C overnight. The next day, the PVDF membranes were
incubated with the corresponding secondary antibodies at room
temperature for 1.5 h (19, 20). Proteins bound to the 0.22-
µm PDVF membranes were detected using primary antibodies
against β-actin (4A Biotech, China, 1:1000), Rac1/Cdc42 (Cell
signaling, 4651, USA, 1:1000), phospho-Rac1/Cdc42 (Ser71)
(Cell signaling, 2461, USA, 1:500), or OctA-Probe (FLAG-tagged
proteins; Santa Cruz, sc-166384, 1:500). Secondary antibodies
were goat anti-mouse IgG (Millipore, GGHL-90P, 1:10000)
or goat anti-rabbit IgG (Millipore,GGHL-15P,1:10000). Each
experiment was repeated at least five times.

Statistical Data Analysis
Statistical analysis was performed in SPSS version 20. At least
three grids were prepared for each experimental condition
examined in this study. Results are expressed as mean± standard
deviation. Differences among groups were analyzed by one-way
analysis of variance (ANOVA). All P-values were two sided. P <

0.05 was considered statistically significant.

RESULTS

Gene Sequencing Outcomes in Patients in
Pedigree With NVM
In a rare patient with an NVM family pedigree, the propositus
and her elder sister (Figure 1A) were definitively diagnosed with
NVM based on clinical manifestations, echocardiography, and
related examinations. Figure 1B shows the echocardiography
analysis result of the propositus, which indicates that the
ratio of the thickness of the non-compact endocardial layer
to the thickness of the compact epicardial layer was 2.076
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FIGURE 3 | The stability of microtubules in HEK293 cells by immunofluorescence. (A) Images showing α-tubulin expression in four groups. The expression of

α-tubulin in c. 2617A->C mutation group was significantly decreased than wild type group. (B) Images showing α/β-tubulin expression in four groups. Increased

expression levels of α/β-tubulin in c.2617A->C mutation group were observed compared with wild type group. (C) Quantification of fluorescence intensity

measurements of α-tubulin in four groups under the conditions described in (A). (D) The quantification of fluorescence intensity of α/β-tubulin in four groups under the

conditions described in (B). ***P < 0.001; scale bar = 50µm. Error bars show mean ± standard deviation in (C,D).

(0.791/0.381). Interestingly, their parents had normal clinical
phenotypes. DNA samples from the two sisters and their mother
and aunt were screened by WES and 32 mutation sites in 18
genes were selected for bioinformatics analysis and functional
predictions. Other potential functional variants are shown in
Supplementary Materials.

By Sanger sequencing analysis of the MTUS1 gene in the
two sisters, a heterozygous single nucleotide exchange at the
position c. 2617A->Cwas identified (Figure 1C). In addition, we
found that the c. 2617A->C mutation site was highly conserved
among different species. The mutation changed the amino acid
polarity from the hydrophobic Asn to the hydrophilic His at
position 873 (N873H), leading to replacement of neutral amino-
acids (amide side chains) by basic residues (Figure 1D). In
schematic representation of the human MTUS1 gene, the site
of c. 2617A->C mutation located in exon 6, and in structural
organization of ATIP3 protein (encoded by MTUS1 gene),

the position of the mutant amino-acid sequence was in D2
(Figure 1E), which decorates and stabilizes microtubules (22). It
indicated that the mutant localized to an important functional
domain. This mutation was present in the two sisters affected by
NVM but absent from their mother and aunt. It means that a
correlation between the NVM phenotype and the c. 2617A->C
mutation was discovered in this NVM family. In a nutshell, the
c. 2617A->Cmutation inMTUS1 is a de novomutation and may
be pathogenic for NVM.

Lentiviral Vector Validation and
Transfection
For HEK-293 cells, 48 h post-transfection, GFP and FLAG tag
expressions by the lentiviral vector were measured based on
fluorescence staining (Figure 2A) and western blot (Figure 2C).
Meanwhile, MTUS1 mRNA levels were increased based on
real-time PCR (Figure 2B) in the mutation and wild type
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FIGURE 4 | The c. 2617 A->C mutation increased PAR6 protein expression. (A) Images showing PAR6 protein (red) expression and location in four groups in cell

division. Nuclei were stained by DAPI (blue). In Merged images, the location of PAR6 protein in c.2617A->C mutation group was abnormal, more partial to the side of

daughter cells, compared with wild type group. (B) Quantification of fluorescence intensity of PAR6 in four groups under the conditions described in A. ***P < 0.001,

Scale bar =10µm. Error bars show mean ± standard deviation.

groups compared to the vector and blank groups. These results
indicated transfection of the c. 2617A->CmutationMTUS1 gene
was successful.

The c. 2617A->C Mutation Decreased
α-tubulin Expression and Increased
α/β-tubulin Expression
The protein α-tubulin is a globular tubulin that serves as
a subunit of microtubules to assess microtubule stability

in this study. α/β-tubulin, the heterodimers have roles in
the transportation functions of microtubule (21), which
were examined to assess PAR protein transportation when
MTUS1 contained the c.2617A->C mutation. The fluorescence
intensity of α-tubulin was found to be decreased in the
c.2617A->C mutation group compared to the wild type group
(P < 0.001, Figures 3A,C). Conversely, the fluorescence
intensity of α/β-tubulin in the c. 2617A->C mutation
group was significantly higher than in the wild type group
(P < 0.001, Figures 3B,D).
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FIGURE 5 | The c. 2617 A->C mutation regulated PAR6 protein expression in association with Rac1/Cdc42 signaling. (A) Western blotting analysis of

phosphorylated Rac1/Cdc42 protein in four groups. Total Rac1/cdc42 is shown as a loading control. In cell division, the expression level of phosphorylated

Rac1/Cdc42 was decreased in c. 2617A->C mutation than that in wild type group. (B) Quantification of western blot measurements of p-Rac1/Cdc42 level (total

Rac1/Cdc42 as control) in four groups under the conditions described in A. **P < 0.01; Error bars show mean ± standard deviation in (B).

The c. 2617A->C Mutation Increased PAR6
Protein Expression
PAR6, which acts as a polarity protein, is transported by
microtubule heterodimers to one side of the cell membrane
and forms polar PAR6-PAR3-aPKC complexes that affect
cell polarity (23). The expression and location of PAR6
were analyzed in cells transfected with different recombinant
lentiviruses to determine whether the c. 2617A->C mutation
influences PAR6 protein. Our study showed that the fluorescence
intensity of PAR6 protein was significantly increased in
the c. 2617A->C mutation group compared to the wild
type group (P < 0.001, Figure 4B), Interestingly, we found
that the location of PAR6 protein in the mutation group
was abnormal, where it was more partial to the side of
daughter cells, compared to the wild type and blank groups
(Figure 4A).

The c. 2617A->C Mutation Regulated PAR6
Protein Expression in Association With
Rac1/Cdc42 Signaling
Rac1/Cdc42, the subfamily members of the Rho GTPase
family, affect cell polarity, migration, and differentiation
(24). Some studies have reported that Rac1/Cdc42 signaling
plays a crucial role in adjusting the formation of PAR6-
PAR3-aPKC complexes (25). Phosphorylated Rac1/Cdc42
inhibits GTP binding to Rac1/Cdc42, thereby weakening
the downstream signal transduction pathway (26). Our
study revealed that PAR6 protein levels were subject to
Rac1/Cdc42 phosphorylation levels. Western blot analysis
confirmed significantly lower phosphorylated Rac1/Cdc42
protein expression in the mutation group compared to the wild
type and blank groups (P = 0.003, P < 0.01, Figures 5A,B).
These findings indicate that PAR6 protein expression in the
mutation group was regulated by the phosphorylation level
of Rac1/Cdc42.

High Expression of PAR6 Protein in the c.
2617A->C Mutation-Carrying Cells Altered
the Morphology of Daughter Cells
Cellular polarity cannot be established in the absence of the
polarity protein complex. Disruption of the polarity protein
complex results in aberrant mitotic spindle alignment and the
loss of polarization of cells during cell division (27). Furthermore,
changing the polarity of cells can lead to abnormal cell
morphology and spindle localization (28). To further investigate
the effect of increased expression of PAR6 protein in themutation
group on daughter cell morphology, we stained HEK-293 cells in
each group for α-tubulin. We then examined the difference in
the stained area in daughter cells and the distance between the
spindle and cytoplasmic membrane in the daughter cells during
cell division by immunofluorescence with confocal microscopy.
The area in the daughter cells staining positive for α-tubulin in
the mutation group was significantly larger than in the other
groups (P < 0.001, Figures 6A,C). The distance between the
spindle and cytoplasmic membrane of the daughter cells in
the mutation group was significantly larger than in the wild
type group (P < 0.01, Figures 4A,B). These results indicate
that the c. 2617A->C mutation changed the morphology of
the daughter cells after cell division by affecting the polarity of
the cells.

DISCUSSION

NVM is a rare congenital cardiomyopathy resulting from
an arrest in normal endomyocardial embryogenesis. The
characteristic echocardiographic findings of NVM consist
of multiple, prominent myocardial trabeculations, and deep
intertrabecular recesses communicating with the left ventricular
cavity (29, 30). The genetic causes and pathogenic mechanisms
underlying this disease are largely unknown (31), though it has
been described as an inherited cardiomyopathy with both familial
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FIGURE 6 | The morphology of daughter cells in HEK293 cells transfected with c. 2617A->C mutation. (A) In the merge images, the arrows (yellow) represent the

distance from the spindle to the daughter cell membrane respectively at the stage of cell division. (B) Quantification of the distance from the spindle to the daughter

cell membrane respectively at the stage of cell division in four groups under the conditions described in (A). (C) The area of daughter cells in mutation group was

obviously significantly larger than other groups. Blue, DAPI; Red, α-tubulin; Green, GFP. **P < 0.01; ***P < 0.001. Scale bar =10µm. Error bars show mean ±

standard deviation in (B,C).

and sporadic forms. Since the first genetic cause of NVM was
identified as mutations in the X-linked TAZ gene, an increasing
number of related genes have been found, including the
sarcomere-encoding genes MYH7, ACTC, TNNT2, MYBPC3,
TMP1, and TNNI3, Z-line protein-encoding ZASP/LDB3 gene,
sodium channel gene SCN5A, and calcium-handling genes
TAZ and LMNA (4, 32, 33). However, there have been few
publications reporting an association betweenNVM and the gene
encoding microtubules.

In the present study, we demonstrated a de novo mutation in
MTUS1, a gene encoding microtubule-associated protein, caused
decreased expression of α-tubulin, increased expression of α/β-
tubulin heterodimer and PAR6 protein, enlarged the area of
the daughter cells and the distance between the spindle and
cytoplasmic membrane in daughter cells, and decreased levels of
phosphorylated Rac1/Cdc42. These data are consistent with our
hypothesis that the de novo c. 2617A->C mutation in MTUS1
decreased the stability ofmicrotubules and increased cell polarity,

which might be through the Rac1/Cdc42 pathway, thus partly
elucidating the protective mechanism in NVM.

The cytoskeleton is well known to be a dynamic three-
dimensional structure that fills the cytoplasm of cells and is
responsible for cell movement, cytokinesis, and the organization
of organelles or organelle-like structures within cells. The
major components of the cytoskeleton include microfilaments,
microtubules, and intermediate filament systems. As one of
the components of the cytoskeleton, microtubules may cause
abnormalities in cardiac compacting during embryogenesis (34).
In our study, we found that the fluorescence intensities in
the mutated MTUS1 group differed from the wild type group,
indicating the microtubule stability in the mutated MTUS1
group may have been destroyed. These results suggest the
mutated MTUS1 may alter myocardial densification by affecting
microtubules during cardiac development.

Cell polarity refers to the unequal distribution of some
cytoplasmic components in a cell in a certain spatial order,
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thus forming a concentration gradient of various intracellular
components. Cellular biologic functions related to cell polarity
include asymmetric cell division, migration, and proliferation.
Some studies have found cardiomyocyte polarity to be disordered
and cardiomyocyte morphology abnormal in heart slices from
NVM model mice compared with normal heart sections,
suggesting destruction of myocardial cell polarity may be
involved in the occurrence of myocardial insufficiency during
cardiac development (35, 36). The presence of cell polarity is
inseparable from the formation of polar protein complexes and
regulation of the Rho GTPase family, which are key regulatory
factors associated with the cytoskeleton or microtubule stability
(37, 38). The polar protein is transported from the cell cytoplasm
to one side of the cell membrane by microtubule heterodimers
to form the polar protein complexes that mediate polar cellular
division. In the present study, we demonstrated that the de novo
c. 2617A->C mutation in MTUS1 increased cell polarity and
concurrently decreased levels of phosphorylated Rac1/Cdc42. In
addition, we found expression of polar protein PAR6, one of the
members of the front-end polar protein complex, enhanced cell
division, and located on the side of cell in the mutant group
during cell division. These outcomes suggest that mutation of
MTUS1 increased polarity of HEK-293 cells by first lowering
the phosphorylation level of Rac1/Cdc42 and then increasing
expression of the polar protein PAR6, which is a downstream
target gene of Rac1/Cdc42.

Biological functions related to cell polarization include
asymmetric cell division and cell migration. However, cellular
contents are unequally distributed when cell polarity is present
(39). In this study, we found the area in daughter cells staining for
α-tubulin and the distance between the spindle and cytoplasmic
membrane of the daughter cells during cell division in themutant
group were obviously significantly larger than in other groups.
It is suggested that the HEK-293 cells with the c. 2617A->C
mutation underwent more asymmetric division than the wild
type group due to changes in PAR6 protein levels. Furthermore,
these results further suggest the de novo c. 2617A->C mutation
in MTUS1 promotes cell polarity in patients with NVM during
cardiac development, increasing resistance to the disorder of
adult cardiomyocytes that will occur in the development of NVM.

Although the present study was conducted in a cell culture
system, the data had clinical relevance because the acquired
mutation studied originated from a clinical patient. However,
future studies are warranted to verify the effect of the de novo
c. 2617A->C mutation in MTUS1 on development of NVM and
the underlying mechanism(s) using animal models and living
human tissue. To date, there are no well-established animal
models of NVM. Furthermore, it is prohibited to use living
human tissue for ethical reasons. To overcome this challenge,
we have already obtained the patient urine cells and generated
induced pluripotent stem cell-derived cardiomyocytes, which
carry the same genetic background as the patient (data not
published). Next, to alleviate the phenotype of NVMmice model,
the adeno associated virus (AAV) vectors containing mutation
MTUS1 will be injected into the pregnant mice of NVM model.

Through these technologies, we will elucidate the roles of the
MTUS1 mutation in the NVM pathogenesis, as well as the
underlying mechanism(s).

CONCLUSION

Taken together, the data from the present study demonstrate that
the Rac1/Cdc42 pathway might be involved in the control of
cell polarity by the de novo c. 2617A->C mutation in MTUS1,
thus may promote densification of the myocardium and reduce
the occurrence of myocardial densification arrest. Therefore, the
de novo c. 2617A->C mutation in MTUS1 may be protective
during cardiac development and may decrease the risk of NVM.
This is the first study assessing the effects of MTUS1 gene
polymorphisms on cell polarity in NVM. These findings may
help understand the genetic basis of cell polarity and provide
insight for developing new approaches in the pathogenesis of
NVM and reducing the prevalence of NVM through early
gene intervention.
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Objective: There are few reports of ventricular arrhythmias (VAs) originating from the

pulmonary sinus cusp (PSC) in pediatric patients. Thus, we investigated the ablation of

PSC-VAs in pediatric patients.

Study Design: Clinical, echocardiographic, and ablation data were reviewed in 10

consecutive symptomatic children who underwent successful ablation of VAs of PSC

origin at our center between March 2014 and June 2018.

Results: The 10 patients’ weights ranged from 29 to 63.5 kg, and all had structurally

normal hearts and VAs with left bundle branch block (LBBB) morphologies and inferior

axes. The initial ablation was performed in the right ventricular outflow tract (RVOT) or

the aortic sinus cusp, which failed to terminate the VAs in nine patients. The successful

ablation site was in the right cusp (RC) in seven patients, the anterior cusp in two patients,

and the left cusp (LC) in one patient. The earliest potential recorded at the PSC ablation

site preceded the onset of the QRS complex during VAs by 29.4 ± 4.9 ms.

Conclusions: VAs with a LBBB morphologies and inferior axes may originate within the

PSC of children. Ablation was effective and safe for the eradication of VAs originating from

the PSCs in children. Due to the particularity of ablations in pediatric patients, mapping

of PSCs should be considered when ablation fails in the RVOT.

Keywords: ventricular arrhythmia, radiofrequency catheter ablation, pulmonary sinus cusp, pediatric patient,

ventricular tachycardia, premature ventricular contractions

INTRODUCTION

Ventricular arrhythmias (VAs) are prevalent in pediatric patients and most occur without
underlying heart disease. Idiopathic ventricular tachycardia (VT) or premature ventricular
contractions (PVCs) with left bundle branch block (LBBB) morphologies and inferior axes in
pediatric patients, most commonly originate from the right ventricular outflow tract (RVOT) (1).
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Radiofrequency catheter ablation (RFCA) has been increasingly
used in the treatment of such arrhythmias; however, their
high recurrence rate adversely impacts prognosis. Ablation of
VAs from the pulmonary sinus cusp (PSC) has recently been
reported in adult patients at our center (2), but not in pediatric
populations. In this study, we investigated the catheter ablation of
outflow tract ventricular arrhythmias, as well as focusing on the
ECG characteristics, mapping, and ablation of VAs arising from
the PSC in pediatric patients.

PATIENTS AND METHODS

Study Population
BetweenMarch 2014 and June 2018, 43 consecutive symptomatic
children (28 males, mean age 10.1 ± 2.9 years, mean weight
37.3 ± 13.6 years) with frequent VAs were referred to our
department for catheter ablation. All patients had structurally
normal hearts. The ECG recorded during the VAs showed LBBB
morphologies and inferior axes in all patients. All children had
rhythm-correlated symptoms due to frequent PVCs or VTs.
Successful ablations were achieved in 40 patients, including 29 in
RVOT (72.5%), one in the right aortic sinus cusp (2.5%), and 10
in the PSC (25.0%). Among the remaining three patients, ablation
was unsuccessful in two, while ablation could not be performed
in the third due to the pain caused by the procedure.

Prior to electrophysiological examination, all patients
underwent non-invasive cardiac evaluations, including
reviews of family histories, physical examinations, 12-
lead electrocardiograms (ECG), 24-h Holter ECGs, and
transthoracic echocardiography. All patients had a normal
ECG during sinus rhythm, and no structural abnormalities
were apparent upon physical examination. The indications for
catheter ablation included symptomatic VAs and ineffective
treatments with antiarrhythmic drugs. The exclusion of
VAs was due to transient reversible causes, such as acute
myocarditis or drug toxicity. The cardiac dimensions of
children were in accordance with their ages, heights, body
weights, and body surface areas. Cardiac dilatation was
defined as an echocardiography-measured cardiac cavity
size beyond one standard deviation. The hospital ethics
committee approved the study, and all patients’ guardians
provided written informed consent before procedures
were performed.

Electrophysiological Analyses
All antiarrhythmic drugs were withdrawn for a duration of
at least five half-lives. Catheters were inserted through the
right femoral vein into the right atrium, right ventricle, and
PA using fluoroscopic guidance. If the clinical arrhythmia
failed to occur spontaneously and was not provoked by
the administration of intravenous isoproterenol infusion,
programmed ventricular stimulation, and incremental burst
pacing were performed at two basic drive cycle lengths
with < 2 extra stimuli to a minimum coupling interval
of 230ms. During the procedure, intravenous heparin
was delivered as a 100 IU/kg bolus dose and again every

hour thereafter to maintain an activated clotting time
between 250 and 300 s.

Mapping and RFCA
After the baseline study, a steerable 7.5-F catheter with a
3.5-mm irrigated-tip electrode with 2-5-2mm inter-electrode
spacing (NaviStar ThermoCool, Biosense Webster, Diamond
Bar, California), was used for 3-dimensional electroanatomical
mapping and ablation. The catheter was advanced, via the 8.5-
F SL1 long sheath and introduced through the right femoral
vein into the right ventricle. Point-by-point mapping was
used to create anatomic maps, and activation mapping was
performed during spontaneous/induced VT or PVCs to identify
the origin of the VAs. Pace mapping was also used during the
electrophysiological study to capture the ventricularmyocardium
at the site of the earliest activation. The pacing morphology
was compared with the spontaneous arrhythmia. A good pace
map was defined as a paced QRS morphology that matched the
clinical VAs in ≥10 of 12 leads. The suitable ablation target site
was defined as the site where the best pace mapping and/or
the earliest activation time could be obtained during the VT
or PVCs.

In 10 patients, the successful ablation sites were in the PSC.
According to QRS morphologies during VAs, initial mapping
was performed in the RVOT in nine patients, and in the
aortic sinus cusp in one patient. When ablation failed, or
suitable ablation sites were not found in the RVOT or aortic
sinus cusp, mapping within the PSC was performed. Detailed
mapping within the PSC was performed using a reversed
U curve of the ablation catheter. The SL1 long sheath was
used to advance into the right ventricle to permit a reversed
U curve in the PA, which could enhance stability of the
catheter. Furthermore, the long sheath helped clockwise or
counterclockwise catheter rotation to access the three individual
PSCs (2).

The irrigated radiofrequency current was delivered in
power-controlled mode, with a preselected temperature of
40–43◦C, a radiofrequency energy of 25–30W, and a flow
rate of 17–20 ml/min. If arrhythmias were eliminated, or
decreased in frequency by radiofrequency within the initial 15 s,
the radiofrequency energy applications were maintained for
60–90 s. Following elimination of the VAs by radiofrequency
delivery, the catheter position was evaluated and confirmed
by repeat pulmonary arteriograms, right ventriculography, or
coronary angiography. However, intracardiac echocardiography
was not used to evaluate catheter position. After successful
ablation, intravenous isoproterenol infusion was administered,
and programmed stimulation was performed to confirm
the elimination of clinical arrhythmias. Transthoracic
echocardiography was performed to assess pericardial effusion
during the procedure.

Successful RFCAs were determined by three criteria: (1)
the absence of spontaneous or induced clinical VAs upon
completion of the procedure; (2) the absence of VTs or PVCs
during 24-h ECG monitoring with the patient not administered
antiarrhythmic drugs; and (3) no recurrence of VTs or PVCs in
the absence of antiarrhythmic drugs for at least 1 year following
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the procedure. Transthoracic echocardiography was performed
before hospital discharge for all pediatric patients.

Follow-up
Following ablation, all children received 3–5 mg/kg per day of
aspirin for 3 months, but no antiarrhythmic drugs. The follow-
up consisted of examinations at an outpatient clinic. Patients
were assessed at 1, 3, and 6 months after the procedure, and
yearly thereafter. A 12-lead ECG was performed at each visit,
while transthoracic echocardiography and 24-h Holter ECGwere
performed at the 3, 6-month, and annual follow-up visits.

Statistical Analysis
Data were presented using counts (%) for categorical variables
and means ± standard deviations (SD) for normally-distributed
continuous variables. The parameters in different groups were
compared using the Student’s unpaired t-test. A two-tailed p-
value<0.05 was considered statistically significant. Data analyses
were performed using SPSS 19.0 (SPSS Inc., USA).

RESULTS

The characteristics of the 40 pediatric patients, with successful
ablations, are given in Table 1. Patient symptoms consisted of
dizziness, palpitations, chest distress, or exercise intolerance
upon the presentation of VAs. None of the patients experienced
syncope at the presentation of VAs. Prior to ablation, all patients
received medical therapy, where 30 (75%) were managed with
one antiarrhythmic drug, and 10 (25%) were administered
more than two consecutive or concomitant antiarrhythmic
drugs. The drugs consisted of oral amiodarone, metoprolol, and
propafenone. Medical therapy was ineffective in all patients. In
29 patients, the successful ablation sites were in the RVOT (at the
posteroseptal region in 12, midseptal region in three, anteroseptal
region in eight, the anterior free wall in three, and the posterior
free wall in three).

The 10 patients with VAs from the PSC (mean age,
11.3 ± 2.1 years) group included six males and four
females, with a mean weight of 43.1 ± 10.9 (range, 29–
63.5) kilograms. During electrophysiological analyses, Clinical
arrhythmias occurred spontaneously or were provoked by the
administration of intravenous isoproterenol infusion in seven
patients, while clinical PVCs were induced by programmed
ventricular stimulation and burst pacing in three of the 10
patients. A previous ablation had been performed successfully
in one patient. The site of termination of the PVC was in
the RVOT; however, VAs with the same morphologies recurred
during follow-up examinations after the patient’s first ablation. A
repeat procedure was performed 4 months later.

The initial ablation was performed in the left aortic sinus cusp
in one patient, in the RVOT in eight patients, and in the PSC in
one patient (Table 2). The initial ablation in the left aortic sinus
cusp failed to decrease the VAs in one patient. In the left aortic
sinus cusp, the recorded local ventricular activation preceded
the QRS onset during VAs by 15ms, and a good pace map was
obtained. In the RVOT, the site was at the posteroseptal region
in two patients, at the midseptal region in one patient, at the

TABLE 1 | Characteristics of pediatric patients with successful ablation.

Characteristic PSC group RVOT group ASC group

(n = 10) (n = 29) (n = 1)

Age (years) 11.3 ± 2.1 9.4 ± 2.9 12

Male 6 (60) 20 (69.0) 1 (100)

Weight 43.1 ± 10.9 34.3 ± 13.8 32

Age at VAs onset (years) 10.2 ± 1.6 8.2 ± 3.6 10

CLINICAL VAs

Only PVCs 8 (80) 24 (82.8) 1 (100)

PVCs and non-sustained VT 2 (20) 5 (17.2) 0

MEDICAL THERAPY

One single antiarrhythmic drug 6 (60) 23 (79.3) 1 (100)

More than two antiarrhythmic

drug

4 (40) 6 (20.7) 0

PVCs burden on 24-h

Holter electrocardiogram(%)

32 ± 7.7 32.4 ± 11.4 46.5

ECHOCARDIOGRAM

Normal cardiac cavity size 10 (100) 29 (100) 1 (100)

Left ventricular ejection

fraction (%)

71.3 ± 7.5 70.0 ± 6.4 61

Values are given as no. (%) or means ± SD. PSC, pulmonary sinus cusp; RVOT, right

ventricular outflow tract; ASC, aortic sinus cusp; Vas, ventricular arrhythmias; PVCs,

premature ventricular contractions; VT, ventricular tachycardia.

TABLE 2 | The initial ablation site and the successful ablation site in 10 patients.

Patient 1 2 3 4 5 6 7 8 9 10

The initial ablation

site

RVOT RVOT ASC RVOT RVOT RVOT RC RVOT RVOT RVOT

The successful

ablation sit

RC AC AC RC RC RC RC LC RC RC

RVOT, right ventricular outflow tract; ASC, aortic sinus cusp; RC, right cusp; AC, anterior

cusp; LC, left cusp.

anteroseptal region in one patient, and at the anterior free wall in
four patients. Local ventricular activation recorded at the initial
ablation site preceded the QRS onset during the VAs by 20.3
± 5.2ms, and a good pace map was obtained at those sites in
five patients.

Ablation in the RVOT resulted in transient suppression in
seven patients, with a minor change in the QRS morphology
of the PVCs in two patients, and termination in one patient.
Mapping within the PSC was subsequently performed in
those children.

Two ventricular activation components, including near-field
and far-field activation, were recorded at the earliest site in
all patients during sinus rhythm, and its relationship was
reversed during VAs.When the earliest ventricular activation was
identified within the PSC on the bipolar recording, simultaneous
activation in the unipolar recording demonstrated the QS
morphology. The sharp potential recorded at the PSC ablation
site preceded the onset of the QRS complex during VAs by 29.4±
4.9ms, which was significantly greater than the earliest activation
time recorded in the RVOT and aortic sinus cusp (p <0.05).
Pace mapping was performed at the site of the earliest ventricular
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activation in all patients, with good pace maps obtained in seven
patients (64%). VAs originated from the right cusp (RC) in seven
patients (70%) (Figure 2), the anterior cusp (AC) in two patients
(20%) (Figure 3), and the left cusp (LC) in one patient (10%)
(Figure 1; Table 2). Fluoroscopy was used in all patients and the
mean fluoroscopy time was 10.2± 6.4min. The mean procedure
duration was 131.3± 27.5 min.

The ECG recorded during the VAs revealed a LBBB
morphology and inferior axis in all patients (Figures 1–3).
The QRS duration was 126.3 ± 17.3ms in lead V1. Among
patients with structurally normal hearts, the precordial transition
lead was often observed at V3 and V4, occurring from V3
in three VAs, from V4 in six VAs, and from V5 in one
VA. There was a notch on the R-wave in the inferior leads
in six patients. A QS-wave was present in avR and avL in
all patients.

No complications occurred during ablation. At a mean
follow-up of 2.7 years (1–4.5 years), all patients in the study
were alive. All patients were free of antiarrhythmic drugs and
free of VAs, with no arrhythmia recurrence. Echocardiographic
examinations showed left ventricular function was normal in
all patients.

DISCUSSION

The main finding of this 10-patient study was that VAs with
LBBBmorphologies and inferior axes may have originated within
the PSC in children. Ablation was effective and safe for the
eradication of VAs originating from the PSC in children. Because
of the particularity of ablation in pediatric patients, mapping in
PSCs should be considered when ablation fails in the RVOT. In all
patients, two ventricular activation components were recorded at
the successful ablation site within the PSC.

PVCs are most commonly seen in healthy children. When the
PVCs are isolated, they rarely need treatment (3). In studies of
adults with structurally normal hearts, frequent VAs can increase
the risk of left ventricular dysfunction, and are associated with

PVC-induced cardiomyopathy when the burden of PVCs is at

least 10% (generally 20–30%) (4, 5). Some studies in children have

reached similar conclusions (6, 7). When frequent PVCs have

correlated symptoms, or when VAs reduce the left ventricular
function, or have hemodynamic compromise, VAs should be
treated using drug therapy or ablation (3, 8) in children. All
participants in this study had rhythm-correlated symptoms due
to VAs, and medical therapy was ineffective.

FIGURE 1 | (A1) Left anterior oblique (LAO) 45◦ and (A2) right anterior oblique (RAO) 30◦ views showing the position of the ablation catheter at the site of the

anteroseptal region of the right ventricular outflow tract (RVOT). (A3) LAO 45◦ and (A4) RAO 30◦ views showing the position of the successful ablation site within the

left cusp (LC). (A5) LAO 45◦ and (A6) posteroanterior view showing the anatomic CARTO map of the right ventricle and pulmonary artery (PA). The blue tag

represents the earlier activation site in the RVOT anteroseptal region. The red tag represents the earliest site in the LC. (B1) Twelve-lead ECG recordings during

spontaneous PVC. (B2) QRS morphological changes after ablation in the RVOT. Twelve-lead ECG recordings during pacing at the sites of the RVOT anteroseptal

region (C1), and at the LC (C2). QRS morphology during pacing in the LC matched that of the spontaneous PVC, and was similar to that of the spontaneous PVC

when pacing at the RVOT. (D1) The potential preceded the QRS complex by 34ms during the PVC recording from the catheter at the site of the earlier activation in

the RVOT anteroseptal region. (D2) The potential preceded the QRS complex by 38ms during the PVC recording at the site of the earliest activation in the LC. Near-

and far-field activations were recorded during sinus rhythm, and its relationship was reversed during PVC.
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FIGURE 2 | Successful ablation site within the right cusp (RC) in (A) left anterior oblique (LAO) 45◦ and (B) right anterior oblique (RAO) 30◦ views. (C) Twelve-lead

ECG and ablation catheter (ABL 1-2) recordings during spontaneous PVCs. The potential preceded the QRS complex at the earliest activation site in the RC. (D)

Twelve-lead ECG recordings during pacing at RC sites with QRS morphologies matching that of spontaneous PVC. Abbreviations are the same as in Figure 1.

In adult patients, although VAs can originate from almost
any site in the ventricle, they are most commonly located in
the RVOT and other sites, including the left ventricular outflow
tract, the mitral and tricuspid annuli, the PA, and the aortic sinus
cusp. Similar electrophysiological findings have been reported in
pediatric patients (9).

Myocardial extensions into the great arteries above the
semilunar cusps—or intercuspal—are likely to be secondary to
incomplete myocardial regression, andmay provide the substrate
for PVCs. In previous studies, ventricular myocardial extensions
into the PA—beyond the ventriculo-arterial junction—were
relatively common, with a prevalence of 17–74% (10, 11). Using
direct intracardiac echocardiography visualization, Liu et al.
confirmed that 46% of RVOT-VA foci were localized in the PA
(median 8.2mm above PV), indicating that those arrhythmias
should be reclassified as pulmonary arterial arrhythmias.
Myocardial extensions may provide a substrate for PVCs, since
some individuals with myocardial extensions do not experience
VAs (12).

Ablation at and around the ventriculo-arterial junction is
being increasingly practiced. Some studies demonstrating that
the site of origin for outflow tract VAs may be truly intramural,

and the ablation strategy chosen is based on proximity and safety
(13). Thus, wherever ablation occurs, including in the RVOT,
the left ventricular outflow tract, the aorta, or the PSC, it would
provide a safe site for ablation. When arrhythmias cannot be
eliminated after ablation in the RVOT, subsequent mapping and
ablation should be performed in the PA, the aorta, or the PSC.
Ablation in PSC would provide a new alternative methodology
for the elimination of VAs. Liao et al. reported that in 11% of
adults, idiopathic outflow tract-like VAs treated by RFCA could
arise from PSCs and be successfully ablated within the PSC
(2). Additionally, Zhang et al. reported that ablation within the
PSCs effectively eliminated 90% of unselected idiopathic RVOT-
type VAs (14). To date, there are no published data on the
characteristics and ablation of VAs originating from the PSC in
pediatric patients. In this study, we found that in 25% of pediatric
patients, idiopathic outflow tract-like Vas, treated by RFCA, were
effectively ablated within the PSC.

Activation originating from the PSC is followed by conduction
through a pathway to the RVOT. Similar to the interruption
of conduction in an accessory atrioventricular pathway, the
interruption of conduction either at the beginning or exit of
the PSC in the RVOT may abolish VAs (15). Zhang et al.
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FIGURE 3 | Successful ablation site within the anterior cusp (AC) in (A) left anterior oblique (LAO) 45◦ and (B) right anterior oblique (RAO) 30◦ views. (C) Twelve-lead

ECG and ablation catheter (ABL d) recordings during spontaneous PVCs. The potential preceded the QRS complex by 26ms at the earliest activation site in the AC.

Abbreviations are the same as in Figure 1.

hypothesized that PSC-VAs could be eliminated in the RVOT in
some patients when the RVOT exit site was narrow. However,
when the exit site is broad or there is an alternative pathway,
insufficient ablation may alter the activation impulse and change
the QRS morphologies of the PVCs (14, 15). In the present
study, the initial ablation was performed in the RVOT in eight
patients, resulting in a small change in the QRS morphologies
of the PVCs in two patients. Furthermore, the myocardial
extensions always had a narrow and thin distal end at the PSC,
which may have benefited successful ablations. In this study,
consolidating ablation was performed in the PSC after ablation
in the RVOT in one patient. All VAs were successfully ablated
within the PSC, and in all patients, two ventricular activation

components were recorded at the successful ablation site. The
sharp potential recorded at the successful ablation site preceded
the onset of the QRS by 29.4 ± 4.9ms, during VAs. The sharp
potential was recorded late during sinus rhythm before ablation,
and disappeared after ablation. However, most of the local
electrograms at the earliest activation sites in the RVOT exhibited
a single component. The discrete potential recorded within the
PSCs during the VAs and sinus rhythmwas characteristic of PSC-
VAs. The latter phenomenon was consistent with a report by Liao
et al. (2).

The ECG characteristics of the VAs were difficult to
distinguish between VAs of RVOT and PSC origins. In our
experience, mapping and ablation in the RVOT should be the
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first consideration in children, as the catheter may injure the
valve when approaching the PSC through the pulmonary valve.
Mapping in the PSC or left ventricular outflow tract should be
considered when ablation fails, or suitable ablation sites are not
found in the RVOT. When performing ablation in the RVOT
or the PSC, attention must also be paid to the damage caused
to the left main coronary artery (16). Mapping and ablation in
the PSC was facilitated in our patients by using a reversed U
curve ablation catheter that was supported by a long sheath.
The weight of the smallest child undergoing ablation within the
PSC was 29 kg, and there is limited experience with ablation
in the PSCs of smaller children. We suggest that mapping
and ablation at the PSC should be performed cautiously in
children, and only be performed at experienced and skilled
cardiac electrophysiology centers.

The ECG characteristics of VAs originating from PSCs have
rarely been reported. In our research of children with structurally
normal hearts, the ECG recorded during VAs showed LBBB
morphologies and inferior axes with the transitional zone often
observed at V3 and V4. Additionally, a notch on the R-wave in
the inferior leads was observed in some patients, similar to that
reported in adults by Liao et al. (2). These authors also reported
smaller R-wave amplitudes in the inferior leads, with longer QRS
durations, and larger R-waves in lead I in RC-Vas, compared to
that of the AC-VAs and LC-VAs. However, the smaller number of
cases in our study precluded comparisons of ECG characteristics
between VAs originating from the PSCs in children.

LIMITATIONS

The present study was limited by its single center, retrospective
design with small sample size. Those limitations also precluded
comparisons of ECG characteristics between PSC-Vas. However,
most pediatric studies reported thus far have smaller sample sizes.

In this study of a pediatric population, the vast majority of
VAs originating within the PSC exhibited LBBB morphologies,

with inferior axes. Ablation was effective and safe for the
eradication of VAs originating from the PSC in children. This
study established a foundation for ablation in PSCs in children
at cardiac electrophysiology centers. Because of the particularity
of ablation in pediatric patients, mapping in the PSC should
be considered when ablation fails in the RVOT. Additionally,
mapping and ablation at the PSC should be performed cautiously
in children.
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Enalapril is recommended as the first line of therapy and is proven to improve survival

rates for treatment of Pediatric Heart Failure; however, an approved drug and child

appropriate dosage formulation is still absent. The present analysis was conducted

to perform a detailed model informed population pharmacokinetic analysis of prodrug

enalapril and its active metabolite enalaprilat in serum and urine. Further, a model

informed dosage form population-pharmacokinetic analysis was conducted to evaluate

differences in pharmacokinetics of enalapril and its active metabolite enalaprilat when

prodrug was administered to 24 healthy adults in a crossover, two periods, two

treatments, phase I clinical trial using child-appropriate orodispersible mini-tablets

(ODMT) and reference (Renitec®) dosage formulation. A simultaneous semi-mechanistic

population-pharmacokinetic model was developed using NONMEM software, which

predicted full profile serum and urine concentrations of enalapril and enalaprilat.

First-order conditional estimation with interaction was used for parameter estimation.

Transit compartments added using Erlang distribution method to predicted enalapril

absorption and enalaprilat formation phases. Normalized body weight was identified

as covariate related to enalapril volume of distribution. Visual predictive check (VPC)

plots and conducted bootstrap analysis validated the model. The data from the two

formulations were pooled for population-pharmacokinetic analysis and covariate effect of

the formulation was found onmean transit time (MTT1) of enalapril absorption. In addition,

data of each formulation were modeled separately and the estimated parameters of

each individual administered both formulations were correlated using paired samples

Wilcoxon rank test (p < 0.05 = significant) which also showed only a significant

difference (p = 0.03) in MTT1 i.e., 5min early appearance of enalapril from ODMT

compared to reference tablets. No difference in the pharmacokinetics of active enalaprilat
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was found from the ODMT compared to the reference formulation. The population

pharmacokinetic analysis provided detailed information about the pharmacokinetics of

enalapril and enalaprilat, which showed that the ODMT formulation might have similar

pharmacodynamic response compared to the reference formulation.

Keywords: enalapril, enalaprilat, heart failure, population pharmacokinetics modeling analysis, NONMEM,

orodispersible mini-tablets, child appropriate dosage forms

INTRODUCTION

Despite the major success of the US Food and Drug Authority
(FDA) and the European Medicine Agency (EMA) legislative
and incentive initiatives toward pediatric drug development, the
treatment of congestive heart failure in pediatrics (CHF) still
lacks an approved drug and dosage formulation (1, 2). Lack
of approved dosage forms leads to manipulation, modification,
and extemporaneous administration of drugs (3, 4). These sub-
optimal practices can result in compromised safety and efficacy
and emphasize the need to develop a child appropriate dosage
formulations (5, 6).

Enalapril has been recommended for the treatment of adult
heart failure (7) and has been shown to prolong the survival
rates in CHF patients (8). Around 60% of the administered
oral dose of the drug is absorbed through the gastrointestinal
tract. Enalapril is an inactive prodrug which is biotransformed
in the liver by the carboxylesterases I (CES I) enzyme into
an active angiotensin-converting enzyme inhibitor (ACE-I)
enalaprilat (9, 10). Enalapril and enalaprilat are eliminated
through the renal route without furthermetabolism. Around 60%
of the administered dose is recovered in urine as enalapril and
enalaprilat (11). At present, no other route of elimination has
been reported for the enalapril and enalaprilat.

The ethical constraints in conducting pediatric clinical
trials have restricted detail biopharmaceutical analysis of
drugs and dosage formulations in children. Despite the
physiological, biochemical, and pathological differences with
pediatrics (12–14), healthy adult volunteers are usually hired
and a non-compartmental analysis is conducted to assess the
bioavailability and bioequivalence of drugs administered using
child-appropriate dosage formulations (15).

One such initiative was taken by European commission
to develop a child appropriate dosage formulation of
enalapril for the treatment of CHF (16). A non-compartment
analysis has been conducted to compare bioavailability and
bioequivalence of enalapril administered using child-appropriate
orodispersible mini-tablets (ODMT) with reference (Renitec R©)
tablet formulation (16). In addition, a model-dependent
pharmacokinetic analysis has been conducted using least square
minimization method of parameter estimation, which provided
additional pharmacokinetics information including the same rate
constant of absorption but an early appearance of enalapril from
ODMT formulation compared to reference tablet formulation
(8). Early drug absorption of active parent drugs from ODMTs
may be useful in achieving an early pharmacodynamic response
of some drugs especially those BCS Class I drugs which have
a concentration-dependent pharmacodynamic response (17).
However, for the inactive drugs like enalapril having a metabolite

concentration-dependent pharmacodynamic response, the
pharmacodynamic effect is expected to be dependent on the
biotransformation rate and appearance time of metabolite in
serum (18).

Therefore, the present analysis was conducted in which
the data from the ODMT and reference formulation were
pooled and the simultaneous semi-mechanistic population
pharmacokinetic model was developed to predict the serum
and urine concentrations and pharmacokinetics of the inactive
prodrug enalapril. Simultaneously, the concentrations and
pharmacokinetics of enalaprilat i.e., biotransformation of the
prodrug from administered formulations to active metabolite
and its disposition were predicted. The covariate effect
of formulation on each population pharmacokinetic model
estimated parameter was assessed. In addition to that, the
data sets of each formulation were modeled separately and the
estimated individual pharmacokinetic parameters of the drug
and metabolite from the two formulations were statistically
compared to account any pharmacokinetic differences.

The population pharmacokinetic modeling analysis was
performed to obtain further deep evaluation and any differences
in the pharmacokinetics of enalapril and bio-transformed
active ACE inhibitor enalaprilat from the two formulations.
This shall provide deeper insights regarding the expected
pharmacodynamic effects of enalaprilat from the developed
child appropriate ODMT formulation compared to the
reference formulation.

METHOD

Study Design
The dataset for the simultaneous serum and urine population
pharmacokinetic modeling analysis consisted of full time vs.
serum and urine concentration profiles of enalapril and its active
metabolite enalaprilat. The dataset was obtained from a two-
phase, two treatment, crossover, phase I clinical trial, which was
the part of LENA project (labeling of enalapril from neonate
to adolescence, European Union Seventh Framework Program
(FP7/2007-2013) under the grant agreement no 602295). The
independent Ethics Committee of the University Hospitals
KU Leuven approved the trial protocol and the study was
conducted in accordance with the International Council on
Harmonization (ICH) tripartite Guideline on Good Clinical
Practices (19). The design of the clinical study has been publically
outlined (16). In this study, 10mg single extravascular dose of
enalapril maleate was administered in two different periods to
24 healthy adult volunteers to compare the pharmacokinetics
of drug and metabolite from the two formulations. Reference
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treatment consisted of two 5mg strength of enalapril maleate
market authorized conventional tablet formulation (Renitec R©)
administered with 240ml of water. The ODMTs consisted of
10 child appropriate mini-tablets of 1mg strength administered
simultaneously with 240ml of water. Serum samples were
collected at the time intervals of 0.17, 0.33, 0.5, 0.75, 1, 1.25, 1.5, 2,
2.5, 3, 3.5, 4, 4.5, 5, 6, 8, 10, 12, 24, 48 h after dose administration.
Enalapril and enalaprilat urine samples were collected at the time
intervals of, 0–2, 2–4, 4–8, 8–12, 12–24, 24–36, 36–48 h after the
dose administration. The urine concentrations were converted
into the cumulative amount of the drug and metabolite excreted
in urine after each time interval. The data sets of drug and
metabolite concentrations were merged into a single data set for
a simultaneous population pharmacokinetic modeling analysis.

Information related to biometric covariates including age,
weight, height, sex, and total body water was available to evaluate
their relationship with model parameters (Table 2). The total
body water parameter was estimated for male and female subjects
by Equations 1 and 2 (20).

Total body water for male subjects was calculated by using
Equation 1;

Total body water Vd (L)=0.3625 ∗ Body Weight
(

kg
)

+0.2239 ∗Height (cm) − 0.1387 ∗ Age
(

yr
)

− 14.47 (1)

Total body water for female subjects was calculated by using
Equation 2;

Total body water Vd (L)=0.2363 ∗ Body Weight
(

kg
)

+0.1962 ∗Height (cm) − 0.0272 ∗ Age
(

yr
)

− 10.26 (2)

Bioanalysis of Serum and Urine Samples
For a reliable determination of unknown samples, 50-µL
serum or 100-µL urine were necessary for the simultaneous
determination of enalapril and enalaprilat. In-house solid-phase
extraction protocols were applied to purify serum and urine
samples before liquid chromatography coupled to tandem mass
spectrometric analysis. While a simple protocol was sufficient
for serum samples (MAX 96-well plate), the known high intra
and inter-subject variability of urine samples could only be
sufficiently controlled by a two-step cleaning approach applying
WAX followed by MCX solid phase extraction. The eluates
were evaporated to dryness under a gentle stream of nitrogen.
The established protocols enabled process efficiencies of the
urinary solid-phase extraction between 87.2 to 106.8% (enalapril)
and 64.1 to 90.2% (enalaprilat) (put a reference from literature
here/see below). The serum process efficiency ranged between 65
to 93% for enalapril and 95 to 119% for enalaprilat.

Chromatographic separation and detection for both biological
matrices were performed on a modular Shimadzu HPLC 10
coupled with AB Sciex API 2000 mass spectrometer. The ion
transitions were the mass-to-charge ratio (m/z) 377.3 to 234.2
m/z for enalapril, 349.3 to 206.1 m/z for enalaprilat, and 425.3 to
351.2m/z for benazepril (IS). The data acquisition and processing
were carried out with Analyst 1.5.1 (Applied Biosystems/MDS
SCIEX, Concord, Canada) with IntelliQuan R© as an integration
algorithm without smoothing.

Concerning the determination in serum, the fully validated
bioanalytical method was characterized by a small sample
volume of 50-µL serum encompassing a calibration range
from 0.195 to 200 ng/mL for enalapril and 0.180 to 188 ng/mL
for enalaprilat. Obtained mean accuracy values ranged from
91.6 to 108.4% of the nominal concentrations for enalapril
and from 88.0 to 106.4% for enalaprilat. The time-different
intermediate precision for the drug substance enalapril varied
between 5.0 and 9.5% across all concentration levels and was
subsequently well within the guideline limits of ±15% (±20%
at LLOQ). The same applies to enalaprilat (4.3 to 13.4%). The
relative matrix effect (expressed as CV) in enalapril samples
at a low concentration (0.39 ng/mL [enalapril] and 0.35 ng/mL
[enalaprilat]) was 5.49% for enalapril and 12.56% for enalaprilat.
At the ULOQ, a coefficient of variation of 1.87% for enalapril
and 8.96% for enalaprilat was evaluated for all seven different
human sources.

The calibration curves of the urine method were constructed
in the range of 11.6–1,2000 ng/mL for enalapril and 8.8–
9,000 ng/mL for enalaprilat. The mean relative error across
all four quality control levels ranged from −2.0 to 4.3% for
enalapril and from −0.7 to 1.8% for enalaprilat. Intra-run and
inter-run precision were 2.4–6.1 and 3.9–7.9% for enalapril
as well as 3.1–9.4% and 4.7–12.7% regarding enalaprilat. The
obtained variation coefficient of the IS-normalized matrix effects
was 4.04 and 8.97% for enalapril and enalaprilat at the lower
limit of quantification. At the upper limit of quantification,
the CV was determined as 1.22% for enalapril and 1.21%
for enalaprilat.

All unknown samples were quantified using freshly
prepared calibration curves by plotting the concentration
ratio of enalapril/enalaprilat to IS against the peak area of
enalapril/enalaprilat to IS. Enalapril and enalaprilat were
obtained as European Pharmacopeia Reference Standard. Study
samples measured below the LLOQ were not included in the
population pharmacokinetic modeling analysis (21).

Population Pharmacokinetic
Modeling Strategy
1) A simultaneous semi-mechanistic population

pharmacokinetic model was developed to predict the
pooled data of serum and urine concentrations of enalapril
and its active metabolite enalaprilat representing the ODMTs
and the reference formulations. Covariate analysis was
conducted to test the effect of formulation on estimated
model par ameters.

2) In addition to this, the data of ODMT and reference
formulations were modeled separately and the individual
model estimated pharmacokinetic parameters were
statistically correlated to account any difference in
the pharmacokinetics of drug and metabolite from the
two formulations.

Population Pharmacokinetic Model Structure
Population pharmacokinetic model was developed using a
non-linear mixed effect modeling software NONMEM version
7.4.0 (ICON, Development Solutions, Elliot City, MD, USA)
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(22). The ADVAN 6 sub-routine was used to define the
system of differential equations whereby each compartment
was connected by constants of first-order rate transfer. The
one and two-compartment models were tested for enalapril.
The one, two and three-compartment models were tested
to predict enalaprilat concentrations in the combined model.
Selection of the appropriate model was based on visual
inspection of the goodness of fit plots (23), successful
convergence, acceptable relative standard error values, a
significant drop in the objective function value and no boundary
problems. Maximum likelihood approach using first-order
conditional estimate with interaction (FOCE+I) was used for
parameter estimation.

After the analysis of goodness of fit plots, objective function
value, and the estimated relative standard errors, the one-
compartment model disposition parameters were selected for
the population pharmacokinetic modeling of enalapril. Previous
studies have reported that around 60% of the total administered
enalapril is absorbed from the gastrointestinal tract (24, 25).
Therefore, the bioavailability (F1) parameter was estimated to
account the total amount of drug absorbed in central circulation.
As per our current knowledge in the literature (25), we assumed
that the enalapril and enalaprilat are only eliminated through
urine and the drug is only metabolized to enalaprilat, which is
not further metabolized. The assumption is supported by the
reported value of the total amount of dose recovered in urine as
enalapril and enalaprilat which is equal to the total amount of
drug absorbed from the gastrointestinal tract (11). As we have
serum and urine data for the drug and metabolite, the system
becomes quantifiable and F1 parameter becomes identifiable and
was estimated in the model. The estimated value of F1 parameter
was 60% and was in line to already published value of 60%
of drug absorption given in the literature (24, 25). To predict
the lower concentrations at the delayed absorption phase of
enalapril, a lag time model and system of transit compartments
were used and analyzed (26). Transit compartments were added
in a stepwise approach using erlang distribution method where
the optimum number of transit compartments were estimated by
adding one transit at a time until there was no further drop in
the objective function value of 3.8 or more was observed (27, 28).
The mean transit time parameter (MTT1) was estimated and rate
transfer through transit compartments was calculated using the
expression MTT1 = N+1/KTR, where N is the optimal number
of transit compartments and KTR is the rate transfer through
these transits (27). The rate constant of absorption (KA) was
the transfer rate of the drug from the last transit into enalapril
central compartment. To account the renal and metabolic
elimination pathways, the elimination of enalapril from serum
was estimated using rate constants of enalapril elimination
through urine (KREN) and eliminated through enalaprilat
formation (KM). The volume of distribution of enalapril
in the central circulation (VC) and highly perfused tissues
was estimated.

The two-compartment model parameters estimated for the
modeling of enalaprilat concentrations were rate constant of
enalaprilat formation (KM), volume of distribution of enalaprilat
in central circulation (VM), rate constants of intercompartmental

distribution (KQ1 and KQ2), rate constant of elimination (KME)
and mean transit time of enalaprilat formation (MTT2). Transit
compartments were added using erlang distribution method to
predict the lower concentrations enalaprilat formation phase.
All the model parameters of enalapril and enalaprilat were
identifiable. The blueprints of the combined model are given
in Figure 1.

Between-subject variability of parameters was modeled using
exponential error model described as Equation 3.

Pi = TVp ∗ exp (ETAi) (3)

Where Pi was the individual parameter estimate, TVp was the
typical mean estimated value of the parameter of the population
and ETAi was the individual random effect for each parameter
per individual. The distribution of ETA in population was
assumed to be following a normal distribution with mean zero
and variance equals omega square (29).

Combined additive plus proportional residual error was
introduced separately for serum concentrations and separate
proportional error was introduced for urine concentrations of
enalapril and enalaprilat, respectively, to account unexplained
variability between the observed and predicted concentrations.
Residual variability was defined using Equations 4 and 5.

Ci = Cp ∗ (1+ εi1) + εi2 (4)

Ci = Cp ∗ (1+ εi1) (5)

Where Cp was the predicted concentrations, εi represented the
distribution of residuals between enalapril observed and model-
predicted concentrations added by both proportional εi1 and
additive terms εi2. The distribution of residual variability was
assumed to be normally distributed with mean zero and variance
sigma squared.

Covariate Modeling Analysis
To build a full population pharmacokinetic model, a stepwise
approach was used to evaluate the effect of estimated parameters
on biometric covariates. The effect of normalized body weight
added on the parameter estimates was evaluated using Equation
6 (30).

TV =θ TV ∗

(

WTind

WTref

)θ

(6)

Where TV indicates the typical population value of the model
estimates, θTV indicates the typical value of the model estimates
for an individual; WTind indicates body weight of individual
subject and WTref indicates weight normalized by the mean
body weight of the present study. The parameter θ was tested
with a fixed value of 1 for the volume of distribution and 0.75
for clearance. The inclusion of covariate was subjected to a
significant drop in the objective function of more than 3.8.

For the pooled data analysis, the exponential relationship was
incorporated using Equation 7 to evaluate the covariate effect of
formulation on all model-estimated parameters.

TV = θX ∗ θ12FORM∗ expη (7)
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FIGURE 1 | Blueprints of the semi-mechanistic population pharmacokinetic model of enalapril and enalaprilat in serum and urine after the administration of 10mg of

enalapril maleate using reference and ODMT formulations. The system of transit compartments with drug passing through by rate constant (KTR) was used to

describe the absorption phase of enalapril, whereas the parameter (F1) subtracted the amount of drug metabolized pre-systemically in the gastrointestinal tract. The

parameter (KA) describes the rate constant of absorption of the enalapril into the central compartment and instantaneously distribute to highly perfused tissues with a

volume of distribution equals (VC). The biphasic elimination of the drug i.e., bio-transformed to enalaprilat and eliminated via urine is described by the parameters

(KM) and (KREN) from the central compartment. The formed metabolite transits through the delay compartments by mean residence time (MTT2) into the central

compartment and distributing in the central (VM) and to the peripheral compartments (KQ1 and KQ2). The elimination of enalaprilat takes place through the urine

compartment (KMEL).

Where TV represents typical population value of model
parameters, θX represents the mean population value of the
model parameters, θ12 represents a fixed effect parameter to give a
proportional increase or decrease in parameter value withODMT
(FORM = 1) or reference formulation (FORM = 0), and η

represents interindividual variability.

Model Evaluation
The goodness of fit plots were used for the evaluation of
model performance. For the evaluation of individual post-
hoc estimation with FOCE+I method of parameter estimation
method, conditional weighted residuals were estimated and
visual plots given in Figure 2 were analyzed. Visual predictive
check (VPC) plots and the non-parametric bootstrap method
were used for model validation. For VPC plots, the final
model was used to perform 1000 Monte Carlo simulations
(31). The precision of the estimated model parameters was
evaluated using a non-parametric bootstrap method using Perl-
speaks-NONMEM (PsN) (32) by calculating the confidence
interval (CI) of the estimated model parameters. The subjects
of the original dataset were randomly resampled to create
200 datasets and the new dataset was modeled using the
final model. From the bootstrap analysis, the 2.5th, 50th,
and 97.5th percentiles were simulated. Table 1 summarizes the
results of the bootstrap analysis with 95th percent CI values of
each parameter.

Due to the long run time of model, a faster than
bootstrap method i.e., Sampling importance-resampling
(SIR) method was also used to evaluate parameter

uncertainty. SIR was performed by running 20,000 final
samples and a resample size of 2,000. From SIR method,
95th, CI values were estimated for parameter uncertainty
test (33, 34).

For the evaluation of the stability of estimated parameters of
the model, initial fixed and random effect parameter values were
changed stepwise by 10 percent and the population-estimated
parameters along with the objective function value were assessed
for any change.

Correlation of Reference and Child Appropriate

Dosage Forms
The covariate effect of formulation on estimated model
parameters of the pooled data was assessed using Equation 7. In
addition to this, the estimated individual pharmacokinetic
parameters of enalapril and enalaprilat of each subject
administered ODMTs and reference formulations in two-
phase crossover trial were statistically correlated using a
paired sample Wilcoxon rank test using an R program
with a significant level of p < 0.05. The rate constants of
enalapril and enalaprilat renal elimination were converted to
their respective clearance values to correlate the clearances
of drug and metabolite following the administration of
both formulations.

RESULTS

The dataset of enalapril and the active metabolite enalaprilat
consisted of 24 healthy subjects with 2,208 serum and urine
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FIGURE 2 | Goodness of fit plots including the observed vs. individual and population predicted plots, conditional weighted residuals (CWRES) vs. population

predicted (PRED) and time plots of enalapril and enalaprilat in serum and urine generated after the population pharmacokinetic modeling of pooled data of two

formulations. The first row shows the predictive performance of the model for enalapril and enalaprilat in serum. The second row shows the predictive performance of

enalapril and enalaprilat in urine, respectively. The blue dots represent enalapril concentrations, whereas the red dots represent the enalaprilat concentrations in serum

and urine, respectively.

concentrations. Patients’ demographics are summarized in
Table 2. After the extravascular administration, the Cmax of
enalapril was achieved in almost 1 h and time vs. serum
concentration of enalapril showed a mono-exponential decay.
The drug is eliminated in almost 10 h from the serum.
Biotransformed enalaprilat achieved Cmax in around 3 to 4 h and
showed a bi-phasic exponential decay.

Model Evaluation Results
The Table 1 summarizes the final population pharmacokinetic
model parameter estimates, relative standard errors (RES), SIR
and 95th% Bootstrap confidence interval values of the pooled
data of the two formulations. For the formulations modeled
separately, the typical population and diagnostic parameters
alongwith diagnostic plots are given in Supplementary Material.
The RES, SIR, and bootstrap confidence intervals for all
parameters were narrow and had the same median values
as estimated by the model. This shows that parameters were
precisely estimated. The goodness of fit plots given in Figure 2

shows that the model performed well in predicting the serum and
urine concentrations of enalapril and enalaprilat. Eta shrinkage
values for most of the parameters were lower than 20 percent
and hence the individual model predicted concentration vs.
the observed serum and urine concentration plots of enalapril
and enalaprilat given in Figure 2 were informative and showed
agreement between the observed and predicted concentrations
(35). The VPC plots given in Figure 3 showed no model
misspecification and almost all of the serum and urine observed
concentrations were within the prediction intervals.

Visual inspection of the time vs. enalapril concentration plot
showed a mono-exponential phase of elimination and did not
have sufficient data for the estimation of the peripheral volume
of distribution. The selected one compartment model adequately
predicted the time vs. enalapril serum concentrations. The two-
compartment model resulted in a significant drop in the objective
function but at the expense of higher relative standard errors
of the estimated parameters. An optimum number of transit
compartments were added using erlang distribution method to
account the absorption phase of enalapril. Eight transits (transits
= 8) were added for reference and pooled data analysis and
6 transits were added for the ODMT formulation (transits
= 6). The absorption phase of enalapril was not adequately
predicted with or without incorporating a LAG time model. The
introduction of transit compartments resulted in a significant
drop in the objective function compared to the lag time model.
The bioavailability parameter (F1) accounted for the percent of
drug absorbed while subtracting it from the drug eliminated
by pre-systemic metabolism. The enalapril population mean
parameter estimates along with their relative standard errors are
given in Table 1.

The biphasic enalaprilat time vs. serum concentration profile
was predicted using the two-compartment model. The one
compartment model was not able to predict the second longer
phase of elimination. The two-compartment model also resulted
in a significant drop in the objective function value compared
to the one compartment model. A lag time parameter was not
able to predict the lower concentrations at the skewed formation
phase of enalaprilat; therefore, two-transit compartments were
added using erlang distribution method to incorporate a delay
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TABLE 1 | Enalapril and enalaprilat estimated population pharmacokinetic

parameters with percent relative standard errors (RES), sampling importance

resampling (SIR) and bootstrap confidence interval (CI) values estimated for

pooled data analysis.

Parameters Population

estimates (%

RSE)

SIR 95th%

CI

Bootstrap

95th% CI

FINAL (FULL)

MODEL

FINAL

MODEL

FINAL

MODEL

BASIC PHARMACOKINETIC MODEL PARAMETERS

KA (1/h) 6.010 (15.0%) 4.780–7.859 4.640–8.200

VC (L) 51.10 (4.00%) 47.92–54.34 47.38–55.09

F1 0.606 (3.00%) 0.580–0.640 0.570–0.646

MTT1 (h) 0.558 (9.00%) 0.480– 0.640 0.466–0.648

KREN (1/h) 0.305 (4.00%) 0.290–0.320 0.286–0.330

KM (1/h) 0.688 (4.00%) 0.640–0.740 0.647–0.725

VM (L) 46.10 (4.00%) 42.80–49.55 42.21–49.79

KQ1 (1/h) 0.060 (4.00%) 0.056–0.064 0.056–0.064

KQ2 (1/h) 0.054 (10.0%) 0.046–0.063 0.048–0.620

KME (1/h) 0.184 (4.00%) 0.171–0.196 0.171–0.197

MTT2 (h) 0.910 (8.00%) 0.800–1.044 0.802–1.080

THETA (X) 0.730 (12.0%)

INTERINDIVIDUAL VARIABILITY (IIV)

IIV_KA 0.688 (31.0%) 0.474–1.132 0.362–1.005

IIV_VC 0.058 (24.0%) 0.041–0.086 0.039–0.080

IIV_F1 0.041 (22.0%) 0.030–0.060 0.023–0.067

IIV_MTT1 0.151 (22.0%) 0.114–0.220 0.097–0.192

IIV_KREN 0.058 (24.0%) 0.042–0.084 0.038–0.074

IIV_KM 0.078 (22.0%) 0.058–0.112 0.050–1.101

IIV_VM 0.069 (23.0%) 0.050–0.102 0.033–0.105

IIV_KME 0.063 (23.0%) 0.047–0.092 0.039–0.086

IIV_ MTT2 0.296 (22.0%) 0.221–0.430 0.196–0.384

RESIDUAL UNEXPLAINED VARIABILITY (RUV)

Serum Enalapril

Proportional

error (σ2)

0.010 (8.00%) 0.008–0.011 0.006–0.013

Additive error

(µg/l)

0.188 (15.0%) 0.150–0.240 0.132–0.294

Serum Enalaprilat

Proportional

error (σ2)

0.018 (9.00%) 0.015–0.020 0.010–0.026

Additive error

(µg/l)

0.220 (13.0%) 0.180–0.277 0.144–0.301

Urine Enalapril

Proportional

error (σ2)

0.019 (9.00%) 0.016–0.021 0.009–0.028

Urine Enalaprilat

Proportional

error (σ2)

0.005 (11.0%) 0.004–0.006 0.002–0.009

KA, rate constant of enalapril absorption; VC, Volume of distribution of enalapril in central

compartment; F1, bioavailability of enalapril after extravascular administration; MTT1,

delay time for enalapril to appear in serum; KREN, Rate constant of enalapril elimination

in urine; KM, rate constant of metabolite formation; KQ1, Rate constant of enalaprilat

distribution from central to peripheral compartment; KQ2, Rate constant of enalaprilat

distribution from peripheral to central compartment; KME, rate constant of enalaprilat

elimination in urine; VM, Volume of distribution of enalaprilat in urine; MTT2, delay time

for enalaprilat to appear in serum.

TABLE 2 | Summary of biometric covariate values used in population

pharmacokinetic analysis.

Biometric

covariate

Mean Median Minimum Maximum

AGE (yrs.) 28.00 24.40 22.08 47.16

Weight (kg) 69.76 67.60 51.80 95.60

Height (cm) 174.5 176.0 153.0 189.0

Body

water (L)

42.06 41.31 32.86 53.70

in metabolite formation. First order rate of enalapril and
enalaprilat elimination was adequate to predict the cumulative
amount of drug and metabolite excreted in the urine. The
structure explained in Figure 1 constituted the serum and urine
simultaneous semi-mechanistic population pharmacokinetics of
enalapril and enalaprilat. Structural population parameters and
random variability values have been summarized in Table 1.
The fixed effect parameters and the random variance was
precisely estimated along-with the eta-shrinkage values, lower
than 25%.

The forward addition of potential covariate i.e., weight
normalized on the volume of distribution of enalapril
resulted in a significant drop of the objective function
value by 18.2, similarly, the addition of formulation effect
on mean transit time (MTT1) of enalapril further resulted
in a significant drop of the objective function by 6.51.
The weight normalized on the volume of distribution
was tested using the backward elimination method and
resulted in a significant increase in the objective function
value. Therefore, both covariates were retained in the final
population model.

As like the base model, the relative standard error values of
the fixed and random effect parameters of the final covariate
model showed a precise estimation of the parameters. The
change in the typical population and random variability of
the parameters of the base and full covariate models were
<25 percent and show that the covariates are clinically
unimportant (35).

Pharmacokinetics Comparison of ODMT
and Reference Formulation
The pooled data analysis revealed that the formulation had a
covariate effect on the mean transit time of enalapril absorption.
Similarly, the results of the paired samples Wilcoxon rank test
given in Table 3 showed a significant difference between the
mean transits times of enalapril (MTT1) when the drug was
absorbed from ODMT compared to conventional tablets. The
typical population mean value of MTT1 showed that the drug
was absorbed around 5min earlier from ODMT compared to
the reference formulation. No other pharmacokinetic differences
in the comparison of the two formulations were observed. The
statistical comparison showed that the two formulations are
relatively bioavailable. The pharmacokinetic comparison showed
that the drug and metabolite had a similar volume of distribution
and clearance from the body.
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FIGURE 3 | The visual predictive check plots for the final model of enalapril in serum (A) and urine (B) and enalaprilat in serum (C) and urine (D) validating the model

performance to describe the pooled observed data. Open circles represent the pooled observed data of drug and metabolite. The red dashed line represents the

2.5th, 50th, and 97.5th percentiles of the pooled observed data. The shaded areas represent the 95% CI of the 2.5th, 50th, and 97.5th percentiles of predictions.

DISCUSSION

A Validated simultaneous semi-mechanistic population
pharmacokinetic model adequately predicted the full profiles
of serum and urine concentrations of enalapril and enalaprilat.
A covariate analysis on population pharmacokinetic model
parameters of pooled data showed the effect of formulation on
the estimated mean transit time of enalapril absorption from
the two formulations. In addition to the pooled data analysis,
the statistical comparison of individual pharmacokinetic
model parameters estimated separately for ODMTs and
reference formulation data revealed that enalapril administered
using ODMTs absorbed 5min earlier than the reference
tablet formulation. However, no difference in the rate and
onset of the formation and disposition of the active ACE-
I enalaprilat was noticed. Therefore, no differences in the
pharmacodynamic effects are expected from ODMTs compared
to the reference formulation.

Selection of the final model was based on the successful

convergence with no boundaries, goodness of fit plots, acceptable

relative standard errors, and a significant drop in objective
function value. Visual predictive check plots (31), bootstrap
analysis (32), SIR procedure (34) validated the model. The
calculated relative standard errors showed that the model
parameters were estimated with acceptable precision.

The model informed pharmacokinetic estimates given in

Table 1 were in line to the already published value and showed
that the population pharmacokinetic model estimated reliable

pharmacokinetic parameters. For instance, the estimated fraction
of enalapril absorbed was 60% and was in line with the literature
value of 60% (24, 25). Similarly, the estimated values of the rate
constant of absorption and delay in the appearance of enalapril in
serum were 6.03 1/h and 0.56 h and were in line to the respective
reported value of 6.4–12 1/h and 0.5 h (36). The value of the
total rate constant of enalapril elimination through renal and
metabolic route was estimated to be 0.93 1/h andwas in line to the
reported value of 0.94 1/h (36). The value of the rate constant of
metabolite formation (KM) estimated using transit compartment
model was 0.69 1/h and was in line to the reported value of 0.9 1/h
estimated using the LAG time model (7). The estimated value of
the rate constant of enalaprilat elimination was 0.175 1/h and was
in line to the reported value of 0.14 1/h (36).

Semi-mechanistic population pharmacokinetic models have
been reported in the literature to predict plasma and urine
concentrations of drug and metabolite (37). A simultaneous
enalapril and enalaprilat population pharmacokinetic model has
not been reported in the literature. Based on the goodness
of fit plots, objective function, and precision of parameters
the selected one-compartment model was adequate to predict
enalapril concentrations and has already been reported in the
literature (8, 36). The two-compartment model used for enalapril
estimated high standard errors of one or more parameters with
no improvement in the goodness of fit plots and therefore was
rejected (29). The one compartment model using the first order
of absorption without accounting a delay in absorption did not
account the absorption phase of enalapril. The LAG time model
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TABLE 3 | Result of the two-sided paired Wilcoxon rank sum test to compare

pharmacokinetic parameters of enalapril and enalaprilat in serum and urine after

the administration of enalapril using ODMT and reference formulation.

P-value ODMT vs. Reference

formulation

KA (1/h) 0.87

VC (L) 0.85

F1 0.19

CLREN (L/h) 0.19

MTT1 (h) 0.03

KM (1/h) 0.70

VM (L) 0.13

MTT2 (h) 0.26

CLENT (L/h) 0.22

KA, rate constant of enalapril absorption; VC, Volume of distribution of enalapril in central

compartment; F1, bioavailability of enalapril after extravascular administration; CLREN,

Clarence of enalapril in urine; MTT1, delay time for enalapril to appear in serum; KM,

rate constant of enalaprilat formation; VM, Volume of distribution of enalaprilat in central

compartment; MTT2, delay time for enalaprilat to appear in serum; CLENT, Clarence of

enalaprilat in urine.

used to incorporate a delay in absorption did not predict the
lower concentrations. A system of transit compartments was used
to account the lower concentrations of the absorption phases
of enalapril. The use of transit compartments also resulted in a
significant drop in the objective function compared to the LAG
time model. The transit compartments were added sequentially
and have been used in literature to account the absorption phase
of drugs (28, 38).

The selected two-compartment model for enalaprilat
significantly dropped the objective function as compared to the
one compartment model. The one compartment model was also
not able to predict the bi-exponential elimination phase of the
metabolite. The two-compartment population pharmacokinetic
model with proportional residual error model has been reported
in the literature to model enalaprilat concentrations, however,
a combined additive plus proportional residual error model
significantly dropped the objective function and was used in our
final base model (7). A three-compartment model was also tested
but resulted in higher standard errors with no significant change
in the objective function and was rejected.

The covariate analysis of the pooled data of the two
formulations found that formulations have a covariate effect
on the mean transit time of enalapril in serum. The pairwise
statistical comparison of model parameters estimated separately
for ODMT and reference formulation data also showed a
difference in mean transit time of enalapril absorption from the
two formulations. Comparison of the absolute values of the mean
transit time of absorption showed around 5min early appearance
of enalapril in serum from ODMTs compared to the reference
formulation. The early appearance of enalapril may be due to
the higher surface area of ODMTs provided for fast dissolution
and disintegration rates of the developed tablets compared to
the reference tablet formulation. The absorption and plasma
concentration profile of an orally administered drug also depends
on its transit time and absorbability in the gastrointestinal

tract (39). The drug from the small-sized disintegrated and
dissolved ODMTs are expected to be emptied earlier from the
stomach to reach rapidly at the site of absorption in the intestine
(40). This may lead to the early availability of the drug for
absorption. Enalapril is a BCS class III drug and follows a
permeability-limited absorption from the intestine. Therefore, an
early appearance of the drug had no effect on the rate constant of
enalapril absorption.

The difference in the model informed transit time of enalapril
in the gastrointestinal tract and different excipients of the
reference and ODMT formulations had no effect on intestinal

permeation i.e., rate constant of absorption of the drug. These
results support the biowaivers given by the FDA to BCS class

III drugs whereby the excipients should not have an effect

on bioavailability and drug permeability (41, 42). No other
differences in the physiological parameters like the volume of
distribution and elimination were observed for enalapril. The
implication of early appearance of the drug from ODMTs can
be useful for classes of drugs like analgesics or in case of an
emergency clinical situation such as a hypertensive crisis or an
angina attack. For instance, fast disintegrating and dissolving
small sized ODMT formulation of nitroglycerin if develop
requires less saliva and can be more beneficial to deliver drug
sublingually for achieving early antianginal effect compared to
sublingual dosage forms which require more saliva and higher
disintegration time to release the drug (43). Use of ODMTs may
have earlier pharmacodynamic effects, especially for the orally
administered BCS class I drugs having higher solubility and
permeability. However, in our case, the pro-drug enalapril is
inactive and its early appearance will have no expected clinical
significance because the pharmacodynamic response will depend
on the pharmacokinetics of enalaprilat.

The developed population pharmacokinetic model also
informed that the early appearance of drug in the serum had
no effect on the onset and rate of enalaprilat biotransformation.
This may be due to the same rate constant of absorption and
extent of absorption of enalapril from the two formulations. In
addition, the uptake of the drug from the systemic circulation
into the liver by organic anion-transporting polypeptide
(OATP1B1) transporters (44) and the basolateral efflux of the
bio-transformed enalaprilat back into the systemic circulation
by multidrug resistance-associated protein (MRP4) transporters
follows a permeability-limited transport (45). The volume
of distribution and clearance of enalaprilat also showed no
difference between the two formulations. Due to similar
enalaprilat pharmacokinetics, a similar pharmacodynamic
response can be expected from the reference and
ODMT formulation.

Typically a non-compartmental analysis is conducted to
compare the pharmacokinetic parameters of drug including
area under the curve, maximum concentration in biological
fluid, and time to get the maximum concentration in
biological fluid from reference and developed formulations.
However, the population pharmacokinetic modeling analysis
has provided deeper insights relating to the onset of
absorption and metabolism. The model can further be
used to perform simulations in order to predict the serum
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concentrations of enalapril and enalaprilat at different dose and
dosing frequencies.

CONCLUSION

The semi mechanistic population pharmacokinetic model
predicted the detailed pharmacokinetics of enalapril and
enalaprilat in serum and urine. The model informs that enalapril
is absorbed 5min earlier when administered using ODMT
compared to the reference formulation. The model also informed
no difference in the pharmacokinetics of enalaprilat bio-
transformed from the administered parent drug formulations.
This may lead to a similar pharmacodynamic response from
ODMTs and reference formulations.
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Department of Pediatrics, Shandong Provincial Hospital Affiliated to Shandong University, Jinan, China

Long non-coding RNA (lncRNA) has been associated with human diseases. To study

the role of lncRNA in the pathogenic mechanism of acute fulminant myocarditis (AFM),

we used a microarray to analyze lncRNA and messenger RNA (mRNA) expression in

leukocyte samples from AFM patients and normal children. In total, using a 2/0.5-fold

change and P < 0.05 as the cutoff criteria, we found that 3,101 lncRNAs and

2,170 mRNAs were differentially expressed in AFM patients. Quantitative real-time

polymerase chain reaction (RT-qPCR) analysis was used to verify the microarray

data. Eight differentially expressed molecules were randomly selected, including 3

upregulated lncRNAs, 3 downregulated lncRNAs, and 2 upregulated mRNAs. Among

them, 7 expression profiles were consistent with the microarray results. Gene Ontology

enrichment and Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis

were used to investigate the biological functions of these genes. Establishment of a

lncRNA-mRNA co-expression network and lncRNA target predication were performed

to study the molecular interactions of these molecules. Our study is the first to use

microarrays to examine the lncRNA and mRNA expression profiles associated with AFM,

and the results indicate that the immune system plays an important role in AFM. These

findings may provide a new perspective for the pathogenesis, diagnosis, and therapy

of AFM.

Keywords: acute fulminant myocarditis, long non-coding RNAs, microarray, messenger RNA, functional analysis

INTRODUCTION

Acute fulminant myocarditis (AFM) is an inflammatory process that occurs in the myocardium
and causes acute-onset heart failure (1). It is a type of myocarditis that can arise quickly,
progress rapidly and lead to sudden cardiac death, with mortality rates as high as 50–70%
(2). At present, many studies have aimed to determine the clinical features of AFM, including
the clinical presentation, diagnosis, treatment, and outcome (3–6). However, few studies have
examined the pathogenic mechanism of AFM, except for myocarditis. Previous records have
confirmed the relationship between myocarditis and the immune system. On the one hand,
some moieties, such as Toll-like receptors (TLRs) (7), midkine (8), and STATs (9), can activate
inflammatory responses to conserve the host protective system.On the other hand, when an antigen
interacts with the variable region of the T cell receptor, acquired immunity will be activated (10).
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Data have shown that myocarditis is closely related to signaling
pathways, such as NF-κB (11), AKT/caspase-3 (12), IL-1β (13),
MAPK (14), and TLR-4/NF-κB p65 (15). However, little attention
has been focused on the molecular mechanism of the immune
system of AFM patients.

Long non-coding RNAs (lncRNAs) are defined as transcripts
of more than 200 nucleotides that are not translated into proteins
(16), including antisense, intronic, intergenic, pseudogene, and
retrotransposon transcripts (16). LncRNAs participate in various
developmental processes, acting as signals, decoys, guides, and
scaffolds in epigenetic, transcriptional, or post-transcriptional
regulation (17). At present, an increasing number of lncRNAs
are emerging as having roles in cardiovascular diseases (18).
Some lncRNAs are involved in cardiovascular system diseases,
including atherosclerosis (19), heart failure (20), and arrhythmia
(21). However, data related to myocarditis are scarce, and only
two studies have focused on lncRNAs and cardiac inflammation
(22, 23). We aim to provide further information on lncRNAs and
AFM to examine the potential pathogenicity of lncRNAs in AFM
patients. In addition, microarrays have been regarded as a useful
tool in transcriptome gene expression profiling. They have been
broadly used to investigate the pathobiology of diverse forms of
diseases (24, 25).

To determine whether lncRNAs of peripheral leukocytes
might correlate with AFM, we used a microarray to analyze the
dysregulated profiles of lncRNAs and mRNAs in leukocytes of
children with AFM and healthy children.

MATERIALS AND METHODS

Patients and Samples
We recruited children (aged 4 months−10 years) with AFM
in this study based on the following criteria (26): sudden
onset of disease, obvious initial symptoms of viral infection
(especially severe fatigue and poor appetite), rapidly emerging
severe hemodynamic dysfunction, serious myocardial injury, and
a diffuse decrease in ventricular wall motion. The exclusion
criteria included coronary heart disease, viral pneumonia,

TABLE 1 | Detailed information about the patients and controls.

Sample ID Sex Age (years) Hs-TnT (pg/ml) BNP (pg/ml) LVEF (%) LVEDD (cm)

M1 Female 9 1,028 8,577 61 4.01

M2 Male 7 7,134 8,909 20 4.66↑

M3 Male 10 1,802 7,051 46 4.11

M4 Female 7 1,105 21,835 39 4.30↑

M5 Male 0.4 3,800 >35,000 34 2.69

N1 Male 10 Normal Normal 64 3.81

N2 Female 7 Normal Normal 64 3.55

N3 Male 8 Normal Normal 65 3.75

N4 Female 5 Normal Normal 64 3.40

N5 Male 6 Normal Normal 65 3.50

Hs-TnT, hypersensitive troponin T, normal range, 3–14 pg/ml; BNP, brain natriuretic peptide, normal range 0–450 pg/ml; LVEF, left ventricular ejection fraction, determined by

echocardiography, normal value >60%; LVEDD, left ventricular end-diastolic dimension, determined by echocardiography; ↑, larger than normal.

sepsis myocarditis, common acute myocarditis, AFM caused by
autoimmune disease, toxic drug effects, or drug allergies. The
controls consisted of healthy children.

Blood samples (3ml) were collected into EDTA anticoagulant
tubes. Leukocytes were isolated within 4 h and were immediately
frozen at −80◦C with 1ml of RNeasy Total RNA Isolation Kit
reagent (Qiagen, GmBH, Germany). A total of 10 children from
Shandong Provincial Hospital Affiliated to Shandong University
(May 2018 to February 2019) were included in this study,
including 5 controls and 5 patients. The clinical characteristics
of patients and controls are presented in Tables 1, 2. All patients
were diagnosed with AFM using cardiac magnetic resonance
imaging. Three AFM samples (M1, M2, M3) and three control
samples (N1, N2, N3) were used for microarray analysis.

RNA Extraction
Total RNA was extracted from isolated leukocytes using the
RNeasy Total RNA Isolation Kit (Qiagen, GmBH, Germany)
according to the manufacturer’s protocols. The RNA integrity
coefficient (RIN) was determined by an Agilent Bioanalyzer 2,100
(Agilent Technologies, Santa Clara, CA, US).

Microarray Analysis
RNA samples were used to generate biotinylated cDNA targets
with the Sino Human ceRNA array V3.0 (Shanghai Sinomics
Corporation, Shanghai, China) (27). Upon hybridization of
the biotinylated cRNA targets, an Agilent Microarray Scanner
(Agilent Technologies) was used for slide scanning. Data
were extracted with Feature Extraction software 10.7 (Agilent
Technologies). Raw data were normalized using the Quantile
algorithm in the R package “limma.” Data analysis was conducted
at Sinotech Genomics Corporation according to the protocol
specified by Agilent Technologies. A fold change cutoff of 2
was adopted.

qRT-PCR Validation
Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis with a LightCycler 480 (Roche, Shanghai, China) system
was used to verify the microarray data. Extracted RNA was
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TABLE 2 | Clinical presentations of patients.

Sample Symptoms at onset ECG BP (mmHg) Phenotypes Assisted circulation

M1 Repeated syncope III◦ AVB 92/64 Adams-Stokes syndrome Temporary pacemaker

M2 Headache,

stomachache, emesis

I◦ AVB 86/60 Acute cardiac insufficiency ECMO

M3 Fever, headache,

emesis, chest pain,

chest distress

ST-T change 80/51 Acute heart failure None

M4 Fever, cough, emesis,

chest pain, weakness,

poor general condition

III◦ AVB 77/53 Acute heart failure

Cardiac shock

Temporary pacemaker

M5 Fever, poor appetite,

poor general condition

Inverted T wave Undetectable Acute heart failure

Cardiac shock

ECMO

ECG, electrocardiograph; AVB, atrioventricular block; BP, blood pressure at admission; ECMO, extracorporeal membrane oxygenation.

subjected to cDNA synthesis with the PrimeScriptTMRT reagent
Kit (Takara, Beijing, China). qRT-PCR was conducted with TB
GreenTM Premix Ex TaqTM II (Takara) as directed by the
manufacturer. The relative expression levels were determined
by the 2−11Ct method. Primer sequences used in the qRT-PCR
analysis of lncRNA were shown in Table 3.

GO and KEGG Pathway Analysis
Gene Ontology (GO) analysis was performed to determine
the biological significance of genes in unique or representative
maps of differentially expressed genes (28). KEGG pathway
analysis was used to predict the underlying biological functions
of dysregulated lncRNAs in pathways (29). GO and KEGG
pathway analysis were performed for annotation of genes as a
whole network, and differentially expressed genes were analyzed
using Fisher’s exact test in the R package “cluster profiler.” GO
categories and pathways with P <0.05 in Fisher’s exact test
were selected.

Co-expression Network Analysis
We predicted the co-expression relationship between lncRNAs
and mRNAs according to the dynamic changes in the gene
expression signal values to investigate the relationship between
lncRNAs and mRNAs. Through the co-expression network, we
analyzed regulatory ability of genes and determined the core
regulatory genes. The co-expression network was constructed
using Cytoscape.

Cis/trans lncRNA Target Prediction
We predicted the cis and trans targets of lncRNAs. Cis target
gene prediction involved identification of mRNAs genes located
within 10 kb upstream or downstream of the lncRNA as
the target gene of the lncRNA. Trans target gene prediction
was based on the principle of complementary sequence
pairing. Blast alignment was used to obtain mRNAs that were
complementary with lncRNAs. Then, RNA plex software was
used to calculate the thermodynamic parameters of lncRNAs that
were complementary with mRNAs, and sequences with e ≤30
were selected.

TABLE 3 | Primer sequences used in the qRT-PCR analysis of lncRNA.

LncRNA/mRNA Forward primer

(5′-3′)

Reverse primer

(5′-3′)

NONHSAT253897.1 AGTCCTCTTGCCT

CCACCTTC

AGTTACCACTACTC

AGCGTTTT

NONHSAT256669.1 TTAATCCGCCTAACAA

CCTTGC

GCCCGTTCATCT

TCCAGTTC

NR_126169.1 GATTGTTCTTGTC

CACCTTTGTTT

CTCACAGCATCCT

TGAATCCCT

NONHSAT234238.1 CTAAGTTATGTAA

AGGGAGTGG

GACAGTAAAGAG

GGCTAAGAG

NONHSAT177112.1 GGCTTGTTTGTG

CTTCGTGTA

AAGGAGGAACTGTT

GTTTCCATT

NONHSAT232454.1 GCTGGGTAGGGTG

GTGAACGA

ATGGTGGCGGGAG

CCTGTAAT

IL10 CCACGCTTTCTA

GCTGTTGAG

CTCCGAGACACTG

GAAGGTGA

SOS2 CTTAAATGCCGGTAT

TTGCTG

CATTGGGTTATGTAGT

CTTTGT

Statistical Analysis
Statistically significant differences between groups were
estimated by the Mann-WhitneyU test using SPSS 25.0; P < 0.05
was considered statistically significant.

RESULTS

Differential Expression of lncRNAs and
mRNAs
Three samples each from the AFM patient and healthy control
groups were analyzed using Sino Human ceRNA Array V3.0
microarray hybridization. Volcano plot analysis was used to
assess variations in lncRNA and mRNA expression between
these two populations (Figures 1A,B). Moreover, hierarchical
clustering was used to distinguish AFM patients from healthy
children based on gene expression data (Figures 1C,D). In total,
using a 2/0.5-fold change and P < 0.05 as the cutoff criteria,
3,101 lncRNAs displayed differential expression in AFM patients,
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FIGURE 1 | Expression profile of lncRNAs and mRNAs in AFM patients. Volcano plots were used to distinguish differentially expressed lncRNAs (A) and mRNAs (B).

Hierarchical clustering analysis of differentially expressed lncRNAs (C) and mRNAs (D). Distribution of dysregulated lncRNAs in human chromosomes (E). Red and

blue represent upregulated and downregulated expression, respectively. M indicates the experimental group; N indicates the normal group.
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TABLE 4 | Top 10 upregulated and downregulated (fold change ≥2 and P < 0.05) lncRNAs in AFM patients.

LncRNA Source P Fold change Regulation Chromosome

ENST00000604514 Ensembl 0.047661 73.91975111 up chr7

NONHSAT072850.2 NONCODE 0.045686 72.50661902 up chr2

NONHSAT001832.2 NONCODE 0.002136 61.61702903 up chr1

NONHSAT241868.1 NONCODE 0.049366 60.65420759 up chr2

XR_001741857.1 NCBI_Gnomon 0.019768 39.22838893 up chr4

NONHSAT067896.2 NONCODE 0.016283 32.88315135 up chr19

XR_923024.2 NCBI_Gnomon 0.019056 32.25257773 up chr2

NONHSAT243915.1 NONCODE 0.038709 32.01786323 up chr20

NONHSAT167476.1 NONCODE 0.031587 28.15381126 up chr13

NONHSAT186382.1 NONCODE 0.000000141 27.51917455 up chr2

NONHSAT173447.1 NONCODE 0.025139761 0.017186109 down chr16

NONHSAT251804.1 NONCODE 0.00190319 0.026931659 down chr6

NONHSAT246340.1 NONCODE 0.023122156 0.036114184 down chr3

NONHSAT214997.1 NONCODE 0.031748829 0.040875939 down chr7

NONHSAT186791.1 NONCODE 0.013033559 0.042375267 down chr2

NONHSAT162427.1 NONCODE 0.036500459 0.04659379 down chr12

NONHSAT248478.1 NONCODE 0.015468853 0.048774319 down chr4

NONHSAT129423.2 NONCODE 0.012387715 0.051147658 Down chr8

NR_136191.1 NCBI_BestRefSeq 0.025003999 0.051754137 Down chr4

NONHSAT214023.1 NONCODE 0.001251946 0.052252876 Down chr7

including 1,645 upregulated lncRNAs, and 1,456 downregulated
lncRNAs. The top of 10 upregulated and downregulated lncRNAs
are shown in Table 4. The distribution of differentially expressed
lncRNAs on human chromosomes is shown in Figure 1E. In
addition, a total of 2,170mRNAswere dysregulated; among them,
733 were upregulated, and 1,437 were downregulated.

Validation by qRT-PCR
To confirm the microarray data, we randomly
selected 3 upregulated lncRNAs (NONHSAT253897.1,
NONHSAT177112.1, and NONHSAT234238.1), 3
downregulated lncRNAs (NONHSAT256669.1, NR_126169.1,
and NONHSAT232454.1), and 2 mRNAs (IL10 and SOS2),
for qRT-PCR analysis (n = 10) (Figure 2). The results
of 5 lncRNAs (NONHSAT253897.1, NONHSAT177112.1,
NONHSAT256669.1, NR_126169.1, and NONHSAT232454.1)
and 2 mRNAs (IL10 and SOS2) were consistent with the
microarray data. The results for NONHSAT234238.1 were
inconsistent with the trend sown by the microarray data.

GO and Pathway Analysis
We performed GO analysis to determine the potential biological
role of the dysregulated lncRNAs. The GO enrichment terms
of the 30 top cis- (Figure 3A) and trans-acting lncRNAs
(Figure 3D) were determined. The most prominent GO
terms were T cell activation and T cell receptor complex
for cis-acting lncRNAs and pyramidal neuron development,
nuclear membrane, and transmembrane receptor protein
serine/threonine kinase activity for trans-acting lncRNAs.
According to the KEGG classification, the immune system
and signal transduction were notable pathways. We chose the

10 top KEGG pathways (Figures 3C,D) within the immune
system and signal transduction pathways are notable in
Supplementary Figure 1; the notable pathways included
hematopoietic cell lineage, complement and coagulation
cascades, antigen processing, and presentation, T cell receptor
signaling pathway, and Jak-STAT signaling pathway.

lncRNA-mRNA Co-expression Network
To predict gene function, we constructed an lncRNA-mRNA co-
expression network and performed pathway analyses (Figure 4).
We identified a total of 95 lncRNAs and 20 mRNAs in the
T cell receptor and Jak-STAT signaling pathways (Pearson’s
coefficient >0.95). The co-expression network was composed
of 115 network nodes and 186 connections. Each mRNA was
associated with 1 to 17 lncRNAs, and each lncRNAwas associated
with 1–31 mRNAs.

Cis/trans lncRNA Target Prediction
Target prediction was performed for differentially expressed
lncRNAs to investigate whether they can regulate genes and
to determine the signaling pathways associated with AFM. We
performed partial lncRNA target prediction in the T cell receptor
and Jak-STAT signaling pathways (Figure 5). The principle of
cis target gene prediction is that the function of the lncRNA is
related to the protein-coding genes adjacent to its location. The
basic principle of trans target gene prediction is that the lncRNA
is a distant transcriptional activator or repressor of the target.
The data showed that most lncRNAs acted in a cis manner. This
information may aid in determining the functional mechanism
of AFM.
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FIGURE 2 | Comparison of the relative RNA expression levels between AFM patients and normal children. The expression of 2 upregulated mRNAs (A) and 3

downregulated and 1 upregulated lncRNA (B) were validated using the 2−11CT method. The data are displayed as the mean ± SD, and samples of the two groups

were compared using the Mann-Whitney U test. *P < 0.05; AFM acute fulminant myocarditis; lncRNAs long non-coding RNAs.

DISCUSSION

AFM is characterized by acute and severe inflammation
and global myocardium injury (30). The etiology and
pathophysiological mechanism of AFM are unknown because of
its complexity. Moreover, most of the present research focuses
on the diagnosis and treatment of AFM, and the molecular
mechanism of AFM is rarely reported. Many researchers believe
that AFM is closely related to the immune system, which provides
a platform for the study of the pathophysiological mechanisms
of AFM.

LncRNAs including antisense, intronic, intergenic,
pseudogene, and retrotransposon transcripts, play a vital role in
biological processes (16), acting as signals, decoys, guides and
scaffolds in epigenetic, transcriptional, or post-transcriptional
regulation, and these molecules are emerging as dominating
regulators of gene expression in the immune system. At
present, most descriptions of the function of lncRNAs include
modulation of the target genomic loci in a cis or in trans
manner by binding to target DNA based on recognition of
specific chromatin features or as an RNA-DNA heteroduplex
or RNA-DNA-DNA triplex (31). LncRNAs can also function
through RNA-RNA interactions. They can act as “sponges”
for miRNA (32) or act by N6-methyladenosine to modify
introns to form a secondary structure (33). Many studies
have focused on the roles of lncRNAs in the immune system,
but only a few studies have demonstrated that lncRNAs
are associated with AFM. Zhang et al. (22) studied the
relationship between lncRNAs and myocardial inflammation
for the first time. They suggested that lncRNA TUG1 inhibits
apoptosis and the inflammatory response in lipopolysaccharide
(LPS)-treated H9c2 cells by downregulating mir-29b. Zhang
et al. (23) demonstrated that silencing lncRNA CHRF protects
H9c2 cells against LPD-induced injury via upregulation
of mir-221. These two studies discussed the relationship
between lncRNA and microRNA but did not examine mRNA.
However, research on the transcriptional regulation of

myocarditis has mainly focused on the role of mRNAs and
their translated proteins.

Our study showed differential expression profiles of
lncRNAs and mRNAs in children with AFM and healthy

controls. We found 1,645 upregulated lncRNAs, 1,456
downregulated lncRNAs, 733 upregulated mRNAs, and

1,437 downregulated mRNAs. To verify the accuracy of the
microarray, we randomly selected 8 molecules for qRT-PCR,
including 3 upregulated lncRNAs (NONHSAT253897.1,

NONHSAT177112.1, and NONHSAT234238.1), 3
downregulated lncRNAs (NONHSAT256669.1, NR_126169.1,
and NONHSAT232454.1), and 2 upregulated mRNAs

(IL-10 and SOS2). Among them, 7 molecules showed
the same upregulation or downregulation trends of
lncRNAs in the AFM and healthy groups. Therefore,
the results from the qPCR analysis coincided with the
microarray data.

Next, we used GO and KEGG analysis to determine the

potential biological functions of differentially expressed lncRNAs
and mRNAs. The most notable cellular processes were immune
processes, including T cell activation, immune response, T cell

receptor complex, negative regulation of complement activation,
T-helper 17 cell differentiation, and T cell differentiation

for GO terms, and those for the KEGG pathways included
the complement and coagulation cascades, antigen processing
and presentation, the T cell receptor signaling pathway, the

Jak-STAT signaling pathway, the TLR signaling pathway, and
the MAPK signaling pathway. These data further indicate

the accuracy of the microarray analysis and provide more
potential biological functions of lncRNAs and mRNAs related
to AFM.

Furthermore, we constructed an lncRNA-mRNA

co-expression network in the T cell receptor and Jak-STAT
signaling pathways to obtain additional information on lncRNAs
and mRNAs. We compared differentially correlated lncRNAs
and mRNAs from the leukocytes of AFM patients and healthy
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FIGURE 3 | The top 30 GO terms for cis- (A) or trans-acting lncRNAs (D). The top 10 KEGG pathways for cis- (B) or trans-acting lncRNAs (C). BP biological process;

CC cellular component; MP molecular function.

children, which will provide a better understanding of the
pathogenic mechanism of AFM.

In conclusion, the data indicate that mutual regulation
between lncRNAs andmRNAsmay be involved in the pathogenic

process of AFM, and the results provide essential information to
identify AFM.

Our study had some limitations. First, due to the low
incidence of fulminant myocarditis, the sample size of the
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FIGURE 4 | lncRNA-mRNA network analysis of the T cell receptor and Jak-STAT signaling pathways (Pearson’s coefficient > 0.95). Red ovals represent mRNAs, blue

rectangles represent lncRNAs, a line represents the correlation.

FIGURE 5 | Cis/trans lncRNA target prediction in the T cell receptor and Jak-STAT signaling pathways. Red ovals represent mRNAs, blue rectangles represent

lncRNAs. The solid line indicates a trans lncRNA, and the dotted line indicates a cis lncRNA.
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microarray analysis and that used to verify the results was
small. Second, the subsequent functional verification needs to be
further improved.
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Idiopathic pulmonary arterial hypertension (IPAH) is a complex disease associated with

progressive deterioration. Targeted therapy for IPAH has improved in the last several

decades. However, there remain many challenges to current treatment of children with

IPAH, including poor prognosis and a median survival of 0.8 years. Endothelin-1 (ET-1)

appears to be a key mediator in the pathogenesis of IPAH, with elevated concentrations

in the plasma. Bosentan, an endothelin receptor antagonist, has been confirmed in Food

and Drug Administration (FDA) to effectively treat IPAH when administered in recent

studies. This review focuses on related studies and advance of bosentan in the treatment

of IPAH in children.

Keywords: idiopathic pulmonary hypertension, target therapy, bosentan, pediatrics, pharmacology

Pulmonary arterial hypertension (PAH) is a progressively deteriorative disease characterized by
an increase of pulmonary vascular resistance (PVR) caused by the vascular structural remodeling
of pulmonary arteries, likely causing right ventricular failure (1). Nowadays, the 6th WSPH Task
Forces proposes (2) to include PVR equal to or over three Wood units in the definition of all forms
of pre-capillary PH associated with mean pulmonary artery pressure (mPAP) > 20 mmHg (3).
Idiopathic pulmonary arterial hypertension (IPAH) is one of the most common PAH categories
in children (4). The damage of vascular endothelial function is one of the key factors in the
pathogenesis of IPAH, although it has a complex pathogenesis (5). Increased levels of endothelin-
1 (ET-1) in the plasma induce smooth muscle cell proliferation and fibrosis. The activation of
endothelin receptors (ETRs) enhances the adhesion and chemotaxis of neutrophils that further
aggravate vascular injury. Genetics (6), autoimmune-related pulmonary vascular injury, serotonin,
and metalloproteinase damage to the vascular wall, and the inhibition of Kv channels are all
involved in its pathogenesis.

In recent years, epidemiological characteristics of pediatric PH in the Netherlands and the
United Kingdom showed that pediatric IPAH/HPAH accounted for 46–70 and 35–60% of PAH in
children, respectively (7). In the Netherlands, the incidence of pediatric pulmonary hypertension is
3.0/1,000,000 and the prevalence rate is 20/1,000,000. In the United Kingdom andNew Zealand, the
incidences of IPAH are 0.48/1,000,000 and 0.7/1,000,000, and the prevalence rate is 2.1/1,000,000
and 4.4/1,000,000, respectively (8). However, 7.8% of children have a family history (UK). Without
targeted treatment in children with IPAH, only 37% of patients survive within 1 year after diagnosis.
According to the National Institutes of Health Registry, the median survival time of traditional
treatment was only 10 months before 1995, and the 5 year survival rate was as low as 25%
(9). However, with the progress of targeted therapy, IPAH treatment in children has undergone
tremendous changes in the past decade (10) and has made great progress.
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Meta-analysis reported that targeted therapy for PAH,
including endothelin receptor antagonists, phosphodiesterase
five inhibitors and prostacyclins, improved functional class,
hemodynamics, and long-term prognosis in adults, but the
efficacy has not yet been confirmed in children (10). In the
past decade, the studies on bosentan, an endothelin receptor
antagonist, for the treatment of pediatric IPAH have made new
progress in several prospects (11–13).

PHARMACOLOGY OF BOSENTAN IN
PEDIATRIC IPAH

Bosentan, the first orally active and dual antagonist for ETRs, was
put onto use. By blocking the ETRs and inhibiting ET-1 function,
it results in an inhibition of endothelial cell proliferation.

Introduction of Endothelin Receptors
(14, 15)
The endothelium and ETRs play an important role in regulating
pulmonary vascular development. ET-1 is a crucial part of
endothelin isoforms, and has been detected in all types of
vessel. ET-1 is comprised by 21 amino acids that are synthesized
and released from endothelial cells with a three-step process:
the gene encodes prepro-ET-1 by proteolytic cleaving the
initial of the signal peptidase, and the generated pro-peptide
is further cleaved by the enzyme furin convertase to big-ET-
1 precursors. Big-ET-1 needs endothelin-converting enzyme
(ECE) to biologically activate under particular conditions and
transforms to mature form. Both physical and chemical stimuli
contribute to alterations in the production. After that, ET-1 is
secreted by constitutive pathway to interact with ET receptors
to contribute to vasomotor tone or the regulated pathway in
response to external stimuli fromWeibel-Palade bodies.

ET-1 interacts with ET-A receptors on the smooth muscle
to mediate constriction in all arteries and veins, while ET-
B exhibits vascular contractions under normal physiologic
conditions by releasing vasodilators such as nitric oxide. The
above mechanisms make the homeostasis physiological.

ET-1 in IPAH (15)
In pediatric IPAH, plasma endothelin levels are elevated, and
ECE activity is enhanced (16). ET-1 is highly expressed in
the lung. The overproduction of ET or overactivation of ET-A
receptors and reduced ET-B receptors under pathophysiological
conditions will result in an intense vasoconstriction of vessels and
an effect to stimulate matrix production and cell proliferation,
which results in the fibrosis and inflammation of PAH. The levels
of ET-1 correlated with the levels of PVR. As such, endothelin
receptor antagonists likely play a role in the treatment of IPAH
(17, 18).

Abbreviations: IPAH, Idiopathic pulmonary arterial hypertension; PVR,

pulmonary vascular resistance; 6MWT, six-minute walking test; FC, functional

class; mPAP, mean pulmonary artery pressure.

Mechanism for Bosentan in Treating PAH
Pulmonary arterial hypertension (PAH) is mainly developed
according to three factors: pulmonary vasoconstriction, vascular
remodeling caused by vascular smooth muscle proliferation, and
inflammation. The following picture shows the main mechanism
of bosentan in PAH (14, 19, 20) (Figure 1).

Pharmacokinetics of Bosentan (18, 21–24)
In adult, bosentan attains peak plasma concentrations in
3–5 h with the maximum plasma concentration (Cmax) of
∼1,000 ng/ml. The terminal elimination half-life (t1/2) is about
5.4 h and is unchanged at steady state in healthy adult subjects
with a 50% bioavailability. The steady-state concentrations are
achieved within 3–5 days after multiple-dose administration.
Bosentan is ∼98% bound to albumin and multiple-dose
administration has a volume of distribution of 30 L and a
clearance of 17 L/h. Bosentan is mainly metabolized by CYP2C9
and 3A4 isoenzymes, and therefore, kidney function has a slight
influence over it (18). The excretion of the metabolites via the
bile constitutes the major pathway of elimination. The first-pass
effect of bosentan is maximally 20% due to the clearance and the
blood/plasma distribution ratio is 0.6.

The pharmacokinetics of bosentan in pediatric PAH patients
and healthy adults are similar (24) according to the Cmax, Tmax,
AUC, and values for t1/2. The activity of CYP3A4 and P2C9
surges after birth, and reaches adult levels after 1 year-old.
Furthermore, the extent of the reduction in exposure to bosentan
in the pediatric patients is similar with adult.

Moreover, Beghetti et al. (25) showed that the dose of bosentan
from 2 to 4 mg/kg did not alter the plasma concentrations in
children, and also the concentration-time of doses of 2 and
4 mg/kg overlapped, suggesting that an exposure plateau was
reached at a dose of 2 mg/kg, twice a day, likely due to the smaller
size of their intestinal surface area and different absorption
characteristics. The apparent t1/2 of bosentan was similar to that
in children based on the above research.

BOSENTAN AS A TARGETED THERAPY
DRUG FOR PEDIATRIC IPAH

In European Medicines Agency (EMA), Food and Drug
Administration (FDA), and China Food and Drug
Administration (CFDA) highlight (26, 27), bosentan is indicated
for the treatment of PAH to improve exercise capacity and
symptoms in patients with WHO functional class III. The
efficacy has been shown in primary PAH (idiopathic and
familial), PAH secondary to scleroderma without significant
interstitial pulmonary disease, congenital systemic-to-pulmonary
shunts and Eisenmenger syndrome. In Europe and China, the
recommended initial and maintenance dose is 2 mg/kg, although
there are no data available on the safety and efficacy in pediatric
cases. But bosentan has already been listed by the FDA as an
indication for children at the age of 3 years old and older with
IPAH or congenital PAH.

At present, numerous RCTs have shown that adult patients
benefited from bosentan with respect to the six-minute walking
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FIGURE 1 | The mechanisms for bosentan in treating PAH. PDGF-mediated activation of TRKs can upregulation of TRPC6 expression by activating of STAT3

phosphorylation. The resultant increase in the activity of pSTAT3 and ROCs and SOCs would increase Ca2+ to stimulate PASMCs and vasoconstriction. The

over-expression of ET-1 can increase levels of PVR by ET-A and ET-B activation through PLC and the downstream in PI3 and DAG pathways. What’s more, the

balance between vasoconstrictive and vasodilatory mechanisms may be broken by the mutations in BMPR2, and the release of inflammation factors may also induce

proliferation of cells. Bosentan, as an endothelin receptor antagonist, directly downregulates TRPC6 and TRK expression by repressing the gene transcription or

translation, in addition to blockade of endothelin receptors and their downstream signal transduction pathway traditionally. PASMCs, pulmonary artery smooth muscle

cells; DAG, diacylglycerol; PKC, protein kinase C; ROCs, Receptor-operated Ca2+ channels; SOCs, store-operated Ca2+ channels; TKRs, PDGF-mediated

activation of tyrosine kinase receptors; pSTAT3, transcription-3 phosphorylation; PDGF, platelet-derived growth factor; TRPC, transient receptor potential channels.

test (6MWT), functional class (FC), safety and long-term
prognosis (28–30), but the effects of bosentan on IPAH have
not been completely defined in children. Due to the limitation
of the investigation in child populations, there have been only a
small number of cohort studies regarding the effect of bosentan
in children with IPAH, although few RCT clinical studies have
been conducted.

Yung et al. (31) performed a cohort study of 77 children
with IPAH, indicating that the use of calcium channel blockers
(CCB) in 31 children positive for acute vascular response (AVR-
positive) resulted in 1, 5, and 10 year survival rates of 97,
97 and 81%, and treatment success rates of 84, 68, and 47%,
respectively. Following the rise of the “New Drug Age” after

1995 (32, 33), drugs such as bosentan and sildenafil appeared
on the market, yielding 1, 5, and 10 year survival rates of
97, 97, and 78%, and the treatment success rates of 93, 86,
and 60%, respectively. These data support the view that new
targeted drugs can improve the survival rate and quality of life
of patients.

Change in Six-minute Walking Test Before
and After Treatment of Bosentan
In 2006, Maiya et al. (34) examined the short-term effect of
bosentan. They observed 10 pediatric IPAH patients who were
treated with bosentan for 6 months. The six-minute walking test
showed that five out of the 10 children improved substantially,
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TABLE 1 | Six-minute walking distance (6MWD) of pediatric IPAH patients before and after the treatment of bosentan.

Numbers F/M Age, y Treatment 6MWD

before treatment

6MWD

after treatment

References

8 4/4 12.8 (8.5–17.8) Bosentan add-on after

epoprostenol for >1 year

498m 518m Ivy et al. (37)

20 15/5 8.0 (1.2–17.0) Bosentan 6WMT: 245m

(n = 10)

6WMD: 421.8m

(n = 10)

Maiya et al. (34)

7 3/4 9.6 (1.0–16.0) Sildenafil (n = 5)

Bosentan (n = 2)

394.2m 6 mon: 464.2m

2 y: 526.7

Raposo-Sonnenfeld

et al. (35)

64 26/38 4.3 (1.5–8.9) Bosentan (n = 23)

Prostanoids (n = 15)

Sildenafil (n = 9)

Combination therapy

(n = 11) Calcium channel

antagonists (n = 6)

6WMT: 285m (19

out of 23 patients

taking bosentan)

6WMD: 385m (19

out of 23 patients

taking bosentan)

Moledina et al. (36)

42 26/16 9.7 Bosentan 271m 370m Hislop et al. (16)

F, Female; M, Male.

with a mean improvement of 176.8m, and a mean improvement
of 68m among the entire group. Hislop et al. (16) confirmed that
again in 2011, as demonstrated by a 6-minute walking distance
increase from a baseline of 271m to 370m. To explore the long-
term effects of targeted drug therapy, Raposo-Sonnenfeld et al.
(35) reviewed seven patients in 2007, five of whom received
sildenafil, and two received bosentan. All patients showed
improvements in the 6-minute walking distance, from an average
baseline of 394.2m to 464.2m in 6 months and 526.7m after
2 years, demonstrating long-term period effects. Similar results
were also seen in a 7 year retrospective cohort study in 2010 by
Moledina et al. (36), which showed that 23 patients improved
their 6-minute walking distance from 285 to 385m after received
bosentan treatment.

Additionally, bosentan was used for prostacyclin replacement
therapy. Ivy et al. (37) conducted a cohort study of eight children
with IPAH in 2004. Eight children received bosentan on the
background of 1 year of prostacyclin treatment. At 6 months,
the 6-minute walking distance increased from 498m under the
use of prostacyclin to 518m. The 6-minute walking distance of
IPAH children after bosentan treatment was increased by an
average of 30–176m in 6 months, and 100–132.5m in 2 years.
The cardiopulmonary function changed greatly in short and long
periods (Table 1).

WHO Functional Class of Pediatric IPAH
Patients Treated by Bosentan
Beghetti et al. (25) in 2009 showed that amongst 35 children
treated with bosentan for 12 weeks, 29 of 35 remained (82.9%)
unchanged, 5 of 35 (14.3%) upgraded one class, and one of 35
(2.9%) worsened one class. The cardiac function of patients also
improved more significantly than before. Raposo-Sonnenfeld
et al. (35) reported in 2007 that six of seven children with
IPAH were graded III or IV prior to treatment with bosentan,
whereas all seven children were graded I or II following 2
years of treatment. Similarly, Ivy et al. (38) retrospectively
reviewed 36 children with IPAH treated with bosentan, of whom
14 (38%) children elevated by one functional class and 12

children remained unchanged. Berger et al. (39) reported similar
proportions, in which 11 of 28 (39.3%) children improved from
the baseline value, and two of 28 (7.1%) children worsened.
Furthermore, Hislop et al. found that the WHO functional class
changed from 2.8 to an average of 2.4 after 6 months of bosentan
treatment (16).

For prostacyclin replacement, eight children with IPAH in the
study by Ivy et al. (37) received prostacyclin treatment with an
average functional class of 2.3 at baseline. When prostacyclin was
reduced and bosentan added for 1 year, their average functional
class improved to 2.0, and two out of eight cases who received
prostacyclin replacement therapy increased their functional class
by one grade, indicating that bosentan as a replacement therapy
could increase functional class while reducing adverse effects. In
2006, Maiya et al. (34) obtained similar results.

To compare the effect of monotherapy and combined therapy,
Rosenzweig et al. (40) conducted a 2-year study in which 38
patients used bosentan alone and 40 patients used prostaglandins
in addition to bosentan for treatment. Overall, 36 (46%) patients
improved by at least one class, 34 (44%) patients remained in the
same class, and 8 (10%) patients worsened by one class. There
was no statistical difference between the two groups, but the
effect appeared more pronounced for bosentan alone than for
combined prostaglandins.

In summary, after 6 months to 1 year of treatment with
bosentan, the functional class in 20–46% patients improved,
44–55% patients remained unchanged, and a small number
of patients declined due to progression of the original
diseases. Bosentan demonstrated greater efficacy in treatment
than prostaglandins and bosentan used in conjunction with
prostaglandins (41) (Table 2).

Hemodynamic Parameters Change After
Treatment of Bosentan
Barst et al. (24) showed that 19 pediatric IPAH patients
showed significant improvement in hemodynamics after
being treated with bosentan for 12 weeks. Raposo-Sonnenfeld
et al. (35) reached the same conclusion. Two years later,
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TABLE 2 | WHO functional class of pediatric IPAH patients treated by bosentan.

Numbers F/M Age, y Treatment WHO functional class

before treatment

WHO functional class

after treatment

References

8 4/4 12.8 (8.5–17.8) Bosentan add-on after

epoprostenol for >1 year.

The mean class before

treatment is 2.3

WHO II: n = 6

WHO III: n = 2

The mean class after

treatment is 2.0

WHO I: n = 2

WHO II: n = 4

WHO III: n = 2

Ivy et al. (37)

86 49/37 11.0 (0–18.0) Bosentan concomitant

Prostanoid (n = 42)

Bosentan (n = 44)

WHO I: n = 6

WHO II: n = 34

WHO III: n = 32

WHO IV: n = 6

Improved one class:

n = 36, remained stable:

n = 34, worsened one

class: n = 8 (78 out of 86

patients had WHO

assessments)

Rosenzweig et al. (40)

20 15/5 8.0 (1.2–17.0) Bosentan WHO II: n = 1

WHO III: n = 11

WHO IV: n = 8

Improved one class:

n = 8, remained stable:

n = 9, worsened one

class: n = 2

Maiya et al. (34)

7 3/4 9.6 (1.0–16.0) Sildenafil (n = 5)

Bosentan (n = 2)

WHO II: n = 1

WHO III: n = 5

WHO IV: n = 1

All of them are in Class I or

II

Raposo-Sonnenfeld

et al. (35)

36 15/21 7.0 (2.0–22.0) Bosentan WHO II: n = 23

WHO III: n = 13

Improved one class: n = 5

remained stable: n = 29,

worsened one class:

n = 1

WHO I: n = 2

WHO II: n = 23

WHO III: n = 10

Beghetti et al. (25)

64 26/38 4.3 (1.5–8.9) Bosentan (n = 23)

Prostanoid (n = 15)

Sildenafil (n = 9)

combined therapy

(n = 11) Calcium channel

antagonists (n = 6)

WHO II: n = 12

WHO III: n = 34

WHO IV: n = 18

They all get improved, and

the mean class after

treatment is 3.0

Moledina et al. (36)

36 16/20 10.5 (1.0–16.0) Bosentan (n = 11)

Bosentan concomitant

prostanoid (n = 25)

WHO I: n = 3

WHO II: n = 12

WHO III: n = 16

WHO IV: n = 3

Improved one class:

n = 14, remained stable:

n = 12, worsened one

class: n = 6 (32 out of 36

patients had

assessments)

Ivy et al. (38)

42 26/16 9.7 (no data) Bosentan Mean class: 2.9

WHO I: n = 2

WHO II: n = 8

WHO III: n = 25

WHO IV: n = 7

The mean class is 2.4

No detailed data

Hislop et al. (16)

36 21/15 6.8 (2.0–12.0) Bosentan WHO II: n = 17

WHO III: n = 11

Improved one class:

n = 11, remained stable:

n = 15, worsened one

class: n = 2

Berger et al. (39)

F, Female; M, Male.

the mPAP decreased from 91.2 mmHg to 86.2 mmHg.
However, in a retrospective observational study by Hislop
et al. (16), the hemodynamics did not significantly change
but showed a downward trend: mPAP decreased from
48.8 to 48.3 mmHg, and PVR decreased from 16.5U.m2

to 14.1 U.m2.
Later on, to know the hemodynamic differences between

bosentan monotherapy and combined prostaglandin therapy,
Rosenzweig et al. (40) studied 49 patients, including 25 treated
with bosentan monotherapy. They found that those treated with

bosentan monotherapy had a decrease in mPAP of 9 mmHg and
a decrease in PVR of 6U.m2. Twenty-four patients treated with
combined prostaglandin therapy showed a decrease in mPAP
of 4 mmHg and a decrease in PVR of 3U.m2, which indicated
that monotherapy resulted in better effects than when used in
combination. Furthermore, bosentan had a better therapeutic
effect than prostaglandins when used alone. Moledina et al. (36)
found that the PVR of the bosentan group was decreased by 23%
on average, and that of the prostaglandins group decreased by
17% (Table 3).
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TABLE 3 | Hemodynamics at bosentan initiation and after at least 6 months of treatment.

Numbers F/M Age, y Treatment mPAP (mmHg) PVRi

(U.m2) before treatment

mPAP (mmHg) PVRi

(U.m2) after treatment

Conclusion References

49 No data 11.0 (0–18.0) Bosentan

concomitant

prostanoid (n = 24)

Bosentan (n = 25)

mPAP: 64

PVR: 19

mPAP: 57

PVR: 15

In 25 patients taking

bosentan: mPAP decreased

by 9 mmHg, and PVR

decreased by 6 mmHg

mPAP, PVR

improved

Rosenzweig et al.

(40)

20 15/5 8.0 (1.2–17.0) Bosentan mPAP: no data

PVR: 21.7

mPAP: 61.45

PVR: 21.74

No significant

change in PVR,

mPAP

Maiya et al. (34)

7 3/4 9.6 (1.0–16.0) Sildenafil (n = 5)

Bosentan (n = 2)

mPAP: 91.2

PVR: no data

mPAP: 86.2

PVR: no data

mPAP improved Raposo-Sonnenfeld

et al. (35)

64 26/38 4.3 (1.5–8.9) Bosentan (n = 23)

Prostanoids (n = 15)

Sildenafil (n = 9)

Combination

therapy (n = 11)

Calcium channel

antagonists (n = 6)

mPAP: 58

PVR: 19.7

mPAP: no data

PVR: improved by 23% (23

patients taking bosentan)

PVRi improved Moledina et al. (36)

42 26/16 9.7 Bosentan mPAP: 48.8

PVR: 16.5

mPAP: 48.3

PVR: 14.1

No significant

change in mPAP,

PVRi

Hislop et al. (16)

F, Female; M, Male.

TABLE 4 | Patients’ survival of treatment with bosentan.

Numbers F/M Age, y Treatment Survival Conclusion References

86 49/37 11.0 (0–18.0) Bosentan concomitant

Prostanoid (n = 42)

Bosentan (n = 44)

The entire group: survival at 1- and

2-year was 100 and 88%,

respectively

Bosentan: 1- and 2-year survival

was 98 and 94%

Concomitant prostanoid: 1- and 2-

year survival was 98 and

89%, respectively

Bosentan prolongs the life Rosenzweig et al. (40)

7 6/1 7.4 Bosentan The 3- and 5-year survival was 100

and 75%, respectively

Survival improved Simpson et al. (43)

64 26/38 4.3 (1.5–8.9) Bosentan (n = 23)

Prostanoids (n = 15)

Sildenafil (n = 9)

Combined therapy

(n = 11) Calcium channel

antagonists (n = 6)

The entire group: 1-, 3-, and 5-year

survival was 89, 84, and 75% for

the entire group, respectively

The entire group

improved, but with no

data in bosentan, and

there had no difference

among bosentan,

prostanoids, and sildenafil

Moledina et al. (36)

36 16/20 10.5 (1.0–16.0) Bosentan (n = 11)

Bosentan plus prostanoid

(n = 25)

The entire group: survival at 1-, 2-,

3-, and 4-year was 98, 88, 82, and

82%, respectively

Most children improved in

survival

Ivy et al. (38)

42 26/16 9.7 Bosentan The survival values was 95, 95, 95,

and 55% in 1, 2, 3, and 5 years,

respectively

Effective in the long-term

management

Hislop et al. (16)

122 73/49 15.0 53 out of 122 patients

taking endothelin receptor

antagonist: eight out of 53

received sitaxsentan, 45

out of 53 received

bosentan

The survival of 122 patients in 6

months, 1- and 2-year was 99, 95,

and 90%, respectively

Survival has been

improved by targeted

therapy

Barst et al. (30)

36 21/15 6.8 (2.0–12.0) Bosentan Estimated long-term survival at 2-

and 4-year was 91.2 and 84.0%,

respectively

There was an

improvement in survival

Berger et al. (4)

F, Female; M, Male.
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Survival in Patients Treated With Bosentan
(42)
Ivy et al. (38) conducted a retrospective observational study in the
USA. After the treatment with bosentan, in conjunction with or
independent of other PAH-specific therapies, the survival at 1-,
2-, 3-, and 4- years was 98, 88, 82, and 82%, respectively. Despite
the differences in children’ drug response, bosentan therapy
significantly prolonged survival time. A similar conclusion was
obtained in the study by Barst et al. (30), Hislop et al. (16),
and Berger et al. (4). Each study showed a significant survival
benefit with bosentan in pediatric IPAH patients, and survival
after bosentan treatment for 3 years was around 90%.

In addition, Simpson et al. (43) compared the survival
between bosentan targeted therapy and historic therapy. They
reviewed IPAH children at the Royal Melbourne Children’s
Hospital. Seven children received bosentan treatment and 12
children received historic treatment (such as aspirin, digoxin,
CCB, etc.). Survival in the bosentan-treated group was 100% at 3
years and 75% at 5 years, compared with 33% at both time-points
in the historic control group. Furthermore, Rosenzweig et al. (40)
compared the therapeutic efficacy of bosentan with bosentan plus
prostaglandin. They noticed that the 1 and 2 year survival rate
of the entire group was 100 and 88%, respectively, 98 and 94%
in the bosentan-treated group, and 98 and 89% in the bosentan
plus prostaglandin-treated group, respectively. Moledina et al.

(36) found that the survival in bosentan monotherapy appeared
greater than in combined therapy, and the survival of the entire
group was around 89% in 1 year, 84% in 3 years, and 75%
in 5 years.

In conclusion, the survival of each group after bosentan
treatment fluctuated from 89 to 100% in 1 year, from 89 to 95% in
2 years, and from 84 to 95% in 3 years. Survival was significantly
higher than seen in traditional treatments, however there was no
significant difference in survival between bosentan monotherapy
and combined therapy (Table 4).

Safety and Tolerability in Treatment With
Bosentan (44–47)
Common adverse reactions are respiratory tract infections,
pyrexia, elevations of liver aminotransferases and liver
failure (26).

Barst et al. (24) conducted a cohort study of 19 children with
IPAH in 2003. Flushing, headache, edema, tachycardia, tremor,
and increased liver transaminase levels were reported to be the
most frequent adverse events in children who were treated with
bosentan. These effects were also reported in the studies of
Rosenzweig et al. (40), Simpson et al. (43), Ivy et al. (38), and
Beghetti et al. (48).

No patients died during Barst’s observation of bosentan
treatment (22). However, in Rosenzweig et al. (40), two patients

TABLE 5 | Safety and tolerability in pediatric patients treated with bosentan.

Numbers F/M Age, y Treatment Safety and side effects Death References

19 10/9 3.0–15.0 10 out of 19 received

bosentan

No data No death Barst et al. (24)

86 49/37 11.0 (0–18.0) Bosentan concomitant

Prostanoid (n = 42)

Bosentan (n = 44)

No data Bosentan + prostanoid: 3 patients

died: two hemoptysis and acute

respiratory distress syndrome, one

worsening right heart failure

Bosentan: two died from right

heart failure

Rosenzweig et al. (40)

7 6/1 7.4 Bosentan No data One patient died of a pulmonary

hypertensive crisis

Simpson et al. (43)

7 3/4 9.6 (1.0–16.0) Sildenafil (n = 5)

Bosentan (n = 2)

No patient suffered

important side effects

No data Raposo-Sonnenfeld

et al. (35)

146 71/75 2.0–11.0 59 out of 146 patients

received bosentan

30.8% had at least one

safety signal

About 7.5% patients died in the

entire group, but not related to

bosentan

Beghetti et al. (48)

36 16/20 10.5 (1.0–16.0) Bosentan (n = 11)

Bosentan plus prostanoid

(n = 25)

No data Six died among 36 patients:

one for right heart failure

one for sudden death

one for worsening pulmonary

hypertension

one for hemoptysis

one for pulmonary hemorrhage

one for thromboembolism

Ivy et al. (38)

36 21/15 6.8 (2.0–12.0) Bosentan Bosentan-related AEs

occurred in 15 (41.7%)

patients

Six deaths occurred, but unrelated

to bosentan: three from worsen of

PAH and cardiac complications,

one from respiratory failure following

pneumonia

Berger et al. (39)

F, Female; M, Male.
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died from right heart failure in the bosentan treatment group,
three died in the bosentan plus prostaglandins treatment
group, two patients died from hemoptysis and acute respiratory
distress syndrome, and one patient died from worsening right
heart failure; and all deaths were considered as due to the
clinical progression of IPAH. Similar results demonstrated by
Simpson et al. (43), shows that three patients needed additional
intravenous prostacyclin due to the poor efficacy of bosentan.
However, lung transplant was not necessary. Unlike prior studies,
among the seven children treated with bosentan in Raposo-
Sonnenfeld et al. (35), there were no definite side effects with
the exception of menorrhagia after 1 year of treatment. The side
effects mentioned above were also seen in the studies by Ivy et al.
(37) and Berger et al. (39), where six people died although causes
were likely unrelated to bosentan.

In summary, causes for discontinuation of bosentan treatment
for pediatric IPAH include worsening heart failure, and
progressive pulmonary hypertension. Bosentan-related side
effects were less than those related to prostacyclin, and
most patients had no serious outcomes. The majority of
patients’ deaths was attributed to the progression of pulmonary
hypertension (Table 5).

These retrospective studies demonstrate that bosentan
improves efficacy over other targeted therapies, and the effect
of bosentan monotherapy has a great influence on 6MWD and
WHO functional class. The above data would provide new

clinical evidence in hemodynamics and long-term efficacy. The
use of bosentan (49, 50) lessened the side effects in prostacyclin
with improvements in functional class and hemodynamics (51)
on the basis of original prostacyclin treatment (52).

SUMMARY

Bosentan, as an ET-1 receptor antagonist, is an effective
drug for children with IPAH. Further clinical studies of
multicenter RCTs are needed to clarify its efficacy and safety,
and explore the effective dosage for children (53). We look
forward to novel breakthroughs in targeted therapy of IPAH
in children.
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Background: Kawasaki disease (KD) is a self-limiting illness with acute systematic

vascular inflammation. It causes pathological changes in mostly medium and small-sized

arteries, especially the arteria coronaria, which adds the risk of developing coronary heart

disease in adults.

Materials and methods: We detected the miR-223-3p expression in 30 KD patients

combined with 12 normal controls using miRNA microarrays and RT-PCR. A KD

mouse model was constructed using Candida albicans water insoluble substance

(CAWS). We also checked the miR-223-3p’s expression using qRT-PCR. The Luciferase

reporting system was implemented to validate the correlation between miR-223-3p

and Interleukin-6 receptor subunit beta (IL-6ST). TNF-α was used to stimulate human

coronary artery endothelial cells (HCAECs), and miR-223-3p activator or inhibitor and KD

serum were used to treat HCAECs. A Western blotting automatic quantitative analysis

protein imprinting system was used to test the expression of signal transducer and the

activator of transcription 3 (STAT3), phosphorylated-signal transducer and the activator

of transcription 3 (pSTAT3) and NF-κB p65.

Results: Clinical trials found that miR-223-3p expressions were markedly different

(more than 2-fold) between the acute KD group and the control group. E-selectin and

intercellular cell adhesion molecule-1 (ICAM-1) levels were also significantly higher (about

2-fold) in KD especially with coronary artery lesions. MiR-223-3p could alleviate vascular

endothelial damage in KD mice, and IL-6 (Interleukin-6), E-selectin and ICAM-1 were

simultaneously negative. The values of IL-6, E-selectin, and ICAM-1 mRNA expressions

decreased, while the value of IL-6ST was increased between the agonist treated mice

and KD mice. The RT-qPCR consequences displayed that miR-223-3p explored the

highest expression on the third day in both the KD mice as well as the agonist group.

MiR-223-3p can directly combine with IL-6ST 3’ untranslatable regions (UTR) and held

back the IL-6’s expression. Overexpression of miR-223 down regulated IL6ST expression

and decreased the expression of p-STAT3 and NF-κB p65, while the miR-223 inhibitor

could reverse the above process.

Conclusion: MiR-223-3p is an important regulatory factor of vascular endothelial

damage in KD and could possibly become a potential target of KD treatment in the future.

Keywords: Kawasaki disease, MicroRNA-223-3p, IL6ST, vascular endothelial damage, STAT3
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INTRODUCTION

Kawasaki disease (KD) is an acute systemic vascular
inflammatory pathema, which largely impacts medium and
small-sized arteries, particularly the arteria coronaria (1).
Without early intervention, about 20% of children with KD
may develop coronary artery aneurysms (2). Studies have found
that the deregulation of innate immunity, vascular endothelial
growth factor (VEGF) A and other reasons such as infectious
factors are closely related to the pathogenesis of KD (3–5).
However, the etiology of KD remains unclear. This underlines
the need to reveal the potential pathogenesis mechanisms of KD,
thus providing novel therapeutic targets for the condition.

MicroRNAs (miRNAs) are 18–25 small nucleotide non-
coding RNAs which can adjust and control the genetic expression
by imperfect hybridization to the 3′ untranslatable regions (UTR)
of target mRNAs (6). miRNAs regulate nearly one third of the
human gene function, and are involved in cell multiplication,
growth, apoptosis, and the metabolism of important biological
processes (7). For instance, in acute KD, microRNA-93 has been
declared to regulate the expression of VEGF and is possibly
involved in the pathogenesis of arteritis (8).

MiR-223 is deemed to be a cell–specific, hematopoietic
lineage miRNA, which are exclusively expressed in blood cells
such as blood platelets and leukocytes which are derived
from bone marrow (9). Recent research has revealed that
miR-223 participates in the development of atherosclerosis in
experimental mice suffering from chronic kidney disease (CKD)
(10). It has also been noted that as a receptor of the insulin-
like growth factor 1, miR-223 can promote human umbilical
vein endothelial cells apoptosis (11). These findings reveal that
miR-223 could also be involved in vascular diseases such as
KD which is explored in the present study. Results show that
miR-223-3p plays a protective role against endothelial injury in
KD, by targeting IL6ST and by regulating the STAT3-NF-κB
signaling pathway, making it a potential target for the diagnosis
and treatment of KD.

MATERIALS AND METHODS

Patient Characteristics
Plasma specimens were collected from KD children (n= 6;
two males and four females, mean age, 24 months) and
healthy controls (n = 6; two males and four females; mean
age, 18 months) for miRNA microarray hybridization. Plasma
specimens, used for the investigation, were collected from 30
patients [18 males and 12 females; median age: 18 months
(range: 4–90 months)] with acute and subacute KD. Considering
fever onset as the first day of the KD course, acute stage
(prior treatment of intravenous human immunoglobulin, range:
1–10 days), subacute stage (post-treatment of intravenous
human immunoglobulin, normothermia, range: 11–21 days).
These groups were subdivided into coronary artery lesions
(CALs) (n = 10) and no coronary artery lesions (nCALs)
(n= 20) subgroups. CALs mainly include occlusion, localized
stenosis, segmental stenosis, dilatation, and aneurysms during
coronary angiography. In our study, echocardiography was

utilized to detect cardiac vasodilation and coronary aneurysms
at admission. The maximum inner diameters of both the left
and right coronary arteries were measured in the two groups.
CALs were defined as those whose maximum internal diameters
were larger than 3.5mm in those aged >9 y, larger than 3.0mm
in those aged 3–9 y, and larger than 2.5mm in those aged
<3 y. The diagnosis of KD was made on the basis of the
criteria developed in 2004 by the American Heart Association.
All patients, including those with KD and febrile controls,
from the Cardiology Department, of the Children’s Hospital
of Soochow University (Suzhou, Jiangsu Province, China) were
enrolled, from August 2015 to August 2016. In addition, plasma
samples were collected from 24 controls comprising 12 healthy
controls after routine physical examinations (male: n= 8; female:
n= 4; median age:30 months) (12–84 months) and 12 febrile
patients with proven respiratory infection (male: n = 7; female:
n = 5; median age: 29 months) (range: 8–81 months). The
whole blood sample (2ml) was drawn into an EDTA-containing
tube. After being centrifuged for 15min at 3,500 rpm to spin
down the blood cells, the supernatant was shifted into a clean
microcentrifuge tube, followed with the second centrifugation to
absolutely eliminate the cellular components. Plasma was then
aliquoted and stored in a refrigerator at −80◦C partitions for
further use. All the study participants were obliged to provide
signed informed consent, and the research was undertaken in
light of the institutional ethics committees approved protocol and
HIPAA regulations.

CAWS KD Mice Model
Kawasaki disease was simulated by intraperitoneal injection (20
mg/Kg; 5 consecutive days) of Candida albicans water-soluble
fraction (CAWS) to C57BL/6malemice of 4–6 weeks of age. miR-
223-3p activator was purchased from GeneCopoeia (Rockville,
MD, USA), and dispersed in PBS. KD mice received a tail vein
injection of miR-223-3p activator (1 mg/kg). Seventy-two mice
were divided into three groups randomly: 1© The control group:
normal saline intraperitoneal injection (0.1ml;5 consecutive
days). 2© The KD group: CAWS intraperitoneal injection (0.1ml,
20 mg/Kg; 5 consecutive days). 3© MiR-223-3p activator group:
CAWS intraperitoneal injection (0.1ml, 20 mg/Kg; 5 consecutive
days) and tail vein injections ofmiR-223-3p activator (1mg/kg, in
the fifth day). Each group was sacrificed on the first day (6 day),
third day (8 day), fifth day (10 day), seventh day (12 day), and
tenth day (15 day), respectively. Post-sacrifice, whole blood from
mice was drawn into EDTA-containing tubes and serum was
extracted following the same protocol as with a patients’ blood.
Observation of the aorta was achieved under HE staining and a
scanning electron microscope (SEM).

Cell Culture and Treatment
HCAECs were purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA) and were
cultured to confluence in RPMI 1640 medium (Gibco;
Thermo Fisher Scientific, MA, USA) mixed with both 1%
penicillin/streptomycin and 10% fetal bovine serum, in a
humidified atmosphere with 5% CO2 and the temperature
was maintained at 37◦C. HCAECs were then randomly and
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transiently transfected with miR-223-3p activators, negative
control oligonucleotides or miR-223-3p inhibitors (all were
compounded by Shanghai Genechem Co. Ltd, Shanghai) acting
on Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc). HCAECs were seeded in a six-well plate, at
1 × 105 cells/ml. Transfection was performed after the cells
reached 70% confluence. 20 nmol/L of miR-223 activators,
negative control or miR-223 inhibitors were dispersed in
Opti-MEM (Thermo Fisher Scientific) with twice the volume
of Lipofectamine 2000. After 15min quiescence at room
temperature, the mixture was added into HCAECs 6 h post
transfection, cells were given a PBS wash and the medium was
replaced. The cells were then incubated in the aforementioned
conditions and harvested after 24 h. For the KD serum
stimulation assay, HCAECs were stimulated with acute phase
KD serum and the healthy control group, respectively. Prior to
use, we first used a 30min long bath in 56◦C water to inactivate
the serum from holding back any immune response. Then the
HCAECs were incubated in the serum-containing media for
48 h, after which they were harvested, and total mRNA was
extracted from them. Finally, the RT-qPCR was utilized to
celebrate the miR-223-3p expression level.

Reverse Transcription and Real-Time PCR
An MiRNeasy Serum/Plasma Kit (Qiagen) and miRNeasy Mini
Kit (Qiagen, Hilden, Alemania) were used to extract the total
RNA from the serum samples and the cells, respectively. An
MiRNA specific Taqman MicroAssay (#4427975; ID 002619;
Applied Biosystems) and Taqman miRNA Reverse Transcription
Kit (Applied Biosystems) were used for reverse transcription.
Specific primers used for all the microRNAs were obtained
from Applied Biosystems [hsa-miR-16 (internal reference):
upstream primer sequence 5′TAGCAGCACGTAAATATTG
GCG3′; hsa-miR-223-3p: upstream primer sequence 5′TGT
CAGTTTGTCAAATACCCCA3′;hsa-miR-765:upstream primer
sequence 5′TGGAGGAGAAGGAAGGTGATG3′;hsa-miR-
33b-3p:upstream primer sequence 5′CAGTGCCTCGG
CAGTGCAGCCC3′; The downstream primer comes with
the Qiagen kit]. These reactions were all carried out in duplicate
in the 96-well plates, and the data were evaluated with the help
of 7900HT Fast Real-Time PCR systems (Applied Biosystems).

MTT Assay
The proliferation rate of the transfected HCAECs was detected
by the MTT assay. Briefly, 1 × 104 cells/well was suspended
in 200 µl culture medium and seeded in a plate with 96-wells.
After 24 h of cell seeding, we first used the serum-free medium
containing 5µg/ml MTT to replace the culture medium. Then,
after further incubation for 4 h, the serum-free medium was
replaced by DMSO, mixed well, and finally the SpectraMax 190
(Molecular Devices in Sunnyvale, CA, USA) was used to measure
the optical density by recording the absorbance at 490 nm.

Luciferase Assay
HCAECs were seeded in a 24-well plate first. miR-223-3p and
Mut 3′UTR or WT 3′UTR of IL6ST or the control mimics were
co-transfected at the same time. After 48 h of incubation, cells
were reaped using the DualLuciferase R© Reporter Assay System

(Promega, Madison, WI, USA) for Renilla and firefly luciferase
activity assays.

Western Blotting
RIPA lysis buffer, supplemented with complete protease
inhibitor cocktail (Beyotime, China) were employed to lyse
the transfected HCAECs. Then we used the BCA Protein
Assay Kit (Beyotime, China) to isolate the total protein.
Immediately, 30 µg of total protein in the loading buffer
were loaded per lane and separated by the Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) for
immunoblotting. Polyvinylidene difluoride (PVDF) membranes
were then used to transfer those separated proteins. After
blocking the membrane for 60min using 5% skimmed milk,
we used those primary antibodies STAT3 (ab119352, abcam),
pSTAT3 (phospho Y705, ab76315, abcam), NF-kB p65 (ab16502,
abcam), β-actin (66009-1-Ig, Proteintech), IL6ST (ab202850,
abcam) to incubate with the membranes overnight at 4◦C. On
the next day, post-wash, the membranes were incubated at room
temperature with secondary antibodies for 2 h, then we used
chemiluminescence to detect the protein bands.

Statistical Analysis
Data was presented as the mean ± standard deviation (x̄±SD)
or median (range: minimum, maximum) from at least three
independent experiments. One-way analysis of variance (one-
way ANOVA) with the Newman-Keuls comparison test was
employed to determine the significant difference between groups.
Statistical analysis was carried out using SPSS 17.0 software
(IBM Corporation, Armonk, NY, USA). A level of p < 0.05 was
considered as statistically significant.

RESULTS

The Expression Level of MiR-223-3p Is
Upregulated in the Serum of Patients
With KD
MiRNA microarrays revealed seven prominently upregulated
miRNAs (hsa-let-7b-5p, hsa-miR-223-3p, hsa-miR-765, hsa-
miR-4485, hsa-miR-4644, hsa-miR-4800-5p, sa-miR-6510-5p)
and three remarkably downregulated miRNAs (hsa-miR-33b-3p,
hsa-miR-4443, and hsa-miR-4515) among the plasma samples of
six acute KD patients, compared with the levels detected in the
healthy groups. So, the expression levels of these 10miRNAs were
accessed subsequently. Amongst 10 different miRNAs assessed,
miR-223-3p was proved to be dramatically increased in the KD
serum, almost about 9-fold higher (p < 0.001) in contrast to the
healthy control group (Figure 1A).

HCAECs Stimulated With KD Serum
As an in vitromodel, HCAECs were applied to study the vascular
endothelium’s function in our research. In order to test whether
KD serum could increase miR-223-3p, KD acute stage serum was
employed as a stimulant. The miR-223-3p expression level was
determined followed by 48 h stimulation. The results revealed
that there was a striking increase of the miR-223-3p level in those
cultured with KD serum cells, but not for those in the healthy
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FIGURE 1 | Serum miR-223-3p was increased in patients with KD. (A) The result of Affymetrix microRNA microarrays for the expression of 10 miRNAs in Kawasaki

disease acute stage plasma. (B) Expression of miR-223-3p was measured in HCAECs by RT-qPCR at 48 h following culture with 2ml serum from KD patients and

healthy controls (n = 3). Data are presented as mean ± standard error of mean, ***P < 0.001.

control group (Figure 1B). A probable mechanism of miR-223-
3p was thus indicated in affecting the endothelial cells during the
pathogenesis of KD.

Increased Expression of miR-223-3p Was
Peculiar in Acute KD
We assessed the miR-223-3p expression level during both the
acute and subacute stages of KD. Results displayed that the miR-
223-3p expression level augmented 2-folds in the acute stage
of KD (p < 0.001) and declined to 70% in the subacute stage
of KD (p = 0.021), in comparison with the pyrexia control
group (Figure 2A). Further, in acute KD serum, the miR-223-3p
expression level was lower in the serum sample obtained from the
CAL group than that in the nCAL group (Figure 2E). Similarly,
wemeasured the variation in the expression levels of IL-6, ICAM-
1, and E-selectin during different stages of KD at the same time.
The trend was similar to miR-223-3p expression, where all the
three molecules were found to be increasingly expressed in the
acute stage KD serum sample while decreased in the subacute
stage (Figures 2B–D). However, in contrast to the miR-223-3p
expression levels in the acute KD serum, the expression of the
three molecules increased in the CAL serum compared to that in
the nCAL serum (Figures 2F–H).

IL6ST Was Found to be a Target Gene
of miR-223-3p
To elucidate the underlying mechanism of miR-223-3p, we have
planned to explore the miR-223-3p target genes with the help
of the TargetScan bioinformatics algorithm. Based on putative
target sequences at position 182-205 of the IL6ST 3′UTR, our
analysis uncovered the fact that IL6ST is a potential target of

miR-223-3p (Figure 3A). We then engineered luciferase reporter
constructs containing themutant (Mut) 3′UTR and the wild-type
(WT) 3′UTR of the IL6ST to ascertain whether IL6ST can serve
as a direct target spot of the miR-223-3p. The luciferase reporter
assay data proves that miR-223-3p can remarkably decline the
luciferase activity of the IL6ST 3′UTR but not the mutant IL6ST
3′UTR (Figure 3C). Additionally, the western blot analyses also
revealed the fact that miR-223-3p overexpression dramatically
downregulated the expression of IL6ST in HCAECs (Figure 3B).
The relationship between IL6ST and miR-223-3p was further
analyzed by detecting the relative expression level of IL6ST, and
a significant negative correlation was observed between the miR-
223-3p expression and IL6ST using the Spearman’s correlation
analysis (Figure 3D). Above all, we can conclude that IL6ST is
the target gene of miR-223-3p in KD.

miR-223-3p Regulated the Inflammatory
Factor Level in KD Mice
Six of the 24 rats died in the CAWS intraperitoneal injection
group, and the mortality rate was between 10 and 30%. The
majority of mice were found to have intestinal adhesion,
intestinal mucosal swelling, obstruction, and even necrosis
(Supplementary Figure 1A). The hair color of the CAWS
groups became yellow and disorderly and they experienced
a loss in appetite (Supplementary Figures 1B,C). One
third of the intraperitoneal injection sites had visible scabs,
and local skin erosion was visible in about 1/4 of sites
(Supplementary Figures 1D,E). We observed two cases of
aneurysmal dilatation on the seventh day in the KD group
(Supplementary Figures 1F,G). By the tenth day, the mental
reaction of mice had improved in both groups, the food intake
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FIGURE 2 | The expression of miR-223-3p was seen to increase in acute stage of KD. panel (A–D) represent the relative expression levels of (A) miR-223-3p, (B)

IL-6, (C) E-selectin, and (D) ICAM-1, respectively, in Pyrexia control, acute KD, and subacute KD. This figure represents the relative expression of (E) miR-223-3p, (F)

IL-6, (G) E-selectin, and (H) ICAM-1 in coronary lesions group and non-coronary lesions group of KD. **P < 0.01 and ***P < 0.001.

increased, and their hair color became dark and bright. One case
of membranous peeling was observed at the end of the toe in
the KD group (Supplementary Figure 1H). While two of the 24
rats died in the CAWS intraperitoneal injection combined with
the miR-223-3p activator tail vein injection group. Obviously
the mortality rate in the control group was markedly lower
than that of the CAWS group. The results of these pathological
specimens suggested that inflammation, thrombosis, and a
thickening of the vascular wall were observed in the heart
tissue of mice in the KD group, which is consistent with the
pathological changes observed in Kawasaki disease vasculitis
(Supplementary Figures 2A–H). However, there was no more
severe vasculitis caused by lactobacillus caseate cell wall extract
(LCWS) and the pathological picture was not so typical. In
addition, we also compared the pathological discrepancy with
HE staining at different time nodes between the KD and the
miR-223-3p activator group, but the differences were not so
obvious. As is evident by the SEM images (Figure 4A), after

a period of 4 days post induction, the aorta showed intimal
inflammation and the simultaneous appearance of a cavitation
endothelial injury. After 6–8 days post induction, the vascular
endothelium is shed off, cytoplasmic vacuolation occurs, and the
endothelial injury reaches its peak. After a period of 10 days post
induction, the inflammatory lesions begin to recede, and the
mice enter the recovery phase.

To verify the particular function of miR-223-3p in vascular
endothelial injury in vivo, the KD mice were injected with miR-
223-3p activator. The RT-qPCR results revealed that miR-223-3p
explored the highest expression on the third day in both the KD
mice as well as the miR-223-3p activator treated KD mice. Both
showed a subsequent decrease to the control level on the seventh
day (Figure 4B). Although IL-6 showed a maximum expression
on the third day, which then decreased to the control level on the
seventh day. The highest levels of IL-6 were noted on the seventh
day, after intraperitoneal injection with the miR-223-3p activator
(Figure 4C). IL-6ST showed minimal expression on the third day
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FIGURE 3 | IL6ST is a target gene of miR-223-3p. (A) Shows the IL6ST 3
′

UTR-containing reporter construct. Schematic representation of the miR-223-3p

sequence, putative miR-223-3p targeting site in the 3
′

UTR of IL6ST, and the generated mutant IL6ST 3
′

UTR. (B) The western blot analysis shows that the cells

transfected with miR-223 showed lower expression of IL6ST protein. (C) Luciferase reporter assay indicates the inhibitory effect that miR-223 has on the luciferase

activity of IL6ST-3
′

UTR. (D) Correlation of the expression of IL6ST to that of miR-223-3p in KD samples using simple linear regression analysis. ***P < 0.001.

in both the KD mice and the miR-223-3p activator treated KD
mice, and then showed an increased expression compared to the
control level on the seventh day (Figure 4D). Our data revealed
that the expression of STAT3 mRNA was highest on the third day
in KDmice while the value was the lowest in mice who received a
miR-223-3p activator injection (Figure 4E). The expression levels
of E-selectin and ICAM-1 were also detected, and the results
indicated that E-selectin and ICAM-1 both showed the highest
expression level on the fifth day and their expression decreased
subsequently. However, a notable feature was that the level of
E-selectin and ICAM-1 would not decrease to the control level
even 10 days post treatment (Figures 4F,G).

miR-223 Inhibited the Expression of IL-6ST
in TNF-α
TNF-α being one of the most important inflammatory factors,
was used for inducing inflammatory injury. We thus investigated
the biological function of miR-223-3p in TNF-α treated
HCAECs. First we disposed the HCAECs with different
concentrations of TNF-α for 12 h, then the cell viability
was detected, respectively. The result showed that 50 ng/ml
TNF-α could significantly decrease the viability of HCAECs
concentrations while when concentrations of TNF-α were higher
than 50 ng/ml it could not decrease the cell viability any further
(Figure 5A). A time-based experiment showed that cell viability
began to decrease after being treated by 50 ng/ml of TNF-α for
a period of 6 h. And when treated for 8 h or longer, it showed

no further decrease in the cell viability anymore (Figure 5B).
Thus, HCAECs were designed to be treated with 50 ng/ml TNF-
α for 8 h in further experiments. Treatment of HCAECs with
miR-223-3p activator showed that TNF-α could partially inhibit
miR-223-3p expression under the influence of the miR-223-3p
activator (Figure 5C). While the decrease of the miR-223-3p
mRNA expression level was not significant (p > 0.05) in contrast
to the control group (Figure 5D), this may possibly be due to
the fact that the basic expression level of miR-223-3p was too
low. However, when treated with TNF-α 50 ng/ml, the miR-
223-3p inhibitor caused a dramatical decrease in the expression
level of miR-223-3p (Figure 5E). The expression level of IL6ST
mRNA was also detected and the results are as indicated in
Figures 5F,G. The miR-223-3p activator significantly decreases
the expression of IL6ST, when co-treated with TNF-α. IL6ST
expression is much lower in this case compared to when treated
with the miR-223-3p activator alone. The miR-223-3p inhibitor
was seen to partially increase the expression of IL6ST. However,
when co-treated with TNF-α, a slight decrease in the expression
of IL-6ST was observed. The above results suggest that miR-
223-3p significantly down-regulates the expression of IL-6ST in
inflammatory conditions induced by TNF-α.

miR-223-3p Regulated STAT3 and NF-κB
p65 Signaling Pathway
IL-1 and TNF-α can stimulate the activity of NF-κB to promote
the secretion of IL-6 (12). The IL-6/IL6ST-STAT3 signaling
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FIGURE 4 | miR-223-3p regulated the inflammatory factor levels in KD mice. (A) Representative SEM images of CAWS induced KD mice model at different stages.

The Scale bar was “×5000.” Relative expression levels of (B) miR-223-3p, (C) IL-6, (D) IL-6ST, (E) STAT3, (F) E-selectin, and (G) ICAM-1 in control mice, KD mice,

and miR223-3p activator treated KD mice with respect to time.

pathway has been reported to be very crucial for inflammatory
regulation (12). In the present study, the HCAECs were
first treated with TNF-α, and the IL6ST expression was then
suppressed by miR-223-3p. As expected, compared with the
TNF-α induced group, miR-223-3p could significantly decrease
the expression level of pSTAT3 and NF-κB p65 (Figure 6A). On
the contrary, miR-223-3p inhibition could observably enhance
the expression of pSTAT3 and NF-κB p65 at the same time
(Figure 6B). In conclusion, these results imply that miR-223
can hold the activation of the STAT3 signaling pathway back,
by targeting the inhibition of IL6ST, thus inducing vascular
endothelial cell injury.

DISCUSSION

In recent years, KD has gradually turned into one of the
major reasons for acquired heart diseases that affect children,

which has attracted increased attention, while the vascular injury
complication associated with KD has made it an important
risk factor for adult ischemic heart disease (13). Unfortunately,
our present understanding about the exact pathogenesis of
vascular damage in KD is very limited and insufficient, and
effective therapy strategies are still lacking. It is essential
and crucially important for vascular biologists to study fresh
mechanisms and to seek out therapeutic targets of KD-induced
vascular endothelium damage, which are all crucial for both the
investigation and the clinical therapy of KD.

Several research studies have been conducted to investigate
the origin of KD and its correlation with the diseased state in
patients (14–16). It has already been well-recognized that they
are accompanied by numerous cellular inflammatory responses
in the peripheral blood, composed of the activation of white
blood cells and the release of their contents into the blood
circulation in KD pathogenesis. As was previously reported,
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FIGURE 5 | Relationship between miR-223-3p and IL-6ST in TNF-α treatment. (A) Effect of different concentrations of TNF-α on the viability of HCAECs detected by

the MTT assay. (B) The effect of TNF-α (concentration) on cell viability calculated for HCAECs with different time periods of exposure. The relative expression level of

miR-223-3p post treatment with miR-223-3p and miR-223-3p activator combined with TNF-α. (D) miR-223-3p inhibitor. (E) miR-223-3p inhibitor and TNF-α. (F) The

western blot indicates that the level of expression IL-6ST was least when treated with miR-223-3p and maximum when treated with the inhibitor in the presence of

TNF-α. (G) Relative expression analysis of IL-6ST mRNA expression. *P < 0.05, **P < 0.01, and ***P < 0.001.

endothelial damage often occurs in the early stage of a coronary
artery aneurysm during the course of KD (6) and the biological
functions of these contents in KD and the vascular injuries
caused by KD are yet to be elucidated. Studies have shown
positive correlations between the elevation of EMP levels and
TNF-α expression in the peripheral blood of patients with KD,
suggesting that EMPs are likely to play a crucial part in the
development of vasculitis in patients with KD (13, 16).

It has been reported that IL-6 is a key inflammatory factor in
regulating the inflammatory reaction in KD. IL-6 plays a vital
role in innate immunity, adaptive immunity, acute and chronic
inflammation, KD occurrence and development. IL-6 can quickly
activate the downstream STAT3 signaling pathway through its
receptor protein coupling gp130 (17, 18). In addition, both IL-1
and TNF-α could promote the secretion of IL-6 by upregulating
NF-κB activity, thereby indirectly activating STAT3 (19, 20).

IL-17 increases the levels of IL-6, thus indirectly activates the
STAT3 signaling pathway, significantly inducing inflammation
and promoting the occurrence of tumors (21–23). So, the IL-6/IL-
6ST and STAT3 signaling pathway is of great significance for the
regulation of the inflammatory response in KD.

In a previous study, a few researchers found that miRNAs
in KD were statistically changed, especially miR-223-3p (13, 24).
MiR-223-3p was seen to cause a significant decline in the
production of IL-1β and IL-6, while the miR-223-3p inhibitor
revealed the opposite role in regulating IL-1β and IL-6
production (25). STAT3 siRNA exhibits a similar effect in
cells. Studies have shown that in TLR-triggered macrophages,
miR-223-3p has the ability to regulate the STAT3 expression,
which is closely related to the inflammatory reactions in
macrophages during the microorganism infection. In addition,
several researchers have also shown that in RAW 264.7 cells
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FIGURE 6 | miR-223-3p regulated STAT3 and NF-κB signaling pathway. (A) Western blot detection of the expression of p-STAT3/STAT3 and NF-κB p65 after

miR-223-3p overexpression. (B) Western blot detection of the expression of p-STAT3/STAT3 and NF-κB p65 after treatment with miR-223-3p inhibitor. **P < 0.01

and ***P < 0.001.

restraining STAT3 activity could hold back LPS-mediated IL-
6 and IL-1β production as a priority, but not TNF-a (26).
Data also proved that inhibiting STAT3 activity in gp130F/F
mice, reduced the IL-6 expression level due to the response to
LPS and then maintained the effect on STAT3 for promoting
IL-6 gene transcription (27). All these studies indicate that
the IL-6/STST3 signaling pathway plays a crucial role in the
inflammatory responses.

KD is an important febrile illness causing multi-system
vasculitis in childhood. Patients diagnosed with acute upper
respiratory infection and herpangina, which mimic many of the
clinical and laboratory findings in acute KD, were prospectively
enrolled as febrile control subjects (14–16). In this research
study, children with fever were selected as controls as well. We

discovered that, miR-223-3p was highly expressed in the KD
serum. The miR-223-3p expression level was high in acute stage
KD and it was seen to decrease in coronary lesions of KD. IL-6
was confirmed as a target gene of miR-223-3p, and the miR-223-
3p activator was thought to upregulate the expression of IL-6 and
downregulate the expression of IL-6ST in KD mice. MiR-223-3p
was observed to prohibit the expression of IL-6ST in an TNF-α
induced inflammatory environment, and miR-223-3p was seen
to regulate STAT3 and NF-κB p65 expression in the presence of
TNF-α. This study yields an attractive molecular mechanism that
indicates miR-223-3p’s participation in KD pathogenesis through
the adjustment and control of the IL6ST and STAT3 signaling
pathways. Our research provides a reliable target gene for the
clinical diagnosis and therapeutic treatment of Kawasaki disease.
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Background: The efficacy of corticosteroids and intravenous immunoglobulin (IVIG) in

pediatric myocarditis remains controversial.

Objectives: The authors performed a meta-analysis to assess the therapeutic efficacy

of corticosteroids and IVIG in children with myocarditis.

Methods: We retrieved the trials on corticosteroids and IVIG therapy, respectively, in

pediatric myocarditis from nine databases up to December 2018. Statistical analysis was

performed using Review Manager 5.3.

Results: Our analysis included 8 studies and 334 pediatric patients. The data

demonstrated that children receiving corticosteroids showed no significant improvement

on left ventricular ejection fraction (LVEF) from 1 to 8 month-follow-up (MD = 5.17%,

95% CI = −0.26% to 10.60%, P = 0.06), and no significant improvement in death or

heart transplantation incidence at the end of follow-up (OR= 1.33, 95% CI= 0.27–6.70,

P = 0.73). However, children receiving IVIG revealed a statistically remarkable increase

in LVEF at a follow-up over the course of 6 months to 1 year (MD = 18.91%, 95%

CI = 11.74–26.08%, P < 0.00001), and a decrease in death or heart transplantation

at the end of follow-up (OR = 0.31, 95% CI = 0.12–0.75, P = 0.01). Further

comparisons showed that the mortality and heart transplantation rate of children with

myocarditis treated with IVIG were significantly lower than those with corticosteroid

therapy (t’ = 11.336, P < 0.001).

Conclusions: IVIG might be beneficial to improve LVEF and survival for myocarditis in

children. However, the present evidence does not support corticosteroids as superior

to conventional therapy in children with myocarditis. Further randomized controlled trials

with a larger sample size are required.

Keywords: myocarditis, children, corticosteroid, intravenous immunoglobulin, meta-analysis

INTRODUCTION

Myocarditis is generally defined as the inflammatory cellular infiltration in the myocardium and
subsequent cardiomyocyte necrosis of non-ischemic origin according to Dallas criteria (1, 2). It
has a variety of clinical presentations (3). The exact incidence of myocarditis in children remains
unknown (1). A multi-institutional analysis by Klugman et al. showed that myocarditis took up
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about 0.05% among pediatric hospital discharges in the
United States (4). Towbin and colleagues reported that the
incidence of dilated cardiomyopathy (DCM) in children was
0.57 cases per 100,000 per year overall, 46% of which were
caused by myocarditis (5). It is estimated that the prevalence of
pediatric myocarditis is 0.3 cases per year per 100,000 children
(6). Although myocarditis is not common in children, it can lead
to significant morbidity and mortality (5).

It is generally believed that viral infection is a major
cause of myocarditis. The pathophysiology of myocarditis
consists of direct viral injury from viral proteins, the innate
immune response including cytokines, toll-like receptors, and
complements, and the acquired immune response involving T
cells and antibodies. A chronic immune reaction related to
molecular mimicry may lead to chronic dilated cardiomyopathy
even without solid evidence of viral persistence (3, 7–9).
Immunosuppressive therapy such as corticosteroids has been
used in patients. In experimental models and some uncontrolled
cases of myocarditis, intravenous immunoglobulin (IVIG) has
shown to have antiviral and immunomodulatory effects (1).
However, the efficacy of corticosteroids and IVIG remains
controversial. Limited trials have been conducted on children,
and the results are inconsistent. We therefore performed a
meta-analysis of all qualified randomized or non-randomized
controlled trials to determine the therapeutic efficacy of
corticosteroids and IVIG in children with myocarditis.

METHODS

This meta-analysis was performed following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (10).

Protocol of Searching
Studies were confirmed by searches from medical libraries
or electronic reviews of published medical literature in our
meta-analysis. The databases, including Cochrane (1943–2018),
PubMed (1968–2018), Web of science (1970–2018), EMBASE
(1991–2018), Chinese Biomed Database (1978–2018), the Latin
American and Caribbean Health Science Information Database
(LILACs) (1982–2018), the Cumulative Index to Nursing and
Allied Health Literature (CINAHL) (1982–2018), WANFANG
(1980–2018), and CNKI (1990–2018), were independently
searched by two authors using medical subject heading (MeSH)
terms (in English or Chinese) such as “myocarditis/inflammatory
cardiomyopathy/dilated cardiomyopathy/carditis AND
immunoglobulins/gammaglobulin/gamma-globulin/IVIG,”
“myocarditis/inflammatory cardiomyopathy/dilated
cardiomyopathy/carditis AND anti-inflammatory
agents/glucocorticoids/immunosuppressive agents/adrenal
cortex hormones/predniso/dexamethason/hydrocortiso/

Abbreviations: IVIG, intravenous immunoglobulin; DCM, dilated

cardiomyopathy; LVEF, left ventricular ejection fraction; RCT, randomized

controlled trial; ECMO, extracorporeal membrane oxygenation; MD, mean

difference; CI, confidence interval; OR, odds ratio; SD, standard deviation; SE,

standard error.

methylprednison/steroid/corticostero/immunosuppress/
glucocorticoid/mineralocorticoid/betamethason/budesonide/
cortiso/fludrocortiso.” We also narrowed the spectrum using
the filters of clinical trial and child in the search strategy.
No language restrictions were applied. Original articles were
acquired from electronic databases or libraries.

Study Inclusion Criteria
We included English or Chinese studies that referred to
randomized or retrospective conventional therapy-controlled
trials for the treatment of myocarditis or DCM into our analysis.
The diagnosis of myocarditis was made by established clinical,
echocardiographic, cardiac MRI, histological, immunological,
and immunohistochemical criteria. Trials involving Kawasaki
disease, structural heart disease and other specific causes of acute
cardiomyopathy as sepsis or drug toxicity were excluded. IVIG,
corticosteroids or IVIG in combination with steroid agents were
given to the treatment group while traditional therapy was used
on the control group. The general characteristics of the subjects,
the protocol of the trials and the process of the follow-up were
illuminated in detail. Indicators for evaluating effects included
the recovery of heart function after undergoing treatment, or the
rate of death or heart transplantation during follow-up.

Study Exclusion Criteria
Studies without a clear standard of diagnosis of myocarditis or
the use of other drugs in the control group were not selected.
Additionally, studies in which subjects were not children, or the
endpoints were not clearly described, were also eliminated. Some
uncontrolled trials were excluded as well.

Study Quality Assessment
Two reviewers independently screened the title and abstract,
selected the studies and assessed the quality of studies.
Characteristics of subjects, design of trials, course of arrangement
and analysis were abstracted and rated. Quality assessment of
randomized controlled trials (RCTs) were based on the 7-point
Modified Jadad Score, including 7 items on randomization,
blinding, allocation concealment, withdrawals and dropouts.
Studies were of high quality if they got 4 or more points. The
quality of enrolled retrospective cohort studies was evaluated by
the 9-star Newcastle-Ottawa Quality Assessment Scale, including
8 items on patient selection, comparability and outcome. Studies
were interpreted as high-quality studies if they got 5 or more
stars. Divergence was resolved by discussion, or by recourse to
a third reviewer. Publication bias was assessed by Funnel plot.

Statistical Analysis
We used the ReviewManager 5.3 software (The Nordic Cochrane
Centre of The Cochrane Collaboration, Copenhagen, Denmark)
available on international evidence-based medicine cooperative
network for meta-analysis. We tested the heterogeneity of study
data by forest plot, the Q-test as well as I2 statistics. In the Q-
test, the results of included studies were homogenous if p >

0.05, and a fixed effect model was applied; while if p < 0.05,
the results were heterogeneous, and the outcome of systematic
analysis was stated in a random effects model. I2 > 50% indicated
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a significant heterogeneity. The final results were indicated in the
form of vector images which combined mean difference (MD)
or odds ratio (OR) with 95% confidence interval (CI). We also
compared the two medicines by weighted independent t-test. P
< 0.05 showed a statistically significant difference.

RESULTS

Basic Data of Included Studies
A total of 4,546 studies were retrieved using the retrieval
methods mentioned above. Finally, there were eight studies (11–
18) being adopted based on exclusion and inclusion criteria
(Figure 1), consisting of two randomized controlled trials and
six retrospective studies. All studies were published in English.
Table 1 shows the general background of eight studies and
the list of characteristics of the subjects such as age. In
total, 334 pediatric patients with myocarditis or DCM were
included, consisting of 146 patients in the experimental group
and 188 patients in the control group. The range of mean
age of the research subjects was 0–17.7 years. All pediatric
patients in these studies were diagnosed as myocarditis or DCM
with or without corticosteroids or IVIG. Two of the eight
studies regarded only left ventricular ejection fraction (LVEF)

as the endpoint of follow-up, while four of the studies used
only death or heart transplantation to indicate pharmaceutical
effect. The remaining studies used both LVEF and death or
heart transplantation to reflect the therapeutic efficacy. In
studies mentioning the administration time, the mean time for
corticosteroids administration varied from 1 to 8 months, while
the range of mean time for IVIG administration was from 2 to
5 days. Follow-up duration lasted from 1 month to 5 years. The
results of quality assessment showed that six of the eight studies
were high-quality studies (Table 1).

Publication Bias
Funnel plot analysis indicates significant publication bias for the
increase in LVEF and death or heart transplantation incidence
(Figure 2). The number of articles available is likely a major
contributing factor, which also limits our further test for funnel
plot asymmetry.

Analysis of Left Ventricular Ejection

Fraction
LVEF of children with myocarditis or dilated cardiomyopathy
after intervention was reported in four trials. A total of 157
subjects were included, 81 in the treatment group and 76 in

FIGURE 1 | Study flow diagram.
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TABLE 1 | Basic data of eight included trials.

References Study

design

Groups Age Drugs Dosing regimen Control Endpoint Follow-up duration P-

value

Quality

assessment

T C T C T C

Aziz et al. (11) RCT 44 24 3.4 ±

2.5

years

4.2 ±

3.4

years

Prednisolone 2 mg/kg/day for 1

month and then

tapered off over a

period of 15 days

Conventional

therapy

LVEF 15.1 ±

9.2

months

13.6 ±

10.6

months

0.06 2

Camargo

et al. (12)

RCT 12 9 0–15 years Prednisolone 2.5 mg/kg/day for 1

week, 2.0 mg/kg/day

for 3 weeks, 1.5

mg/kg/day for 4

weeks, and 1.0

mg/kg/day thereafter

Conventional

therapy

LVEF,

death or heart

transplantation

8 months >0.05 3

English et al.

(13)

Retrospective 16 6 0–17.7 years Steroids 2–10 mg/kg/day for a

minimum of 3 days

Conventional

therapy

Death or heart

transplantation

60 months — 7

Alrabte and

Bezanti (14)

Retrospective 13 27 9 months IVIG 0.4 g/kg/day for 5 days Conventional

therapy

LVEF 12 months — 7

Atiq et al. (15) Retrospective 16 20 2.39 ±

3.46

years

2.36 ±

1.75

years

IVIG A single dose of 2 g/kg Conventional

therapy

Death or heart

transplantation

12 months 0.2 9

Haque et al.

(16)

Retrospective 12 13 7.3 ±

5.8

years

12.0 ±

4.9

years

IVIG 2 g/kg over 16–24 h on

day of admission

Conventional

therapy

Death or heart

transplantation

— 0.04 7

Heidendael

et al. (17)

Retrospective 21 73 10 (1,

51)

months*

18 (2,

59)

months*

IVIG 2 g/kg within 2 weeks

after initial presentation

Conventional

therapy

Death or heart

transplantation

33 months 0.432 8

Prasad and

Chaudhary,

(18)

Retrospective 12 16 <12 years IVIG 1 g/kg/day for 2 days Conventional

therapy

LVEF, death or

heart

transplantation

6 months <0.05 8

*Age was given as median (interquartile range).

Retrospective cohort studies were evaluated using 9-star Newcastle-Ottawa Quality Assessment Scale; RCT studies were evaluated using 7-point Modified Jadad Score; conventional therapy includes digitalis, diuretics, vasodilators,

etc. T, treatment; C, control; RCT, randomized controlled trial; IVIG, intravenous immunoglobulin; LVEF, left ventricular ejection fraction.
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FIGURE 2 | Funnel plot of included studies. (A) The left funnel comprised of four dots representing studies using LVEF as the endpoint. (B) Funnel plot of six clinical

trials using death or heart transplantation as the endpoint. MD, mean difference; OR, odds ratio; SE, standard error.

FIGURE 3 | Forest plot of four studies using LVEF as the endpoint. Comparison of drugs and conventional therapy on the outcome of left ventricular ejection fraction

in pediatric myocarditis, excluding nonevent trials. Heterogeneity indicated a significant difference (P = 0.02, I2 = 68%). A random effects model was used. CI,

confidence interval; SD, standard deviation.

FIGURE 4 | Forest plot of six studies using death or heart transplantation as the endpoint. Drugs vs. conventional therapy on the outcome of rate of death or heart

transplantation in pediatric myocarditis, excluding nonevent trials. Heterogeneity showed no significant differences (P = 0.47, I2 = 0%). Fixed effect model for

combined effect size was used.

the control group. Heterogeneity analysis showed heterogeneity
among the studies (P = 0.02, I2 = 68%) and a random
effects model was used. Subgroup analysis showed that there
was no statistical difference between the group treated with
corticosteroids and the group treated with conventional therapy
from 1 month- to 8 month-follow-up (mean difference= 5.17%,

95% CI = −0.26%–10.60%, P = 0.06). Patients treated with
IVIG, on the other hand, revealed a higher level of LVEF
compared with patients who received conventional therapy from
a follow-up over the course of 6 months to 1 year (mean
difference = 18.91%, 95% CI = 11.74–26.08%, P < 0.001)
(Figure 3).
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Analysis of Death and Transplantation
Six studies assigned death or heart transplantation as the
endpoint of investigation, in which investigation of 49 patients
ended with death or heart transplantation. This consisted of 13
patients in the medication group and 36 patients in the control
group. Heterogeneity analysis showed no heterogeneity among
the studies (P = 0.47, I2 = 0) and a fixed effect model was used.
The death or heart transplantation incidence was lower in the
medication group than that in the control group (OR= 0.43, 95%
CI = 0.20–0.90, P = 0.03). According to the subgroup analysis
of the two types of drugs, the death or heart transplantation
incidence in pediatric patients treated with IVIG was lower than
that of patients treated with conventional therapy at the end
of follow-up (OR = 0.31, 95% CI = 0.12–0.75, P = 0.01). On
the contrary, there was no evidence of a significant difference
in the death or heart transplantation incidence between the
corticosteroids group and conventional therapy group at the
end of follow-up (OR = 1.33, 95% CI = 0.27–6.70, P = 0.73)
(Figure 4).

Further comparisons showed that the mortality and heart
transplantation rate of children with myocarditis treated with
IVIG were significantly lower than those with corticosteroid
therapy (t’ = 11.336, P < 0.001) (Table 2).

DISCUSSION

The results of our meta-analysis show that there is no
significant difference in increased LVEF (from a 1 month- to 8
month- follow-up) and decreased death or heart transplantation
incidence (at the end of follow-up) between the use of
corticosteroids and that of conventional therapy in children
with myocarditis or dilated cardiomyopathy. Compared to
conventional therapy, additional IVIG treatment may be
beneficial for the improvement of LVEF (at follow-up over
the course from 6 months to 1 year) and for a decrease in
death or heart transplantation rate (at the end of follow-up).

TABLE 2 | Comparisons of percentages of death and heart transplantation in

children with myocarditis treated by corticosteroids and intravenous

immunoglobulin.

Drugs Reference Percentage of death

or heart

transplantation (%)

Weighted mean

percentage (%)

Corticosteroids Camargo et al. (12) 16.7 21.4 ± 4.2

English et al. (13) 25.0

IVIG Atiq et al. (15) 12.5 11.5 ± 3.0

Haque et al. (16) 8.3

Heidendael et al.

(17)

9.5

Prasad and

Chaudhary, (18)

16.7

Weighted

independent

t’-test*

t’ = 11.336, p < 0.001

*Weighted by number of the subjects; IVIG, intravenous immunoglobulin.

The comparison between corticosteroids and IVIG in death or
heart transplantation incidence reveals a statistical superiority of
IVIG therapy.

Potential etiologies of myocarditis include infections, physical
agents, toxins, medications, autoantigens and so on (19).
Viral and post-viral myocarditis are major causes of dilated
cardiomyopathy (1). The spectrum of viruses varies from
enteroviruses (especially coxsackievirus), human herpesvirus 6,
adenovirus, Epstein-Barr virus to parvovirus B19, hepatitis C
and cytomegalovirus both in children and adults. Trypanosoma
cruzi is a common cause of myocarditis in Central and
South America (20). Our meta-analysis did not include this
type of myocarditis because of its distinctive epidemiology,
pathogenesis, treatment and management (21). After the initial
infection period, patients may develop eosinophilic, lymphocytic,
or giant cell/granulomatous inflammation of myocardium (22).
Lymphocytic myocarditis is the most common viral myocarditis
(9). Manifestations of myocarditis differ in children. Signs
and symptoms can be sub-clinical, while patients sometimes
experience chest pains similar to pericarditis or myocardial
infarction, or even undergo sudden cardiac death from
ventricular fibrillation. Moreover, symptoms of heart failure
might occur when the disease develops into DCM, leading to
death or heart transplantation.

The exact mechanisms for the injury during viral myocarditis
have been studied for decades. Research on rodent models
and isolated cell systems have shown three phases in the
pathophysiology. During phase 1, viruses enter myocytes and
macrophages through specific receptors and coreceptors and
activate the innate immune response. Phase 2 involves viral
replication and an acquired immune response. Protein products
of viral genomes can also cause damage to myocardium. Phase
3 is either recovery or DCM. Cellular necrosis triggers the
host’s immune system and causes further degradation. Molecular
mimicry possibly plays an important role in this autoimmune
response. On most occasions, the status improves as viral
titers decrease, whereas in some cases the disease evolves to
chronic dilated cardiomyopathy and become irreversible. It is
not clear whether viral persistence or reactivation of latent
virus is involved in the chronic phase and eventual onset of
DCM. Some viruses, such as parvovirus B19, can also cause
myocarditis indirectly by infecting cardiac endothelial cells (1,
3, 9, 23). Genetic predisposition possibly works in viral and/or
autoimmune myocarditis and later in DCM in humans (2).

The outcome, prognosis, and efficacy of treatment of
myocarditis are closely related to etiology, clinical manifestations
and the phase of disease. Conventional therapy includes optimal
management of arrhythmia and of heart failure. In patients
whose conditions deteriorate, mechanical circulatory support
is required, such as extracorporeal membrane oxygenation
(ECMO) or ventricular assist devices, as a bridge to recovery or
heart transplantation.

As immunosuppressants, corticosteroids could be effective
in the second phase of myocarditis with the three-phase
pathological course. However, our meta-analysis shows that
there is no significant difference in LVEF and death or heart
transplantation ratio in children between the corticosteroids
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group and the conventional treatment group. Corticosteroids use
should depend on a prompt diagnosis and a clear assessment of
the stage of myocarditis. In the three studies included, however,
corticosteroids use varied among different stages of the patients,
which likely resulted in no significant differences. In addition,
using corticosteroids in acute myocarditis may exacerbate the
situation through immunosuppression during the acute viremic
phase (11–13). Although several previous randomized controlled
trials (24, 25) and meta-analyses (26) have proven the efficacy
of corticosteroids, these findings were based primarily on adults.
The conclusion may not be conveniently extrapolated to the
pediatric population as a result of different etiologies and
different physical conditions.

On the other hand, our findings reveal that IVIG may
have a therapeutic effect on pediatric myocarditis. Studies have
shown that immunoglobulin G and polyvalent intravenous
immunoglobulins IgG, IgA, and IgM exert proinflammatory
effects, including the activation of immune cells, the complement
system, and the opsonization of infective agents. They also
have anti-inflammatory effects which comprise the neutralization
of bacterial and other toxins, degradation products and an
excess of complement factors and cytokines, which help
to balance the proinflammatory process (27–29). IVIG can
modulate the inflammatory and immune response without
major side effects. Thus, if ongoing infection, a post-infectious
inflammatory reaction, or a non-infectious process play a role,
IVIG can be efficacious (30). However, additional and larger-scale
randomized controlled trials on children are necessary for further
investigation of IVIG use.

Theoretically, immunosuppressive therapy could lead to side-
effects, including infectious diseases, hypertension, edema, an
increase in body weight and so on (26). While IVIG therapy
was principally associated with infusion-related side effects, all
incidences were reported to be mild (30). We also took adverse
drug reaction into account, although it was not comprehensively
mentioned in the retrieved articles and reflects a limitation of
these studies.

Considering the validity of medication targeting different
periods of pathologic process, combination therapy may be
a more effective option. However, far less research (13, 31)
regarding steroid agents combined with IVIG for treating
pediatric myocarditis was retrieved. Several studies indicated
that combination treatment groups conferred advantages over
the control group, while others showed no significant difference
in therapeutic effects between the two groups. Therefore,
performing more trials to study the efficacy and safety of
combined treatment is necessary.

Most previously reported meta-analyses about the treatment
for myocarditis (26, 32) targeted adults as research subjects.
Moreover, most of these mentioned only IVIG or steroid
agents, rather than both. On account of the significant
morbidity and mortality rates of pediatric myocarditis, it
is of great importance to further investigate more effective
therapies. Additionally, our meta-analysis compared the efficacy
of corticosteroids and IVIG, which might be taken as a reference
for further researches.

STUDY LIMITATIONS

There were some limitations to the present study. The inverted
funnel plot demonstrated an existence of publication bias. It
is difficult to unify the diagnostic criteria and most studies
lacked a clear assessment of the stage of myocarditis. Several
different standards for judging the efficacy of medication were
not all-inclusive in involved studies so that we could not
estimate it completely. In addition, in biopsy-proven virus-
negative patients whose condition deteriorates despite optimal
conventional management, immunosuppressive therapy should
be considered after ruling out the possible contraindications.

CONCLUSIONS

IVIG might be beneficial to improve LVEF and survival for
myocarditis in children. However, the present evidence does not
support corticosteroids as superior to conventional therapy in
children with myocarditis. Further randomized controlled trials
with a larger sample size are required to unambiguously delineate
the clinical effect of corticosteroids and IVIG in the treatment of
myocarditis in children.
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Aims: Patients with a congenital heart condition palliated with a Fontan circulation

generally present with decreased exercise capacity due to impaired cardiopulmonary

function. Recently, a study in patients with a Fontan circulation reported evidence for

abnormal vascular endothelial function in leg muscle. We investigated if abnormal skeletal

muscle hemodynamics during exercise play a role in the limited exercise tolerance

of Fontan patients. If so, abnormalities in intramuscular energy metabolism would be

expected both during exercise as well as during post-exercise metabolic recovery.

Methods: In a young patient with a Fontan circulation and his healthy twin brother

we studied the in vivo dynamics of energy- and pH-balance in quadriceps muscle

during and after a maximal in-magnet bicycling exercise challenge using 31-phosphorus

magnetic resonance spectroscopy. An unrelated age-matched boy was also included as

independent control.

Results: Quadriceps phosphocreatine (PCr) depletion during progressive exercise was

more extensive in the Fontan patient than in both controls (95% vs. 80%, respectively).

Importantly, it failed to reach an intermittent plateau phase observed in both controls.

Quadriceps pH during exercise in the Fontan patient fell 0.3 units at low to moderate

workloads, dropping to pH 6.6 at exhaustion. In both controls quadriceps acidification

during exercise was absent but for the maximal workload in the twin brother (pH 6.8).

Post-exercise, the rate of metabolic recovery in the Fontan patient and both controls was

identical (time constant of PCr recovery 32 ± 4, 31 ± 2, and 28 ± 4 s, respectively).

Conclusion: Homeostasis of quadriceps energy- and pH-balance during a maximal

exercise test failed in the Fontan patient in comparison to his healthy twin brother and

an age-matched independent control. Post-exercise metabolic recovery was normal

which does not support the contribution of significant endothelial dysfunction affecting

adequate delivery of oxidative substrates to the muscle to the lower exercise capacity

in this particular Fontan patient. These results suggest that mitochondrial ATP synthetic
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capacity of the quadricepsmuscle was intact but cardiac output to the legmuscles during

exercise was insufficient to meet the muscular demand for oxygen. Therefore, improving

cardiac output remains the main therapeutic target to improve exercise capacity in

patients with a Fontan circulation.

Keywords: congenital heart disease, univentricular cardiac disease, exercise, phosphorus-31magnetic resonance

spectroscopy, metabolism

INTRODUCTION

Patients with a univentricular heart are commonly palliated
with a Fontan circulation, where all systemic venous blood does
not enter the heart but is diverted directly into the pulmonary
arteries, without the interposition of a ventricle (1, 2). As a
consequence, the single ventricular heart provides the systemic
circulation in these individuals. Not surprisingly, these patients
generally present with decreased exercise capacity (3–7). Classic
work in exercise physiology has shown that cardiac reserve of
the healthy human heart is insufficient to support adequate blood
supply to the legs during maximal exercise (8, 9).

Cardiac output is, however, not the sole determinant of
exercise capacity. Healthy vascular as well as skeletal muscle
function also play a role (10–12). Recently, a study in patients
with a Fontan circulation reported evidence for abnormal
vascular endothelial function in leg muscle. On basis of this
finding the authors hypothesized that decreased exercise capacity
in Fontan patients may in part be caused by abnormal skeletal
muscle hemodynamics (13).

Here, this matter was further investigated. In a young patient
with a Fontan circulation and his healthy twin brother we
studied the in vivo dynamics of energy- and pH-balance in
quadriceps muscle during and after a maximal bicycling exercise
challenge using 31-phosphorusmagnetic resonance spectroscopy
(31P-MRS). An unrelated sex- and age-matched boy was also
studied as independent control. The aim was to investigate if
abnormal skeletal muscle hemodynamics during exercise play
a role in the limited exercise tolerance of Fontan patients. If
so, abnormalities in intramuscular energy metabolism would be
expected both during exercise as well as during post-exercise
metabolic recovery.

MATERIALS AND METHODS

Ethics Statement
This study was conducted in accordance with the Declaration of
Helsinki and was approved by the institutional ethics committee
(University Medical Center Groningen). Informed consent for
participation and publication was obtained from all study
participants and/or their legally authorized representative(s).

Case Presentation
In this pilot study a young patient with a Fontan circulation,
his healthy twin brother, and an unrelated sex- and age-matched
control were included.

The patient, one of monozygotic twins, was diagnosed at birth
with hypoplastic left heart syndrome due to mitral and aortic

valve atresia for which he underwent a Norwood I procedure,
followed by a bidirectional Glenn within the first year of life
and subsequent completion into a Fontan circulation (with a
fenestrated lateral tunnel) at the age of 4.5 years. Cardiac and
developmental follow-up was uncomplicated and he leads an
active lifestyle including weekly swimming classes, gymnastics,
and biking, although his exercise tolerance is limited. Currently
at the age of 11 years, he presented at the outpatient clinic.

Measurements
Patients with a Fontan circulation are followed with a standard
follow-up protocol. This includes a 2-yearly echocardiography,
cardiacmagnetic resonance (CMR) imaging, pulmonary function
test, and a cardiopulmonary exercise test (CPET). Also,
information on height, weight, heart rate, blood pressure, and
transcutaneous oxygen saturation at rest are reported.

CPET
CPETwas performed on a stationary cycle ergometer with a ramp
protocol with an increase of 20W per minute. Arterial oxygen
saturation was continuously monitored by transcutaneous pulse
oximetry placed on the forehead. Oxygen uptake was measured
using breath-by-breath analysis. The respiratory exchange ratio
was calculated as the ratio between oxygen uptake (VO2) and
carbon dioxide (VCO2) production at peak exercise. When an
RER of >1.01 was reached, the performance was classified as
adequate (14).

31P-MRS
Six weeks after the CPET, a second bicycling exercise
test inside an MRI scanner was performed. Workload
increments were derived from the results of the first CPET
to ensure maximal exercise intensity was achieved within
approximately 10min. Dynamic in vivo 31P-MRS recordings
of intramuscular energy metabolism and muscle pH were
obtained from the vastus lateralis muscle at rest, during
progressive exercise and subsequent metabolic recovery,
respectively (15). Intramuscular phosphocreatine (PCr)
concentration, a measure of muscular energy reserve, and pH
were determined from the 31P-MRS recordings as described
previously (15). The rate of post-exercise metabolic recovery,
a measure of mitochondrial ATP synthetic function (16), was
determined by non-linear curve-fitting of mono-exponential
functions to the PCr and Pi time-course data weighted by
SD of individual data points yielding estimates of the time
constants tau_PCr and tau_Pi, respectively, as described
previously (15).
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The two healthy controls likewise performed the intra-MRI
exercise test to obtain control data sets. Workload increments
for these subjects were based on reference workload values for
CPET (17).

RESULTS

The patient with a Fontan circulation reported no complaints
of syncope, dizziness, palpitations, or chest pain. He swims
once a week for 45minutes. During gymnastics at school he
sometimes needs to take a break. Besides methylphenidate, he
did not use any medication. Anthropometric measurements
were height: 157.8 cm (Z-score+1.00); weight: 40 kg (Z-score
+0.7). Physical examination revealed that he was in good
clinical condition. Blood pressures measured were 122/52
mmHg and 122/58 mmHg on his right arm and right
leg, respectively. He had a normal respiratory rate and his
oxygen saturation was 87%. Further physical examination
showed no abnormalities besides a grade 2 systolic ejection
murmur 2nd−4th left intercostal space and a palpable liver
of 1 cm.

Echocardiography showed a moderate to normal systolic
function of the systemic right ventricle, unobstructed
cavopulmonary anastomoses, only mild atrioventricular
valve insufficiency, and an open fenestration with a right to left
shunt with an estimated mean pressure gradient of 6 mmHg.

During a maximal exercise test, confirmed by a RER of 1.1,
oxygen saturation dropped from 88% at rest to 77% at maximal
workload without any subsequent drop in O2 pulse. His maximal
workload (108 Watt, 74% of predicted), maximal oxygen uptake
adjusted for bodyweight (36.6 ml/kg/min, 76% of predicted), O2
pulse (77%), and maximal heart rate (164 bpm, 88% of predicted)
were decreased compared to reference values (17). Patient’s
breathing reserve was 30% at 41 breaths/min. The VE/VCO2
slope was 40.4 and the anaerobic threshold was located at 68%
of VO2 max. ECG monitoring showed a nodal cardiac rhythm at
rest, rapidly converting into sinus rhythm during exercise.

31P-MRS Results
Total exercise time of the bicycling exercise test inside the MRI
scanner of the patient, twin brother and second healthy control
was 664, 632, and 608 seconds, respectively. PCr depletion
was 95% in the Fontan patient vs. 80% in both healthy boys
(Figure 1). End-exercise quadriceps pH was 6.6 in the Fontan
patient vs. 6.8 and 6.9 in both healthy boys (Figure 2). In
addition to these quantitative differences, we observed significant
qualitative differences between the time-course of muscle PCr
and pH in the patient and controls. Specifically, in both healthy
boys, muscle PCr level attained a steady state value after an
initial drop at the onset of exercise, followed by a monotonous
progressive depletion at workloads above 70% (independent
control) and 90% (healthy twin brother) of predicted Wmax
(Figure 1). Strikingly, in the Fontan patient no such intermittent
homeostatic plateau phase was observed (Figure 1). Similarly,
homeostasis of quadriceps pH in both healthy boys was robust
over almost the entire range of workloads, whereas in the patient
progressive muscle acidification was manifest already at early

FIGURE 1 | Quadriceps phosphocreatine (PCr) content (scaled to resting

content) during incremental exercise recorded in a young patient with a Fontan

circulation (red trace), his healthy twin brother (blue trace), and a second age-

and sex-matched healthy control (black trace). Quadriceps PCr content was

determined from 31P-magnetic resonance spectra as described

elsewhere (15).

FIGURE 2 | Quadriceps pH during incremental exercise recorded in a young

patient with a Fontan circulation (red trace), his healthy twin brother (blue

trace), and a second age- and sex-matched healthy control (black trace).

Quadriceps pH was determined from 31P-magnetic resonance spectra as

described elsewhere (15).

stages of the ramp exercise protocol (Figure 2). Post-exercise, the
rates of metabolic recovery in the Fontan patient, his twin brother
and the healthy control were identical (tau_PCr recovery 32 ±

4, 31 ± 2, and 28 ± 4 seconds, respectively; tau-Pi 24 ± 4, 32
± 2, and 30 ± 6 seconds, respectively; Supplementary Figure 1

showing the metabolic recovery in the Fontan patient). These
rates are in good agreement with earlier findings in human
quadriceps muscle (18, 19).

DISCUSSION

We have obtained in vivo evidence that exercise intolerance in
a Fontan patient presenting with cyanosis and chronotropic
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incompetence, is associated with failing homeostasis of
quadriceps muscle energy balance and pH during exercise.
Post-exercise metabolic recovery was completely normal. These
findings impact the debate on the pathophysiological basis
of exercise intolerance in patients with a univentricular heart
palliated with a Fontan circulation. Firstly, we found no evidence
for any endothelial dysfunction in the vascular bed of the
leg muscles in this particular patient. Post-exercise metabolic
recovery of resting PCr and Pi levels in the quadriceps muscle of
the patient followed first-, not zero-, order kinetics. Moreover,
the rate of recovery was identical to the rates measured in his
healthy twin brother and a second, unrelated control. The latter
finding also indicates that mitochondrial ATP-synthetic function
in leg muscle of the patient was intact (16).

The presence of skeletal muscle hemodynamic abnormalities
in response to exercise in Fontan patients was reported
by Inai et al. (13). Their near-infrared spectroscopy (NIRS)
observations in 50 patients palliated with a Fontan circulation
showed that post-exercise recovery of muscle oxygenation in
an unspecified Fontan patient was clearly dampened both
in amplitude as well as rate [Figure 2 in (13)]. It has
previously been shown that post-exercise metabolic recovery
in muscle studied using NIRS typically correlates well with
direct measurement of intramuscular metabolic recovery using
31P-MRS (20). Therefore, the fact that we failed to find
any abnormalities in post-exercise metabolic recovery in our
patient using 31P-MRS rules out that vascular dysfunction
in skeletal muscle of single ventricle Fontan patients is
a generic feature contributing to exercise limitations in
this condition.

Our results of failing homeostasis of energy- and pH-balance
in quadriceps muscle during exercise in the patient despite
intact mitochondrial oxidative capacity suggest that cardiac
output to the leg muscles during exercise was insufficient to
meet the muscular demand for oxygen. Improving cardiac
output therefore remains the main therapeutic target to improve
exercise capacity in Fontan patients. The challenge will be
to achieve this objective in a manner that is safe for the
patient. The VO2 max depends on the function of the heart,
the lungs and the muscles (17). Our results question the
contribution of impaired mitochondrial oxidative capacity of
the leg muscles in this particular Fontan patient. Although
moderate-to-vigorous aerobic and resistance exercise training
in Fontan patients has shown to improve venous return via an
augmented peripheral muscle pump and to improve exercise
capacity, the mechanism via which this is reached seems not
to be an increase in mitochondrial oxidative capacity of the leg
muscles (21).

Our results are based on a small sample size and therefore
any definite conclusions cannot be drawn. Future studies should
include more patients with a Fontan circulation. Also, using
baseline CPET values in healthy controls would be worth
considering. Future studies of this subject should preferably use
additional methods, including dynamic MRI methodology, to

investigate the presence of endothelial dysfunction in patients
with a Fontan circulation (22, 23).

An alternative strategy could be to harness the metabolic
power of dietary ketones to boost cardiac performance during
exercise in Fontan patients. Indeed, ketone body suppletion in
rodents was found to increase cardiac hydraulic work capacity
by some 25% (24, 25). A recent study in athletes has found that
ingestion of a synthetic ketone ester prior to physical exercise
improved performance (26). Evidence suggests that the heart
will switch almost completely to ketone oxidation when this
oxidative substrate is available in the bloodstream (27, 28).
In humans, mild nutritional ketosis may be safely achieved
either by ingestion of ketone ester (26, 29) or medium-chain
triglycerides [MCT; (30)]. As such, it may be interesting to study
if mild nutritional ketosis during exercise may be beneficial in
Fontan patients.
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Supplementary Figure 1 | Quadriceps phosphocreatine (PCr) recovery after

incremental exercise in a young patient with a Fontan circulation. Red line, a

mono-exponential fit of the data (16); dotted blue lines, 95% confidence interval of

the mono-exponential fit of the data (R2 = 0.84; tau_PCr recovery = 32 ± 4

seconds). Quadriceps PCr content was determined from 31P-magnetic

resonance spectra as described elsewhere (15).
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While coronary artery abnormality (CAA) has been established as the most serious

complication of Kawasaki disease (KD), there have been no detailed systematic reviews

of the risk factors associated with this condition. We searched six databases and

performed a systematic review and meta-analysis. Study-specific odds ratios (ORs)

for each factor were pooled using a random effects model. We identified four risk

factors for CAA children with KD: gender (OR, 1.75; 95% confidence interval [CI],

1.59–1.92), intravenous immunoglobulin (IVIG) resistance (OR, 3.43; 95%CI, 2.07–5.67),

IVIG treatment beyond 10 days of onset of symptoms (OR, 3.65; 95% CI, 2.23–5.97),

and increased C-reactive protein levels (OR, 1.02; 95% CI, 1.01–1.02). More number

of the five typical symptoms of KD was identified as a protective factor against CAA

(OR, 0.47; 95% CI, 0.33–0.66). Pediatric patients with IVIG resistant were more likely

to develop CAA within 1 month of the onset of KD than the general population, even

in patients with other risk factors for CAA. Thus, there is a potential risk of CAA

misdiagnosis if echocardiography is not carried out frequently. In summary, we report

four risk factors for CAA and a protective factor against CAA in children with KD.

We recommend that pediatricians consider these factors much more closely. With

accurate prediction and early preventive treatment in high-risk patients, we can expect a

reduction in CAA rates. Further research is now required to investigate the associations

between CAA and other factors including the interval between KD onset and IVIG

administration, platelet count, and the duration of fever. We also need to confirm whether

the frequency of echocardiography within a month of KD onset should be increased in

IVIG-resistant patients.

Keywords: risk factors, coronary artery abnormality, Kawasaki disease, systematic review and meta-analysis,

children

INTRODUCTION

Kawasaki disease (KD) is an acute self-limited disorder characterized by systemic vasculitis and
predominantly occurs in early childhood (1, 2). The etiology of KD remains unknown and there
are no specific diagnostic tests. Consequently, KD is characterized by fever in addition to numerous
typical physical findings, including bilateral non-exudative conjunctivitis, erythema of the lips and.
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oral mucosa, changes in extremities, rashes, cervical
lymphadenopathy and laboratory evidence of a systemic
inflammatory response (3, 4). Coronary artery abnormality
(CAA) is the most serious complication occurring in 15–25%
of untreated patients and is a persistent highlight in KD
research (3)

Intravenous immunoglobulin (IVIG) is widely administered
as the initial first-line treatment and some patients with
a high risk of CAA are treated with adjunctive therapy
such as corticosteroids and infliximab. However, despite these
interventions, the reported incidence of CAA rate still exceeds
30% in some literatures. It is therefore very important to
determine the potential risk factors of CAA in children with
KD. Accordingly, previous research studies created a series of
scoring systems to predict IVIG-resistant KD, considered as an
important risk factor for CAA and the development of CAA
in Japanese patients, such as the Harada, Kobayashi, Sano and
Egami scoring systems (5–8). However, these systems were not
as sensitive and specific in other populations as they were in the
Japanese population (9). Moreover, these systems incorporate too
many indicators and have never been systematically reviewed in
detail except for a study concerning the incomplete presentation
of KD and a meta-analysis investigating CAA risk factors in
Chinese children (10, 11). Therefore, we conducted a systematic
review and meta-analysis to investigate the risk factors of
CAA in children with KD by analyzing the most up-to-date
observational studies.

MATERIALS AND METHODS

Study Design
This systematic review and meta-analysis is reported in
accordance with the Preferred Reporting Items for Systematic
Reviews andMeta-Analyses (PRISMA) Statement (Checklist S1)
and was registered in the International Prospective Register of
Systematic Reviews (reference number: CRD42018076512).

Participants
Our analysis represented two groups: the control group—the
KD patients without CAA, and the CAA group—the patients
with onset of KD and CAA found in a given period of
medical follow-up.

Search Strategy
We conducted a systematic literature search using electronic
databases, including PubMed, Embase, Web of Science,
Cochrane Library, and the National Institutes of Health Clinical
Trial Databases up to the 16th May 2018. We also searched
OvidMedline from 1946 to 16th May 2018. The search strategy
used Medical Subject Headings (MeSH) terms or Emtree
thesaurus terms combined with keywords for [(Mucocutaneous
Lymph Node Syndrome) and (Coronary Artery)]. There was
no language restriction. In addition, we manually searched the
reference lists of original and review articles for further articles

Abbreviations: CI, Confidence intervals; CAA, Coronary artery abnormality;

IVIG, Intravenous immunoglobulin; KD, Kawasaki disease; ORs, Odds ratios;

PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

of interest. Some texts were unavailable online; in these cases, we
attempted to contact the authors via email.

Inclusion and Exclusion Criteria
Our analysis included observational studies which fulfilled the
following criteria: (1) Study participants were children diagnosed
with KD, including both CKD and IKD; (2) All participants
diagnosed with KD met the specific criteria published by the
Japan Kawasaki Disease Research Committee (4th or 5th revised
edition) or the American Heart Association (2001, 2004, or 2017
edition); (3) CAA was one of the outcome measures and was
detected by ultrasonic cardiography as an existing abnormal body
surface area adjusted by z-scores or abnormal internal lumen
diameter according to criteria published by the JapaneseMinistry
of Health, American Heart Association, or by Chinese literature
(3, 12); (4) Risk factors for CAA were investigated with no
restriction to specific subgroups; (5) The study reported the odds
ratio (OR) adjusted for at least one potential confounder and 95%
confidence intervals (CIs) or allowed for the calculation of these
parameters from the raw data presented in the article and (6) The
article was written in English.

We excluded studies that examined risk factors for CAA in
animal populations.We also excluded studies that were restricted
to a specific clinical subgroup of KD patients, such as IVIG-
resistant KD, atypical KD, recurrent KD or KD in pregnant
women. We also excluded case reports, case series, reviews,
letters, commentaries, conference papers and studies relating to
the pathogenesis and genetics of KD.

Data Extraction and Quality Assessment
For each eligible study, two investigators (Fan Yan and Bo
Pan) independently extracted the following information: author
names, publication year, study design, follow-up duration (by
echocardiography), study duration, study location, sample size,
total number of CAA cases, diagnostic criteria used for KD,
diagnostic criteria used for CAA, the definition of IVIG-resistant
KD, risk factors and the methods used for statistical analysis.
Quality assessments were also independently conducted by the
two investigators (Fan Yan and Bo Pan) using the Newcastle-
Ottawa Quality Assessment Scale for case control or cohort
studies (Checklist S2, Supporting Tables 1, 2); disagreements
were resolved by group discussions.

Statistical Analysis
To control confounders, we included studies reporting estimates
which adjusted for at least one potential confounder in their
analysis; this strategy has been used in previous literature (13).
We believe that this is a feasible approach for eliminating some
publications with low evidence levels.When a reported risk factor
was evaluated by three or more studies, considering the intrinsic
differences of study design, we combined the adjusted ORs and
95% CIs with the random effects model to estimate pooled ORs
and associated 95% CIs. The I2 statistic was used to investigate
the heterogeneity across studies; an I2 value of <25% and >50%
was considered to indicate low and high levels of heterogeneity,
respectively (14). We also performed sensitivity analysis to assess
the robustness of our results by omitting a single study in turn.
We also conducted the Egger regression asymmetry test and the
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Begg test to detect the presence of publication bias; this analysis
showed that male gender was the only factor contributing to
publication bias (all other factors were found in fewer than 10
studies). Statistical analyses were performed using STATA version
15 (StataCorp, College Station, TX).

RESULTS

In total, our initial search identified 1,970 articles. After removing
duplicates and reviewing the titles and abstracts, 184 studies
were potentially eligible for inclusion. After assessing the full

text, 33 studies were found to conform to our specific inclusion
criteria. Finally, 21 of the 33 studies were included in our meta-
analysis; collectively, these studies included 26,684 participants,
of which 4,461 were diagnosed with CAA, contributing 9 risk
factors investigated in more than two studies (Figure 1). Specific
characteristics of these data are summarized in Table 1.

Risk Factors
Gender
Meta-analysis of 10 studies that estimated the association
between male gender and CAA identified that males had
a significantly higher risk for CAA (OR, 1.75; 95% CI,

FIGURE 1 | Flow diagram of studies screened in the meta-analysis.
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TABLE 1 | Summary of the included studies for quantitative synthesis.

Study Study

design

Duration of

following-

up (by

echocardiogram)

Study

duration

Study

location

Population

sample size

Total

number of

CAA

Diagnostic

criteria of

KD

Diagnostic

criteria of

CAA

Define of

IVIG-resistant

KD

Risk factors Method of

statistical analysis

NOS

score

Yeo et al. (15) Case-control At least 2 months 2001–2006 Korea 136 16 AHA2004 JMH ND Days of fever,

number of

symptoms

Logistic regression

analysis

7

Hamza et al.

(16)

Case-control Eight weeks 2012–2016 Egypt 64 34 AHA2017 Z score ND Platelet count Logistic regression

analysis

7

Wilder et al.

(17)

Case-control ND 1991–2002 America 324 21 AHA2004 Z score ND Diagnosis after

illness day 10

Logistic regression

analysis

7

Weng et al.

(18)

Cohort study Eight weeks 1993–2009 Taiwan 2,116 81 AHA2004 JMH Fever for 3 days

after initial IVIG

Neutrophil

count,Dose of IVIG,

platelet count

Logistic regression

analysis

7

Tajima et al.

(19)

Case-control 1 month 2006–2012 Japan 100 13 JKDRC JMH A second Dose

IVIG

Delayed IVIG (≥6

days), IVIG-resistant

Logistic regression

analysis

7

Song et al.

(20)

Case-control At least 2 months 2001–2007 Korea 221 30 AHA2004 JMH fever for 2 days

after initial IVIG

Number of

symptoms,

Post-IVIG fever,

Harada score

Logistic regression

analysis

7

Sabharwal

et al. (21)

Case-control 6–8 weeks 1990–2007 Canada 1,374 266 AHA2004 JMH Absence of

fever within 36 h

after initial IVIG

Age, male, duration

of fever before

diagnosis, albumin

level, hemoglobin

level, platelet count,

IVIG-resistant

Logistic regression

analysis

8

Ruan et al.

(22)

Case-control 1 month 2003–2009 China 1,370 486 AHA2004 JMH ND Age (<6 months),

Male, Time of IVIG,

IVIG dose, platelet

count and ESR

Logistic regression

analysis

7

Qiu et al. (23) Cohort study ND 2009–2014 China 930 179 Similar to

JKDRC

Chinese

literatures

criteria

ND Treatment time,

treatment time 10

days

Logistic regression

analysis

7

Patel et al.

(24)

Case-control ND 1994–2008 Denmark 284 37 Similar to

AHA2004

AHA ND Age, male, time of

IVIG (>10 days)

Logistic regression

analysis

7

Kim et al. (25) Case-control At least 2 months. 2001–2005 Korea 285 19 AHA2001 JMH ND Total days of fever

>8 days

Logistic regression

analysis

7

Young et al.

(26)

Cohort study 6–8 weeks 2005–2013 Korea 703 266 AHA2004 Z score Received more

than one dose

of IVIG

Male, fever duration

(≥8 days), CRP (≥7

mg/dl), WBC count

(>12 × 103/µL)

Logistic regression

analysis

8

(Continued)
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TABLE 1 | Continued

Study Study

design

Duration of

following-

up (by

echocardiogram)

Study

duration

Study

location

Population

sample size

Total

number of

CAA

Diagnostic

criteria of

KD

Diagnostic

criteria of

CAA

Define of

IVIG-resistant

KD

Risk factors Method of

statistical analysis

NOS

score

Ghelani et al.

(27)

Case-control ND 2000–2002

and

2007–2009

America 203 33 AHA2004 Z score or

JMH

Fever after one

dose of IVIG

and

administration

of additional

IVIG or use of

corticosteroids

or TNF-alpha

blockers

ESR, refractory

Kawasaki disease

Logistic regression

analysis

7

Chen et al.

(28)

Case-control 1 month 2008–2012 China 2,302 365 JKDRC JMH ND Male, age (≤1 year),

IVIG

unresponsiveness,

time of IVIG

Logistic regression

analysis

7

Lega et al.

(29)

Case-control 6–8 weeks 1988–2007 France 194 64 AHA2004 AHA Fever ≥36 h

after complete

IVIG infusion

Male, Age, PE,

Hemoglobin level,

IVIG resistance

Logistic regression

analysis

7

Boudiaf and

Achir (30)

Case-control 4–6 weeks 2005–2014 Algeria 133 30 AHA2004 Z score ND Duration of fever

(>10 days), platelet

count

(>450,000/mm3.)

Logistic regression

analysis

8

Berdej-Szczot

et al. (9)

Case-control No clear

description

2003–2016 Poland 73 13 AHA AHA Fever >36 h

after IVIG

Delay diagnosis,

platelet count,

additional symptom

Logistic regression

analysis

8

Kim et al. (31) Case-control ND 2012–2014 Korea 5,151 524 AHA2004 JMH A second dose

of IVIG

CRP Logistic regression

analysis

7

Xu et al. (32) Case-control 3 months 2009–2012 China 422 83 JKDRC Chinese

literatures

Criteria

ND RDW (>14.55%),

IVIG

resistance,Fever

duration (>14 days)

Logistic regression

analysis

8

Callinan et al.

(33)

Case-control ND 2000–2009 America 1,843 341 Similar to

AHA2004

AHA ND Male, age, race, time

of IVIG (>5 days)

Logistic regression

analysis

7

Kim et al. (34) Cohort study 3 months ND Korea 8,456 1,560 AHA2004 Z score or

JMH

Existence of

second-line

treatment

Male, age, fever

duration, incomplete

presentation,

recurrent illness,

high/medium-dose

ASA, non-response

to first-line

treatment, total

bilirubin, CRP

Logistic regression

analysis

6

NOS, Newcastle-Ottawa Quality Assessment Scale; AHA, American Heart Association; JMH, Japanese Ministry of Health; ND, no description; Z score, body surface area adjusted z-scores; JKDRC, Japan Kawasaki Disease Research

Committee; ESR, erythrocyte sedimentation rate erythrocyte sedimentation rate; PE, pericardial effusion; CRP, C-reactive protein; RWD, red blood cell distribution width.
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FIGURE 2 | Pooled odds ratio for CAA by gender (male vs. female).

1.59–1.92), with no evidence of heterogeneity (I2 = 0%;
P = 0.732) (Figure 2).

IVIG Resistance
Pooled estimates from eight studies revealed that IVIG resistance
markedly increased the risk for CAA (OR, 3.43; 95% CI, 2.07–
5.67). However, there was significant heterogeneity between these
eight studies (I2 = 76.7%; P = 0.000). Subgroup analysis showed
that a follow-up duration of >1 month was an increased risk
factor for CAA (OR, 2.19; 95% CI, 1.48–3.24) with acceptable
levels of heterogeneity (I2 = 47.8%; P = 0.105). A follow-up
duration of ≤1 month was associated with an increased risk
for CAA (OR, 6.16; 95% CI, 3.79–10.00) with low levels of
heterogeneity (I2 = 0%; P = 0.560) (Figure 3).

IVIG Treatment Beyond 10 Days of Onset of

Symptoms
Meta-analysis of three studies showed that IVIG treatment
beyond 10 days of onset of symptoms was associated with a
significantly higher risk for CAA (OR, 3.65; 95% CI 2.23–5.97)
with low levels of heterogeneity (I2 = 1.8%; P= 0.361) (Figure 4).

C-Reactive Protein (CRP)
Meta-analysis of pooled estimates from four studies revealed that
a 1 mg/L increase in CRP levels was associated with a 0.02-fold

increase in risk for CAA (OR, 1.02; 95% CI 1.01–1.02); with low
levels of heterogeneity (I2 = 0.0%; P = 0.441) (Figure 5).

The Number of Symptoms
We investigated three studies which attempted to identify an
association between the number of presenting symptoms and
CAA. An increasing number of the five typical symptoms of KD
was shown to represent a significant protective factor for CAA
(OR, 0.47; 95% CI, 0.33–0.66), with no evidence of heterogeneity
(I2 = 0.0%; P = 0.753) (Figure 6).

Other Factors
Our analysis identified several factors that were not significantly
associated with CAA, including the interval between KD onset
and IVIG administration (OR, 1.17; 95% CI, 0.99–1.38), platelet
count (OR, 1.00; 95% CI, 1.00–1.01), the duration of fever (OR,
1.12; 95% CI, 0.99–1.27) and total bilirubin (OR, 1.06; 95% CI,
0.96–1.16) (Figure 7).

DISCUSSION

CAA is a commonly encountered and serious complication of KD
and is considered as a leading cause of acquired heart disease in
children. Identifying patients at high risk of developing CAA at
an early stage after the onset of KD is important for determining a
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FIGURE 3 | Pooled odds ratio for CAA by IVIG-resistance (subgroup analysis basing on duration of following-up).

more intensive treatment, the duration of follow-up and targeted
research studies aimed at identifying new therapeutic methods
for KD. In this meta-analysis, we identified five factors, based
on good evidence that were strongly associated with CAA: male
gender, IVIG resistance, IVIG treatment beyond 10 days of onset
of symptoms, increased CRP levels, and the number of presenting
symptoms. To the best of our knowledge, our study is the first
meta-analysis to comprehensively investigate the risk factors
associated with CAA. Only two other related studies have been
published: one investigated the incomplete presentation of KD as
a risk factor for CAA, the other investigated risk factors for CAA
in Chinese children but with non-convincing evidence (10, 11).

While previous studies failed to determine an association
between CAA and gender (35, 36), we successfully identified
male gender as a strong risk factor for CAA; this difference
is likely to be due to the increasing number of multicenter
studies being reported with large sample sizes. Epidemiological
surveys, carried out in different biogeographical regions, also
identified higher incidence rates of KD in males, the boys with
KD outnumbered the girls with KD by the ratio approximately
1.5–1.7:1 (37, 38). Until now, there is no convincing explanation

for this gender bias, although Kobayashi and Dallaire noted that
healthy male children tended to have larger coronary arteries
than female children (39, 40), thus making the diagnosis of KD
and CAA easier in males when using the same diagnostic criteria.
There are no obvious differences in terms of estrogen level when
compared between genders in children, consequently it is difficult
to explain the incidence of CAA in children with KD as an
autoimmune disease by estrogen levels alone, as is the case for
some autoimmune diseases in adults (41). However, it has been
demonstrated that different genders express variable levels of
miRNA expression and that these differences may play a role in
the immune response and autoimmune diseases (42, 43).

IVIG treatment is a well-established primary treatment
measure for KD, and several studies have linked IVIG factors
(such as dose and brand) with a higher risk of CAA (18, 44).
We found that IVIG resistance and IVIG treatment beyond 10
days of onset of symptoms was associated with an increased
risk for CAA. IVIG is considered to alleviate coronary injury
by regulating the immune system, including the reduction of
cytokine levels and the suppression of endothelial cell activation
(45, 46). However, studies have reported IVIG resistance rates as
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FIGURE 4 | Pooled odds ratio for CAA by time of initial IVIG treatment (IVIG > 10 days vs. IVIG ≤ 10 days).

high as 18–22%; accordingly, several scoring systems have been
developed to predict IVIG-resistant KD. Because CAA usually
occurs 7–10 days after the onset of KD onset (47, 48), the AHA
published guidelines in 2004 which stated that “therapy should
be instituted within the first 10 days of illness and, if possible,
within 7 days of illness.” However, some researchers believe
that the status of the illness can potentially exert influence on
the association between delayed IVIG treatment and CAA. For
example, Qiu observed higher CRP levels and ESR in patients
in which IVIG treatment was delayed (23). However, delayed
IVIG treatment can cause increased CRP levels and ESR, and
there is no good evidence to determine the causal factor between
these factors. In contrast, higher CRP levels and ESR represent a
more aggressive inflammatory response, causing a more typical
manifestation of the illness with advanced intervention by IVIG
treatment. Further studies are now required to clarify whether
there is a correlation between the status of KD and delayed
IVIG treatment.

We also noticed that patients with a 1 month follow-up
period showed an obvious increase in the risk of CAA compared
with those with a follow-up duration of >1 month among
the IVIG-resistant population. AHA guidelines recommend
that echocardiographic evaluation is recommended at the time
of diagnosis, at 2 weeks, and at 6–8 weeks after the onset
of disease. In a previous study, Tajima and Chen conducted
echocardiographic examinations before and after IVIG treatment
and 1 month after the diagnosis of KD (19, 28); this suggested

that echocardiographic evaluations should be carried out more
frequently within 1 month of the onset of KD than those
recommended by the AHA guidelines. This could explain the
differences between subgroups. Based on these findings, we
attempted to verify whether this difference also existed in
other populations. Unfortunately, with the limited number of
studies included for other risk factors, we were only able to
carry out the same subgroup analysis in the male population.
However, in situations where studies included in our subgroup
analysis were somewhat similar to the IVIG-resistant population,
we found no noticeable difference in the risk of CAA when
compared between shorter and longer follow-up periods (OR,
1.68; 95% CI, 1.37–2.06 vs. OR, 1.74; 95% CI, 1.55–1.96)
(Supporting Figure 1). In summary, children with KD who were
resistant to IVIG appeared to be more likely to develop CAA
within 1 month after KD onset than the general population,
even compared to patients with other risk factors for CAA. As
a consequence, there are potential risks for the misdiagnosis
of CAA when echocardiography is not carried out frequently.
Whether echocardiography should be performed more often
within 1 month of KD onset in an IVIG-resistant population
remains to be confirmed by future studies.

Our meta-analysis found an apparently increased risk of CAA
in children with elevated CRP levels. However, this did not
appear to be a neglectable risk factor with amagnitude of 10mg/L
increasing frequently. When considered as a categorical variable,
as in the present study and many others, an elevated CRP level is
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FIGURE 5 | Pooled odds ratio for CAA by CRP (mg/L).

FIGURE 6 | Pooled odds ratio for CAA by number of the five typical symptoms of KD.
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FIGURE 7 | Pooled odds ratios for CAA by other factors.

an important risk factor of CAA (5, 26, 49). Furthermore, some
recent studies that have investigated the association between
atherosclerosis and inflammatory status clearly recognized the
fact that CRP is also a reliable marker of inflammation and
the prediction of coronary events (50–52). However, in another
study, Kim studied the genetic loci that influence the levels of
CRP and identified a CRP locus that is associated with high
CRP levels but without affecting the development of CAA (53).
However, this result may have been due to the small sample size
and the fact that this previous study focused only upon a single
race (Korean); it is also possible that some other underlying cause
may influence the development of CAA. Furthermore, one has
to consider genotypic and phenotypic diversity and irrelevant
factors associated with potential confounding factors, such as
gender, the duration of IVIG treatment, and the number of
symptoms. One may therefore speculate that determining the
primary characteristics of individuals rather than the genetic
features of KD is the key in making a specific and sensitive
prediction regarding CAA.

Although we did not acquire sufficient studies with which to
perform ameta-analysis for the relationship between atypical KD
and CAA development, we still identified that more number of
the five typical symptoms of KD was a strong protective factor
for CAA. However, some previous studies have stated that delays
in diagnosis and IVIG treatment are associated with atypical

forms of KD (54, 55). Furthermore, children of a younger age
have consistently been associated with atypical KD (24, 29).
However, in all three of the studies included in our meta-
analysis, no significant differences were identified in terms of
age and/or interval between KD onset and IVIG administration
when compared between CAA(+) and CAA(–) patients. Even
after adjusting for such factors, more number of symptoms was
clearly a protective factor of CAA. It seems reasonable to suggest
that a lower number of symptoms relates to the manifestation of
an immature or dysfunctional immune response during the onset
of disease.

Although the interval between KD onset and IVIG
administration, platelet count, and the duration of fever
were not expected to show an obvious relationship with the
development of CAA, the lower values of the narrow confidence
intervals for these factors were very close to 1.0. Given that we
could only include a limited number of studies to investigate
these factors, it is possible that our final results could easily be
changed by introducing more studies into our meta-analysis. As
shown in Figure 7, the study reported Hamza was responsible
for negative results in our meta-analysis relating to the interval
between KD onset and the administration of IVIG and the
duration of fever. Although this study scored 7 stars on the
Newcastle-Ottawa Quality Assessment Scale, the sample size was
small (64 participants); this may have had an impact upon the
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on the accuracy of this research. As platelet counts can be as
high as 150,000 to 450,000 platelets per microliter of blood, it is
difficult to distinguish a remarkable effect with a 1,000-platelet
increase in platelet count. Consequently, we considered that the
adoption of an appropriate cut-off point could be helpful, as in
previous studies (18, 30, 56). Hence, we cannot deny a potential
connection between platelet count and CAA development, and
further research is now needed to determine a stable relationship
between these two factors. With regards to total bilirubin, only
three previous studies have considered the potential role of
bilirubin in CAA; these studies yield contradictory findings and
therefore there is a lack of good evidence to support a potential
relationship between these factors. We were unable to perform
meta-analysis for some important continuous variables, such as
lymphopenia, neutrophils, and eosinophils. This was because
the cut-off point for these factors varied across different studies.
In order to study risk factors in a more appropriate manner, it
would be more meaningful for future studies to acquire uniform
cut-off values for such continuous variables.

Strengths and Limitations
Our systematic review has several strengths. This is the first
systematic review to comprehensively investigate the risk factors
for CAA in children with KD. We used a strict search strategy to
screen six databases, including PubMed, Embase,Web of Science,
Cochrane Library, National Institutes of Health Clinical Trial
Databases and OvidMedline. Based on the Newcastle-Ottawa
Scale (NOS), 20/21 included studies scored ≥7 stars, suggested
high-quality studies. We included a range of publications
involving different ethnic populations from across the world to
ensure the applicability of our findings and to investigate a wide
range of risk factors for CAA. Furthermore, the application of
adjusted ORs helped us to avoid the influence of confounding
variables, at least in part. We also determined the heterogeneity
between the studies included in sub-group analysis and found
that apart from IVIG resistance, all other factors showed low
levels of heterogeneity. Our sensitivity analysis showed that
the sequential omission of a single study did not significantly
influence the observed results and the magnitude of effects.

There are some important limitations to this systematic review

that need to be considered. First, there are some differences

in the criteria used to diagnose CAA. Second, although all of

the publications involved in our meta-analysis were of high
quality, all of these studies featured data that was acquired
retrospectively. Thus, without cautious interpretation, these
outcomes could exert a negative impact. Considering the limited
number of studies for some factors, the accuracy and validity
of the relationship between these factors and CAA may also
be questionable. Besides, because of the intrinsic differences in
the design of included studies, such as study types, duration
of follow-up and so on, potential bias could not be completely
ruled out. Finally, in terms of the assessment of publication
bias, we were only able to show that there was no apparent
publication bias with respect to male gender when using the
Egger regression asymmetry test and the Begg test; we did not
have a sufficient sample size to carry out similar tests for the
other factors.

CONCLUSIONS

Although a number of indicators have been identified to predict
the development of CAA development in pediatric KD patients,
these studies have never been systematically reviewed. This
can reduce the accuracy of prediction and create difficulties
in applying these indicators in clinical scenarios. Our present
study confirmed that gender, IVIG resistance, IVIG treatment
beyond 10 days of onset of symptomsand increased CRP levels
are all significant risk factors for CAA. We also identified reliable
evidence to support the fact that more number of presenting
symptoms is a protective factor against CAA. We recommend
that pediatricians should consider these five reliable factors. By
more accurate prediction, and earlier preventative treatment for
high risk patients, we can expect a reduction in CAA rates.
Further research is now needed to investigate the association
between CAA and other factors including the interval between
KD onset and IVIG administration, platelet count and the
duration of fever. Future research should also aim to determine
whether echocardiography should be performed more frequently
within 1 month of the onset of KD in IVIG-resistant patients.
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Objective: To investigate the clinical features and the diagnostic and follow-up value of

acute fulminant myocarditis (AFM) in children.

Methods: A total of 20 children diagnosed with AFM admitted to our department were

reviewed, and the clinical manifestations; pathogenic examination results; myocardial

injury biomarkers; and electrocardiography, echocardiogram, and cardiovascular

magnetic resonance (CMR) results were analyzed.

Results: Twenty children with AFM, including 12 males and 8 females, aged 3–16 years,

were analyzed. The initial symptoms were abdominal pain, vomiting, fatigue, syncope,

and convulsions. All children had significantly increased hs-cTnT and NT-pro BNP. In

addition to nonspecific ST-T changes, there were 10 cases of complete atrioventricular

block, 2 cases of advanced atrioventricular block, and 1 case of ventricular tachycardia.

Echocardiography showed an increase in the cardiac chamber sizes in 15 patients

and a decrease in left ventricular ejection fraction (LVEF) in 17 patients. There were 16

patients with abnormal CMR findings, including 13 cases of high T2-weighted image

(T2WI) signal and 14 cases of late gadolinium enhancement (LGE). In the patients who

underwent CMR within 14 days of onset, the sensitivity of T2WI and LGE and the positive

diagnosis rate were higher than in those who underwent CMR after 14 days, but the

difference was not statistically significant. CMR was followed up in 10 patients: 7 patients

returned to normal, 2 patients still had mild LGE, and 1 patient developed inflammatory

dilated cardiomyopathy. All patients were treated with high-dose immunoglobulin, 11 of

whom received high-dose immunoglobulin combined with glucocorticoids. Eight patients

received temporary pacemakers, and 1 patient received ECMO. None of the patients

died. The peak of hs-cTnT was significantly higher in the glucocorticoid group than in the

unused glucocorticoid group (2853.4± 2217.2 and 1124.7± 527.3 pg/ml, respectively).

Conclusion: Children with AFM have unique clinical features. Early identification

and effective treatment can reduce the mortality rate and improve the prognosis.
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CMR is highly sensitive in the diagnosis of ARM, especially within 14 days of onset, and

is a useful noninvasive imaging technique for the early identification of AFM in children.

The dynamic observation and follow-up of children with AFM through CMR can guide

clinical decision-making and prognosis assessment.

Keywords: children, acute fulminant myocarditis, cardiovascular magnetic resonance, pacemaker, ECMO

INTRODUCTION

Acute fulminant myocarditis (AFM) in children has a rapid
onset and progresses rapidly. Most of the onsets are concealed.
Extracardiac manifestations are predominant. It is difficult to
make an early diagnosis. Various arrhythmias, Adams-Stokes
syndrome, heart failure, cardiogenic shock, and even sudden
cardiac death can occur within 24–48 h of onset. AFM is a
clinically critical pediatric illness with a high mortality rate.
A recent national survey in Japan found that the survival
rate of children with AFM was only 48.6% (1). The key to
affecting the mortality rate is related to early identification and
effective treatment. Cardiovascular magnetic resonance (CMR)
has received increasing attention in the diagnosis of children
with AFM. It has been reported in the literature that the positive
predictive value of CMR for acute myocarditis is over 90%.
However, for patients with AFM, due to the serious condition and
the inconvenience of the examination, the clinical application
of CMR is greatly limited. Our early studies have shown that
CMR ismore sensitive thanAFM in the diagnosis of conventional
myocarditis. This study retrospectively analyzed the clinical data
and CMR findings of 20 children with AFM and explored
the clinical features of AFM in children and the value of
CMR in diagnosis, treatment, and prognosis to provide valuable
and important information for the diagnosis and treatment of
this disease.

MATERIALS AND METHODS

Research Subjects
Twenty patients with AFM admitted to our hospital from
November 2011 to March 2019 were enrolled, including 12 males
and 8 females aged 3–16 years (8.4± 3.1 years).

Ethics Statements
This study was carried out in accordance with the
recommendations of the Ethics Committee of Shandong
Provincial Hospital Affiliated to Shandong University. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the Ethics
Committee of Shandong Provincial Hospital Affiliated with
Shandong University.

The clinical data of the children were reviewed,
including clinical manifestations; pathogenic examination
results; myocardial injury biomarkers; electrocardiogram,
echocardiography, and cardiac MRI results; treatment methods;
and outcomes.

Inclusion criteria: ➀ a diagnosis of acute myocarditis in line
with the criteria for the clinical diagnosis of myocarditis in the

Diagnostic Recommendations for Children with Myocarditis (2018
edition) published by the Subspecialty Group of Cardiology of
the Society of Pediatrics of Chinese Medical Association (2); and
➁ a diagnosis of AFM, which refers to clinical manifestations of
severe heart failure within 2 weeks of onset (cardiac function level
IV) and acute myocarditis requiring positive inotropic drugs,
vasopressors, and/or mechanical circulation support to maintain
heart function or blood pressure (3).

Exclusion criteria: nonischemic cardiomyopathy, congenital
heart disease, myocardial infarctions and other diseases that can
explain the clinical manifestations.

CMR
The machine used for the inspection was the 3.0T Skyra from
Siemens. The heart rate is required to be 120 beats/min or less
during the examination. The scan sequence includes gradient
echo sequence, spin echo sequence, and inversion recovery fast
spin echo sequence, first perfusion scan and late gadolinium
enhancement (LGE). The contrast agent used in LGE was
gadolinium-diethylenetriaminepentacetate (Gd-DTPA).

CMR Criteria for the Diagnosis of

Myocarditis (4)
The diagnosis is established when the CMR performance meets
two or more of the following three criteria: ➀ Regional or global
myocardial signal intensity increases in T2-weighted images
(T2WI); ➁ Increased global myocardial early enhancement ratio
between the myocardium and skeletal muscle in gadolinium-
enhanced T1-weighted images (T1WI); There is at least 1
focal lesion with nonischemic regional distribution in inversion
recovery-prepared late gadolinium-enhanced T1WI (LGE).

Statistical Analysis
SPSS 25.0 statistical software was used, and the measured data
are expressed as the range (mean ± standard deviation). The t-
test was used to compare the two samples. Correlation analysis
was performed with the Pearson correlation coefficient test. The
count data are expressed by frequency (rate) and were analyzed
by Fisher’s exact probability method using the χ

2 test. P < 0.05
was considered statistically significant.

RESULTS

The main clinical data of 20 children with AFM are shown in
Table 1.

Initial Symptoms
The initial symptoms were abdominal pain and vomiting in 12
patients (60%), chest tightness and fatigue in 4 patients (20%),
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TABLE 1 | Main clinical data of 20 children with AFM.

Patient # Age (yr) Gender Symptoms Pathogens hs-cTnT

(pg/ml)

ECG ECHO CMR Treatment LOS

CCE LVEF (%) FIT T2WI LGE UOG MCS

1 9 F Abdominal pain, vomiting ASO 2,102 – Yes 25 7 – + Yes – 34

2 6 M Vomiting MP 1,632 CAVB Yes 40 11 + + Yes – 28

3 13 M Syncope – 1,967 CAVB Yes 38 12 + + Yes Pacemaker 33

4 7 M Abdominal pain – 2,783 CAVB Yes 60 17 – – Yes Pacemaker 16

5 8 F Abdominal pain, vomiting MP 6,457 – Yes 33 13 + + Yes – 29

6 10 F Abdominal pain ASO 269.2 – Yes 30 24 – – Yes – 32

7 12 F Abdominal pain – 1,791 CAVB Yes 42 13 – – Yes – 25

8 3 M Abdominal pain, vomiting – 1,864 AAVB Yes 48 12 + + Yes – 24

9 8 M Convulsion MP 956 CAVB No 41 17 + + No Pacemaker 22

10 16 F Chest tightness EBV 3,367 – No 43 11 + + Yes – 28

11 10 M Fatigue HHV6 1,550 CAVB No 61 69 – – Yes Pacemaker 34

12 9 M Vomiting MP 822.3 – Yes 38 6 + – No – 13

13 7 M Palpitation EBV, HHV6 212 – Yes 37 20 + + No – 26

14 5 M Vomiting MP 1,011 AAVB Yes 50 12 - + No – 19

15 10 F Fatigue – 1,164 – Yes 35 10 + + No – 22

16 9 F Syncope MP 1,477 CAVB No 62 10 + + No Pacemaker 23

17 7 F Vomiting ASO 1,105 CAVB Yes 39 16 + + No Pacemaker 19

18 3 M Fatigue – 1,188 CAVB Yes 37 11 + + No Pacemaker 31

19 7 M Abdominal pain, vomiting – 7,605 VT Yes 20 23 + + Yes ECMO 26

20 9 M Vomiting – 2,187 CAVB No 45 38 – + No Pacemaker 42

hs-cTnT, hypersensitive cardiac troponin T; CCE, cardiac chamber enlargement; LVEF, left ventricular ejection fraction; FIT, first inspection time; UOG, use of glucocorticoid; MCS,

mechanical circulation support; LOS, length of stay; ASO, anti-streptolysin O; MP, mycoplasma pneumonia; EBV, Epstein-Barr virus; HHV6, human herpesvirus 6; CAVB, complete

atrioventricular block; AAVB, advanced atrioventricular block; VT, ventricular tachycardia.

syncope and convulsion in 3 patients (15%), and palpitation
in 1 patient (5%). The time from onset to admission was 0–
7 days (3 ± 1.6 days). The most serious patients were often
hospitalized within a few hours because of the deterioration of
their condition, which manifested as heart failure, cardiogenic
shock, Adams-Stokes syndrome, or severe arrhythmia.

Pathogen Examination
All patients underwent pathogen examinations after admission,
including EBV, cytomegalovirus, coxsackie virus, parvovirus B19,
adenovirus, HHV6, and hepatitis virus detection; influenza A
and B virus nucleic acid detection; MP-IgM antibody and ASO
detection; and sputum and blood bacterial culture analysis. There
were a total of 12 abnormalities, including 6 patients positive
for MP-IgM, 3 patients positive for ASO, 1 patient with EBV
infection, 1 patient with HHV6 infection, and patient with mixed
EBV and HHV6 infection.

hs-cTnT and NT-Pro BNP Results
hs-cTnT and NT-pro BNP were significantly increased in 20
children with AFM. Both peaked at 3–7 days (3.9 ± 1.0 days)
after onset, then gradually decreased, and after 14–30 days (21.6
± 5.5 days) returned to normal (Figure 1). Pearson correlation
analysis confirmed that there was a significant correlation
between hs-cTnT and NT-pro BNP (correlation coefficient
0.788–0.921, P < 0.05).

Electrocardiogram
Twenty patients underwent routine 12-lead ECG after admission.
In addition to nonspecific ST-T abnormalities, there were 10
(50%) patients with CAVB, 2 (10%) with AAVB, and 1 (5%) with
VT. The conduction block occurred within 0–4 days (1.2 ± 1.3
days) after onset, and conduction was mostly restored after 1–9
days (3.6 ± 2.5 days). However, there was still one patient with
first-degree atrioventricular block combined with complete right
bundle branch block during follow-up.

Echocardiography
Twenty patients were admitted to the hospital for
echocardiography, and 18 patients (90%) had positive results
for AFM. The diameter of the heart chamber was increased
in 15 patients (75%), with 9 cases involving the left heart, 1
case involving the right heart, and 5 cases involving the whole
heart. Except for 2 patients that did not return to normal, the
remaining 13 patients returned to normal after 10–26 days
(16.9 ± 4.9 days). Seventeen patients (85%) had a decreased
LVEF (<60%) with an EF value of 20–50% (37.7 ± 7.7%):14
patients returned to normal within 30 days (16.4 ± 4.4 days), 2
patients returned to normal within 3 months, and 1 patient did
not recover for half a year. Electrocardiography results from 10
patients (50%) showed a thickening of the ventricular wall that
mainly involved the left ventricle. All patients had a reduction
in wall motion, mainly in the interventricular septum and left
ventricular inferior wall. There were 13 patients (65%) with
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FIGURE 1 | The trend of hs-cTnT (A) and NT-pro BNP (B) with the course of disease.

pericardial effusion, mostly light, and only 1 case was moderate.
Mitral regurgitation occurred in 17 patients (85%), mostly small
or moderate. Myocardial thinning occurred in 4 patients, 3 of
whom had thinning in the apex of the anterior wall and 1 in the
ventricular septum.

CMR
Time and Safety of CMR Imaging
The 20 children with AFM were divided into group A (acute
stage, onset within 14 days) and group B (recovery stage, onset
after 14 days) according to the time of the first CMR examination.
There were 12 patients (60%) in group A and 8 patients (40%) in
group B. The examination time of group A was 6–13 days (10.7±
2.2 days) after onset and that of group B was 16–69 days (28.0 ±
18.0 days). Ten patients were followed up for 25–144 days (69.0
± 38.6 days).

All the children successfully completed the CMR examination,
and none of them had contrast agent allergy or other
complications. Each examination took approximately 40min
to 1 h.

Total Inspection Results of Groups A and B
There were 16 patients (80%) with abnormal CMR imaging out of
the 20 children with AFM. The main results were 13 cases (65%)
of high T2WI signal, 14 cases (70%) of LGE, 5 cases of myocardial
thinning, 6 cases of myocardial motility reduction, 6 cases of
pericardial effusion, and 3 cases of myocardial perfusion defect.

CMR Results of Group A
Ten of the 12 patients in the acute phase who underwent CMR in
the acute phase had abnormal results. There were 9 cases (75%)
of high T2WI signal, including 7 cases in the ventricular septum
and 2 cases in the left ventricle. LGE was found in 9 patients
(75%), including in the ventricular septum in 2 patients, in the
left ventricle in 5 patients, and in both the ventricular septum
and left ventricle in 2 patients. The myocardium was thinned in
3 patients, including in the left ventricular wall in 2 patients and
in the apex in 1 patient. Myocardial mobility was reduced in 4
patients. There were 5 cases of pericardial effusion, all of which
were light.

Eight patients in group A underwent CMR follow-up, of
whom 6 returned to normal after 25–63 days of onset, and
2 patients still had mild LGE at 33 and 46 days of onset,
respectively, although the lesion range was smaller than before.

CMR Results of Group B
Six of the 8 patients in group B who underwent CMR during the
recovery period had abnormal results. There were 4 cases (50%)
of high T2WI signal, including 3 cases in the ventricular septum
and 1 case in the left ventricle. LGE was found in 5 patients
(62.5%), including in the ventricular septum in 3 patients and
in both the ventricular septum and left ventricle in 2 patients.
There were 3 cases of perfusion defects, including 1 case in the
ventricular septum and 2 cases in the apex. Myocardial thinning
occurred in 2 patients, including in the ventricular septum in 1
patient and in both the ventricular septum and left ventricular
inferior wall in 1 patient. Myocardial mobility was reduced in 2
patients. Pericardial effusion occurred in one patient.

Two patients in group B underwent CMR follow-up. One of
the patients had no abnormalities in the initial examination and
follow-up examination. The other patient had significant cardiac
enlargement, LVEF reduction, periventricular septal defect and
LGE at 129 days of onset and was diagnosed with inflammatory
dilated cardiomyopathy.

Comparison of T2WI, LGE Sensitivity, and

Diagnostic Positive Rates Between Group

A and B
There were 9 cases of T2WI high signal in the 12 patients of
group A and 4 cases of T2WI high signal in the 8 patients of
group B. There was no significant difference between the two
groups (P > 0.05). There were 9 cases of LGE in the 12 patients
of group A and 5 cases of LGE in the 8 patients of group B. There
was also no significant difference between the two groups (P >

0.05). According to the Lake Louise criteria, 8 patients (66.7%)
in group A were diagnosed with myocarditis (both T2WI high
signal and LGE), and there were 4 patients with myocarditis
(50%) in group B. There was no significant difference between
the two groups (P > 0.05).
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Treatment and Outcome
Twenty patients were treated with bed rest; oxygen; and
anti-infection, myocardial nutrition, anti-heart failure, anti-
arrhythmia, and other comprehensive treatments after
admission. All patients were treated with high-dose human
immunoglobulin (IVIG, total 2 g/kg, divided into 2–5 days). We
used glucocorticoids in 11 patients who had no improvement in
heart failure or a persistent increase in hs-cTnT after 2–3 days of
routine treatment. The dosage of glucocorticoids was generally
1–2 mg/kg/d of prednisone, which was gradually decreased
according to the condition of the patients. Six of these patients
received an impact dose, methylprednisolone 10–30 mg/kg/d
(total amount not exceeding 1 g), for 3 days. The total course of
glucocorticoid treatment was 6–46 days (26.1 ± 12.9 days). The
hs-cTnT peak in children in the glucocorticoid group was higher
than that in the children in the unused glucocorticoid group
(2853.4 ± 2217.2 and 1124.7 ± 527.3 pg/ml, respectively), and
the difference was statistically significant (P < 0.05; Table 2).
There was no significant difference between the length of
stay (28.1 ± 5.4 vs. 24.1 ± 8.3 days) and the normal time of
LVEF recovery (16.9 ± 5.2 vs. 27.3 ± 25.0 days) (P > 0.05)
in the glucocorticoid group vs. the unused glucocorticoid
group (Table 2). Eight patients were treated with a temporary
pacemaker for 1–33 days (9.1 ± 10.2 days), and one patient was
treated with ECMO for 4 days. All children were discharged, and
no child died. In group A, in 2 patients with mild LGE during
their CMR review, their cardiac size and function returned to
normal after treatment with myocardial nutrition, beta-blocker,
ACEI, aldosterone antagonist, or other drug therapy. Children
who were treated with ECMO in group B did not recover at 5
months after treatment with the above method and were still
in follow-up.

DISCUSSION

AFM is a cardiovascular crisis in children, and the incidence
rate is increasing. In 1991, Lieberman et al. classified myocarditis
into four types, fulminant, acute, chronic, and chronic, based
on histological changes and the clinical manifestations of
myocardial biopsy (5). In 2013, Ginsberg et al. defined AFM
as acute myocarditis with clinical manifestations of sudden
onset with severe hemodynamic disorders. Clinical symptoms
markedly and rapidly worsen, requiring positive inotropic drugs,

TABLE 2 | Comparison of the hs-cTnT peak and the length of stay between the

glucocorticoid group and the unused glucocorticoid group.

Glucocorticoid group

(n = 11)

Unused glucocorticoid

group (n = 9)

P

hs-cTnT peak (pg/ml) 2853.4 ± 2217.2 1124.7 ± 527.3 <0.05

Time of hs-cTnT to

normal (days)

21.6 ± 5.9 22.0 ± 5.7 >0.05

Time of LVEF to normal

(days)

16.9 ± 5.2 27.3 ± 25.0 (n = 8) >0.05

Length of stay(days) 28.1 ± 5.4 24.1 ± 8.3 >0.05

mechanical ventilation, or mechanical circulation aids to provide
hemodynamic support (3). At present, the gold standard for AFM
diagnosis is still endomyocardial biopsy (EMB), but because of
its invasiveness and low sensitivity, it is not used as a first-
line examination, especially for children (4, 6). Currently, the
diagnosis of AFMmainly depends on the clinical manifestations;
cardiac injury biomarkers; and electrocardiogram, chest X-ray
and echocardiography results (7, 8). Therefore, this study chose
to meet Ginsberg’s definition of AFM as the research objective.

The etiology and mechanism of this disease are unknown.
Viral infection, autoimmune disease, drug poisoning, giant
cell myocarditis, and sarcoidosis can induce AFM. Viral
infection is the most common and difficult to foresee. There
are a wide variety of pathogenic viruses, but due to the
limitations of detection methods, only 10–20% of patients with
acute myocarditis demonstrate the presence of viral genes in
myocardial tissue upon detection. Myocarditis is usually caused
by viral infections and postviral immune-mediated responses.
With the development of new molecular technologies, such as
polymerase chain reaction (PCR) and in situ hybridization, the
most frequently detected viral profiles in EMB have changed from
typical enteroviruses and adenoviruses to the major parvoviruses
B19 (PVB19) and HHV6 (9, 10). In recent years, influenza
viruses, especially influenza A viruses, aremore common (11, 12).
In addition, myocarditis can be caused by nonviral infections
such as parasites, MP, Streptococcus pneumoniae, etc. (13–15).
Mahfoud et al. studied the diagnostic value of viral serology and
EMB viral genome detection in patients with clinically suspected
myocarditis. Only 5 (4%) of 124 patients had serological evidence,
and the same viral infection was detected by PCR in EMB samples
(16). This result indicates that viral serology is not yet suitable for
the diagnosis of myocardial infection in patients with suspected
myocarditis. In our study, the pathogen examination was more
common with MP-IgM and ASO. However, because EMB was
not performed, we were unable to determine its relevance to
AFM. However, clinicians are reminded to be alert to the possible
pathogenesis of MP and Streptococcus pneumonia infection.

The initial symptoms of AFM often do not manifest as
cardiovascular symptoms but as atypical symptoms such as
vomiting, abdominal pain, cough, and syncope, and the clinical
misdiagnosis rate is high. In this study, the initial symptoms
of the digestive system, such as abdominal pain and vomiting,
occurred in 60% of patients, respiratory symptoms such as chest
tightness and fatigue occurred in 20%, and heart and other
related symptoms occurred in only 5%. In clinical work, in
patients with abdominal pain and chest tightness, especially
in those with prodromal symptoms such as fever and cough,
with hemodynamic disorder or malignant arrhythmia as the
main manifestation, doctors should focus on whether the patient
has AFM.

At present, the commonly used myocardial injury biomarkers
are the creatine kinase isoenzyme and cardiac troponin (cTn).
In the early stage of AFM, cTn increased more frequently than
the creatine kinase isoenzyme (17), and the degree of cTn
increase can help to judge the prognosis. cTn is a nonenzymatic
serum marker with high specificity (90%) and high sensitivity
for evaluating myocardial injury, and it is the preferred marker
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for detecting myocardial injury (18). cTn usually rises within
2–4 h of onset and falls to normal for 2–3 weeks. The hs-cTnT
level in this group reached a peak at 3–5 days after onset and
rapidly decreased to normal after the disease improved, which
was consistent with the above experience.

Typical manifestations of main electrocardiograms in the
acute phase of AFM include extensive ST-T changes with
atrioventricular block and various ectopic arrhythmias. A
continuous prolongation of the QRS interval (>120ms) is
considered an independent predictor of cardiogenic death or
heart transplantation (8). The most common atrioventricular
block in this group was CAVB, most of which occurred within
3–5 days of onset, with an average return to normal within
3.6 ± 2.5 days. There was one case of continuous QRS
interval (≥120ms) that eventually developed into inflammatory
dilated cardiomyopathy.

Echocardiography can assess ventricular size, wall thickness,
the amplitude of motion, systolic and diastolic function,
pericardial effusion, and endoluminal thrombosis in patients
with AFM. Its most important role is to rule out other
causes of heart failure, such as valvular heart disease or other
cardiomyopathy (hypertrophic or restrictive cardiomyopathy)
(19). Many previous studies have reported that the heart
chamber size of patients with AFM is normal, and these
patients mainly show an increase in the interval thickness
due to acute myocardial edema, whereas the heart chamber
of patients with common myocarditis is enlarged, and this
helps to distinguish between AFM and common myocarditis
(3, 20). The above studies are all results of adult AFM. In
contrast, this group of children with AFM showed an increase
in the diameter of the heart cavity in 75% of the patients,
mainly a mild expansion. We consider that the reasons may be
related to the following aspects: (1) the heart during childhood
is still in the process of development, and the myocardial
compliance is poor and cannot tolerate increased preload;
(2) the sympathetic distribution of the myocardium is not
mature enough to release enough catecholamine to regulate the
response of the myocardium to the increased preload; (3) the
conduction system of children with AFM is more susceptible,
and atrioventricular block slows the heart rate and reduces
cardiac output.

CMR is gaining increasing attention in the diagnosis
of myocarditis. It can detect the location, extent and
degree of myocardial injury, which cannot be detected by
echocardiography. Abdel-Aty et al. reported that the sensitivity,
specificity, and accuracy of T2WI in the diagnosis of myocarditis
were 84, 74, and 79%, respectively; those of early enhancements
were 80, 68, and 74.5%, respectively; and those of LGE were 44,
100, and 71%, respectively. Optimal diagnostic performance was
produced when “any two” of the three sequences were positive
in the same patient, with 76% sensitivity, 95.5% specificity,
and 85% diagnostic accuracy (21). However, for patients with
AFM, their options for clinical examination are greatly limited
due to their poor condition and the inconvenience of the
examination. We used CMR to examine the 20 patients with
AFM, and the sensitivity of T2WI was 65% and that of LGE
was 75%. Due to the criticality of the condition, CMR was

performed only when the patient’s hemodynamics were stable.
Therefore, 20 patients had different examination times. We
found that the sensitivity of CMR was different between the
acute phase and the recovery phase: T2WI sensitivity was 75
and 50%, respectively, in the acute phase and the recovery
phase, and LGE sensitivity was 75 and 62.5%, respectively, in the
acute phase and the recovery phase, suggesting that myocardial
edema began to resolve 14 days after onset while LGE was
relatively delayed. In 2016, Wang et al. performed an early
CMR examination and short-term follow-up of 8 children with
AFM (22). It was found that CMR has certain value for the
early diagnosis and short-term follow-up of children with AFM.
Through the study of more patients and longer follow-up, we
found that the sensitivity of CMR examination within 14 days
was higher, and the sensitivity decreased significantly over 14
days. Therefore, we suggest that CMR should be performed as
soon as possible if the patient’s condition permits. In addition,
we compared the results of echocardiography with those
of CMR during follow-up, and these results confirmed that
CMR could show abnormalities that could not be recognized
by echocardiography and further confirmed that CMR had
important value in the early diagnosis and long-term evaluation
of children with AFM.

In terms of treatment, in recent years, an increasing number
of small-scale studies and case reports have suggested that
IVIG is beneficial for patients with AFM and inflammatory
dilated cardiomyopathy and can improve LVEF and long-
term prognosis with no obvious adverse reactions (14, 23).
We performed IVIG treatment on this group of 20 children
with AFM, and it also proved beneficial to these patients.
Chen et al. conducted a controlled study of 719 patients
with myocarditis and found that glucocorticoids may improve
cardiac function but did not reduce mortality (24). In a long-
term follow-up study (mean follow-up of 33 months), 21%
of patients with myocarditis developed dilated cardiomyopathy
(25). Studies by Kuhl et al. show that the persistence of the
viral genome leads to chronic inflammation, which affects the
recovery of LVEF (26) and may be related to progression
to inflammatory dilated cardiomyopathy. However, some case
reports and small-scale clinical studies have shown the beneficial
effects of glucocorticoid therapy on AFM (27, 28). Therefore,
the therapeutic effect of glucocorticoids on children with AFM is
still controversial. Ginsberg et al. believe that immunosuppressive
therapy should not be routinely used to treat myocarditis, but
it is strongly recommended to use it after conventional anti-
heart failure treatment (3). In this study, 11 patients with severe
condition (mean hs-cTnT average 2853.4 ± 2217.2 pg/ml) were
treated with IVIG and glucocorticoid therapy. The comparison
of hospitalization time with children without glucocorticoids
proved that glucocorticoids can improve children’s condition
but do not affect the prognosis. In theory, the use of
immunosuppressive agents in the acute phase of viral replication
may aggravate the direct damage of the virus to the myocardium,
and the use of immunosuppressive agents during the acute
phase of immune-mediated injury may bring some benefits,
but how to grasp the timing still requires more research.
In addition, 8 patients in this study received temporary
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pacemakers, and 1 patient received ECMO to ensure effective
tissue perfusion. Therefore, we recommend that patients with
AFM with CAVB should receive temporary pacemakers in a
timely manner, and those who cannot maintain the circulation
stability for conventional treatment methods should receive
ECMO and other mechanical circulation aids in time, which
can play a crucial role in improving the prognosis of patients
with AFM.

The limitations of this study are that the sample size is
small and it is a retrospective clinical study, the accuracy and
integrity of which cannot be guaranteed. AFM was only clinically
diagnosed, EMB was not performed, and histopathological
diagnosis and virus isolation were not used to determine the
cause. In addition, although studies have shown that CMR has
a high sensitivity for the diagnosis of AFM, it is necessary
to conduct a randomized prospective trial to demonstrate its
specificity in the diagnosis of these patients.

CONCLUSION

AFM has a rapid onset and can progress to heart failure
and cardiogenic shock in a short period of time. The clinical
presentation of symptoms of AFM in children are more
commonly in the gastrointestinal and respiratory systems, and
AFM is difficult to diagnose early and is easily misdiagnosed.
CMR is highly sensitive for the diagnosis of AFM, especially
within 14 days of onset. It can show not only the location of
myocardial injury but also the degree and extent of myocardial
inflammation, as well as the repair of fibrosis after inflammation,
which is helpful for the early identification of children with
AFM. The dynamic observation and follow-up of the course of
AFM in children by cardiac MRI can be used to guide clinical
decision-making and evaluate prognosis. The development of
life support technologies such as emergency cardiac pacing
and ECMO has reduced the mortality rate of children
with AFM.
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Background: Effective treatments for pediatric dilated cardiomyopathy (DCM) are

limited. Currently, pediatric DCM therapy mainly includes supportive heart failure (HF)

treatment. While the treatment for child DCM patients is generally the same as that

for adult DCM patients, few randomized prospective studies on the clinical efficacy

of treatments for pediatric DCM have been published. We explored the appropriate

treatments for child patients.

Methods: The ultrastructure of pediatric DCM and control hearts was analyzed by

electron microscopy and HE staining. Left ventricular tissues from children in the DCM

and control groups were subjected to quantitative RT-PCR (qRT-PCR) to study themRNA

expression of receptors related to various treatments, including drugs targeting the

renin-angiotensin-aldosterone system (RAAS) system, digoxin, milrinone, and β-receptor

blockers, in child patients in the clinic. Furthermore, the differences in drug receptors in

heart tissues between children and adults with DCM were analyzed.

Results: Compared with the control children, the children in the DCM group

showed marked abnormalities in structure and organelles. The mRNA levels of

angiotensin-converting enzyme (ACE), REN, prorenin receptor (PRR), NEP, ATP1A1, and

phosphodiesterase3 (PDE3A) were higher in the pediatric DCM group than the control

group. Interestingly, the mRNA expression of these treatment-related receptors was

much higher in children than in adults.

Conclusion: ACE inhibitors, PRR or REN receptor inhibitors, PDE3 inhibitors and

LCZ696 may be effective in children with DCM. However, β-receptor blockers are not

valid treatments for pediatric DCM. Moreover, high receptor expression was observed

in children. These data will improve the selection of drugs for DCM patients, enhance

treatment, and increase the survival rate.

Keywords: children, dilated cardiomyopathy, receptors, treatment, RAAS
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INTRODUCTION

Dilated cardiomyopathy (DCM) is a kind of cardiomyopathy that
involves left ventricular (LV) dilation and systolic dysfunction
without abnormal load conditions and severe coronary artery
disease (1). The annual incidence of pediatric DCM is 0.58
cases per 100,000 person-years (2). Effective treatments for
pediatric DCM are limited. Currently, therapy for DCM in
childrenmainly includes supportive heart failure (HF) treatment.
According to the current guidelines, pharmacotherapy involving
ß-blockers and angiotensin-converting enzyme (ACE) inhibitors
is the basis of pediatric HF therapy; however, viable randomized
prospective studies are lacking (3). In addition, treatments such
as furosemide, milrinone, and digoxin, which are commonly used
to treat adult HF, are used to treat child HF. Although, the current
treatment of adult HF has shown some success with these drugs,
these same therapies do not seem to be effective for pediatric
HF. Specifically, treatment of adult HF with PDE3A inhibitors
led to an increased incidence of sudden death and arrhythmias
(4). Treatment with PDE3A inhibitors improved symptoms
in pediatric HF patients without increasing the incidence of
arrhythmias or sudden death (5).

Activation of β-adrenergic and renin-angiotensin-aldosterone
system (RAAS) receptors plays an important role in the treatment
of adult HF and cardiac remodeling (6). RAAS is important
regulator of blood pressure, and suppression of RAAS can
decrease cardiac load and relieve HF. RAAS include some classic
receptors such as NR3C2, prorenin receptor (PRR), ACE, REN.
The β-adrenergic receptors of themyocardium play an important
role in the regulation of heart function. Many studies reported
that an over-expression of the ADRB1 (β1-adrenoceptor) are
which is one of the main β-adrenergic receptors may contribute
to heart failure. Treatment of HF and atrial fibrillation with
cardiac glycosides can inhibit the Na+, K+-ATPase. A large
catalytic subunit (alpha) and a small glycoprotein subunit (beta)
compose Na+, K+-ATPase. The ATP1A1 gene encodes an alpha
1 subunit with good affinity for digoxin (7). These genes are
involved in HF and LV remodeling (8). A member of the cGMP-
inhibited cyclic nucleotide phosphodiesterase family is encoded
by the PDE3A gene. Thus, inhibition of the protein encoded by
the PDE3A gene may be an effective treatment for congestive
HF (9). Neprilysin encoded by the NEP gene is a neutral
endopeptidase that is a potential target for the treatment of HF
and hypertension due to its functions in vasodilation, natriuresis,
and fibrosis (10).

We suggest that the mechanisms of HF may be different
in children and adults and that different cellular mechanisms
may be involved in pediatric HF. We evaluated the effect of
drugs on the treatment of children with DCM by measuring
mRNA expression of the corresponding drug-related receptors
in cardiomyocytes after HF treatment in this study.

MATERIALS AND METHODS

Human Samples
Child DCM samples (n = 11; age < 16 years) were obtained
from Wuhan Union Hospital from January 2017 to October

2018 during heart transplantation due to end-stage idiopathic
DCM. All cases of children DCM who underwent heart
transplantation in this study were confirmed as primary DCM
through discussion and approval by members of the heart
transplantation committee. In addition, this research ethics has
been approved by themedical ethics committee of Tongji medical
college, Huazhong University of Science and Technology and
all the patients’ family members had signed informed consent
before taking samples of this study. The clinical history and blood
tests of these pediatric patients were available (Table 1). Adult
DCM samples (n = 10; age 20–60 years) were obtained from
Wuhan Union Hospital from January 2016 to 2018 from patients
who underwent transplantation due to end-stage DCM and
had no cardiac complications, such as hypertension, coronary
atherosclerosis, and myocarditis. Control samples (n = 7)
were from donor hearts that could not be transplanted for
technical reasons (blood type or size mismatch) with normal LV
function and active infection or no history of myocardial disease.
The LV tissue underwent rapid dissection, rapid freezing, and
preservation at −80◦C when cardiac explants were taken from
the operating room. Another LV sample was fixed in either 10%
formalin or 2.5% glutaraldehyde.

Electron Microscopy
Cardiac specimens (2 mm2) were fixed with 0.15M cacodylate
buffer at pH 7.4 containing 2mM calcium chloride at 4◦C
overnight. Then, 0.15M cacodylate buffer was used to rinse
the specimens 3 times for 10min each. Next, the specimens
were fixed in 1% osmium tetroxide containing 1.5% potassium
ferrocyanide in cacodylate buffer for 1 h.We used ultrapure water
the wash samples 3 times and stained them en bloc for 1 h. Then,
the samples were again washed with ultrapure water. Specimens
were dehydrated in a graded acetone series (50, 70, 90, 100%)
for 10min twice. The specimens were fixed and incubated at
60◦C for 48 h. We used a diamond trim tool (Daitome Ultra
45◦) to trim each block. The slices were placed into 2% uranium
acetate saturated alcohol solution and then lead citrate (15min
each staining) and were dried at room temperature overnight.
An electronmicroscope (HITACHIHT7700) was used to observe
and collect images.

qRT-PCR Assay
Total RNA was extracted from LV cardiac tissue by using TRIzol
reagent according to the manufacturer’s instructions (Sigma, St.
Louis, MO), and reverse transcription reactions were performed
using an All-in-One synthesis kit (GeneCopoeia, USA) according
to the manufacturer’s recommendations. RT-PCR was performed
using a Bio-Rad CFX manager. A total reaction volume of 10
µl contained 1 µl of cDNA, 5 µl of All-in-One RT-PCR mix
solution (GeneCopoeia, USA), 1 µl each of sense and antisense
primers (10µM), and up to 2 µl of ddH2O. Primer sequences
are listed (Supplement 1). The PCR amplification conditions
were 95◦C for 10min and 39 cycles of 95◦C for 10 s, 55◦C for
30 s, and 72◦C for 30 s, followed by 65◦C for 5 s and 95◦C for
5 s. GAPDH mRNA levels were used for normalization, and the
relative mRNA expression was calculated by the 2−11Ct method.
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Data Analysis
All statistical analyses of qRT-PCR data were performed with
GraphPad Prism software (GraphPad Software, Inc.). Variables
were compared between the groups using comparison of
two groups after analysis of variance (ANOVA). Statistical
significance was set a priori at p< 0.05, and all data are presented
as the mean± SEM in the figures.

RESULTS

Children with DCM in this group who underwent heart
transplantation had an age range of 8–17 years old, with an
average age of 12.5 ± 2.4 years, and the ratio of males to females
was 7:4. The LV ejection fraction (LVEF) ranged from 12% to
46%, with an average of 23 ± 9%. The average LV end diastolic
diameter (LVDD) was 61.45 ± 6.684mm, and the average right
ventricular end diastolic diameter (RVDD) was 45.64 ± 8.8mm.
Themean BNP level in this group was 3,297± 2,967 pg/ml, while
the normal value of BNP in our hospital was <100 pg/ml; the
BNP value in the DCM group was at least 14 times higher than
the normal value. All patients had a New York heart function of
IV (Table 1).

Pathology and Ultrastructure in Pediatric

DCM
We observed the pathology of HE-stained myocardial tissues
by light microscopy. LV myocardial fibers in the DCM group
showed a variable thickness with blurred transverse striae. Some
myocardial fibers were thick, the nuclei were enlarged and
hyperchromatic, and some areas between the myocardial tissues
were obviously fibrotic (Figures 1A,B).

We observed the myocardial tissue ultrastructure in the
groups with electron microscopy. Compared with those of
the control myocardial tissue, Z bands of myofibrils from
the pediatric DCM cardiac tissue appeared enlarged, loose,
and fuzzy, and the sarcomeres disappeared. Some myofibrils
showed dissolution or breakage. Compared with the normal
group, the DCM group did not show an abnormal number
of mitochondria, but some mitochondria were swollen and
dissolved, and the mitochondrial cristae were empty, blurred or
even absent (Figure 2).

The Gene Expression of Drug-Related

Receptors on Cardiomyocytes in Children
Using qRT-PCR, we analyzed the expression of PRR, REN, ACE,
and NR3C2 of the RAAS in the LV tissues from control and
pediatric DCM hearts. We found that the expression of PRR,
REN, ACE was higher in children with DCM than adults (p <

0.05) (Figure 3).
We measured the expression of ATP1A1, ADRA1, ADRB1,

PDE3A, and NEP in the LV tissues from pediatric and normal
hearts and found differences (Figure 4). ADRA1 and ADRB1
showed no significant differences between pediatric DCM
samples and normal samples (Figures 4A,B). Both ATP1A1
and PDE3A levels were higher in pediatric DCM samples than
in normal DCM samples (p < 0.05) (Figures 4C,D). NEP
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FIGURE 1 | Pathology of HE-stained myocardial tissue. (A) LV myocardial fibers of DCM samples showed variable thickness with blurred transverse striae. (B) Some

myocardial fibers were thick, the nuclei were enlarged and hyperchromatic, and some areas between myocardial tissues were obviously fibrotic (Magnification = 200).

FIGURE 2 | Myocardial tissue ultrastructure. The ultrastructure of control myocardial tissue (A: magnification = 2,000, B: magnification = 5,000); Z bands of myofibrils

from pediatric DCM cardiac tissue appeared enlarged, loose, and fuzzy, and the sarcomeres disappeared (C: magnification = 2,000, D: magnification = 5,000). Some

myofibrils showed dissolution and breakage (C,E: magnification = 5,000). Compared with those of the normal group, some mitochondria were swollen and dissolved,

and the mitochondrial cristae were empty, blurred, or even absent (C,F: magnification = 5,000).
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FIGURE 3 | Expression of PRR, ACE, REN, and NR3C2 in pediatric, adult DCM LV samples and control samples. (A) PRR expression was higher in pediatric DCM

patients than controls. PRR expression was higher in pediatric DCM patients than adults. The significance was determined using comparison of two groups after

ANOVA: p = 0.009, p = 0.0023. (B) ACE expression was higher in pediatric DCM patients than controls. ACE expression was higher in pediatric DCM patients than

adults. The significance was determined using comparison of two groups after ANOVA: p = 0.017, p = 0.008. (C) REN expression was higher in pediatric DCM

patients than controls. REN expression was higher in pediatric DCM patients than adults. The significance was determined using comparison of two groups after

ANOVA: p = 0.0003, p = 0.0006. (D) NR3C2 expression was not higher in pediatric DCM patients than controls. Comparison of two groups after ANOVA determined

that there was no difference in relative expression. NR3C2 expression was higher in pediatric DCM patients than adults. The significance was determined using

comparison of two groups after ANOVA: p = 0.015. *P < 0.05, **P < 0.01, ***P < 0.001.

expression was significantly elevated in pediatric DCM compared
to normal samples (p= 0.0008) (Figure 4E).

Gene Expression of the Drug-Related

Receptors on Cardiomyocytes in Adults

and Children
Using qRT-PCR, we analyzed the expression of PRR, REN, ACE,
and NR3C2 of the RAAS in the LV tissues from adult and
pediatric DCM hearts. These gene expression levels were higher
in children with DCM than adults (p < 0.05) (Figure 3). We also
measured the expression of ATP1A1, ADRA1, ADRB1, PDE3A,
and NEP in child and adult hearts (Figure 3). ATP1A1, PDE3A,
and NEP levels were increased in pediatric DCM and adult
samples (p < 0.05) (Figures 4C–E). The expression of ADRA1
and ADRB1 was not significantly different between pediatric
DCM and adult samples (Figures 4A,B).

DISCUSSION

The specimens selected in this study were all derived from
the myocardial tissues of children with end-stage DCM. Even
though the number of pediatric heart transplants has increasing
in recent years, the number of pediatric heart transplants is still

small relative to that of adult. So, it is not easy to get more
samples of DCM heart. But this study firstly analyzed expression
levels of drug relevant receptors and myocardial ultrastructure
of DCM heart samples. Through electron microscopy, we
observed that the end-stage myocardium in these children
showed significant degeneration, the myofibrils focally dissolved
and disappeared, and the mitochondria showed mitochondrial
degeneration and vacuolation. Compared with that of adults, the
myocardial ultrastructure in children with end-stage DCM was
not significantly different (11).

The most common cause of pediatric HF is DCM, and
the clinical prognosis of DCM is poor (12). The increase
in the survival rate of these children is largely due to
heart transplantation. While the preferred treatment for end-
stage HF is transplantation, children on waiting lists for
heart transplantation have some of the highest mortality rates
because of the limited number of heart donors (13). Therefore,
identification of a suitable drug treatment to prolong the survival
time before heart transplantation is urgently needed.

Although, the myocellular mechanisms of DCM in children
aremostly unexplored, treatment strategies for HF in children are
consistent with those in adults. Some clinical studies have found
that the treatment of adult patients with HF reduced mortality.
However, the same treatment did not improve prognosis in
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FIGURE 4 | Expression of ATP1A1, ADRA1, ADRB1, PDE3A, and NEP in pediatric, adult DCM LV, and control samples. (A) ADRA1 expression was not higher in

pediatric DCM patients than controls. ADRA1 expression was not higher in pediatric DCM patients than adults. Comparison of two groups after ANOVA determined

that there was no difference in relative expression. (B) ADRB1 expression was not higher in pediatric DCM patients than controls. ADRB1 expression was not higher in

pediatric DCM patients than adults. Comparison of two groups after ANOVA determined that there was no difference in relative expression. (C) ATP1A1 expression

was higher in pediatric DCM patients than controls. ATP1A1 expression was higher in pediatric DCM patients than adults. The significance was determined using

comparison of two groups after ANOVA: p = 0.021, p = 0.014. (D) PDE3A expression was higher in pediatric DCM patients than controls. PDE3A expression was

higher in pediatric DCM patients than adults. The significance was determined using comparison of two groups after ANOVA: p = 0.041, p = 0.020. (E) NEP

expression was higher in pediatric DCM patients than controls. NEP expression was higher in pediatric DCM patients than adults. The significance was determined

using comparison of two groups after ANOVA: p = 0.0008, p = 0.0014. *P < 0.05, **P < 0.01, ***P < 0.001.

children (14). In general, pharmacotherapy for DCM in children
is consistent with pharmacotherapy for DCM in adults. A
transition from almost total use of digoxin and diuretics to
widespread use of ACE inhibitors occurred in the 1980s (15),
and another transition to second- and third-generation β-AR
blockers occurred in the 1990s. Milrinone, a PDE3 inhibitor,
improves myocardial performance without increasing afterload.
Therefore, milrinone can be used to improve cardiac function in
children with end-stage HF (16). In addition, LCZ696 was more
effective in lowering blood pressure in patients with hypertension
and reduced all-cause mortality in patients with HF compared to
valsartan or enalapril (17, 18). With the development of research,
many researchers have realized that the mechanism of DCM
in children and adults may not be the same. We measured the
gene expression of the corresponding receptors of drugs used to
treat HF on cardiomyocytes, which provides a reference for the
treatment of pediatric DCM.

RAAS activation can cause fluid retention, pulmonary venous
congestion, pleural effusion, cardiac dilatation, and myocardial
fibrosis, leading to clinical symptoms of HF in humans. Active
renin exclusively controls the firstrate limiting step in the RAAS
cascade, i.e., conversion of angiotensinogen to angiotensin I (19,
20). The PRR binds renin and prorenin and induces profibrotic
intracellular signal cascades (21). The NR3C2 gene, which
encodes the mineralocorticoid receptor, mediates the effects of

aldosterone on salt and water balance within restricted target
cells to reduce the load on the heart. In this study, we observed
higher expression of PRR, REN, and ACE of the RAAS in the LV
tissues from pediatric DCM hearts compared to those of normal
and adult hearts. To date, the most commonly used therapy
targeting the RAAS system to treat heart disease in children is
ACE inhibitors. Our study indicated that ACE inhibitors may
block cardiomyocyte expansion and could significantly mitigate
HF. In addition, either PRR or REN receptor inhibitors may be
effective in DCM. In the future, we will further study the effects
of either PRR or REN receptor inhibitors on DCM.

Adult HF patients respond well to treatment with β-blockers
because AR-mediated adaptation plays an important role in
heart abnormalities in adult HF. However, a growing body of
literature suggests that β-blockers are not as effective in treating
pediatric HF as adult HF (22). Our results showed that ADRA1
and ADRB1 expression in pediatric DCM was not strikingly
different from expression in normal samples. Therefore, we
hypothesized that there are different adaptive β-AR and adrenalin
signaling pathways in children with DCM compared to adults
with DCM. This finding may indicate that β-receptor blockers
are not effective in treating pediatric DCM.

Our results showed that ATP1A1 expression in pediatric DCM
is higher than expression in normal conditions. The ATP1A1
gene encodes an alpha 1 subunit with good affinity for digoxin.
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Digoxin is a traditional medicine for the treatment of HF in
children. Nakano et al. found that the level of myocardial cAMP
in children treated with the PDE3 inhibitor milrinone increased,
while the level of cAMP in adults treated with the PDE3 inhibitor
remained low and unchanged (23). The results of our study
confirmed the conclusions of previous studies and indicated that
PDE3 inhibitor treatment is more effective in pediatric DCM
than adult DCM.

In recent years, many studies have found that a combination
of neprilysin/the RAAS inhibitor sacubitril/valsartan (LCZ696),
which provides simultaneous neprilysin inhibition and
angiotensin-II receptor blockade, was superior to ACEI/ARB
therapy (24, 25). Our results showed that expression of the NEP
gene, which encodes neprilysin, is higher than that in normal
samples. This finding indicates that LCZ696 may be effective in
treating children with DCM.

By comparing the expression of drug receptors related to heart
disease in adult, child and normal myocardium, we confirmed
that children and adults may not have the same response to
DCM treatment in this study. ACE inhibitors, PRR or REN
receptor inhibitors, PDE3 inhibitors and LCZ696may be effective
in children with DCM. However, β-receptor blockers are not
valid treatments for pediatric DCM. Moreover, high receptor
expression was observed in children. These data will improve
drug selection for DCM patients, enhance DCM treatment and
increase the survival rate.

DATA AVAILABILITY STATEMENT

All datasets analyzed for this study are included in the
manuscript/Supplementary Files.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Drug clinical trial ethics committee of Huazhong
University of Science and Technology.Written informed consent
to participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

JS and HP conception and design of the study. JL and YL
performed the statistical analysis. PZ and ND collect sample. QG
wrote the first draft of the manuscript. All authors contributed to
manuscript revision, read and approved the submitted version.

ACKNOWLEDGMENTS

We are grateful for the support in sample collection and
preparation provided by Yuan Yin, Wang Qiupeng, and
Zhang Rong. The authors would also like to thank and
acknowledge the Tongji Medical College, Huazhong University
of Science and Technology of Heart Transplant Team for
their contributions. This project was made possible by funding
provided by the National Youth Natural Science Foundation of
China (81500218).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.
2019.00387/full#supplementary-material

REFERENCES

1. Pinto YM, Elliott PM, Arbustini E, Adler Y, Anastasakis A, Bohm M, et al.

Proposal for a revised definition of dilated cardiomyopathy, hypokinetic

non-dilated cardiomyopathy, and its implications for clinical practice:

a position statement of the ESC working group on myocardial and

pericardial diseases. Eur Heart J. (2016) 37:1850–8. doi: 10.1093/eurheartj/

ehv727

2. Wilkinson JD, LandyDC, Colan SD, Towbin JA, Sleeper LA, Orav EJ, et al. The

pediatric cardiomyopathy registry and heart failure: key results from the first

15 years. Heart Fail Clin. (2010) 6:401–13, vii. doi: 10.1016/j.hfc.2010.05.002

3. Kirk R, Dipchand AI, Rosenthal DN, Addonizio L, BurchM, ChrisantM, et al.

The International Society for Heart and Lung Transplantation Guidelines for

the management of pediatric heart failure: executive summary. J Heart Lung

Transplant. (2014) 33:888–909. doi: 10.1016/j.healun.2014.06.002

4. Packer M, Carver JR, Rodeheffer RJ, Ivanhoe RJ, DiBianco R, Zeldis SM,

et al. Effect of oral milrinone on mortality in severe chronic heart failure.

The PROMISE study research group. N Engl J Med. (1991) 325:1468–

75. doi: 10.1056/NEJM199111213252103

5. Price JF, Towbin JA, Dreyer WJ, Moffett BS, Kertesz NJ, Clunie SK,

et al. Outpatient continuous parenteral inotropic therapy as bridge to

transplantation in children with advanced heart failure. J Card Fail. (2006)

12:139–43. doi: 10.1016/j.cardfail.2005.11.001

6. Jiang X, Sucharov J, Stauffer BL, Miyamoto SD, Sucharov CC. Exosomes from

pediatric dilated cardiomyopathy patients modulate a pathological response

in cardiomyocytes. Am J Physiol Heart Circ Physiol. (2017) 312:H818–

26. doi: 10.1152/ajpheart.00673.2016

7. Hauck C, Potter T, Bartz M, Wittwer T, Wahlers T, Mehlhorn U, et al.

Isoform specificity of cardiac glycosides binding to human Na+,K+-ATPase

alpha1beta1, alpha2beta1 and alpha3beta1. Eur J Pharmacol. (2009) 622:7–

14. doi: 10.1016/j.ejphar.2009.08.039

8. Dorn GW II. Adrenergic pathways and left ventricular remodeling. J Card

Fail. (2002) 8:S370–3. doi: 10.1054/jcaf.2002.129267

9. Hambleton R, Krall J, Tikishvili E, Honeggar M, Ahmad F,

Manganiello VC, et al. Isoforms of cyclic nucleotide phosphodiesterase

PDE3 and their contribution to cAMP hydrolytic activity in

subcellular fractions of human myocardium. J Biol Chem. (2005)

280:39168–74. doi: 10.1074/jbc.M506760200

10. Levin ER, Gardner DG, Samson WK. Natriuretic peptides. N Engl J Med.

(1998) 339:321–8. doi: 10.1056/NEJM199807303390507

11. Paterick TE, Tajik AJ. Left ventricular noncompaction: a

diagnostically challenging cardiomyopathy. Circ J. (2012) 76:1556–

62. doi: 10.1253/circj.CJ-12-0666

12. Towbin JA, Lowe AM, Colan SD, Sleeper LA, Orav EJ, Clunie S, et al.

Incidence, causes, and outcomes of dilated cardiomyopathy in children.

JAMA. (2006) 296:1867–76. doi: 10.1001/jama.296.15.1867

13. Almond CSD, Thiagarajan RR, Piercey GE, Gauvreau K, Blume ED,

Bastardi HJ, et al. Waiting list mortality among children listed for

heart transplantation in the United States. Circulation. (2009) 119:717–

27. doi: 10.1161/CIRCULATIONAHA.108.815712

14. Kantor PF, Abraham JR, Dipchand AI, Benson LN, Redington AN. The

impact of changing medical therapy on transplantation-free survival in

pediatric dilated cardiomyopathy. J Am Coll Cardiol. (2010) 55:1377–

84. doi: 10.1016/j.jacc.2009.11.059

Frontiers in Pediatrics | www.frontiersin.org 7 October 2019 | Volume 7 | Article 387135

https://www.frontiersin.org/articles/10.3389/fped.2019.00387/full#supplementary-material
https://doi.org/10.1093/eurheartj/ehv727
https://doi.org/10.1016/j.hfc.2010.05.002
https://doi.org/10.1016/j.healun.2014.06.002
https://doi.org/10.1056/NEJM199111213252103
https://doi.org/10.1016/j.cardfail.2005.11.001
https://doi.org/10.1152/ajpheart.00673.2016
https://doi.org/10.1016/j.ejphar.2009.08.039
https://doi.org/10.1054/jcaf.2002.129267
https://doi.org/10.1074/jbc.M506760200
https://doi.org/10.1056/NEJM199807303390507
https://doi.org/10.1253/circj.CJ-12-0666
https://doi.org/10.1001/jama.296.15.1867
https://doi.org/10.1161/CIRCULATIONAHA.108.815712
https://doi.org/10.1016/j.jacc.2009.11.059
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Guo et al. Children Dilated Cardiomyopathy

15. Dzau VJ, Colucci WS, Williams GH, Curfman G, Meggs L, Hollenberg

NK. Sustained effectiveness of converting-enzyme inhibition in patients

with severe congestive heart failure. N Engl J Med. (1980) 302:1373–

9. doi: 10.1056/NEJM198006193022501

16. Alousi AA, Canter JM, Montenaro MJ, Fort DJ, Ferrari RA. Cardiotonic

activity of milrinone, a new and potent cardiac bipyridine, on the normal

and failing heart of experimental animals. J Cardiovasc Pharmacol. (1983)

5:792–803. doi: 10.1097/00005344-198309000-00014

17. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al.

Angiotensin-neprilysin inhibition versus enalapril in heart failure. N Engl J

Med. (2014) 371:993–1004. doi: 10.1056/NEJMoa1409077

18. Solomon SD, Zile M, Pieske B, Voors A, Shah A, Kraigher-Krainer E, et al.

The angiotensin receptor neprilysin inhibitor LCZ696 in heart failure with

preserved ejection fraction: a phase 2 double-blind randomised controlled

trial. Lancet. (2012) 380:1387–95. doi: 10.1016/S0140-6736(12)61227-6

19. Schroten NF, Gaillard CA, van Veldhuisen DJ, Szymanski MK, Hillege HL, de

Boer RA. New roles for renin and prorenin in heart failure and cardiorenal

crosstalk. Heart Fail Rev. (2012) 17:191–201. doi: 10.1007/s10741-011-9262-2

20. Weber KT. Aldosterone in congestive heart failure. N Engl J Med. (2001)

345:1689–97. doi: 10.1056/NEJMra000050

21. Peters J. The (pro)renin receptor and its interaction partners. Pflugers Arch.

(2017) 469:1245–56. doi: 10.1007/s00424-017-2005-z

22. Miyamoto SD, Stauffer BL, Nakano S, Sobus R, Nunley K, Nelson P, et al. Beta-

adrenergic adaptation in paediatric idiopathic dilated cardiomyopathy. Eur

Heart J. (2014) 35:33–41. doi: 10.1093/eurheartj/ehs229

23. Nakano SJ, Miyamoto SD, Movsesian M, Nelson P, Stauffer BL, Sucharov

CC. Age-related differences in phosphodiesterase activity and effects of

chronic phosphodiesterase inhibition in idiopathic dilated cardiomyopathy.

Circ Heart Fail. (2015) 8:57–63. doi: 10.1161/CIRCHEARTFAILURE.114.

001218

24. Li B, Zhao Y, Yin B, Helian M, Wang X, Chen F, et al.

Safety of the neprilysin/renin-angiotensin system inhibitor

LCZ696. Oncotarget. (2017) 8:83323–33. doi: 10.18632/oncotarget.

18312

25. Desai AS, Claggett BL, Packer M, Zile MR, Rouleau JL, Swedberg K,

et al. Influence of sacubitril/valsartan (LCZ696) on 30-day readmission

after heart failure hospitalization. J Am Coll Cardiol. (2016) 68:241–

8. doi: 10.1016/j.jacc.2016.04.047

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Guo, Liu, Zhu, Liu, Dong, Shi and Peng. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pediatrics | www.frontiersin.org 8 October 2019 | Volume 7 | Article 387136

https://doi.org/10.1056/NEJM198006193022501
https://doi.org/10.1097/00005344-198309000-00014
https://doi.org/10.1056/NEJMoa1409077
https://doi.org/10.1016/S0140-6736(12)61227-6
https://doi.org/10.1007/s10741-011-9262-2
https://doi.org/10.1056/NEJMra000050
https://doi.org/10.1007/s00424-017-2005-z
https://doi.org/10.1093/eurheartj/ehs229
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001218
https://doi.org/10.18632/oncotarget.18312
https://doi.org/10.1016/j.jacc.2016.04.047~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


REVIEW
published: 18 October 2019

doi: 10.3389/fped.2019.00419

Frontiers in Pediatrics | www.frontiersin.org 1 October 2019 | Volume 7 | Article 419

Edited by:

Hongfang Jin,

Peking University First Hospital, China

Reviewed by:

George Lazaros,

Hippokration General Hospital, Greece

Dingding Xiong,

St. Vincent Mercy Medical Center,

United States

*Correspondence:

Enrico Tombetti

enrico.tombetti@unimi.it

Specialty section:

This article was submitted to

Pediatric Cardiology,

a section of the journal

Frontiers in Pediatrics

Received: 29 July 2019

Accepted: 02 October 2019

Published: 18 October 2019

Citation:

Tombetti E, Giani T, Brucato A and

Cimaz R (2019) Recurrent Pericarditis

in Children and Adolescents.

Front. Pediatr. 7:419.

doi: 10.3389/fped.2019.00419

Recurrent Pericarditis in Children
and Adolescents
Enrico Tombetti 1*, Teresa Giani 2,3, Antonio Brucato 1 and Rolando Cimaz 4,5

1Department of Medicine, Azienda Socio Sanitaria Territoriale (ASST) Fetebenefratelli-Sacco and Department of “Biomedical

and Clinical Sciences Luigi Sacco”, Milan University, Milan, Italy, 2 Rheumatology Unit, Department of Pediatrics, Anna Meyer

Children’s Hospital, University of Florence, Florence, Italy, 3Department of Medical Biotechnology, University of Siena, Siena,

Italy, 4Department of Clinical Sciences and Community Health, University of Milan, Milan, Italy, 5 Azienda Socio Sanitaria

Territoriale (ASST) G.Pini, Milan, Italy

Recurrent pericarditis (RP) is a clinical syndrome characterized by recurrent attacks of

acute pericardial inflammation. Prognosis quoad vitam is good, although morbidity might

be significant, especially in children and adolescents. Multiple potential etiologies result in

RP, in the vast majority of cases through autoimmune or autoinflammatory mechanisms.

Idiopathic RP is one of the most frequent diagnoses, that requires the exclusion of

all known etiologies. Therapeutic advances in the last decade have been significant

with the recognition of the effectiveness of anti IL1 therapy, but a correct diagnostic

and therapeutic algorithm is of key importance. Unfortunately, most of evidence comes

from studies in adult patients. Here we review the etiopathogenesis, diagnosis and

management of RP in pediatric patients.

Keywords: pericarditis, myopericarditis, children, adolescents, pediatric, autoinflammatory diseases

PERICARDITIS: DEFINITIONS

Pericarditis is a clinical syndrome characterized by pericardial inflammation with or without
concurrent pericardial effusion.

According to the European Society of Cardiology (ESC) guidelines (1), diagnosis of acute
pericarditis requires at least two of the objective criteria listed in Table 1. The clinical course is
distinguished into acute, incessant, recurrent and chronic pericarditis by temporal cut-offs defined
by expert consensus (Table 1). Acute pericarditis accounts for 5% of the presentations to the
emergency department for chest pain in pediatric patients (3). After the attack has subsided, acute
pericarditis may recur leading to recurrent pericarditis (RP) in about 15–30% of adult patients (4, 5)
and in 35% of pediatric patients (6). Recurrences are frequently less severe than the first attack.

Most of evidence about pericarditis comes from studies on adults. However, RP in children and
adolescents is frequent, and has important specificities that will be review here.

ETIOLOGY, EPIDEMIOLOGY, AND DIAGNOSIS

Clinical and Etiological Classification
Acute pericarditis recognizes multiple etiologies, including infections, autoimmunity,
autoinflammation, genetic abnormalities, drugs, cardiac injuries, and undetermined causes
resulting in idiopathic pericarditis (Table 2). Most frequent etiologies show geographical variation
and depend on the clinical course. Worldwide, tuberculosis is the most common cause of
pericarditis. In developed countries, a viral infection is the most common cause of the first
pericarditis attack, while idiopathic RP (IRP) accounts for about 80% of adults and 70% of children
with RP.
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TABLE 1 | Definition and diagnostic criteria for pericarditis.

Definition and diagnostic criteria

Acute Pericarditis Acute (lasting <4–6 weeks) inflammatory pericardial

syndrome to be diagnosed by ≥2 of the following:

a) Pericardial chest pain* (prevalence in pediatric cases

90–95%)

b) Pericardial rubs (prevalence in pediatric cases 30%)

c) New widespread ST-elevation or PR depression on

ECG (prevalence in pediatric cases 40–50%)

d) Pericardial effusion (new or worsening,

prevalence in pediatric cases 70–80%)

Additional supporting findings:

- Elevated inflammatory markers (e.g., C-reactive protein,

erythrocyte sedimentation rate, and white blood cell

count)

- Pericardial inflammation at imaging (CT, CMR)

Recurrent pericarditis Recurrence of acute pericarditis after a documented first

episode and a symptom-free interval of ≥4–6 weeks

Adapted from Adler et al. (1) and Imazio et al. (2).

CT, computed tomography; ECG, electrocardiogram; CMR, cardiac magnetic resonance.
*Pericardial chest pain: typically sharp and with pleuritic features; improved by sitting and

leaning forward.

Idiopathic Recurrent Pericarditis (IRP)
Limited epidemiologic data are available for pediatric IRP. Acute
idiopathic pericarditis equally affects male and female children,
while being more prevalent in male among adolescents (9). The
reported incidence in the general population of acute pericarditis
is 30–150/105 per year (10, 11). Considering the probability of
recurrence and of alternative etiologies, the incidence of IRP
can be estimated at about 5–35/105 per year. After the first
recurrence, up to 50% of patients undergo further pericarditis
attacks (12, 13).

IRP is a diagnosis of exclusion, that can be made only
after an exhaustive screening. Invasive procedures (e.g.,
pericardiocentesis and pericardial biopsy) allow to increase the
sensitivity for specific etiologies (14), but are rarely performed
and there is no consensus about which tests should be performed
before concluding for IRP.

Despite that the term “idiopathic” reflects our ignorance about
the etiology of these conditions, recent advances have allowed an
increased awareness about the autoimmune/autoinflammatory
pathogenesis and about patients heterogeneity. In our experience,
there are three extreme phenotypes within IRP:

i) Recurrent attacks of pericarditis followed by complete
resolution with highly symptomatic serositis, high fever and
strikingly elevated acute-phase reactants. This phenotype
is particularly frequent in pediatric cases (2) and typically
shows a spectacular response to anti-interleukin-1 (IL1)
therapies such as anakinra (15). Important similarities
with autoinflammatory conditions (see below), suggests a
similar pathogenesis.

ii) Recurrent attacks with a subacute course, moderate
to high elevation of acute-phase reactants, frequent
autoantibody positivity (anti-nuclear antibodies, ANA,
anti-heart antibodies, AHA, and anti-intercalated disk
autoantibodies) and presence of other features occurring in

TABLE 2 | Most common etiologies of acute pericarditis in the pediatric age.

Infectious# Purulent – pyogenic bacteria

Tubercular

Viral* (adenovirus, enterovirus, parvovirus, influenza A,

cytomegalovirus, Epstein-Barr Virus, human

herpesvirus-6)

Other: Lyme’s disease, Histoplasma capsulatum, and

opportunistic infections in immunocompromised patients

Autoimmune Connective tissue diseases* (systemic lupus

erythematous [SLE], dermatomyositis)

Arthritis (Systemic-onset juvenile idiopathic arthritis

[so-JIA]*, rheumatic fever*)

Vasculitis* (Takayasu, Kawasaki, Behçet disease and

ANCA-associated vasculitides)

Sarcoidosis*

Inflammatory bowel diseases*

Autoinflammatory Familiar Mediterranean Fever (FMF)*

TNF receptor-associated periodic syndrome (TRAPS)*

Other genetic

conditions

Camptodactyly–arthropathy–coxa vara–

pericarditis (CACP) syndrome

Iatrogenic Chemotherapy- and radiotherapy- related

Immune checkpoint-inhibitors (7)

Drug-related SLE (8)

Hypersensitivity (e.g., penicillins, mesalamine,

sulfasalazine, infliximab)

Post-cardiac

injury

Myocardial infarction, pericardiotomy*, pericardial

bleeding*, percutaneous coronary intervention*,

pacemaker lead insertion*, radiofrequency ablation*,

chest trauma*

Miscellaneous Malignancies

Uremia

Mixedema

Anorexia nervosa

Idiopathic *

*Potential evolution to recurrent pericarditis.
#Potentially favored by inherited or acquired immune deficiencies.

systemic autoimmune diseases (e.g., arthralgias, xeroftalmia,
Raynaud’s phenomenon, discoid lupus, uveitis). Autoimmune
mechanisms are believed to play an important role in these
patients. However, we highlight that autoantibodies are not a
specific markers of an autoimmune pathogenesis, as they may
be an epiphenomenon of pericardial inflammation.

iii) Patients with mild attacks with a subacute or grumbling
course, smoldering elevation of inflammatorymarkers, and no
evidence of autoimmunity.

Post-cardiac Injury Recurrent Pericarditis
Post-cardiac injury syndromes are characterized by pleuro-
pericarditis occurring after myocardial infarction, chest trauma,
cardiac surgery, and percutaneous procedures including
angioplasty/coronary stenting, cardiovascular implantable
electronic device lead insertion and radiofrequency ablation
(16–18). Among these, post-pericardiotomy (PP) pericarditis
is the best-characterized condition. PP pericarditis occurs after
heart surgery in about 15–30% of subjects (19, 20), typically
within 3 months. The observed risk to develop RP after the first
attack ranges between 1 and 2% in the studies performed in the
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last decade (19, 20) and 50% in those performed in the early 90s’
(50%) (21).

It is debated whether pediatric patients have a higher risk
than adults to develop PP-pericarditis and PP-RP. Observational
studies on pediatric cohorts of RP have reported that PP cases
account for about 10% of children and adolescents with PR
(2). The risk of development of PP-pericarditis in children
undergoing heart surgerymight be particularly high after surgical
repair of atrial septal defects (22); being reported to range
between 10 and 28% (23–25), which is similar to what observed
in adults.

Secondary RP
RP in Systemic Autoimmune Disorders
Pericarditis is a frequent finding in patients with systemic
autoimmune disorders (Table 2). In general, pericarditis in
the setting of systemic autoimmunity might follow ether a
chronic or an acute/subacute course reflecting the inflammatory
activity of the underlying disease with multiple potential
recurrences. On average, pericardial effusion tends to be larger
but less symptomatic than that observed in idiopathic or viral
pericarditis (26).

In the setting of systemic autoimmunity, the diagnostic work-
up should screen for involvement of other heart structures, and
consider specific complications related to immunosuppression
such as lymphoproliferative diseases or infections.

Systemic lupus erythematosus (SLE) and connective-tissue

diseases
SLE is the prototypic connective tissue disease, mainly affecting
young women with a chronic-relapsing course. Up to 20% of SLE
patients experience disease onset during infancy of adolescence
(27). Heterogeneity in terms of disease severity and pattern of
involvement is substantial, as SLE can involve most body tissues
and organs. Prevalence of symptomatic pericarditis is about 25%
in adults (28), and appears to be even higher in childhood-onset
SLE (29). Although pericardial involvement is the most common
cause of symptomatic heart disease in SLE, it is frequently
asymptomatic and seldom results in major complications such as
cardiac tamponade or pericardial constriction (26, 30, 31).

Idiopathic inflammatory myopathies, in particular
dermatomyositis, are another connective tissue diseases
that may affects pediatric patients (32–34). Although the skin
and striated muscles are typical disease targets, pericardial
involvement and pericarditis have been described, with lower
frequency than SLE (26).

Systemic-onset juvenile idiopathic arthritis
Juvenile idiopathic arthritis (JIA) represent a heterogeneous
group of diseases that globally accounts for most of childhood
chronic rheumatic conditions (35). Systemic-onset JIA (SoJIA,
also known as Still’s disease) is characterized by polyarthritis,
high-spiking fever with prominent acute-phase response,
a fleeting pink skin rash, generalized lymphadenopathy,
hepatosplenomegaly, and sometimes serositis. SoJIA
pathogenesis include dysregulation in innate and adaptive
immunity, thus presenting features of both autoimmune

and autoinflammatory conditions. Cardiac involvement,
predominantly pericarditis, is estimated to occur clinically in
10% of cases, and echocardiographic signs are observed in
more than 30% of the cases (36, 37). Pericardial tamponade
is uncommon, especially after therapy has been undertaken
(38). Children and adolescents suffering from other forms of
JIA might have asymptomatic pericardial effusion or a typically
mild and benign pericarditis in up to 30 and 10% of cases,
respectively (39).

Rheumatic fever (RF)
RF is a relapsing autoimmune disorder triggered by group-
A streptococci infection in predisposed subjects. Inflammation
typically affects the joints and the heart, and sometimes also
the skin and the brain basal ganglia (40). Pathogenesis is due
to molecular mimicry between streptococcal M protein and
self-antigens. Pericarditis during RF is a sign of rheumatic
carditis. Usually, it occurs at the initial episode, within
1 week after appearance of fever and arthritis (26), but
sometimes is the presenting manifestation of RF or can
present during relapses of RF (41). Pericarditis usually resolves
without sequelae and does not require a specific management
in addition to that for rheumatic carditis (antibiotics to
eradicate streptococcal infection, salicilates, glucocorticoids, and
management of valvulopathy and heart failure) (40).

Vasculitis
Pediatric vasculitides might uncommonly result in pericarditis.
Despite being the most common pediatric vasculitis, Henoch-
Schonlein purpura is not associated with pericarditis, as
coexistence of the two has been reported only once (42).

Kawasaki disease is an acute, self-limiting muco-cutaneous
febrile illness typically affecting children and characterized by
small- and medium-sized arteries and frequently resulting in
remodeling of coronary artery with stenosis or aneurysm.
Pericardial effusion is frequently observed and is predictive of
coronaritis and coronary artery remodeling (43). However, overt
pericarditis is uncommon and typically uniphasic (44).

Takayasu arteritis is the prototypic large-vessel vasculitis (45,
46), and is the third most frequent pediatric vasculitis (47).
Takayasu arteritis might be associated with pericarditis at disease
onset or in the case of very high disease activity (48).

Behçet’s disease can affect arteries and veins of variable size,
skin and oral/genital mucosa, the bowel, the eye and the CNS
(49). Five to ten percent of patients experience disease onset
during childhood (50). Despite that Behçet’s disease seldom
affects the heart, pericarditis is the most common type of heart
involvement (51).

ANCA-associated vasculitides (AAVs) are small-vessel
vasculitides that can rarely affect pediatric patients. Although
infrequently, pericarditis may be associated with active
AAVs (26, 52).

Sarcoidosis
Sarcoidosis is the prototypic idiopathic granulomatous disease
and affects multiple organs, mainly the lymph nodes and the
lungs (53). Disease onset during childhood or adolescence

Frontiers in Pediatrics | www.frontiersin.org 3 October 2019 | Volume 7 | Article 419139

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Tombetti et al. Recurrent Pericarditis in Pediatric Patients

occurs in <10% of subjects. Heart involvement might lead to
cardiomyopathy with heart failure, conduction abnormalities,
and arrhythmias. Mild to moderate pericardial effusion is
frequently present during active sarcoidosis, while pericarditis is
rare but can occur with a relapsing course (26).

Inflammatory bowel diseases
Inflammatory bowel diseases (IBDs) are chronic-relapsing
inflammatory conditions, mainly represented by Crohn’s disease
and ulcerative colitis, that primarily affect the gut. Pediatric
onset occurs in about 15–20% of subjects and portend a poorer
prognosis (54). Extra-intestinal inflammatory involvement
occurs in about a third of patients. Pericarditis is the most
frequent extra-intestinal manifestation of IBDs, being reported
in about 70% of subjects with cardiovascular complications (55).
Pericarditis in the setting of IBD might follow a relapsing course
and sometimes has onset before intestinal manifestations (56).
Concurrent myocardial involvement is not rare and frequently
depends on hypersensitivity to aminosalicylate therapy with
mesalamine or sulfasalazine (55, 57–59).

RP in Autoinflammatory Disorders
Autoinflammatory diseases are a recently-recognized
group of disorders in which inflammation results from
dysregulated innate immunity rather than from autoimmunity.
Many autoinflammatory diseases have been recognized as
genetic disorders caused by mutations in key regulators of
innate immunity. Although not being part of the typical
disease features, pericarditis has been described in the
setting of multiple autoinflammatory conditions, including
Hyperimmunoglobulinemia D with periodic fever syndrome
(HIDS) (60), NOD2-associated autoinflammatory syndrome
(61), and chronic atypical neutrophilic dermatosis with
lipodystrophy and elevated temperature (CANDLE) (62). On
the contrary, two autoinflammatory conditions, namely Familial
Mediterranean Fever (FMF) and TNF receptor-associated
periodic syndrome (TRAPS), are closely related to IRP because
of clinical similarities and a similar response to colchicine and
anti-IL1 therapies such as anakinra.

Familiar Mediterranean Fever (FMF)
FMF is the most common monogenic autoinflammatory disease.
It characterized by episodes lasting 1–3 days with fever, systemic
inflammation, serositis and oligoarthritis (63). Overt peritonitis
occurs in more than 90% of cases, pleuritis in about 40%,
and pericarditis in about 5% (64–66). Subclinical pericardial
disease might be more prevalent, as echocardiographic signs of
pericardial effusion or thickening are present in up to 27% of
patients (67). Pericarditis attacks during FMF often have a benign
course without sequelae and tend to occur later in life (68).

TRAPS
TRAPS is a genetic condition characterized by febrile attacks
lasting several days to weeks, associated with migratory erythema
with underlying myalgia, ocular inflammation, arthralgia and/or
arthritis, and serositis (69). Clinical and genetic heterogeneity
of TRAPS is substantial, and attacks with isolated pericarditis
have been described. Indeed, TRAPS mutations sometimes

TABLE 3 | Prognostic factors predictive of complication or recurrence (1).

Major Fever > 38◦C

Subacute onset

Large pericardial effusion (>20mm)

Cardiac tamponade

Lack of response to Aspirin or NSAID after ≥1 week

of treatment

Minor Myocardial involvement

Immunosuppression

Trauma

Anticoagulant therapy

are identified in subjects with colchicine-refractory or steroid-
dependent RP (70).

RP Secondary to Other Pediatric Disorders
Camptodactyly–Arthropathy–Coxa Vara–Pericarditis

(CACP) Syndrome
CACP syndrome is characterized by symmetrical, non-
inflammatory arthropathy, synovial hyperplasia, congenital
or early-onset camptodactyly, progressive coxa vara, and
pericarditis. It is caused by mutations in the proteoglycan 4 gene,
which encodes lubricin, a lubricating glycoprotein of synovial
fluid, articular cartilage and pericardium. Lubricin absence
results in pericardial adhesions and fibrosis (71).

Non-inflammatory pericardial effusion is reported in up to
30% cases of CACP syndrome. Ascites and pleural effusions
are uncommon. Pericarditis has a variable course, from a
self-limiting condition to a chronic and constrictive evolution
requiring surgical intervention.

Diagnostic Specificities in the Pediatric
Age
The ESC guidelines highlight that search for etiology is not
mandatory at the first pericarditis attack in the absence of factors
for a poor prognosis (Table 3) or of features suggestive of specific
causes (1). However, RP represents a different scenario especially
in children, where specific etiologies occur most frequently than
in adults. In pediatric patients, high attention should be paid to
identify genetic causes that might entail a specific management.
Red flags for considering genetic screening for FMF or TRAPS
are: (i) familiarity for RP or autoinflammatory diseases, (ii) a
personal history of periodic fever, or (iii) colchicine-refractory or
steroid-dependent RP.

PATHOGENESIS

IRP results from an interplay between environmental triggers,
genetic predisposition and the immune system. The triggers
of recurrence remain to be clarified. Recurrences are not
associated with clinical features suggestive of a concurrent
viral infection: it has been proposed that a tolerance break
toward pericardial antigens at the first attack may pave the way
for subsequent relapses. According to this view, dysregulated
adaptive immunity and autoimmunity have a central role
in IRP pathogenesis. This paradigm is supported by several
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observations, such as: (a) the occurrence of pericarditis in
autoimmune diseases (72, 73), (b) the association of IRP with
cardiac-specific and non-cardiac specific autoantibodies, such as
antinuclear antibodies (ANA), anti-heart antibodies (AHA) and
anti-intercalated disk antibodies (AIDA) (74), (c) the efficacy
of steroids, of immunosuppressive agents targeting cellular
immunity (e.g., azathioprine) and of immune-modulatory drugs
such as intravenous immunoglobulin (75–79), and (d) the
association of IRP with specific alleles in the human leukocyte
antigen (HLA)–A, -C, and -DQB1 (80). Recently, this traditional
view of IRP as an autoimmune disorder has been challenged
by the discovery that dysregulated innate immunity is the
driver of a group of inflammatory conditions, thus named
“autoinflammatory diseases.”

Innate immunity is triggered by germ-line encoded receptors
expressed by multiple cell lines and results in an inflammatory
response. These receptors recognize signals derived from
microbial constituents (PAMPs, pathogen-associated molecular
patterns) or from damaged tissue components (DAMPs, damage-
associated molecular patterns). A crucial step in modulation
of inflammation is the regulation of inflammasome activity
(81). Inflammasomes are a family of multimeric complexes that
activate caspase-1 and other proteases involved in inflammation.
Inflammasomes are activated by specific sensor proteins
belonging to the nucleotide-binding oligomerisation domain-
like receptor (NLR) family. Upon stimulation, sensor proteins
self-assemble into complexes (the inflammasomes) that recruit
pro-caspase 1 (81). The adaptor protein ASC (Apoptosis Speck-
like protein with a CARD domain) facilitates assembly and
is typically required for efficient caspase 1 activation. One of
the best-characterized inflammasomes derives from the sensor
protein NLRP3 (NLR pyrine domain-containing-3). Recognition
of multiple viral PAMPs and several DAMPs, such as urate
crystals in gout and cholesterol in atherosclerosis (82–84),
results in NLRP3 inflammasome activation and IL1 production
(Figure 1). Gain-of-function mutations in the gene encoding
pyrine, another sensor protein, may cause hyperactivity of pyrin
inflammasome and result in FMF. A different inflammatory
mechanism underlies TRAPS, which is caused by gain-of-
function mutations in the receptor for Tumor Necrosis Factor
(TNF)-α (69). Relatives of patients with TRAPS are frequently
diagnosed with IPR, suggesting an overlap these conditions,
especially for patients with low-penetrance mutations that may
have a delayed disease onset or an incomplete TRAPS phenotype
(85, 86).

The recognition that sterile pericarditis may derive from either
dysregulated adaptive or innate immunity led to the proposal
of an autoimmune and an autoinflammatory phenotype of IRP
(87). However, distinction between the two is not is not always
straightforward, due to the absence of specific biomarkers and to
the strong overlap between innate and adaptive immunity, which
are intrinsically co-entangled.

Similarly, the pathogenesis of post-cardiac injury pericarditis
is poorly understood (16, 17). An autoimmune mechanism has
been proposed to explain the onset of relapsing inflammation
after tissue damage. Indeed, cardiac injury may result in
the presentation of cardiac antigens in an immunogenic

context. However, post-cardiac injury pericarditis has been
observed in severely immunocompromised children after heart
transplantation (88), suggesting that mechanisms alternative to
autoimmunity can sustain inflammation. It logical to speculate
that strong pathogenic similarities exist between IRP and post-
cardiac injury RP, both resulting from dysregulated innate and/or
adaptive immunity.

PROGNOSIS OF RECURRENT
PERICARDITIS IN THE PEDIATRIC AGE

Prognosis of IRP is good in terms of mortality. No deaths
were observed in children hospitalized for acute idiopathic
or viral pericarditis in the pediatric health information
system (PHIS) database (9). However, morbidity is significant
due to multiple recurrences, medication side effects, or
occurrence of complications such as cardiac tamponade,
pericardial constriction and myocardial involvement. Prognostic
factors associated with an increased risk of recurrences or of
complications have been identified (Table 3), although they have
been derived from unselected cohorts of patients with pericarditis
and never validated in pediatric cohorts.

Cardiac tamponade typically occurs upon rapid accumulation
of fluid in the pericardium, such as in the case of neoplastic
pericarditis. Cardiac tamponade is much rarer (about 1–2%
of cases) in idiopathic or in viral acute pericarditis (89).
Cardiac tamponade complicates the first pericarditis attack more
frequently than recurrences (90). Prevalence of tamponade in
post-cardiac injury pericarditis is higher, being reported in 5–
20% of subjects (19, 91, 92). Cardiac tamponade warrants prompt
pericardiocentesis, but subsequent clinical course is similar to
uncomplicated pericarditis (75).

Pericardial constriction is a hemodynamic condition due to
hampering of diastolic filling of ventricles by a fibrotic and
inextensible pericardium. Occurrence of pericardial constriction
is rare (1–2% at 6 years of follow-up) in patients with idiopathic
or viral pericarditis, relatively infrequent (2–13%) in those with
post-cardiac injury pericarditis or pericarditis in the settings of
other systemic autoimmune disorders, and frequent (20–30%)
in the case of tubercular, purulent or post-actinic pericarditis
(91, 93). Pericardial constriction has never been reported in IRP
(90, 94). Severe constriction requires surgical pericardiectomy,
although medical therapy with NSAIDs sometimes results in
improvement in the case of viral, idiopathic or immune-mediated
pericarditis (95, 96).

Myocardial involvement during acute pericarditis occurs in
about 15% of adult subjects (75) and up to 35% of pediatric
patients (97). Myocardial inflammation is revealed by increased
troponin levels or by myocardial inflammation/fibrosis at
cardiac magnetic resonance (MR). It has been proposed to
distinguish two conditions with concomitant pericardial and
myocardial inflammation: myopericarditis and perimyocarditis.
The former is characterized by predominant pericardial
inflammation extending from the epicardial fat to the
myocardium. Myopericarditis has clinical features highly
similar to pericarditis and usually follow a benign course with a
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FIGURE 1 | Drivers of pericardial inflammation. Autoimmunity against cardiac antigens as well as dysregulated innate immunity might result in pericardial inflammation.

Innate immunity is activated by receptors for pathogen- or damage-associated molecular patterns (PAMPs and DAMPs, respectively). Crucial innate immunity

pathways leading to pericardial inflammation depend on inflammasome activity and on TNF receptor-1 (TNFR1). The inflammasome is a multimolecular complex

composed of sensor protein such as NLRP3 or pyrin (that self-assemble upon activation), stimuli such as NLRP3 or pyrin, adaptor proteins such as ASC, and

pro-caspase-1. Upon inflammasome assembly, pro-caspase 1 releases active caspase 1, which can process pro-IL1 to active IL1. AHA: anti-heart antibodies, AIDA:

anti-intercalated disc antibodies.

reduced risk of recurrences or cardiac tamponade. Conversely,
perimyocarditis patients tend to have less intense pericardial
pain and elevation of acute-phase reactants but prominent
myocardial inflammation with regional or global reduction in
systolic function (98). Most of these patients recover a normal
left ventricular function after the resolution of the attack.

ROLE OF IMAGING

In patients with cardio-respiratory symptoms, chest X-ray
may reveal concomitant conditions or alternative diagnosis to
pericarditis, or identify pleural and pericardial effusion. Thus,
chest X-ray is the first imaging technique usually performed,
although it is inaccurate in the quantification of the amount of
pericardial fluid, and it is unable to assess the cardiac function
and to differentiate among the various etiologies of pericarditis.

Echocardiography is the technique of choice, it is widely
and rapidly available, and can be repeated during follow-up.
It allows to study the dimensions and functions of cardiac
chambers and valves. Signs suggestive of active pericarditis are
pericardial effusion and hyperechoic pericardium. In addition,
echocardiography may quantify pericardial effusion and reveal
potential complications such as cardiac tamponade, systolic
dysfunction as well as signs of pericardial constriction.

In selected cases, cardiac MR might be complementary to
echocardiography, thanks to its ability to (i) provide an excellent
depiction of cardiac and pericardial morphology together with
a good quantification of pericardial effusion and ventricular or
valvular function, (ii) characterize myocardial and pericardial

tissue in terms of inflammation, edema and fibrosis, and (iii)
reveal findings suggestive for concomitant diseases, such in the
case of autoimmune diseases, large-vessels vasculitis, thoracic
lymphadenopathies, or cardiac tumors. Acquisition protocols
specific for pediatric patients may require to take into account
small heart dimension and fast heart rates and to ensure reliable
breath-holding (99). Briefly, specific signs of active pericardial
inflammation at MR are pericardial edema (hyperintensity on
T2-weighted short-tau inverted recovery [STIR] sequences)
and pericardial late gadolinium enhancement (LGE, meaning
pericardial signal enhancement in T1-weighted sequences
obtained 10min after contrast medium administration).
Pericardial thickening (>4mm) is not considered a specific
sign of active pericarditis because it can be observed in
multiple pericardial disorders including pericardial constriction
or neoplasms. Cardiac MR might also revel concomitant
myocarditis. It is proposed that the kinetic of gadolinium
ingress and egress differs between the pericardium and the
myocardium. Accordingly, active myocardial inflammation
is heralded by edema and early gadolinium enhancement
(observed on T1-weighted sequences obtained after about 2min
after contrast medium administration). Differently from the
pericardium, myocardial late gadolinium-enhancement reveals
fibrosis (75).

Given the specificities of cardiac MR, its indications in
the setting of pericarditis are: (i) atypical cases, to confirm
pericarditis or identify alternative diagnoses, (ii) pericardial
constriction or myocardial involvement, and (iii) RP associated
to specific etiologies such as large-vessel vasculitis (100), and (iv)
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TABLE 4 | Medical therapy for recurrent pericarditis in children.

Agent Starting dose

NSAID

Ibuprofen 30–50 mg/kg daily, divided every 6–8 h

Indomethacin 2 mg/kg daily, divided every 6–12 h

Colchicine 0.5 mg/day before 5 years of age

1–1.5 mg/day after 5 year of age

Anakinra 1–2 mg/kg daily up to 100mg daily subcutaneously

Start tapering not before 3–6 months of remission

Prednisone 0.5–2 mg/kg daily

IVIG 400–500 mg/kg for 5 days (repeatable once a month)

need to tailor therapy according to the intensity or persistence of
pericardial inflammation (101).

Computed tomography (CT) is another complementary
technique. Similarly to MR, CT provides good anatomic images
and may quantify pericardial thickness, the volume of pericardial
effusion or the presence of localized effusion. In addition,
CT can assess the presence of pericardial calcifications and
define the attenuation values of the pericardial fluid which
might be of help in the diagnostic workup: high values suggest
hemorrhage, intermediate values exudative effusions and low
values trasudative effusions (102). CT is particularly useful in the
initial diagnostic work-up to exclude specific etiologies including
malignancies and tuberculosis, and in the preoperative planning
of pericardiectomy.

MANAGEMENT OF RECURRENT
PERICARDITIS IN THE PEDIATRIC AGE

Management of pediatric patients with RP is derived from
the experience with adult patients: it includes medical and
interventional therapies, and lifestyle recommendations.
After correct diagnostic workflow, therapy should be targeted
to the underlying etiopathogenesis as much as possible,
aiming at inducing remission and preventing recurrences and
complications. Primary prevention of pericarditis (e.g., in the
setting of cardiac surgery) is beyond the scope of this review.
Available evidence has not suggested important differences in the
management of recurrences and remission phases of post-cardiac
injury RP and IRP.

Management of Acute Attacks
Admission should be considered in presence of severe pain or
predictors of poor prognosis (Table 3) (1). Acute pericarditis
should be treated with high-dose NSAIDs in combination with
colchicine, except for specific etiologies requiring alternative
treatments or for refractory subjects (1). High-dose aspirin is
generally not used in pediatric patients, due to concerns about the
risk of Reye syndrome. In this setting, ibuprofen (30–50 mg/kg
daily, divided every 6–8 h) or indomethacin (2 mg/kg daily,
divided every 6–12 h, Table 4) are valid options. Intravenous
administration might be useful to achieve rapid pain control in
hospitalized patients.

Colchicine is an anti-gout medication that is also active
for FMF (103) and pericarditis. Colchicine concentrates
within leukocytes (especially granulocytes) and inhibits
microtubule assembly, thus limiting cell motility, phagocytosis,
and degranulation. Moreover, colchicine downregulates NLRP3
inflammasome by antagonizing caspase-1 activity and potential
triggering factors (e.g., P2X2 and P2X7 channels and Reactive
Oxygen Species) (104). Gastrointestinal intolerance is the most
common side effect, it is dose-dependent and reported in about
5–10% of adults (5, 12, 13), although children might tolerate
higher per kilo doses than adults. Studies have shown that
colchicine hastens the response to treatment and decreases the
risk of recurrences of about 50% (105). Moreover, colchicine
reduces the risk of pericardial constriction in PP pericarditis
(91). Unfortunately, little evidence is available about colchicine
in pediatric patients with RP (106): a recent observational
study reported a 65% reduction of recurrences (2). Moreover,
colchicine therapy in pregnant women with IRP raised no
concerns about fetal toxicity (107). Despite this encouraging data
about safety and efficacy in children with RP, colchicine remains
underprescribed in the pediatric population (9, 108).

Currently, steroids are used as second line therapy in adults
with sever acute pericarditis or with colchicine-refractory RP:
they are rapidly effective but they favor recurrences and steroid-
dependence, especially if used at high doses (109, 110). In
children, steroids may cause growth retardation, acne, striae
rubrae, and predisposition to osteoporosis. Therefore, steroids
should be avoided as much as possible in pediatric IRP by
means of the following recommendations: (i) to use NSAIDs at
the maximum tolerated does or (ii) to intravenously administer
NSAIDs in hospitalized patients, and (iii) to consider the use
of anti-IL1 therapy after failure of high dose NSAIDs combined
with colchicine. Alternatively, steroids should be started at the
lowest effective dose, and slowly tapered after remission has
been obtained.

Anti-IL1 therapy with anakinra (1–2 mg/kg daily
subcutaneously) is the most important advance in the last
decade for the field (111). Anakinra is efficacious for multiple
autoinflammatory diseases including FMF. Thus, it has been
initially used in children with refractory IRP. Subsequent
experience including a clinical trial has shown that anakinra has
spectacular effects in refractory or steroid-dependent IRP with
raised acute-phase reactants (2, 15, 112–114). Children with IRP
frequently have an “autoinflammatory phenotype” (2) that is
particularly responsive to anakinra. Anakinra has a very good
safety profile, due to its short half-life and low risk of infections
and of reactivation of tuberculosis. Severe reactions are rare,
but injections site-reactions are frequent in the first month of
treatment, and then disappear (111). Thus, anakinra should be
considered as a second line agent for children and adolescents
with IRP with raised acute-phase reactants that is refractory to
NSAIDs and colchicine.

Intravenous immunoglobulins (IVIG) are used for refractory
cases at the dose of is 400–500 mg/kg for 5 days, potentially
repeatable after 1 month (2, 77–79). A systematic review about
IVIG for RP including 19 adults and 11 pediatric patients, showed
good efficacy and safety of IVIG (79). The main limitations
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TABLE 5 | Tapering of glucocorticoids in children.

Daily dose* Tapering

>0.7 mg/kg 0.14 mg/kg*day every 1–2 weeks

0.35–0.7 mg/kg 0.7–14 mg/kg*day every 1–2 weeks

0.2–35 mg/kg 0.035 mg/kg*day every 2–4 weeks

< 0.2 mg/kg 0.017–0.035 mg/day every 2–6 weeks

*Doses are expressed as prednisone-equivalents.

of IVIG are costs, the intravenous administration and the
administration schedule. Since anti-IL1 therapy has become
available for IRP, the role of IVIG is mainly limited to patients
with autoimmune features.

RP in the setting of specific etiologies should be treated
accordingly to the underlying disease. Specifically, RP in
the setting of FMF should be treated with colchicine and
anti-IL1 therapies (anakinra, rilonacept, canakinumab) for
refractory cases (63). In RP due to TRAPS patients should
be treated with NSAIDs, steroids and anti-IL1 treatments or
etanercept (115, 116). SLE-associated RP should be treated
with a combination of hydroxychloroquine, a brief steroid
course and immunosuppressive agents such as azathioprine and
mycophenolate mofetil (117, 118).

Prevention of Recurrences and Other
Complications
After complete remission (absence of symptoms and of raised
acute-phase reactants) has been achieved, therapy can be slowly
tapered, reducing a single class of drug at a time. Steroids
and high-dose NSAIDs are tapered first. Table 5 shows the
steroid-tapering schedule that we follow in pediatric patients
with IRP, directly derived from recommendations for adult
patients (1). Recurrences are particularly frequent when steroids
are tapered below 0.2 mg/kg∗day of prednisone-equivalent, and
small decrements are advisable every at least 2–6 weeks (e.g.,
reductions of 1–2.5mg on alternate days). Tapering of anakinra
should not start before 3–6 months of sustained remission, and
should be performed very slowly due to high risk of recurrences.

Slow-acting medications including hydroxicloroquine or
immunosuppressive agents such as azathioprine, mycophenolate
or cyclosporine (2, 76), have been proposed as 3rd or
4th line medications to prevent recurrences in the cases
of refractoriness to anakinra or of features suggestive of
autoimmune pathogenesis.

With the exception of acute-phase reactants, we lack
biomarkers to guide therapeutic tapering during remission and
to predict future exacerbations. Cardiac MR has been proposed
at this purpose, although its use in young children might be
troublesome because of durations of acquisition and capability
to ensure adequate breath holds.

Interventional Therapy for Relapsing
Pericarditis
Cardiac tamponade requires emergent pericardiocentesis
to restore adequate heart filling. Selected cases of acute

pericarditis (mainly at the first episode) might require diagnostic
pericardiocentesis if specific etiologies are suspected, including
neoplasms or bacteria.

Surgical pleuropericardial window is another options that
might be considered for subjects at risk of recurrent pericardial
tamponade. In the case of severe or chronic pericardial
constriction or of RP refractory to multiple therapeutic lines,
surgical pericardiectomy might be of help. However, evidence
about pericardiectomy for refractory RP is limited to adults (119),
and this procedures should be considered only as an extrema ratio
in pediatric patients.

Lifestyle Recommendations
Based on expert recommendations, children should avoid
physical activity after acute attacks until the resolution of
symptoms and acute-phase reactants. Moreover, resumption
of competitive sports should occur not before 3 months
after complete remission of pericarditis. In case of frequent
recurrences avoidance of physical activity in children in our
opinion is less stringent, since it is important to allow a normal
or near-normal life in these children; the focus should be on a
therapy able to control the disease more than on restriction of
physical activity.

Exacerbations of SLE or autoinflammatory diseases are
sometimes associate with specific triggers, including sunlight
for SLE, and exercise, local injury, infection, cold exposure,
emotional stress, surgery and hormonal changes for FMF and
TRAPS. Patients with RP associated with these condition should
be advised to avoid potential triggers, especially if they have been
involved in previous disease flares.

The recommended vaccination schedule (120) may not
require changes for most children with RP. Prevention of
recurrences by influenza vaccination is not demonstrated,
reflecting that influenza is a rare trigger of RP. Subjects treated
with immunosuppressive agents might benefit from all available
inactivated vaccines, although immunogenicity might be reduced
and additional administrations be required. On the contrary, a
careful balance of the degree of immunocompromised, the risk
of natural exposure and the availability of non-live alternatives,
may be required for attenuated vaccines.

CONCLUSIONS

RP in children and adolescences has significant morbidity.
Multiple potential causes exist, although most of them
are related to either autoimmune or autoinflammatory
mechanisms. Recent advances allow to manage RP effectively
in almost all patients. However, a careful diagnostic work-
up and a correct therapeutic algorithm are required
to maximize efficacy while limiting avoidable costs and
side effects.
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Background: Postural tachycardia syndrome (POTS) is a severe health problem

in children. Short-term β-blockers are recommended for pharmaceutical treatment.

However, there have been contradictory data about its efficacy among pediatric patients.

Methods and Results: Eight studies comparing β-blockers to conventional treatments

for children with POTS were selected, where 497 cases of pediatric POTS were included.

The efficacy of β-blockers was evaluated using the effective rate, the change of symptom

score, the change of heart rate difference and adverse events. The results were stated as

relative ratio (RR) and mean difference (MD) with a 95% confidence interval (95% CI). A

random-effects meta-analysis for the effective rate indicated that β-blockers were more

effective in treating pediatric POTS than controlled treatment (79.5 vs. 57.3%, RR= 1.50,

95%CI: 1.15–1.96, P < 0.05). A fixed-effects model analysis showed that β-blockers

were more effective in lowering the symptom score and the heart rate increment during

standing test than controlled treatment with a mean difference of 0.81 (95% CI: 0.44–

1.18, P < 0.05) and 3.78 (95% CI: 2.10–5.46, P < 0.05), respectively. There were no

reported severe adverse events in included studies.

Conclusion: β-blockers are effective in treating POTS in children and adolescents,

alleviating orthostatic intolerance, and improving hemodynamic abnormalities.

Keywords: efficacy, β-blockers, metoprolol, children, POTS

INTRODUCTION

Postural tachycardia syndrome (POTS) is common in children, featuring an abnormal increment
in heart rate of over 40 beats per minute (bpm) within the first 10min of head-up tilt (HUT) or
standing test accompanied by symptoms of orthostatic intolerance such as dizziness, headache,
palpitation, chest discomfort, blurred vision, tremor, and profuse perspiration (1). The prevalence
of POTS in Chinese children is ∼6.8%, with a peak age of onset around 15–25 years old (2).
Children are more easily affected than adults, with recurrent syncope attacks most often resulting
in physical and psychological damage.

Currently used drugs for POTS include β-adrenoreceptor blockers, α-adrenoreceptor agonists,
pyridostigmine and fludrocortisone, each of which has a distinct while overlapping mechanism
underlying its observed clinical efficacy (3). Decreased intravascular volume, elevated plasma
norepinephrine levels, attenuated sympathetic vasoconstrictor responsiveness, and peripheral
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autonomic neuropathy are important factors contributing to
tachycardia in POTS patients (4–6). Through reducing cardiac
baroreceptor activation, lowering blood norepinephrine level,
and inhibiting sympathetic nerve activity, it is likely reasonable
that β-blockers might be a promising therapeutic option for the
treatment of POTS (7).

Although several randomized controlled trials of relatively
high quality may have provided physicians with reasons to
consider treating adult POTS patients with β-blockers, it is not
the case with children (8, 9). Inconsistent results have been
published in recent years, most of which are non-randomized,
or of small sample size. A randomized controlled trial (RCT) of
Lin et al. (10) in the treatment of 54 children with POTS using
metoprolol showed that the treatment group was significantly
more effective than the control group (72.2 vs. 48.0%), while
Chen et al. (11) found that the efficacy of a same drug was
unproved, also in an RCT that involved 19 POTS children.
Therefore, the present study was undertaken to carry out a
systematic review and meta-analysis to present updated evidence
for clinical reference and hopefully to provide guidance for
further research in this field.

METHODS

Criteria for Considering Studies
Types of Studies
The studies included the analysis of the RCTs and non-
randomized controlled trials (Non-RCTs). We only included
prospected studies on the treatment of POTS in children and
adolescents, comparing β-blockers to conventional therapies.

Types of Participants
We included pediatric patients aged below 20 years old, who
were diagnosed as POTS by HUT or standing test. We excluded
patients with any systematic diseases, metabolic disturbances, or
cardiogenic diseases.

Types of Interventions
Studies that compared treatment of oral administration of β-
blockers using standard pediatric doses and duration with
conventional therapies were included. Conventional therapies for
control group referred to non-pharmacological measures such as
oral rehydration salts (ORS) and patient education. We allowed
additional interventions in trials such as α-adrenergic receptor
agonist if there was a comparison with β-blockers. We excluded
trials with short duration of therapeutic course <1 month.

Types of Outcome Measures
Our primary outcome was the effective rate, a dichotomous
variable defined as the ratio of participants whose symptoms
were relieved after the treatment. This outcome was equal to the
cure rate plus the improvement rate. Our secondary outcomes
included: (1) the change of symptom score (1 heart rate
difference): defined as the reduction in symptom score according
to Winker symptom scale (WSS) and expressed as mean ±

standard deviation; (2) the change of heart rate difference (1
heart rate difference): the heart rate difference is defined as the

increment of heart rate during HUT, while1 heart rate difference
stands for the heart rate difference after the treatment minus
the baseline heart rate difference. The results were expressed as
mean ± standard deviation; (3) adverse events: defined as drug-
related adverse effects. Our study documented the adverse effects
reported in each trial explicitly.

Search Strategy
We searched the following databases till 24 June 2019
without any restriction on the published years: Cochrane
Library, EMBASE, Pubmed, and Sinomed. The databases
were searched by two professional co-workers using search
terms (in English or Chinese) such as “postural tachycardia
syndrome/ postural orthostatic tachycardia syndrome/POTS”
AND “treatment/therapy/intervention/management/β-
blocker/metoprolol/propranol/betaloc/atenolol.” Original
articles were obtained through downloads from electronic
databases or copies from libraries. References of relevant articles
were also searched by the two authors independently.

Data Collection and Analysis
Data Extraction and Management
Two reviewers (DXW and ZYY) independently conducted the
search according to the pre-designed inclusion and exclusion
criteria. Necessary data and information from included studies
were extracted by one reviewer and checked by the other.
Discrepancies were jointly resolved by the two members.

Data Analysis
We used Review Manager 5.3 for the analysis of the extracted
data. Along with 95% confidence interval (95%CI), the
dichotomous outcomes were analyzed by relative ratio (RR)

FIGURE 1 | Study selection flow chart: Flow chart of the literature selection

process for studies enrolled in this systematic review and meta-analysis.

POTS, postural tachycardia syndrome.
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TABLE 1 | Characteristics of included studies.

Reference Trial

design

Participants (n) Age (y), Mean

± SD

Treatment Outcoms Symptom

tool

Efficacy

Total β-blockers Control β-blockers Control

Chen

et al. (12)

RCT 54 32 22 12.0 ± 2.6 Metoprolol

0.5 mg/(kg·d)

bid; 3-6

months

ORS -Effective rate Improvement:

Syncope

decreased

≥50%

84.4 vs

40.9%

Chen

et al. (11)

RCT 53 19 15 12.2 ± 2.4 Metoprolol

0.5 mg/(kg·d)

bid; 3-6

months

Conventional

therapy

-Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased

≥50%

57.9 vs

53.3%

Lin et al.

(10)

Non-

RCT

192 54 54 11.4 ± 2.5 Metoprolol

12.5 mg/d

bid; 3 months

ORS 500ml -Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased

≥50%

72.2 vs

48.0%

Liu et al.

(13)

RCT 21 14 7 9.24 ± 3.76 Metoprolol

1.0 mg/(kg·d)

bid; 3 months

Oryzanol 10

mg/d tid

-Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased by

2 points

85.7 vs

28.6%

Sun et al.

(14)

RCT 92 34 26 13.2 ± 2.2 Metoprolol

1.0 mg/(kg·d)

bid; 2 months

NS 250ml

bid

-Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased

≥50%

94.1 vs

38.5%

Yang

et al. (15)

Non-

RCT

244 66 75 11.6 ± 2.5 Metoprolol

1.0 mg/(kg·d)

bid; 3 months

ORS 500ml -Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased by

2 points

80.3 vs

72.0%

Zhang

et al. (16)

Non-

RCT

30 20 10 13 ± 2 Metoprolol

1.0 mg/(kg·d)

bid; 3 months

NS 250ml

bid

-Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased by

2 points

80.0 vs

40.0%

Zhang

et al. (17)

Non-

RCT

118 10 39 11.4 ± 2.6 Metoprolol

1.0 mg/(kg·d)

bid; 3 months

ORS 500ml -Symptom score

-Blood pressure

-1HR -Effective

rate

Improvement:

Symptom

score

decreased by

2 points

80.0 vs

74.4%

RCT, randomized controlled trial; Non-RCT, non-randomized controlled trial; SD, standard deviation; ORS, oral rehydration salts; NS, normal saline; HR, heart rate; bid, twice a day.

and the continuous outcomes by mean difference (MD). We
evaluated heterogeneity by Chi-square test and I2 statistic
calculation. We formulated our cut-off level at 50% for I2.
When I2 > 50% or P < 0.05, indicating high heterogeneity
among studies, the random-effects model was employed for
meta-analysis. Otherwise, we chose the fixed-effects model
since low heterogeneity was confirmed (18). We calculated the
standard deviation for continuous outcomes as suggested by
Cochrane (18). Study results were displayed through forest
plots. Additionally, P < 0.05 indicated that the difference was
statistically significant.

Assessment of Risk of Bias in Included Studies
Using a 12-category assessment of risk of bias, the quality of
each eligible study was rated by two reviewers (DXW and ZYY)

independently and defined as high, low, or unclear risk of
bias. The criteria were recommended by Cochrane Back Review
Group (19). Studies with an overall low risk of bias in six or more
dimensions were classified as high-quality studies. Publication
bias was estimated by funnel plot. Disagreements were resolved
following discussion among the reviewers.

RESULTS

Description of Studies
A total of 1,086 original articles were identified initially from
Cochrane, EMBASE, Pubmed and Sinomed databases. After
removing duplicated studies, screening titles and abstracts as
well as reviewing the full texts, 1078 articles were excluded and
eight articles were accepted in our final analysis including four
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RCTs and four Non-RCTs. The flow chart of study selection is
summarized in Figure 1.

The general characteristics of included studies are presented
in Table 1. Of these eight trials, seven (10, 12–17) were reported
in Chinese and one (11) in English. All of the studies focused on
children and adolescents at an average age of 9.2–13.2 years. The
β-blockers used in the selected studies were metoprolol, although
in various dosages−0.5 mg/(kg·d) in two publications (11, 12),
12.5 mg/d in one (10) and 1.0 mg/(kg·d) for the others. The
studies included shared similar intervention duration between
3 and 6 months. In terms of efficacy evaluation, seven studies
referred to the WSS (20). Treatments that resulted in a reduction
of 2-points or above in symptom score [four studies (13, 15–
17)] or decrease in symptom score by 50 percent or above
[three studies (10, 11, 14)] were defined, respectively, as effective.
Only in one study (12) the treatment efficacy was evaluated by
measuring the reduction of syncope frequency.

Risk of Bias in Included Studies
We evaluated risk of bias in all enrolled studies using the
criteria suggested by Cochrane Back Review Group. Because of
unreported details, the risks of bias of most studies were defined
as unclear. There is high risk of selection bias in four studies
(10, 15–17) on account of non-randomized sequence generation.
Four studies (10, 12, 14, 15) were decided as high risks of attrition
bias due to incomplete outcomes. Five studies (12–15, 17) that
failed to present all the pre-determined primary and secondary
outcomes were considered as high risks of reporting bias. The
study by Chen et al. (11) was the only study with low risk of
bias in six categories of our bias assessment system, and therefore
determined as overall high-quality. Our risk of bias estimation is
summarized in Figures 2, 3.

Allocation
Of the four studies (11–14) reporting a random
sequence generation, only Chen et al. (11) described
the randomization process in detail. The other four
studies (10, 15–17) that failed to mention allocation
concealment were considered as high risk of bias under
allocation category.

Blinding
None of the included studies stated a blinding process of
participants, personnel, or outcome assessors.

Incomplete Outcome Data
There was no missing outcome data in two studies (11,
16). Four studies (10, 12, 14, 15) suggested a high risk
of drop outs in outcome data and a lack of information
for the intention to treat analysis. The risk of bias of the
rest two studies (13, 17) was unclear due to no explicit
statements in some of the outcomes regarding the number
of participants.

Selective Reporting
Five studies (1, 12–15) that failed to report secondary
outcomes such as the symptom score or the change of
the heart rate were defined as high risks of selective

FIGURE 2 | Risk of bias summary: Review author’s judgments about each risk

of bias item for each included study. “+” indicates certain criterion has been

met and therefore suggests a low risk of bias; “–” indicates certain criterion

has not been met and therefore suggests a high risk of bias; “?” indicates

unclear risk of bias for lack of relative information.

FIGURE 3 | Risk of bias graph: Review author’s judgments about each risk of

bias item presented as percentages across all included studies.

reporting bias. The risk of bias assessment of the other
three studies was classified as unclear due to unavailable
study protocols.
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FIGURE 4 | Funnel plot of eight studies: Each dot stood for one study. The

distance between each dot and the upright line indicated the bias in each

study. (A) Funnel plot of comparison between metoprolol with controls in

therapeutic effect. (B) Funnel plot of comparison between metoprolol with

controls in 1 symptom score. (C) Funnel plot of comparison between

metoprolol with controls in 1 heart rate difference. As the funnel plots of three

outcomes were visually symmetric implying that publication bias may not exist.

Publication Bias
No publication bias was detected from the funnel plot
(Figure 4) of primary and secondary outcomes visually,

implying that the publication bias might not exist among the
included studies.

Other Potential Sources of Bias
Baseline characteristics are similar between groups on
demographic factors and important hemodynamic data in
all studies except for the study by Chen et al. (12) which did not
report this. As for “Co-intervention,” metoprolol was compared
to conventional therapies including ORS (10, 12, 15, 17), oral
normal saline (11, 14, 16) and oryzanol (13). In one study (12),
metoprolol was used alone in the experimental group without
parallel treatment as its control. Timing of outcome assessments
was similar in all studies. Performance bias could not be assessed
for that no descriptions of patient compliance could be found in
any of the included studies.

Outcomes
Primary Outcomes
In respect of effective rate, data were available for all the studies.
A random-effects model was conducted for meta-analysis. The
Chi² value for heterogeneity test of the risk ratio (RR) was
19.82 (P = 0.006) and I² statistic 65%, which suggests statistical
heterogeneity across studies. The studies enrolled reported 497
cases of pediatric POTS with 340 children improved after
treatment, including 198 of the metoprolol group and 142 of the
control group. The effective rate at the end of short-term follow-
up in the metoprolol group was significantly higher than that of
the control group (79.5 vs. 57.3%, RR = 1.50, 95% CI: 1.15–1.96,
P = 0.002; Figure 5).

Secondary Outcomes

1 Heart Rate Difference
There were five articles (10, 11, 15–17) describing heart rate
difference during standing test. We calculated the decrement
in heart rate different (1 heart rate difference) in each trial
with fixed-effects model to analyze the results. Heterogeneity
analysis of the subgroup showed a low level of heterogeneity
(Chi² = 5.39, P = 0.25, I² = 26%). After the treatment,
there was a reduction in the heart rate difference during
standing test in both groups, but the heart rate change
of the metoprolol group was significantly greater than the
control group (MD = 3.78, 95% CI: 2.10–5.46, P < 0.0001;
Figure 6A).

1 Symptom Score
There were six articles (10, 11, 14–17) describing the symptom
score outcome before and after treatment. We calculated the
decrement in symptom score (1 symptom score) in each
trial and analyzed the results using a fixed-effects model.
Heterogeneity analysis of the subgroup showed a low level of
heterogeneity (Chi²=6.64, P = 0.25, I² = 25%). The symptom
score after treatment in both groups was lower than that
before treatment, but the reduction of the symptom score was
significantly greater in the metoprolol group than that of the
control group (MD = 0.81, 95% CI: 0.44–1.18, P < 0.0001;
Figure 6B).
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FIGURE 5 | Forest plot of eight studies in efficacy rate for metoprolol vs. comparator: Heterogeneity analysis showed statistical heterogeneity among the studies (p <

0.05). A random-effects model was conducted. The analysis of total effects presented in the bottom. Risk ratio of efficacy rate analyzed by Mantel-Haensze test was

summarized on the right. Each little square represented the RR value of each study along with a transverse line representing 95% CI. The rhombus below stood for

the overall result of meta-analysis.

FIGURE 6 | Forest plot for sub-group analysis: (A) Five studies, comparing 1 heart rate difference between β-blockers and comparator. (B) Six studies, comparing 1

symptom score for two groups. The analysis of total effects were presented in the bottom. Mean difference analyzed by inverse variance method was summarized on

the right. Each little square represented the mean difference of each study along with a transverse line representing 95% CI. The rhombus below stood for the overall

result of meta-analysis.

Adverse Events
There was one article (14) missing the description of
adverse events. Others had a record of that. Three studies
(11, 13, 16) did not appear to report any side effects
during the drug treatment. Chen et al. (12) showed that
bradycardia occurred in three children without subjective
symptoms. Lin et al. (10) reported that one child presented

with fatigue and chest tightness. Yang et al. (15) discovered
that three children complained of abdominal pain and one
patient presented with decreased blood pressure. Zhang
et al. (17) discovered that two children had stomach
discomfort. None of the aforementioned adverse events
were severe and all of the children went through full course
of treatment.
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DISCUSSION

In this systematic review and meta-analysis, we included eight
studies that assessed β-blockers efficacy in treating POTS children
and adolescents. All the eight trials collecting data on the
effective rate of β-blockers showed that the efficacy of β-blockers
were significantly higher than those of their comparable control
treatments (79.5 vs. 57.3%, RR = 1.50, 95% CI: 1.15–1.96, P =

0.002), mainly with ORS or normal saline. In addition to this, β-
blockers might also be more effective than controlled treatments
in lowering the heart rate increment during standing test (MD=

3.78, 95% CI: 2.10–5.46, P < 0.0001). Finally, the decrement in
symptom score is significantly greater than controlled treatments
in the β-blocker group (MD = 0.81, 95% CI: 0.44–1.18, P <

0.0001). There was no reporting of severe adverse events that
led to treatment discontinuation. However, the influence of the
relatively small sample sizes and short follow-up period in most
enrolled studies should not be neglected. All in all, we concluded
that β-blockers are effective in treating POTS in children and
adolescents, alleviating orthostatic intolerance, and improving
hemodynamic abnormalities.

Postural tachycardia is the main hemodynamic feature of
POTS children. When moving from a supine to a standing
position, a healthy man would have blood pooling in the lower
limbs due to the law of gravity, which is not perceivable thanks
to the delicate regulatory mechanism culminating in a crucial
increment of heart rate of 10–15 bpm. Unfortunately, owing to
complex factors such as hypovolemia, autonomic dysfunction
and neurohumoral dysregulation, POTS children often have a
hard timemaking this normal adjustment through cardiac output
compensation, resulting in a marked rise in heart rate, symptoms
of orthostatic intolerance, and even cerebral hypoperfusion
(21, 22).

Based on current understanding of potential etiology, several
non-pharmacological treatments have been introduced into
POTS treatment, such as reducing venous pooling by wearing
lower-body compression garments or practicing resistance
training for the thighs (23). Apart from that, studies have
shown that 70% of POTS children have decreased intravascular
volume, whose symptoms of orthostatic intolerance could be
attenuated by increasing consumption of water and salt (24).
In our review, we also found that ORS treatment was proved
effective in most control groups. There is, still, a noticeable
amount of POTS children who are not responding to the
classic non-pharmacological ORS treatment (16), indicating the
existence of other hemodynamic factors contributing to the
clinical presentation of tachycardia.

The role of hyper-adrenergic state in the development of
POTS has gained more and more attention in recent years.
Zhang et al. (25) discovered that norepinephrine in some
POTS patients increased significantly, the level of which was
positively correlated with the severity of clinical presentation.
Earlier studies reported that mutation of norepinephrine
transporter (NET) might be one of the reasons for the elevated
norepinephrine level (26). Other than that, the clearance
mechanism of norepinephrine in POTS patients is damaged and
their sympathetic activation is prominent (27, 28).

β-blockers were introduced into clinical practice based on the
reasons listed above, the efficacy of which has been recognized
to a certain extent, mainly through clinical observations and
application experience. Under this context, we performed an
updated review of the available evidence. Among the 249 POTS
children treated with metoprolol, 198 cases reported symptom
improvement. The pooled efficacy of metoprolol is 79.5%, which
is significantly greater than the control group (57.3%), indicating
that β-blocker is an effective way to treat POTS in children. The
efficacy of β-blockers implies symptoms improvement as well as
tachycardia alleviation.

There are two possible reasons supporting the efficacy of β-
blockers. On one side, they could block cardiac β1 receptors,
thus serving a negative inotropic effect. On the other side, they
are capable of inhibiting renin secretion through the inhibition
of β1 receptors of juxtaglomerular cells, resulting in a lowered
norepinephrine level. Then, autonomic activity was reduced,
followed by a decreased heart rate and improved orthostatic
tolerance (29).

Although the theoretical basis for the efficacy of β-blockers
seems rather solid, there are inconsistent results among the
studies. The reasons might be multi-faceted. First of all, POTS
is a heterogeneous disorder with complicated nosogenesis. Some
researchers made the distinction between partial dysautonomic
POTS and hyperadrenergic POTS, while others preferred the
division of three subtypes (7, 30–32). Different pathogenesis
among POTS subtypes indicates that individual patient may have
different response to the same treatment. It has been reported
that the plasma level of norepinephrine might serve as an
efficacy predictor of metoprolol therapy for POTS in children
and adolescents (25). None of the included studies described the
baseline plasma norepinephrine level of POTS children, which
might partly account for the individual difference in response to
β-blockers. Secondly, the discrepancy between POTS diagnostic
standards and the diversity of efficacy evaluation methods may
contribute to the inconsistent results. Except for the study by Lin
et al. (10) in which the latest diagnostic criteria of POTS (6) (an
increment of heart rate of over 40 bpm within the first 10min of
HUT) were adopted, other seven studies uniformly determined
a value of over 30 bpm heart rate elevation as standard, which
could lead to heterogeneity in baseline hemodynamic level. As
for efficacy assessment, all of the studies except for that by Chen
et al. (12) used symptom score for the evaluation, but different
standards were adopted when defining the key word “effective.”

Finally, the general limitation of trial design cannot be
neglected. All studies included score of their targeted patients
according to the WSS, which is a scoring system that requires
self-evaluation of various symptoms at different time points. The
WSS scale’s relatively strong subjectivity and its generalization of
symptoms of different severity could cripple the accuracy of the
calculated efficacy that were held as the primary outcome for all
studies. It is indeed worth pondering whether this WSS could
evaluate the severity of POTS symptoms and efficacy of certain
drugs both comprehensively and objectively.

Two systematic reviews and meta-analysis were published
previously (33, 34). However, our present study showed that β-
blocker was an effective therapeutic option for the treatment of
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POTS in children. With respect to the study inclusion criteria, we
excluded the studies (35) that were ambiguous about the efficacy
evaluation standard, while adding the studies (10) with larger
sample-sized and more rigorous trial design. As for the pooled
outcome, apart from the therapeutic efficacy that was adopted
by both aforementioned reviews, we took on two new outcome
assessment indexes—the “symptom score” and the “heart rate
difference” in the evaluation.

In addition to the promising efficacy of metoprolol, its
tolerance and safety seems rather acceptable. In our study, the
rate of drug-related adverse effects in the metoprolol group was
4.0% (10/249), including abdominal discomfort, bradycardia,
decreased blood pressure, fatigue and chest tightness. Although
the present dosage of metoprolol, which is about 0.5–1mg per
kg everyday, presented a rare occurrence of unexpected events,
a higher dose might be less well tolerated (8). Larger studies of
longer follow-up period would be further required to identify rare
or late-occurred adverse events.

Our review has several limitations that must be acknowledged.
First of all, only articles written in English or Chinese are included
in our study, leading to the inappropriate exclusion of trials
published in other languages. Secondly, of the eight studies
included, there are only four RCTs and the number of the studies
with multi-center design and number of included sample size
are not large enough. There are selective reporting with respect
to symptom score in two studies and hemodynamic changes
in three studies. Four studies lacked long-term follow-up, and
the description of blinding process and patient compliance
was unavailable in most articles. All of the above might affect
the result.

At present, β-blockers have been used to in treating POTS
children in many studies, but it is unclear whether there
are any significant differences in its therapeutic efficacy over
age. Convincing evidence derived from large scale RCTs that
supports its efficacy is still a vacancy (36, 37). Through
this systematic review and meta-analysis, we concluded that
β-blocker was effective in treating POTS in children and
adolescents, alleviating orthostatic intolerance, and improving

hemodynamic abnormalities. However, limited by the disease’s
elusive pathogenesis, baseline difference of patients and the

overall deficiency in study design, more studies of RCT and/or
multicenter-based clinical studies are still in need before reaching
a solid consensus. As for the research direction, we recommend
that more efforts should be made for the establishment of
a uniform standard for efficacy assessment, and also for the
exploration of potential connections between symptoms and
their underlying mechanisms, in order to offer reliable basis for a
more evidence-based management of this complex disorder.

CONCLUSION

β-blockers are effective in treating POTS in children and
adolescents, alleviating orthostatic intolerance, and improving
hemodynamic abnormalities.
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Objective: To describe the clinical characteristics of maternal autoantibody-mediated

arrhythmia and/or cardiomyopathy, and to explore the therapeutic role of glucocorticoids

in these diseases.

Methods: This was a retrospective observational study of 2 fetuses and 14 children

who presented with autoantibody-mediated arrhythmia and/or cardiomyopathy in our

hospital from September 2010 to December 2018.

Results: In total, 16 patients were identified, including 2 fetuses, and 14

children. One mother suffered from Sjogren’s syndrome, two suffered from systemic

lupus erythematosus (SLE), and the remaining 13 were asymptomatic carriers of

autoantibodies. Two fetuses were diagnosed with complete congenital heart block (CHB)

and had mean heart rates of 45 and 50 bpm. In the 14 surviving children, third-degree

CHB was detected in 4 children, second- to third-degree CHB in 4, corrected QT

interval (QTc) prolongation in 1, atrioventricular dissociation, and junctional ectopic

tachycardia in 1, complete left bundle branch block (CLBBB) with dilated cardiomyopathy

(DCM) in 3, and endocardial fibroelastosis (EFE) in 1. All of the 14 surviving babies

received intravenous immunoglobulin and glucocorticoids. None of the children received

pacemaker implantation. During the follow-up, one 3-month-old girl who had complete

CHB, DCM, and Torsades de pointes almost recovered after the administration of

prednisone for∼8 years. Three cases with complete CHB had no improvement after 3–5

years of follow-up. One case with EFE and three cases with CLBBB and DCM were in

stable condition now. Children with QTc prolongation and junctional ectopic tachycardia

returned to a regular rhythm.

Conclusions: Autoantibody-mediated arrhythmias and/or cardiomyopathy are severe

complications related to maternal autoantibodies, and the administration of steroid may

be beneficial in reversing complete CHB.

Keywords: autoantibody, congenital heart block, cardiomyopathy, steroid, neonatal lupus
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INTRODUCTION

Autoantibody-mediated heart disease, the most common
manifestation of neonatal lupus, includes congenital heart block
(CHB), and involvement beyond the atrioventricular node
such as myocarditis, dilated cardiomyopathies (DCM), valvular
abnormalities, and endocardial fibroelastosis (EFE) (1–3). Heart
involvement of neonatal lupus carries an increased mortality
and morbidity rate (4), and the mortality is between 16 and 23%,
mostly in utero or during the first year of life (5).

Heart involvement in neonatal lupus is often accompanied by
the presence of maternal autoantibodies in the fetal and neonatal
circulation (6). The signature cardiac lesion is an atrioventricular
block seen as a CHB, but 15–20% of these cases have associated
fatal cardiomyopathy (7, 8). Autoimmune congenital heart block
(ACHB), a rare condition that occurs in ∼1 out of every 20,000
pregnancies (9), is associated with the transplacental passage
of maternal autoantibodies such as anti-Ro/SSA and/or anti-
La/SSB antibodies in more than 80% of affected neonates (3).
ACHB might be detected in utero as a first- or second-degree
atrioventricular block (AVB), but the majority have a potentially
lethal complete AVB (CAVB) (10).

Atrioventricular block most commonly develops during the
18–24 weeks of gestation, and may be found using fetal Doppler
echocardiography (11). The disease can continue to develop
after birth, even during infancy and early childhood (12). At
the same time, ∼20% of affected fetuses can develop more
diffuse myocardial disease manifested as cardiomyopathy and
usually associated with endocardial fibroelastosis (EFE) (1, 2, 13);
unfortunately, information relating to these conditions is sparse
(2, 13, 14).

The majority of studies suggest that autoantibodies damage
fetal conduction tissues leading to inflammation, calcification,
and fibrosis, which can block signal conduction at the
atrioventricular node without the requirement for additional
structural abnormalities (2, 3). Indeed, increasing experimental,
and clinical evidence has shown how these autoantibodies
can critically interfere with cardiac electrical function and
promote the development of life-threatening arrhythmic events
by affecting the function of cardiac ion channels (7, 15).

The current curative CHB treatment is very controversial, and
various therapeutic approaches including corticosteroids
(especially fluorinated steroids, such as betamethasone
or dexamethasone), intravenous immunoglobulin (IVIG),
plasmapheresis, and beta-adrenergic agents have been reported
(3, 5, 16). However, several studies have cast doubt on the efficacy
of these therapies, and ultimately, a pacemaker is required in
∼80% of newborns with congenital third-degree AVB (17–19).

This study aims to present our single-center experience
describing the clinical characteristics of maternal autoantibody-
mediated arrhythmia and/or cardiomyopathy. In addition,
we describe one interesting case where the mother had
systemic lupus erythematosus (SLE), and the obstetric history
demonstrated fetal bradycardia, complete AVB, Torsades de
pointes (Tdp), and DCM in the third month after birth,
but had almost returned to normal following the long-term
administration of corticosteroids.

MATERIALS AND METHODS

Patient Identification
Clinical data on 16 cases were collected by performing a
retrospective observational study of the patients at the Heart
Center of Qingdao Women and Children’s Hospital from
September 2010 to December 2018. This study was approved
by the ethics committee of Qingdao Women and Children’s
Hospital, and written informed consent was obtained from the
parents of the study participants.

Inclusion criteria were as follows: The presence of maternal
autoantibodies, such as anti-Ro/SSA and/or anti-La/SSB
antibodies; and the confirmation of arrhythmia [including
second- and third-degree heart block, prolonged QT interval,
and complete left bundle branch block (CLBBB)] and/or
cardiomyopathy (autoantibody-mediated EFE or DCM)
in the patients, as documented by fetal echocardiography,
electrocardiogram, or Holter monitoring performed in our
center, and excluding other causes, such as myocarditis,
complications from heart surgery, inherited cardiomyopathy,
trauma, or toxication (1, 13, 20–22).

Selected Variables for Analysis
For the 16 mothers included in this study, demographic
characteristics such as the age at diagnosis of CHB and
type of autoimmune disease, and immunologic features such
as the presence of anti-nuclear antibody, anti-Ro/SSA, anti-
Ro/SSB, anti-Ro52, and anti-Ro 60 were collected when
the children’s diseases were first diagnosed. A screening of
autoimmune diseases was also performed in asymptomatic
carriers of autoantibodies.

Among the 16 fetuses and children, the gestation age at
CHB diagnosis, age at CHB diagnosis, and type of CHB were
collected. In addition, among the surviving children, we collected
data on the sex, birth weight, heart rate, heart malformation,
type of cardiomyopathy, clinical manifestation, presence of
autoantibodies, erythrocyte sedimentation rate (ESR), size of
ventricular cavity, heart function, treatment, and the follow-up.

Statistical Methods
The results from continuous variables are presented as median
(range), while those from categorical data are presented
as percentages.

RESULTS

A total of 16 women, accounting for 2 fetuses and 14 children
with arrhythmia and/or cardiomyopathy, were identified from
the cohort of the obstetrics clinic and the department of
pediatrics in our hospital (Table 1). Termination of pregnancy
(TOP) was performed in two women because of the persistence
of complete CHB, and 14 live-born infants were delivered
at full-term.

Unfortunately, data to calculate the incidence of maternal
autoantibody-mediated arrhythmia and/or cardiomyopathy in
the heart center (from 2010 to 2018) are not available.

Frontiers in Pediatrics | www.frontiersin.org 2 November 2019 | Volume 7 | Article 465159

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Wang et al. Maternal Autoantibody-Mediated Disease

TABLE 1 | Features of mothers, fetuses, and children.

Maternal features

Mean age (years) 30 (27–35)

Systemic autoimmune disease

Sjogren’s syndrome 1 (6.2%)

Systemic lupus erythematosus 2 (12.5%)

Asymptomatic carrier 13 (81.3%)

Autoantibodies

ANA + Anti-Ro/SSA 3 (18.8%)

ANA + Anti-Ro/SSB 1 (6.2%)

ANA + Anti-Ro/SSA + Anti-Ro/SSB + Anti-Ro/52 3 (18.8%)

ANA + Anti-Ro/SSA + Anti-Ro/52 5 (31.2%)

ANA + Anti-Ro/SSA + Anti-Ro/52 + Anti-Scl-70 1 (6.2%)

ANA + Anti-Ro/SSA + Anti-Ro/52 + Anti-nucleosome antibody 1 (6.2%)

Anti-Ro/52 + Anti-PM-SCL antibody 1 (6.2%)

Anti-Ro/SSA + Anti-Ro/52 1 (6.2%)

Features of fetuses and children

Gestation age at the diagnosis (weeks, 2 fetuses) 28, 36

Mean age at diagnosis after birth (months, 14 surviving children) 14 (3–108)

Sex

Female 10 (71.4%)

Male 4 (28.6%)

NA 2 (12.5%)

Clinical manifestation of surviving children

Retardation 6 (42.9%)

Seizure 1 (7.1%)

None 7 (50%)

Type of Arrhythmia of surviving children

Third-degree AVB 4 (28.5%)

Second→ third-degree AVB 4 (28.5%)

CLBBB 3 (21.4%)

AV dissociation + functional ectopic tachycardia 1 (6.2%)

QTc prolongation 1 (6.2%)

None 1 (6.2%)

Type of cardiomyopathy of Surviving children

EFE 1 (7.1%)

DCM 3 (21.4%)

None 10 (71.4%)

Autoantibodies of surviving children

Anti-nuclear antibody 2 (14.3%)

Anti-Ro/52 2 (14.3%)

DS-DNA 1 (7.1%)

Anti-PM-SCL 1 (7.1%)

None 8 (57.1%)

NA, not applicable; ANA, antinuclear antibodies; AVB, atrial ventricular block; AV, atrial

ventricular; CLBBB, complete left bundle branch block; DS-DNA, double-stranded

deoxyribonucleic acid; EFE, endocardial fibroelastosis; DCM, dilated cardiomyopathies.

Maternal Features
The traits of the women whose children were diagnosed with
arrhythmia and/or cardiomyopathy are shown in Table 1. The
median age at diagnosis of autoimmune abnormality was 30
years (range, 27–35 years). Three of the 16 women suffered
from autoimmune disease, of whom one (6.2%) had Sjogren’s

syndrome and two (12.5%) had SLE. However, the remaining
13 women were asymptomatic carriers of autoantibodies.
All of the mothers had positive autoantibodies, of whom
14 (85.7%) had positive anti-nuclear antibody (ANA), 13
(78.6%) had positive anti-Ro/SSA, 11 (64.3%) had positive
anti-Ro52, 4 (25%) had positive anti-Ro/SSB, and 3 (18.8%)
had positive anti-Ro 60. Only one case (7.7%) had positive
anti-nucleosome antibodies, anti-scl-70, and anti-PM-Scl. Both
mothers of fetus had positive anti-Ro/SSA and anti-Ro52, and
erythrocyte sedimentation rate (ESR) of one of them reached
80 mm/h. The cases with coexisting antibodies are shown
in Table 1.

Features of Children and Fetuses
The main characteristics of the children and fetuses are shown
in Tables 1, 2. The gestational age at the diagnosis of complete
CHB in the two aborted fetuses was 28 and 30 weeks, and
the mean heart rate at diagnosis of CHB was 45 and 50 bpm.
In the 14 surviving children, 12 (85.7%) were full-term infants
and 2 were premature infants. Ten cases were female and
four cases were male. The median birth weight was 3,000 g
(range, 2,000–3,700 g), and the median age at diagnosis was
14 months (range, 3–108 months). The data confirmed third-
degree AVB in four babies, second- to third-degree AVB in
four, QTc prolongation in one, junctional ectopic tachycardia
in one, EFE in one, and CLBBB combined with DCM in
three (Table 1). Case 4 was a special case who manifested with
third-degree AVB, Tdp, and DCM; this case is described in
detail below.

Among the 14 survivors, convulsions were the initial
symptom in one case, and development retardation was the
most common symptom in six children. The mean heart rates
were below 100 bpm, and the median heart rate was 77
bpm (range, 50–99 bpm) in seven children. Four of the 14
surviving babies were diagnosed with congenital heart disease,
including secundum atrial septal defect (ASD) (the sizes of
the defects were 8mm × 7mm and 13mm × 15mm) and
patent ductus arteriosus (PDA) (the ductal diameters were 3
and 2mm) in two children. An echocardiogram was also used
to assess ventricular size and ejection fraction (EF), and 8
of the 14 babies had an enlarged left ventricle, with a left
ventricular end-diastolic dimension (LVEDD) of between 34 and
58mm, and of whom five babies had left ventricular systolic
dysfunction with a left ventricular ejection fraction (LVEF)
below 40%.

The 14 surviving babies were all tested for autoantibodies,
and the results showed that two babies were positive for
ANA coexisting with anti-Ro/SSA, and double-stranded
deoxyribonucleic acid (DS-DNA) and anti-PM-SCL antibodies
were positive in one baby. However, the other babies had no
significant level of autoantibodies. Furthermore, ESR and thyroid
function were normal in all of the surviving babies (Table 1).

All of the surviving babies received IVIG and glucocorticoid
(methylprednisolone and/or prednisolone) treatment. The IVIG
was applied five times in total. The first dose of IVIG was
2 g/kg, then 1 g/kg was applied after 2 weeks, and then
1 g/kg per time was applied every other month for three
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TABLE 2 | Clinical characteristics of 16 cases with autoantibody-mediated heart disease.

Case Age at diagnosis

(gestational age)

Delivery Sex Birth

weight (g)

Type of disease

(degree of AVB)

FHR

(beats/min)

NT-proBNP

(ng/ml)

LVEDD (mm) LVEF (%) Treatment Outcome

1 19 months Full-Term F 3700 3 NA 218.7 34 N IVIG + GC + SAL + ATR Stay

2 4 months Full-Term F 3600 3 NA 624 N N IVIG + GC + SAL + ATR Stay

3 14 months Full-Term F 3400 2→ 3 + ASD 98 323 N N IVIG + GC + SAL + ATR + Surgery Improve

4 3 months Full-Term F 3100 3 + Tdp + DCM 80 6000 35 33 IVIG + GC + SAL + CAP Improve

(nearly

cured)

5 60 months Full-Term F 3200 3 + PDA 55 103 35 N IVIG + GC + SAL + ATR+ Intervention Stay

6 32 weeks TOP NA NA 3 40 NA NA NA NA NA

7 108 months Full-Term F 3300 2→ 3 N 63 N N IVIG + GC + SAL Stay

8 6 months Full-Term F 2800 2→ 3 + ASD N NA N N IVIG + GC + SAL+ Intervention Improve

9 39 months Full-Term F 3000 2→ 3 + PDA N 248 N N IVIG + GC + SAL + CAP Stay

10 3 months Full-Term F 3000 CLBBB + DCM N 2000 39 30 IVIG + GC + SAL + CAP + D Improve

11 5 months Full-Term M 2200 CLBBB + DCM N > 35000 56 24 IVIG + GC + SAL + CAP + D Improve

12 56 months Full-Term F 3000 CLBBB + DCM N 2000 58 31 IVIG + GC + SAL + CAP + D Stay

13 3 months Full-Term M 3550 EFE N > 35000 39 20 IVIG + GC + SAL + CAP + D Improve

14 36 weeks Pre-Term M 3000 AV dissociation +

JT

200 8613 N N IVIG + GC + AMI Improve

15 28 weeks TOP NA NA 3 50 NA NA NA NA NA

16 34 weeks Pre-Term M 2000 QTc prolongation 70 14774 N N IVIG + GC + SAL Recover

N, normal; NA, not applicable; FHR, fetal heart rate; NT-proBNP, N-terminal pro B-type natriuretic peptide; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; AVB, atrioventricular block; AV, atrioventricular;

Tdp, Torsades de pointes; TOP, termination of pregnancy; EFE, endocardial fibroelastosis; DCM, dilated cardiomyopathy; F, female; M, male; ASD, atrial septal defect; PDA, patent ductus arteriosus; CLBBB, complete left bundle branch

block; JT, junctional tachycardia; IVIG, intravenous immunoglobulin; GC, glucocorticoid; SAL, salbutamol; CAP, captopril; AMI, amiodarone; D, diuretic; ATR, atropine.
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times. Methylprednisolone is generally selected as glucocorticoid
(prednisolone approximate equivalent dose conversion with
methylprednisolone is 4:5), 2 mg/kg for 1 week, then reduced
to 1 mg/kg for 1 month, and then reduced to 0.5 mg/kg for
2–6 months (the duration of application is adjusted according
to the condition of the disease; poor response to treatment
led us to suspend the drug, and conversely, the treatment
will be maintained). Five children with third-degree CHB were
administrated salbutamol and atropine, and those with cardiac
dysfunction were given diuretics, captopril, and symptomatic
treatment and one boy with EFE also received digoxin. None
of the babies underwent pacemaker implantation; one child
had surgical repair of ASD, and two children had transcatheter
closure of ASD or PDA. At the follow-up, no improvement
was found in four of the five cases with third-degree CHB,
and one case with EFE and three cases with CLBBB combined
with DCM were in a stable condition with the exception of
growth retardation; however, no significant improvement in
the enlarged left ventricle was noticed. Two newborns with
QTc prolongation or atrioventricular dissociation recovered
to a regular rhythm after the administration of IVIG and
glucocorticoids (Table 2).

Case 4 was an interesting case; she had convulsion as
the initial clinical manifestation in the third month after
birth, and was diagnosed with third-degree AVB (Figure 1A),
Tdp (Figure 1B), and DCM, and the obstetric history of her
mother revealed fetal bradycardia during labor; unfortunately,
we did not obtain the result of the fetal heart ultrasound.
Her mother was diagnosed with SLE because a laboratory
investigation showed an ESR of 80 mm/h, an ANA titer of
1:1,000, and positive anti-Ro/SSA and anti-Ro/52 antibodies;
however, no autoantibodies were found in the baby. An
electrocardiogram showed that the baby had a ventricular rate
of 60 bpm and an atrial rate of 140 bpm, paroxysmal ventricular
tachycardia, and TdP. An echocardiogram showed normal
cardiac anatomy with an enlarged left ventricle (LVEDD 35mm)
(Figure 2A), diminished contractility (LVEF 42%), moderate
mitral regurgitation, and mild pulmonary hypertension with
a pulmonary artery systolic pressure of 33 mmHg. The
baby was treated using steroids (prednisone), intravenous
immunoglobulin, salbutamol, atropine, diuretic (furosemide),
and captopril, but no permanent pacemaker was implanted.
During her 8-year clinic visit, the electrocardiogram and
echocardiogram showed an improvement in heart rhythm and
function, and the dosage of prednisone was subsequently reduced
from 2 mg/kg/day to 0.5 mg/kg once every other day step-by-
step. At the same time, salbutamol, and atropine were gradually
decreased, and was ceased at the relief of symptoms. Finally, her
third-degree AVB completely disappeared, no further ventricular
tachycardia or Tdp was observed, her heart rhythm restored
to sinus rhythm, and her mean heart rate increased to 75
bpm. Only the complete right bundle branch block (CRBBB)
with abnormal Q wave on leads II, III, avF, and V6 remained
(Figure 3). On the other hand, an echocardiogram revealed a
relatively normal heart size (LVEDD 45mm) and function (LVEF
63%) (Figure 2B).

FIGURE 1 | (A) Echocardiograph showing a third-degree atrioventricular

block. (B) Electrocardiography showing a third-degree atrioventricular block

combined with Torsades de pointes (Tdp) (up to a maximum duration of 68 s).
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FIGURE 2 | (A) Echocardiograph showing an enlarged left ventricle (LVEDD

35mm) (B) Echocardiograph showing a relatively normal heart size (LVEDD

45mm) and a mild tricuspid regurgitation.

DISCUSSION

In this study, we describe the clinical and immunological
characteristics of maternal autoantibody-mediated arrhythmia
and/or cardiomyopathy in “children” rather than neonates.
Combined with the children’s electrocardiogram and
echocardiographic features and significant abnormalities
of the maternal immune system, we considered whether
the diagnosis of autoantibody-mediated arrhythmia and/or
cardiomyopathy was appropriate for the children included
in our study. This was considered even in cases where we
missed the optimal time to confirm the transplacental passage

of maternal autoantibodies. Interestingly, in China, a delay in
the management of high-grade AVB or other arrhythmias in
the perinatal period is very common. There are several possible
reasons for this situation. First, the testing for autoantibodies
is not routinely performed during antenatal care. Second,
techniques such as fetal Doppler echocardiography are not
being performed effectively and screening for cardiovascular
disease is often the weak link in newborn screening. Our report
is consistent with the previous study that demonstrated that
the majority of autoantibody-positive mothers who deliver a
child with ACHB are asymptomatic for autoimmune disease
(3). This situation increases the difficulty for prenatal diagnosis
of autoantibody-mediated disease. Three mothers in our series
were positive for anti-Scl-70, anti-nucleosome antibody, and
anti-PM-SCL antibody; however, no previous studies have
focused on the relationship between these antibodies and
autoantibody-mediated arrhythmia or cardiomyopathy.

Autoimmune cardiac channelopathies are a novel and
increasingly recognized mechanism of cardiac arrhythmias
and/or cardiomyopathy; these are mediated by circulating
autoantibodies that interfere with the function of various cardiac
ion channels (15). Indeed, autoantibodies critically interfere with
cardiac electrical function and promote the development of
life-threatening arrhythmic events by affecting the function of
cardiac ion channels (15). A large number of studies have clearly
demonstrated that anti-Ro/SSA autoantibody cross-reactivity
with L-type Ca2+ channels, and subsequent inhibition of ICaL
in the fetal heart conduction system are crucial pathogenic
mechanisms through which these autoantibodies lead to the
development of ACHB (15, 23–25). Increasing evidence indicates
that the hERG1 K+ channel is also a specific target of anti-
Ro/SSA, which constitutes a novel form of acquired long QT
syndrome (LQTS) of autoimmune origin (15, 26). Moreover,
there are several other autoantibodies capable of disturbing
various ion channels such as the anti-T-type Ca2+ channel, anti-
KCNQ1 K+ channel, and the anti-Na+ channel; all of the above
antibodies might lead to arrhythmia and/or cardiomyopathy
(15). In terms of maternal demographic and clinical data, our
results are generally consistent with the majority of previous
studies in that the vast majority of the mothers had anti-Ro/SSA
antibodies and four mothers also had anti-La/SSB antibodies.

Dilated cardiomyopathies can be diagnosed in utero together
with autoimmune CHB, or may develop after birth; when DCM
develops after the neonatal period, it is referred to as late-onset
or delayed DCM (20, 22, 27). Morel et al. found that 22 of 174
(12.7%) children with CHB had no signs of DCM, either at birth
or during the neonatal period, but ultimately developed late-
onset DCM during the follow-up. However, neonatal DCM was
observed in 13 children with CHB (6.9%) (20). It is noteworthy
that three (21.4%) children had CLBBB complicated with DCM
in our series. To date, there are no data regarding the incidence
of new-onset LBBB in young patients with DCM; generally,
the conduction abnormalities are a part of the natural history
of DCM (28). The previous study has shown that myocardial
fibrosis correlates with CLBBB (29). Based on the available
evidence, it is difficult to determine whether DCM or CLBBB
was the initial problem for these three babies. In addition, EFE
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FIGURE 3 | Electrocardiography showing sinus rhythm and complete right bundle branch block (CRBBB) with abnormal Q wave on leads II, III, avF, and V6.

also occupies a certain proportion of the cardiac manifestation of
neonatal lupus (9, 20) and isolated EFE associated with maternal
antibodies can be present in the absence of CAVB (13). In our
study, a 3-month-old boy whose mother had Sjogren’s syndrome
was diagnosed with EFE without conduction abnormalities;
fortunately, the IVIG and glucocorticoid achieved some positive
clinical effects. Although information relating to DCM or EFE
caused by autoantibodies remains sparse, we believe that the
incidence of this condition induced by autoantibodies is relatively
common in clinical practice. Therefore, further research is
needed to explore the relationship between cardiomyopathy and
autoantibodies, especially maternal autoantibodies.

The therapeutic principle is extremely similar for heart block
and other heart involvements of neonatal lupus, including
corticosteroids, and intravenous immunoglobulin. Additionally,
beta-adrenergic agents, and pacemaker implantation are

particularly crucial for patients with third-degree AVB and
an extremely low heart rate (1, 3, 5, 6, 12, 18, 19). To date, a
series of studies have shown that the IVIG might be effective in
preventing the passively acquired autoimmune CHB by several
potential mechanisms: First, by lowering or even eliminating
maternal antibodies in the fetal circulation; then, by decreasing
the placental transport of maternal antibodies; and finally, by
regulating the fetal and neonatal immune system (6, 17–19).
Although not uniformly effective, corticosteroids, especially
fluorinated steroids, have been associated with the reversal of
first- and second-degree heart block; however, third-degree heart
block has not yet been reversed with any treatment (1, 5, 19).
Furthermore, considering the side effects of steroids, the routine
administration of steroids remains controversial.

To the best of our knowledge, case 4 in our study is the first
case of CAVB, Tdp, and DCM that has been almost cured by
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the long-term administration of glucocorticoid; this case also
provides us with some insight into the effect of steroids. The
3-month-old girl had third-degree heart block, Tdp, and DCM;
after a relatively long duration of prednisone treatment, the heart
block, severe ventricular tachycardia, as well as the heart size and
function gradually restored to almost normal. So far, the growth
and development of this girl are similar to that of her peer group
and no obvious side effects have been observed. This therapeutic
effect reflects the immune-mediated nature of this disease and
suggests that steroids might actually have the capacity to reverse
complete heart block. More importantly, this is the newest and
most remarkable evidence for a possibility that complete heart
block may be recoverable rather than irreversible. Although this
opinion is contrary to all previous research (1, 5, 19), it is an
exciting area that should be investigated further. Despite the
success of this case, this approach also has great risks and is not
recommended as a regular treatment in clinical practice without
ample evidence.

Our study has a number of limitations owing to its
retrospective design, the rarity of autoantibody-mediated
arrhythmia, and/or cardiomyopathy and the lack of in utero
details, which limit the power of the analyses. Furthermore,
we were unable to determine the exact date when the heart
involvement occurred. Ultimately, since only one child had a
significant improvement with the usage of steroids, we could
not evaluate the underlying mechanism and full effect of this
therapy. Thus, more research, both experimental and clinical,
should be conducted in order to fully elucidate these points.

In conclusion, autoantibody-mediated arrhythmias and/or
cardiomyopathy are severe complications related to maternal
autoantibodies, mainly anti-Ro/SSA and anti-La/SSB antibodies.
Although the administration of steroids may have the ability to
reverse complete AVB, further studies are needed to understand

the mechanisms and to determine the security and validity of
these findings.
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Yong Zhang 3* and Junbao Du 1,5*
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Background: Children with Kawasaki disease (KD) under 1-year old are at high risk for

intravenous immunoglobulin (IVIG) resistance. The study was designed to explore the

predictive measure of IVIG resistance in infants under 1-year old with KD.

Methods: This study enrolled children under 1-year old suffering from KD in Peking

University First Hospital and Wuhan Children’s Hospital. All infants were divided into IVIG-

responsive and IVIG-resistant groups. The differences in demographic characteristics,

clinical features, and laboratory examinations were compared and the risk factors of IVIG

resistant KD were analyzed. Furthermore, a scoring system was developed for predicting

IVIG resistance in KD infants and an external validation was performed.

Result: A total of 282 infants (194 boys, median age of 7.0 months) were enrolled

in this study, of whom 23 children were IVIG-resistant. Compared with IVIG-responsive

infants, those in the IVIG-resistant group had a high neutrophil-to-lymphocyte ratio (NLR),

high platelet-to-lymphocyte ratio (PLR), high mean platelet volume-to-lymphocyte ratio

(MPVLR) in peripheral blood, and low serum albumin, and low serum sodium before

IVIG therapy (all P < 0.01). Multiple regression analysis indicated that high levels of

peripheral NLR and MPVLR, and low levels of serum albumin and serum sodium were

independent risk factors for IVIG resistant KD infants. A scoring system, which included

peripheral NLR ≥ 2.69 (1 point), MPVLR ≥ 2.78 (1 point), serum albumin ≤ 30.7

g/L (1 point), and serum sodium ≤ 135.2 mmol/L (1 point), was established. A cut-

off value of a total score of 2 points or higher yielded a sensitivity of 87.0% and a

specificity of 78.4%, with an area under the curve of 0.891. External validation with clinical

diagnostic standard showed that a cut-off value of total score of 2 points or higher for

predicting the IVIG-resistance yielded a sensitivity of 70.0% and a specificity of 75.1%.
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Conclusion: For the first time, we proposed a predictive model of IVIG resistance in

KD infants under 1-year old. The scoring system, which accounts for baseline peripheral

NLR, MPVLR, and serum albumin and sodium, predicts with relatively high sensitivity and

specificity for IVIG-resistant infants with KD under 1-year old.

Keywords: Kawasaki disease, infants under 1-year old, intravenous immunoglobulin resistance, scoring system,

prediction

INTRODUCTION

Kawasaki disease (KD) commonly presents as an acute
autoimmune vasculitis in childhood (1). Serious complications
include coronary dilatation and coronary aneurysm, which
may result in myocardial infarction (2, 3). Intravenous
immunoglobulin (IVIG) with oral aspirin can significantly
reduce the incidence of coronary artery complications (4). It
is a standardized treatment for KD that is widely accepted (5).
However, some children are resistant to IVIG therapy and have
recurrent or persistent fever 36–48 h after the first dose of IVIG
(4). The incidence of IVIG resistance was about 4.9–38.3% in
different regions according to particular definition (4, 6–9). IVIG
resistance represents severe inflammatory response and it is also
an independent predictor for coronary artery lesions (10–12).

The peak incidence of IVIG resistance occurs at ages <1-year
old, especially between 9 and 11 months old (9). Kobayashi et al.
have shown that ages under 1-year old are an independent risk
factor for not only IVIG resistance (13) but also coronary artery
lesions (8). In recent years, randomized, open-label, blinded-
endpoints trials have confirmed that IVIG therapy combined
with other immunosuppressive agents such as glucocorticoid and
cyclosporine effectively reduce the incidence of coronary artery
complications in children predicted with IVIG resistance before
treatment (14, 15). Therefore, it is important to determine an
efficient predictive scoring system of IVIG resistance for KD
infants under 1-year old.

Classic indicators previously identified to predict IVIG

resistance include young ages, a high peripheral neutrophil
percentage, high c-reactive protein, serum alanine transaminase

(ALT), glutamyl transpeptidase, and total bilirubin levels, and

low peripheral hemoglobin, serum albumin, and serum sodium

levels (13, 16–21). Investigators have reported several scoring
systems predicting IVIG resistance, for instance, the scoring

systems by Sano, Kobayashi, and Egami scoring systems in Japan
and San Diego scoring system in the United States. However,
they showed unsatisfactory predictive abilities when validated
externally in Chinese (22, 23). Recent studies showed that the
neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte
ratio (PLR), and mean platelet volume-to-lymphocyte ratio
(MPVLR) in peripheral blood could reflect the severity of
inflammatory and cardiovascular disease (24–26). The basic
pathological manifestation of KD is systemic vasculitis, and
the increase of peripheral NLR and PLR are closely related to
IVIG resistance (24, 27). However, at present the relationship
between MPVLR and IVIG resistance remains unexplored. A
previous study showed that in patients at all ages with KD,

NLR ≥ 2.8 was a high risk factor for IVIG resistance (28), but
the peripheral lymphocyte count or neutrophil count markedly
changes with respect to the age groups in children. This has a
significant influence on the predictive value of IVIG-resistant
patients with KD.

Therefore, considering the specific impact of the peripheral
lymphocyte count or neutrophil count according to age, and
understanding that the peak incidence of IVIG resistance
occurs at ages younger than 12 months old, the present study
was undertaken to explore the predictive indicators of IVIG
resistance to establish a Chinese scoring system predicting IVIG
resistant KD infants under 1-year old.

MATERIALS AND METHODS

Study Population
This research was a double-center-based retrospective study. The
medical data of children under 1-year old diagnosed with KD in
the department of pediatrics at Peking University First Hospital
from January 2008 to August 2019 and Wuhan Children’s
Hospital from January 2018 to August 2019 were collected for
constructing the predictive scoring system. Furthermore, the
medical data of children under 1-year old diagnosed with KD
in Wuhan Children’s Hospital from January 2016 to December
2017 were used for external validation. All children met the KD
diagnostic criteria by the American Academy of Pediatrics and
the American Heart Association (29). The first day of illness
was defined as the first day of fever. The following cases were
excluded: (1) patients with illness days longer than 10 days; (2)
patients treated with IVIG before admission; (3) patients without
use of IVIG after admission; (4) patients with incomplete data
(Figure 1). A total of 469 children were enrolled, receiving IVIG
of 2 g/kg combined with oral aspirin of 30–50 mg/kg/d initially.
IVIG resistance was defined as infants with KD having persistent
or recrudescent fever (≥38◦C) 48 h after completion of the first
IVIG infusion (18). Two hundred eighty-two infants (259 IVIG-
responsive cases and 23 IVIG-resistant cases) were used for the
scoring system development to predict IVIG resistance in KD
infants, and another 187 infants (177 IVIG-responsive cases and
10 IVIG-resistant cases) for the external validation (Figure 1).
This study was approved by the Ethics Committee of Peking
University First Hospital, China and the Ethics Committee of
Wuhan Children’s Hospital.

Data Collection
Data referring to demographic characteristics, clinical
manifestations, laboratory examinations before IVIG therapy,
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and echocardiography results were documented. The peripheral
white blood cell count (WBC), neutrophil count, lymphocyte
count, hemoglobin, platelet count, mean platelet volume, NLR,

PLR, and MPVLR, together with ALT, albumin, and sodium
in serum were recorded. We used echocardiography by two-
dimensional ultrasound during hospitalization to assess coronary

FIGURE 1 | Flowchart of admitted patients. IVIG: Intravenous immunoglobulin resistance.

TABLE 1 | Comparison of clinical characteristics between IVIG-responsive and IVIG-resistant cases.

Variable Total (n = 282) IVIG-responsive (n = 259) IVIG-resistant (n = 23) P-value

Gender (M/F) 194/88 175/84 19/4 0.136

Age, months 7.00 (4.00, 9.00) 7.00 (4.00, 9.00) 8.00 (5.00, 10.00) 0.152

cKD/iKD 145/137 132/127 13/10 0.609

No. CAL 59 (20.9%) 53 (20.5%) 6 (26.1%) 0.525

White blood cell, 109/L 14.55 (11.26, 18.85) 14.49 (11.20, 18.79) 14.71 (11.31, 22.63) 0.577

Neutrophil count, 109/L 8.42 (5.91, 11.31) 8.13 (5.56, 11.14) 9.76 (8.14, 15.78) 0.009

Lymphocyte count, 109/L 4.50 (3.06, 6.05) 4.63 (3.23, 6.16) 2.60 (1.88, 3.34) <0.001

Hemoglobin, g/L 101.02 ± 11.93 101.10 ± 11.99 100.13 ± 11.48 0.709

Platelet count, 109/L 402.00 (318.00, 513.00) 404.00 (324.00, 518.00) 324.00 (230.00, 484.00) 0.028

Mean platelet volume, fl 9.70 (9.10, 10.30) 9.70 (9.10, 10.30) 9.60 (9.30, 10.60) 0.628

NLR 1.93 (1.22, 2.90) 1.79 (1.20, 2.61) 4.86 (2.74, 6.26) <0.001

PLR 94.59 (69.86, 125.14) 91.29 (69.55, 121.59) 132.74 (87.94, 198.08) 0.006

MPVLR 2.14 (1.57, 3.24) 2.07 (1.53, 3.00) 3.64 (2.78, 5.21) <0.001

Alanine transaminase, IU/L 24.00 (15.00, 42.00) 23.00 (15.00, 40.00) 33.00 (23.00, 45.00) 0.057

Serum albumin, g/L 37.42 ± 4.42 37.68 ± 4.28 34.55 ± 5.03 0.001

Serum sodium, mmol/L 137.37 (135.50, 139.30) 137.60 (135.68, 139.40) 134.80 (133.21, 137.50) 0.001

IVIG, intravenous immunoglobulin; cKD, complete Kawasaki disease; iKD, incomplete Kawasaki disease; No. CAL, numbers of coronary artery lesions; NLR, neutrophil-to-lymphocyte

ratio; PLR, platelet-to-lymphocyte ratio; MPVLR, mean platelet volume-to-lymphocyte ratio.
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artery lesions. Coronary artery luminal diameters of the left main
coronary artery and the right coronary artery were converted to
body surface area-adjusted Z-scores. If the maximum Z-score
of the coronary artery was >2.5, a coronary artery lesion was
determined (29).

Statistical Analysis
Statistical analysis was performed by SPSS version 25.0. We
used frequency (percentage) to describe categorical variables
and a χ

2-test was used to analyze the difference between
the 2 groups. For continuous variables, normally distributed
variables were expressed as the mean ± standard deviation
and assessed by independent sample t-test, and non-normally
distributed variables were shown as median (interquartile range)
and compared by the Mann-Whitney U test. Univariable analysis
was performed to determine the differences in age (months),
gender, peripheral WBC, hemoglobin, NLR, PLR, and MPVLR,
and serum ALT, albumin, and sodium between two groups, and
the continuous variables were converted to categorical variables
first. Variables selected by the univariate analysis (p < 0.05)
were applied for multivariate logistic regression to screen out
independent risk factors for IVIG resistance. To construct the
scoring system, the score of independent risk factors were
determined by the odd ratios, and each patient obtained a total
score. The cut-off point was chosen by the receiver-operator
characteristic (ROC) curves and adjusted by the previous classical
literature and clinical practice. The cut-off score was chosen at

the highest Youden index and the sensitivity and specificity of the
scoring systemwere analyzed. A value of P< 0.05 was considered
statistically significant.

RESULTS

Demographic and Clinical Features
One hundred ninety-four boys and 88 girls at a median age of
7.0 (4.0, 9.0) months were analyzed for establishing the scoring
system in this study. There were 259 IVIG responders and 23
IVIG non-responders. IVIG resistance occurred in 8.16% of the
study subjects. The IVIG-responsive group included 175 boys
(67.6%) and 84 girls (32.4%) at a median age of 7.0 (4.0, 9.0)
months. The IVIG-resistant group included 19 boys (82.6%)
and 4 girls (17.4%) at a median age of 8.0 (5.0, 10.0) months.
The percentage of patients with incomplete KD and coronary
artery abnormalities between two groups did not differ (P > 0.05,
Table 1). Compared with the IVIG-responsive group, the levels
of peripheral neutrophil count, NLR, PLR, and MPVLR were
significantly increased in IVIG-resistant patients, and the levels
of peripheral lymphocyte and platelet count, serum albumin and
sodium levels were significantly decreased (P < 0.01, except for
the platelet count, P < 0.05; Table 1).

Univariate Analysis
Ten categorical variables were analyzed in the univariate analysis.
The cut-off point for each variable was as follows: (1) age ≤6

TABLE 2 | Univariate analysis between IVIG-responsive and IVIG-resistant cases.

Variable Cut-off point IVIG-responsive

(n = 259)

IVIG-resistant

(n = 23)

χ
2 P-value

Age, months ≤6.0 158 (61.0%) 16 (69.6%) 0.655 0.418

Gender Male 175 (67.6%) 19 (82.6%) 2.226 0.136

White blood cell, 109/L ≥14.5 129 (49.8%) 12 (52.2%) 0.047 0.828

Hemoglobin, g/L ≤100.5 122 (47.1%) 11 (47.8%) 0.004 0.947

NLR ≥2.69 63 (24.3%) 18 (78.3%) 30.017 <0.001

PLR ≥110.92 83 (32.0%) 16 (69.6%) 13.052 <0.001

MPVLR ≥2.78 74 (28.6%) 19 (82.6%) 27.907 <0.001

Alanine transaminase, IU/L ≥40.0 64 (24.7%) 9 (39.1%) 2.289 0.130

Serum albumin, g/L ≤30.7 17 (6.6%) 9 (39.1%) 26.768 <0.001

Serum sodium, mmol/L ≤135.2 52 (20.1%) 13 (56.5%) 15.819 <0.001

IVIG, intravenous immunoglobulin; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; MPVLR, mean platelet volume-to-lymphocyte ratio.

TABLE 3 | Independent factors identified by multiple logistic regression analysis for prediction of IVIG resistance.

Variables Logistic coefficient (β) SE Wald χ
2 P-value Odd ratio (95% CI) Score point

NLR ≥ 2.69 1.393 0.619 5.064 0.024 4.027 (1.197, 13.548) 1

PLR ≥ 110.92 0.551 0.594 0.860 0.354 1.735 (0.542, 5.557) –

MPVLR ≥ 2.78 1.351 0.687 3.863 0.049 3.860 (1.004, 14.846) 1

Serum Albumin ≤ 30.7 g/L 1.194 0.600 3.961 0.047 3.300 (1.018, 10.693) 1

Serum Sodium ≤ 135.2 mmol/L 1.308 0.527 6.165 0.013 3.700 (1.317, 10.393) 1

IVIG, intravenous immunoglobulin; CI, confidence interval; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; MPVLR, mean platelet volume-to-lymphocyte ratio.
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FIGURE 2 | Receiver operating characteristic (ROC) curve of our scoring

system for prediction of intravenous immunoglobulin (IVIG) resistance in

Kawasaki disease (KD) patients under 1-year old. For the cut-off value of 2

points or more, the sensitivity and specificity were 87.0% and 78.4%, and the

area under the curve (AUC) was 0.891 (95% confidence interval 0.837–0.945,

p < 0.001).

months; (2) gender, male; (3) peripheral WBC ≥ 14.5 × 109/L;
(4) peripheral hemoglobin ≤100.5 g/L; (5) peripheral NLR ≥

2.69; (6) peripheral PLR≥ 110.92; (7) peripheral MPVLR≥ 2.78;
(8) serum ALT ≥ 60 IU/L; (9) serum albumin ≤ 30.2 g/L; and
(10) serum sodium ≤ 135.2 mmol/L. Peripheral NLR, PLR, and
MPVLR, and serum albumin and sodium levels were significantly
different between the two groups (P < 0.01, Table 2).

Multivariate Logistic Regression Analysis
Peripheral NLR, PLR, and MPVLR, and serum albumin and
sodium were analyzed by multivariate logistic regression. The
results indicated that peripheral NLR (≥ 2.69), MPVLR (≥ 2.78),
serum albumin (≤ 30.7 g/L), and sodium (≤ 135.2 mmol/L) were
independent risk factors for IVIG resistance with OR values of
4.027, 3.860, 3.300, and 3.700, respectively (Table 3).

Scoring System for Predicting IVIG
Resistance
To construct the predictive scoring system, peripheral NLR
(≥2.69), MPVLR (≥2.78), serum albumin (≤30.7 g/L), and
serum sodium (≤135.2mmol/L) were all given 1 point depending
upon the proximity of their odds ratio values. The total scores
were calculated for each patient with KD. ROC analysis showed
that the area under the curve (AUC) was 0.891 (95% confidence
interval, 0.837–0.945; P < 0.001), and a cut-off score of 2 points
or higher yielded the sensitivity of 87.0% and specificity of 78.4%
to predict IVIG resistance (Figure 2).

TABLE 4 | External validation of predictive scoring system.

Prediction of IVIG resistance Clinical standard-based

outcome, n (%)

IVIG-resistant IVIG-responsive

Predictive scoring

system-based outcome

(≥2 points), n (%)

IVIG-resistant 7 (70%) 44 (24.9%)

IVIG-responsive 3 (30%) 133 (75.1%)

IVIG, intravenous immunoglobulin.

External Validation Studies
One hundred eighty-seven infants were enrolled in the externally
validated population. External validation with clinical diagnostic
standard showed that a cut-off value of total score of 2 points or
higher for predicting the IVIG-resistance yielded a sensitivity of
70.0% and a specificity of 75.1% (Table 4).

DISCUSSION

Patients under 1-year of age diagnosed with KD are prone to
be resistant to the initial IVIG treatment and develop coronary
artery lesions. Our predictive model is the first scoring system
for predicting IVIG-resistant patients with KD under 1-year
old. The scoring system includes peripheral NLR ≥ 2.69 (1
point), peripheral MPVLR ≥ 2.78 (1 point), serum albumin
≤ 30.7 g/L (1 point) and serum sodium ≤ 135.2 mmol/L
(1 point), and a total score ≥ 2 points yielded a sensitivity
and a specificity of 87.0 and 78.4%, respectively, for predicting
IVIG-resistance, and in external validation the sensitivity and
specificity of predicting IVIG-resistance in KD infants were
70.0% and 75.1%, respectively.

Themajor pathological changes of KDwere systemic vasculitis
affecting small and medium-size arteries. Elevated peripheral
NLR and MPVLR and decreased serum albumin and sodium
represent the severity of inflammation. NLR stands for the ratio
of absolute neutrophil count to lymphocyte count in peripheral
blood. During systemic inflammation, increased neutrophil
production in the bone marrow and circulation into blood, as
well as delayed apoptosis, result in neutrophilia. Neutrophils
play a critical role in the progression of vascular inflammation
by migrating to the site of inflammation and releasing
inflammatory cytokines and activating T cells. Meanwhile,
accelerated apoptosis results from immunosuppression induced
lymphocytopenia (30, 31). In consequence, a high level of
peripheral NLR indicates the severity of the clinical course.
Peripheral MPVLR represents the ratio of mean platelet volume
to lymphocyte count, and high peripheral MPV values have
been found in a variety of inflammatory diseases (32). Elevated
MPVLR was shown in previous studies to predict the poor
prognosis of patients with cardiovascular disease, especially for
coronary heart disease (25, 33). This present study is the first
to report that high MPVLR (≥2.78) is an independent risk
indicator for predicting IVIG resistance in infants with KD under
1-year old.
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The mechanisms of hypoalbuminemia consist of the
following: first, increased vascular permeability leading to
leakage of albumin (34, 35); second, liver dysfunction resulting
in decreased albumin synthesis; and third, a lack of essential
amino acids due to low nutrient intake or malnutrition, resulting
in reduced albumin synthesis (36). IVIG non-responders
tend to have more severe vascular leakage and liver damage,
inducing lower albumin levels. The cause of hyponatremia is
still unknown. Lim et al. found that there was a strong negative
correlation between the level of serum sodium and inflammatory
factors including c-reactive protein and interleukin-6 (IL-6) in
children with KD (37). In addition to KD, studies referring to
patients with inflammatory disease such as pneumonia, urinary
tract infection, and lupus erythematosus also demonstrated
that hyponatremia is an important marker for the severity
and prognosis (38–40). The most probable pathophysiological
mechanism for hyponatremia is non-osmotic secretion of
antidiuretic hormone (ADH). Several studies have confirmed
that the release of ADH is promoted by IL-6 and tumor necrosis
factor-α (TNF-α) during inflammation (41). IL-6, TNF-α as well
as other cytokines participate in inflammation of KD patients
in the acute phase (42), suggesting that hyponatremia may be
associated with inappropriate release of ADH. The marked
increase in plasma IL-6 and TNF-α in IVIG-resistant infants
compared with IVIG-responsive patients (43, 44) may explain
the significant hyponatremia in IVIG non-responders. More
serious inflammatory reactions at the acute phase in IVIG non-
responders than in IVIG responders supports our findings that
the inflammation-related indicators, including high peripheral
NLR and MPVLR, and low serum albumin and sodium, could be
used for predicting IVIG-resistant infants with KD under 1-year
old effectively.

The indicators in our scoring system for predicting IVIG
resistance, which include peripheral NLR and MPVLR and
serum albumin and sodium, have significant advantages. They
are inexpensive and easy-to-operate as routine examinations.
Moreover, the peripheral neutrophil and lymphocyte are less

influenced by age during the first 12 months. Our scoring system
would have evident practical value for clinical applications due to
its relatively high sensitivity and specificity.

There are some limitations to this study. The results may have
bias as it was a retrospective study. The sample size was not
large enough and a large-scaled external validation of our scoring
system will be required in the future. However, the predictive
model consisting of peripheral NLR (≥2.69) andMPVLR (≥2.78)
and serum albumin (≤30.7 g/L) and sodium (≤135.2 mmol/L)
prior to IVIG therapy showed relatively high sensitivity and
specificity for the prediction of IVIG-resistant infants with KD
under 1-year old.
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A 3-year-old girl was admitted to our hospital for the correction of atrial septal defect

(ASD). Open heart operation with cardiopulmonary bypass is dangerous because the

patient also had hereditary spherocytosis, which put her at risk for hemolytic anemia.

Therefore, percutaneous transcatheter closure for ASD was chosen and performed

successfully, which avoided the erythrocyte damage caused by cardiopulmonary bypass.

This is the first time such a case has been reported, and we present an alternative

approach for ASD with hereditary spherocytosis.

Keywords: atrial septal defect, hereditary spherocytosis, percutaneous transcatheter closure, cardiopulmonary

bypass, hemolysis

INTRODUCTION

Hereditary spherocytosis (HS) is a genetic blood disease characterized by hemolysis, anemia,
jaundice, and splenomegaly (1). Atrial septal defect (ASD) is one of most common congenital heart
defects (2). However, concomitant ASD and HS is rare. Patient with HS undergoing traditional
open heart surgery has a high risk of perioperative hemolysis and secondary renal dysfunction
because of the deleterious effects of cardiopulmonary bypass (CPB) (3).

At present, transcatheter closure of ASD has been accepted worldwide as an alternative to
surgical closure due to the ease of interventional therapy and the often increased perioperative risk
from surgery (4, 5). There is no published report about children with HS undergoing interventional
closure for structural heart disease. Here, we reported a case of a 3-year-old girl manifested with
ASD and HS undergoing transcatheter ASD closure.

CASE REPORT

The patient was brought to the heart center of our hospital after a diagnosis of ASD and HS.
The patient had been suffering from repeated attacks of hemolytic anemia since she was born.
She was intermittently treated in the local hospitals for 2 years with the medicine “Yinzhihuang”
(a traditional Chinese Medicine), L-carnitine, Vitamin B12, etc., and her hemoglobin level was
maintained at 90 g/L with normal liver function. The patient presented to a local hospital 2 years
ago because of the upper respiratory tract infection, and was found to have a heart murmur during
the physical examination. The followed echocardiographic examination revealed an ASD, and the
patient was suggested to go to check-up regularly. One month ago, the patient was sent to the local
hospital for anemia and was diagnosed with HS based on the laboratory findings of the patient’s
blood smear and the osmotic fragility test. Then, the patient was introduced to our hospital for
further treatments.

On admission, the patient was anemic and icteric. She weighed 14.5 kg. Physical examination
revealed a systolic ejection murmur at the left second intercostal space and hepatosplenomegaly.
Laboratory findings showed a hemoglobin level of 82 g/L, and red blood cell (RBC) count
of 3.26 × 1012/L. The total serum bilirubin was 89.4µM, direct bilirubin was 11.8µM,
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and indirect bilirubin was 77.6µM. Elevations of the liver
enzymes were not found. A peripheral blood smear revealed
RBC size disparity and the presence of spherocytes (12%,
Figure 1). RBC osmotic fragility was increased (hemolysis
began at 0.55% NaCl and was complete at 0.50% NaCl).
Additionally, a bone marrow examination was done, which
showed erythroblastic hyperplasia dominated with rubricyte and
metarubricyte. Echocardiography showed a left to right shunt,
enlargement of right atrium and right ventricle, dilatation of
main pulmonary artery, and fossa ovalis ASDs.

FIGURE 1 | High-power view (×100 magnification) of peripheral blood smears

from the patient. Spherocytes are indicated by black arrows.

FIGURE 2 | Transcatheter closure of ASD shown by transthoracic color Doppler echocardiography. The apical four-chamber section showed (A) left to right shunt at

the level of atrial septum, (B) the continuous interruption of the atrial septum with a loss of about 14mm, and (C) the atrial septal occluder was well-positioned without

residual shunt (see arrow). (D) X-ray examination of left anterior oblique position after interventional closure showed that the occluder was fixed and the shape was

normal (see arrow).

Concomitant ASD and HS is rare. Surgical intervention for
ASD using CPB might exacerbate hemolysis and subsequent
renal dysfunction because of the deleterious effects of CPB.
Therefore, we consulted the hematologist and cardiac surgeons,
and got a unanimous decision to perform transcatheter closure of
ASD for the patient. Her parents were informed of the purpose
and risk of the treatment, and written informed consent was
obtained before intervention operation.

Percutaneous transcatheter closure of ASD was performed
under general anesthesia. Echocardiography showed that the
diameter of ASD was 14 × 10mm (Figures 2A,B). The whole
process of cardiac catheterization was smooth, and a 16-mmASD
occluder was placed through 8F delivery sheath (Figures 2C,D).
From the first day of operation, sodium bicarbonate (2 ml/kg)
was given daily to alkaline blood for 3 days and aspirin (3
mg/kg/day) was taken orally for 6 months. Multiple retests of
blood routine and urine analysis had been undertaken after
closure, and the results showed no decrease in hemoglobin and
the results of urine analysis were normal. Echocardiography
showed that the location of occluder was fixed and there was
no pericardial effusion. Gradually, the patient recovered and
was discharged from the hospital. One-month follow-up result
showed that the level of hemoglobin remained stable and no
hemoglobinuria occurred. Echocardiography showed no residual
ASD and a normal state of heart function.

DISCUSSION

HS is a genetic, frequently familial hemolytic blood disease (1).
One of the major concerns for children with HS undergoing
open-heart surgery for congenital heart disease is accentuation
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of the risk of perioperative hemolysis. Several patients with HS
undergoing open-heart surgery under CPB have been reported
so far (3, 6–10). Based on previous reports, cardiac surgery has
been successfully performed in all the patients. However, the
potential worsening concern from CPB in HS and trauma from
open-heart surgery is a big problem. A variety of approaches have
been proposed for HS patients to avoid hemolysis during surgery,
such as preemptive splenectomy (7). Although splenectomy is
an effective treatment for reducing hemolysis, it has a high risk
of infection in children under 2 years of age (10, 11). Because
our patient was only 3 years old, it was not recommended to
undergo splenectomy before cardiac surgery in order to maintain
her immune function.

In the last 20 years, ASD transcatheter occlusion technique has
been accepted worldwide as an alternative to surgery for its major
advantages, such as the short hospital stay as well as evading
thoracotomy, CPB, intensive care, and long scars (4, 5). Though
there is also a risk of hemolysis after transcatheter closure, most
scholars believe that there will be no damage to RBCs due to the
hemodynamic characteristics of ASD (3). The pressure gradient
between the left atrium and right atrium is small, which usually
does not produce high-speed blood flow and high shear force,
even if there is a small residual shunt after closure. According
to the conclusion discussed by our heart center experts, the first
choice for the patient to close ASD was interventional therapy by
cardiac catheterization. The most important thing was to choose
the appropriate occluder to avoid the use of large ASD occluder
(12). The measures for preventing hemolysis and corresponding
treatment were formulated in detail, and sodium bicarbonate
and rehydration were used for the treatment of hydrated alkali
on the day after catheterization. The level of hemoglobin and
the state of heart function were observed closely. If there was
severe anemia, hemolysis, and deterioration of cardiac function,
aspirin could be discontinued. High dose of steroid could be
used to stabilize cell membrane. If necessary, surgical removal of

occluder and even splenectomy would be performed (13). The
hemoglobin level of the patient was maintained at about 90 g/L,
and the hematocrit was maintained at about 30%. No obvious
extravascular hemolysis occurred. Additionally, there have been
reported cases of HS that could lead to congestive heart failure
(14). Hence, the patient still need close follow-up of the degree of
hemolytic anemia and the station of cardiac function.

In conclusion, an extremely rare condition of having
both ASD and HS in a same patient and successful
therapeutic interventions by cardiac catheterization has
been reported.
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Background: Kawasaki disease (KD) is predominantly seen in young children (<5 years).

Diagnosis of KD is often delayed in older children and adolescents, leading to a higher

risk of coronary artery abnormalities (CAAs). There is a paucity of literature on KD in

older children.

Methods: Data were collated from a review of records of patients diagnosed with KD

who were aged >10 years at the time of diagnosis, during the period from January 1994

to June 2019.

Results: Eight hundred and sixty five patients were diagnosed with KD during this

period. Of these, 46 (5.3%; 26 boys and 20 girls) were aged 10 years or older at

the time of diagnosis. The median age at diagnosis was 11 years (range of 10–30

years). The median interval between the of fever and the diagnosis of KD was 12 days

(range of 4–30 days). Eight patients (17.4%) presented with hypotensive shock. Coronary

artery abnormalities (CAAs) were seen in six patients (13.04%), and three patients

had myocarditis. Patients with CAAs were found to have significantly higher median

platelet counts and higher median C-reactive protein levels. First-line treatment included

intravenous immunoglobulin. Adjunctive therapy was given in five patients (infliximab in

four patients and steroids in one patient). The median time between the onset of fever

and the administration of IVIg was 13.5 days (range of 6–2). The total duration of follow

up is 2,014.5 patient-months.

Conclusion: Diagnosis of KD in children older than 10 years is usually delayed, and

these patients are thus at a higher risk of CAAs.

Keywords: adolescents, coronary artery abnormalities, intravenous immunoglobulin, Kawasaki disease, older

children

INTRODUCTION

Kawasaki disease (KD), a medium vessel vasculitis, is commonly seen in children below the age of
5. Cardiac involvement in the form of coronary artery abnormalities (CAAs) is the most significant
long-term complication of KD (1, 2). In developed countries, KD is the most common cause of
acquired heart disease in children. Even in developing countries, KD is now being increasingly
reported, and it is emerging as one of the leading causes of acquired heart disease in children
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(3–5). However, no age group seems to be exempt from
developing KD, and this disease can at times affect adolescents
and adults as well. Diagnosis of KD often gets missed in these
age groups, as many physicians may not consider KD an upfront
clinical possibility in a febrile patient. This often leads to delays
in diagnosis and initiation of therapy, thereby increasing the risk
of developing CAAs (6).

Manlhiot et al. reported a higher incidence of CAAs in
adolescents with KD, as compared to children ages 1–9 years (6).
A similar study published in Indonesia found that adolescents
with KD often had incomplete forms of the disease and had
a higher risk of CAAs (7). A recent Japanese survey of KD,
administered nationwide, has shown that 1.2% of all patients with
KD were aged more than 10 years (8).

There is a paucity of literature on the clinical profile and
cardiac complications of KD in adolescents and adults, especially
from developing countries. We herein report our experience of
KD in older patients over the last 25 years.

PATIENTS AND METHODS

Data were collated from a review of records for patients
diagnosed with KD who were aged >10 years at the time of
diagnosis during the period of January 1994 to June 2019 in the
Pediatric Allergy Immunology Unit, Advanced Pediatrics Centre,
Postgraduate Institute of Medical Education and Research
(PGIMER), Chandigarh, India. Our center is a tertiary care,
not-for-profit, federally funded institute in Northwest India.

Case files of patients were retrieved and clinical details
were recorded on a predesigned proforma. The study was
approved by the Departmental Review Board and Institute
Ethics Committee. The diagnosis of KD was based on
guidelines given by the American Heart Association (AHA)
(1, 9). Laboratory investigations that were carried out in these
patients included acute phase reactants (complete blood count,
erythrocyte sedimentation rate [ESR], C-reactive protein [CRP]),
urine examination, biochemistry work-up (blood urea, serum
creatinine, and liver function tests), chest radiograph, and an
electrocardiogram (depending on clinical requirements). 2D-
echocardiography was usually performed at admission, and
then again on follow up after 4–8 weeks. CAAs were initially
classified based on absolute coronary artery dimensions. Since
2015, we have been using body-surface-area-based “Z” scores
for the purpose of classifying the severity of CAAs. Use of 128-
slice dual source computed tomography coronary angiography
(CTCA) was initiated in 2014, and this imaging modality has
been performed in select patients who had large or unusual
CAAs, or where the visualization of coronaries was difficult
because of a thick chest wall (10). Assay of serumN-terminal pro-
brain natriuretic peptide (NT-proBNP) levels was initiated in our
laboratory in 2014 (11).

Patients were managed using standard treatment guidelines as
given by the AHA (1, 9). Intravenous immunoglobulin (IVIg−2
g/kg) given over 12–24 h was used as first-line therapy, along
with oral aspirin [initially in anti-inflammatory doses (30–50
mg/kg/day) followed by antiplatelet doses (3–5 mg/kg/day)].

IVIg was not given to patients who were afebrile at presentation
and who had presented late after acute stage of illness when
inflammatory parameters had normalized. Adjunctive therapy
(infliximab or corticosteroids) was used in selected patients with
IVIg resistance or significant myocardial dysfunction.

RESULTS

Clinical Profile
Eight hundred and sixty five patients were diagnosed to have
KD during this period. Of these, 46 (5.3%; 26 boys and 20
girls) were aged 10 years or more at time of diagnosis (Table 1,
Figure 1). The median age at diagnosis was 11 years (range
10–30 years). All patients had a fever at presentation, and
the median duration of a fever was 10 days (range 2–30
days). The median interval between the onset of fever and
diagnosis of KD was 12 days (range 4–30). Eight patients
(17.4%) presented with hypotensive shock. Pulmonary
presentation was seen in 4 out of 46 (8.7%) patients in this
group. All four patients with pulmonary presentation had
pneumonia with synpneumonic effusion. Nine children (19.6%)
developed arthritis. Infection-triggered KD was seen in 10
(21.7%) patients—Staphylococcus aureus in three patients,
Streptococcus pneumoniae in one patient, Mycobacterium
tuberculosis in one patient, Pseudomonas aeruginosa in one
patient, Mycoplasma in one patient, Burkholderia cepacia in one
patient, and Klebsiella pneumoniae in one patient. One patient
had pyogenic skin and soft infection, but no microorganism
could be isolated. BCG scar reactivation was observed in
one patient.

TABLE 1 | Clinical features of children with Kawasaki disease (KD) aged >10

years at the time of diagnosis.

Patient characteristics Results

Median age at diagnosis (range), years 11 (10-30)

Sex Male: 26; Female: 20

Fever 46/46 (100%)

Median duration of fever 10 (2-30)

Day of diagnosis (days) 12 (4-30)

Rash 34/46 (73.9%)

Oral cavity and mucosal changes 36/46 (78.3%)

Conjunctival redness 29/46 (63%)

Cervical lymphadenopathy 28/46 (60.9%)

Dorsal edema 11/46 (23.9%)

Periungual desquamation 45/46 (97.8%)

Day of desquamation (days) 10 (5-20)

Irritability 3/46 (6.5%)

Arthritis 9/46 (19.6%)

Hypotensive shock 8/46(17.4%)

Sterile pyuria 6/46 (13%)

Pulmonary manifestations 4/46 (8.7%)

Significant myocardial dysfunction 3/46 (6.5%)

Infection-triggered KD 10/46 (21.7%)
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FIGURE 1 | Trends of diagnosis of Kawasaki disease in children aged 10

years or older in Chandigarh, India (1994–2019) [x axis shows years and y axis

shows number of cases].

Laboratory Characteristics
Laboratory investigations of patients at the time of diagnosis
are shown in Table 2. The mean hemoglobin concentration
was 106.7 ± 18.3 g/L. The median value of maximum platelet
count was 541 × 109/L. Five patients had thrombocytopenia
at time of presentation, and of these, two patients had CAAs
and one patient had low ejection fraction. Median ESR and
CRP were 42.5mm in the first hour and 43 mg/L, respectively.
Aspartate (AST) and alanine transaminase (ALT) values were
available in 41 and 39 patients, respectively. AST and ALT
values were elevated in 18 out of 41 patients (43.9%) and 18
out of 39 (46.2%) patients, respectively. Most patients had mild
elevation in transaminases (i.e., <2 times). Six patients had
significant elevations in transaminases, and of these, one patient
had levels more than 10 times the normal level. Transaminase
levels normalized after treatment.Wewere able tomonitor serum
procalcitonin in 14 patients, and median levels were 1.18 ng/mL
(range 0.05–33) (Normal <0.5). Nine out of fourteen patients
(64.3%) had elevated procalcitonin value, and of these, four had
infection-triggered KD. In 21 patients, we were able to perform
NT-pro-BNP, and the median value was 225 pg/mL (range 29–
9,435) (Normal < 125). NT-pro-BNP values were found to be
elevated in 16 out of 21 (76.2%) patients.

Cardiac Complications
CAAs were seen in six (13.04%) patients: two had isolated left
main coronary artery (LMCA) aneurysms; one had isolated left
anterior descending artery (LAD) aneurysms; one had LAD and
right coronary artery (RCA) aneurysms; one had aneurysms in
LMCA, LAD, and RCA; and one had aneurysms in all four
coronary arteries. Frequency of involvement of coronary arteries
was as follows: LMCA−4 out of 12 (33.3%); LAD−4 out of 12
(33.3%); RCA−3 out of 12 (25%); and left circumflex coronary
artery (LCx)−1 out of 12 (8.3%). Giant aneurysms were seen
in two patients—one had involvement of the LAD and RCA,
while the other had involvement of the LAD, RCA, and LCx.
Three patients had severe myocardial dysfunction secondary to

TABLE 2 | Laboratory investigations.

Characteristics Results

Hemoglobin (g/L); Mean ± SD 106.7 ± 18.3

White blood cell counts (×109/L); Median (range) 13.45 (2.20–38.65)

Platelet counts at admission (×109/L); Median (range) 333 (21.5, 1121)

Maximum platelet counts (×109/L); Median (range) 541 (183, 1470)

Erythrocyte sedimentation rate (mm/hour); Median (range) 42.5 (2, 118)

C-reactive protein (<6 mg/L); Median (range) 43 (1.24, 269)

Procalcitonin (<0.50 ng/mL); Median (range) 1.18 (0.05, 33)

Aspartate transaminase (<40 U/L); Median (range) 37 (9, 585)

Alanine transaminase (<41 U/L); Median (range) 36.5 (7, 866)

Serum albumin (mg/dL); Mean ± SD 3.07 ± 0.70

Sterile pyuria, n (%) 6/42 (14.3%)

TABLE 3 | Treatment details.

Characteristics n = 46 (%)

Treatment with IVIg 39/46 (84.7%)

Adjunctive treatment 5/46 (10.9%)

(i) Infliximab 3 (6.5%)

(ii) Second dose of IVIg and infliximab 1 (2.2%)

(iii) Methylprednisolone pulse followed by tapering doses of

prednisolone

1 (2.2%)

IVIg, intravenous immunoglobulin.

myocarditis. One patient had a stormy course of illness and
developed ventricular premature complexes, severe myocarditis,
pericardial effusion with tamponade; this patient required a
pleuro-pericardial window.

Treatment
Median time between onset of fever and administration of
IVIg was 13.5 days (range 6–32 days). Seven patients were not
offered treatment, as they had presented late in convalescent
phase when the fever had subsided, inflammatory markers
had settled, and 2D-echocardiography was normal. Adjunctive
therapy was required in five patients (repeat IVIg and infliximab
in one; infliximab alone in three; and methylprednisolone in
one) (Table 3). Total duration of follow up was 2,014.5 patient-
months. Five patients were not on regular follow up at time of this
analysis. However, none of them had developed CAAs during the
acute phase. No mortality was seen in this cohort, and none of
the patients with CAAs developed thrombosis or acute coronary
artery events on follow up.

We compared the clinical profile of patients with and
without CAAs (Table 4). Patients with CAAs were found to have
significantly higher median maximum platelet count and higher
median CRP. Pulmonary presentation was significantly more
common in patients with CAAs, and these patients required
adjunctive therapy more commonly. Although the median time
between onset of fever and diagnosis of KD was relatively
higher in patients with CAAs as compared to those without
CAAs (14.5 days vs. 12 days), the difference was not statistically
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TABLE 4 | Comparison of clinical and laboratory features of patients of Kawasaki

disease (KD) with and without coronary artery abnormalities (CAAs).

Characteristics KD without CAAs

(n = 40)

KD with CAAs

(n = 6)

p-

value

Interval between onset of

fever and diagnosis (days),

Median (IQR)

12 (10,20) 14.5 (6, 15.5) 0.53

Hypotensive shock, n (%) 7/40 (17.5%) 1/6 (16.7%) 0.96

Arthritis, n (%) 8/40 (20%) 0 0.23

Infections, n (%) 9/40 (22.5%) 2/6 (33.3%) 0.56

Pulmonary presentation, n (%) 2/40 (5%) 3/6 (50%) 0.001

Diarrhea, n (%) 8/40 (20%) 1/6 (16.7%) 0.82

Hemoglobin (g/L), Mean ± SD 102.5 ± 13.5 107.4 ± 18.9 0.458

Total leucocyte count

(×109/L), Median (IQR)

12.7 (8.67, 18.4) 15.9 (13.7, 23.8) 0.09

Platelet counts at admission

(×109/L), Median (IQR)

333.0 (233.0, 464.7) 359.5 (103.7, 931.3) 1.00

Thrombocytopenia at

admission (<150 × 109/L), n

(%)

3/40 (7.5%) 2/6 (33.3%) 0.06

Maximum recorded platelet

count (×109/L), Median (IQR)

502.0 (409.0, 649.0) 817.5 (635.2, 994.5) 0.04

Erythrocyte sedimentation

rate (mm/hour), Median (IQR)

36 (20.5, 60.0) 59 (44.3, 77.3) 0.18

C-reactive protein (mg/L),

Median (IQR)

40.0 (6.59, 64.5) 115.0 (48.5, 249.0) 0.05

Albumin (g/L), Mean ± SD 2.81 ± 0.75 3.12 ± 0.70 0.337

Aspartate transaminase (U/L),

Median (IQR)

34 (24.0, 51.0) 76.0 (32.3, 82.3) 0.13

Alanine transaminase (U/L),

Median (IQR)

35 (29.5, 64.7) 51.0 (26.3, 67.0) 0.66

NT-Pro BNP (pg/mL), Median

(IQR)

225.0 (122.2, 600.0) 231.5 (116.3, 447.3) 0.788

Adjunctive therapy, n (%) 2/40 (5%) 3/6 (50%) 0.001

Day of administration of IVIg,

Median (IQR)

13.5 (10.8, 21.3) 15.0 (10.3, 17.0) 0.743

CAAs, coronary artery abnormalities; IQR, interquartile range; IVIg, intravenous

immunoglobulin; pg, pictogram; KD, Kawasaki disease; NT-Pro BNP, N-terminal pro-brain

natriuretic peptide; SD, standard deviation. Bold values indicate p value < 0.05.

significant. Thrombocytopenia during the acute stage of KD was
also found to be more common in patients with CAAs. All
other clinical features and laboratory findings were similar in the
two groups.

DISCUSSION

KD is the most common childhood vasculitis, and it usually
affects children below the age of 5. Diagnosis of KD at extremes
of age can, however, pose several diagnostic and therapeutic
problems. We, along with others, have previously reported our
experience of KD in infants below 6 months of age (12, 13).
These studies have shown that infants with KD are at a high
risk of developing CAAs despite timely diagnosis and treatment.
Incomplete forms of KD are also very common in this age group
(12, 13).

Diagnosis of KD in older children and adolescents is often
challenging, as the treating physician may not consider this
condition during their differential diagnosis of a febrile child.
There is a paucity of literature on the clinical presentation of
KD in older children and adolescents from developing countries.
Manlhiot et al. have recently published their experience on KD
occurring in extremes of age and have shown that 6% of patients
in their cohort were aged 9 years or older—making their findings
similar to ours (6). However, a recent nationwide Japanese survey
has shown that only 1% of patients with KD were aged more than
10 years at the time of diagnosis (8). Similarly, a study by Advani
et al. has found that 17 out of 1,150 (1.5%) of such cases involved
patients aged more than 10 years (7). The percentage of cases of
KD in older age groups varies from 1 to 7% in different studies
(6, 7, 14–17), but Cai et al. have reported a figure as high as 17%.
However, they have included children above the age of 5 in their
analysis (17).

We have a cohort of 865 patients that were diagnosed with
KD from the period of January 1994 to June 2019. Forty-six
(5.3%) amongst these were aged 10 years or older at the time
of diagnosis. One possible explanation for the relatively higher
proportion of older patients with KD in our cohort is that we
may be missing KD in infants and young children, in whom this
condition often gets confused with febrile exanthemata (18, 19).

The clinical profile of patients with KD in this cohort has been
compared with previously published studies (Table 5). Amongst
the principal clinical features, periungual desquamation was
found in 98% of cases, followed by oral cavity and lip
changes (78%), skin rash (74%), conjunctival injection (63%),
lymphadenopathy (61%), and dorsal edema (24%). However, as
several patients had presented late, it is possible that some of the
clinical features may have been missed altogether.

Diagnosis of KD should ideally be made before day 10 of
illness, so that timely treatment can be instituted to prevent the
development of CAAs (1, 20). In our cohort, the median day of
diagnosis was 12 days. Manhliot et al. have also shown that the
diagnosis of KD in children older than 9 years was delayed until
day 12 (6). Seven patients in our cohort (15.2%) were not offered
treatment, as they had presented late and their fever had already
subsided. Similarly, 19% of the patients were not treated in the
study published by Manlihot et al. (6), and 22% of the patients in
the study published by Stockheim et al. (15).

The most significant morbidity in patients with KD is due to
development of CAAs. Approximately 25% of KD cases develop
CAAs if the disease remains untreated. With timely initiation
of IVIg, <5% patients will go on to develop CAAs (1). Risk
of CAAs is higher in older children with KD as compared to
their younger counterparts (6, 15–17). Delay in diagnosis and
initiation of treatment is considered to be the most important
risk factor for development of CAAs in these patients (6). In the
present cohort, 13% of cases developed CAAs. Our results are in
consonance with the findings of previous studies (6, 7, 15–17).

It has also been observed by several authors that incomplete
presentations are more common in older patients with KD (up
to 59% in various series) (6, 7, 14, 17). We observed incomplete
KD in 43% of our patients. Delay in diagnosis of KD has been
found to be the most important risk factor for the development
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TABLE 5 | A review of all reported studies on Kawasaki disease in older age groups.

Momenah et al.

Canada (16)

Stockheim et al.

USA (15)

Cai et al.

China (17)

Nagamori et al.

Japan (14)

Manlihot et al.

USA (6)

Advani et al.

Indonesia (7)

Present study

Total no. of patients 133 500 113 650 1,374 1,150 865

No. of patients in older age group (%) 10 (7.5) 28 (5.6) 20 (17.7) 14 (2.2) 87 (6) 17 (1.5) 46 (5.3)

Age group (years) ≥9 ≥8 ≥5 >7 >9 >10 ≥10

Median age in years (range) NR 9 (8-15) NR 8 NR 11.2 (10-16) 11 (10-30)

Mean age in years 10.9 ± 0.46 NR 8.22 ± 3 NR NR 11.25 ± 1.2 16.3 ± 4.1

Male: female 1:1 2.5:1 2.33:1 NR 2:1 4.6:1 1.3:1

Fever duration (median, days) 10.8 10.5 10.8 5 (3-12) 9 (5-42) NR 10 (2-30)

Rash (%) NR 25 (89) 14 (70) NR 69 (83) 10 (59) 34 (73.9)

Conjuctival injection (%) NR 28 (100) 17 (85) NR 70 (84) 11 (65) 29 (63)

Oral mucosal changes (%) NR 27(96) 18 (90) NR 73 (88) 13(77) 36 (78.3)

Cervical adenopathy (%) NR 17 (61) 17 (85) 5 (36) 49 (59) 14 (82) 28 (60.9)

Extremity changes (%) NR 28 (100) 17 (85) 9 (64) 63 (76) 7 (41) 45(97.8)

Hemodynamic instability/KDSS NR NR NR NR NR NR 8 (17.4)

Incomplete KD (%) NR 1 (3.57) 5 (25) 4 (29) 36 10 (59) 20 (43)

IVIG used (%) 10 (100) 22 (78.6) 19 (95) 14 (100) 68 (81) NR 39 (84.8)

IVIG resistance (%) 2 (20) – 6 (30) 1 (7.14) 14 (17) NR none

Coronary abnormalities (%) 8 (40) 6 (21) 12 (60) 2 (14) 22 (25) 8 (47) 6 (13.04)

IVIG, intravenous immunoglobulin; KDSS, Kawasaki Disease Shock Syndrome; NR, not reported.

of CAAs in this age group. Manlihot et al. reported that unlike
young infants, these patients have not been found to have other
risk factors contributing to the development of CAAs, such as
low serum albumin, hemoglobin, and platelet counts. The mean
hemoglobin levels seen in the study by Manlihot et al. were 123
± 15 g/L (6), while the mean levels in our cohort were 106.7 ±

18.3 g/L. Mean albumin concentration seen in our series was 31
± 7 g/L. This was also lower than mean serum albumin level as
reported by Manlihot et al. (38 ± 8 g/L) (6). It is likely that the
underlying nutritional status of our cohort was responsible for
these apparent differences. Mean hemoglobin and mean albumin
levels were not found to be different in children with or without
CAAs in our study. Median platelet counts in the study by
Manlihot et al. were reported to be 268 × 109/L (6), while the
median platelet count at presentation in our cohort was 333 ×

109/L. We also observed that the median CRP was significantly
higher in our patients who developed CAAs, as compared to our
patients who did not develop CAAs.

In our cohort, the children who developed CAAs had a
relatively higher median interval between the onset of fever
and the diagnosis of KD when compared to children who did
not develop CAAs. Similarly, pulmonary presentation was more
common in patients with CAAs. We have previously reported
that delays in diagnosis and initiation of treatment are more
common in patients with KD who also have a pulmonary
presentation (21). Although this increased risk of CAAs in KD
in older age groups can be ascribed to delays in diagnosis and
treatment, one cannot be categorical (as there may be several
confounding factors at play). Further, it would be imprudent to
draw conclusions when the numbers are small.

Eladawy et al. reported that 48.5% of patients with KD had one
ormore liver enzyme abnormalities. The authors have also shown
that most liver enzyme elevations were subclinical and <2 times

above the reference values. Elevation of liver enzymes were found
to be associated with increased risk of IVIg resistance (22). In our
study, elevated liver transaminases were seen in 46% of patients,
and there was no difference in the frequency of liver enzyme
abnormalities in patients with and without CAAs (Table 4).

Approximately 5% of children with KD can also present with
hemodynamic instability and hypotensive shock—termed KD
Shock Syndrome (KDSS) (1, 23, 24). In our study, 8 out of
the 46 cases (17.4%) had KDSS-like presentation and initially,
the possibility of toxic shock syndrome was considered in all
of them. There was a significant delay in the diagnosis of KD
in these patients—in one case the diagnosis was delayed until 3
weeks while in two cases the diagnosis cold be made only after 4
weeks. CAAs were seen in one patient with KDSS. The relatively
higher proportion of patients with KDSS in our cohort could be
a reflection of late diagnosis as well as delays in the initiation
of therapy.

Whilemanaging patients with KD in older age groups, it needs
to be kept in mind that getting an appropriate acoustic window
for coronary artery evaluationmay be difficult. In such situations,
it may be difficult to rely completely on 2D-echocardiography
findings, and one may have to pre-emptively carry out CTCA in
selected patients (25). We carried out this investigation in 8 out
of 46 patients.

In conclusion, our study shows that 5.3% of patients with
KD were aged 10 years or older at time of diagnosis. Older
children with KD appear to have significant delays in diagnosis
of the disease and a higher chance of development of CAAs. The
strength of this study is that all patients have been diagnosed and
treated on the basis of uniform protocols and by a team with
more than 25 years of experience of managing this condition.
The obvious lacuna is the small cohort size and the fact that it
is a single center retrospective study. Multicenter, large-sample,
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prospective studies would help in further understanding the
significance of our findings.
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Isolated congenital coronary artery fistula (ICCAF) is an exceedingly rare anomaly in

which there is a direct abnormal connection between a coronary artery and other cardiac

chambers or any of great vessels. The left circumflex artery (LCX) is the least common

source of ICCAF. Here we reported a rare case of large ICCAF originated from the LCX in a

9-year-old boy. He presented fatigability, murmurs and NYHA class II. Echocardiography

and cardiac CT revealed that an aneurysmal dilatation of the LCX along with the dilated

coronary sinus entered into the right atrium (RA) through the great cardiac vein. However,

it showed that the dilated LCX directly drained into the RA by coronary angiography,

which was confirmed by the surgery. During the surgical procedure, the LCX fistula was

identified in a 3∗3 cm bulbous structure, the aneurysmal dilation of RA tissue. The end of

fistula was located in the lower-middle interatrial septum, which was near the coronary

sinus and above the opening of inferior vena cava (IVC). Transcardiac chamber closure

with cardiopulmonary bypass (CPB) was successfully performed for the correction of the

fistula. It indicated that preoperative angiography is essential to define the details of large

ICCAF with aneurysmal dilation. Moreover, transcardiac chamber closure with CPB is the

optimal procedure for the treatment of large ICCAF, while interventional catheterization

is not feasible due to the presence of aneurysmal dilation of the LCX. The description

of this rare case might have great value for the diagnosis and treatment of large ICCAF

originated from the LCX.

Keywords: coronary artery fistula, congenital, heart defects, pediatrics, surgical procedures

BACKGROUND

Isolated congenital coronary artery fistula (ICCAF) is an exceedingly rare anomaly in which
there is a direct abnormal connection between a coronary artery and one of the four cardiac
chambers or any of great vessels without other abnormal cardiac structure (1–3). The incidence of
ICCAF is 0.002% in the general population and ICCAF accounts for 0.4% in patients with cardiac
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FIGURE 1 | Pre-operative Chest X-ray film view showed increased pulmonary

flow and cardiomegaly, with a cardiothoracic area ratio of 0.64.

malformations (4–6). The left circumflex artery (LCX) fistula is
the most rare type of ICCAF (7, 8). Here we reported a rare case
of large ICCAF originated from the LCX in a 9-year-old boy.

CASE PRESENTATION

A 9-year-old boy (weight 29.55 kg and height 139 cm) entered
the hospital because of easy fatigability in the past 3 years.
Continuous blowingmurmur was found in the precordial region,
and NYHA class II was defined. On auscultation, a grade 2/6
continuous blowing murmur could be heard at the third and
fourth right intercostal spaces close to the sternum. The chest film
demonstrated increased peripheral pulmonary vascularity and
moderate tomarked cardiomegaly, especially the right heart, with
a cardiothoracic ratio of 0.64 (Figure 1). The electrocardiogram
result showed sinus arrhythmia. In echocardiography and
contrast-enhanced computed tomography (cardiac CT), the left
main and circumflex coronary arteries showed an aneurysmal
dilatation, which joined with the dilated coronary sinus (15mm)
through the great cardiac vein, and then entered into the right
atrium (RA) (Figures 2, 3). Subsequent coronary angiography
revealed the distal LCX with an aneurysmal dilatation directly
extended into the RA, while it failed to delineate the anatomy
of the fistula (Figure 4). The surgery is necessary for this patient
to keep healthy. Because the location of the fistula could not
be defined by echocardiography and coronary angiography, the
surgical operation was necessary to locate the fistula and treat it.

Median sternotomy and pericardiotomy were performed.
External cardiac exploration showed that the end of LCX was
a long segment ectasia that was connected to RA. Under
cardiopulmonary bypass (CPB), the specific location of the LCX-
RA fistula was determined. The CPB was instituted with bicaval

FIGURE 2 | Color Doppler examination showed a coronary artery fistula from

the left circumflex artery to the right atrium. The arrow points to the fistula. RV,

right ventricle; LCX, left circumflex artery; RA, right atrium.

drainage and aorta cannulation with mild hypothermia (33–
35◦C). During parallel circulation process, the RA was opened.
A 3∗3 cm bulbous structure was found. On the side surface of
bulbous structure, there was a 4mm opening that sprayed more
blood and the coronary sinus opening compressed by the bulbous
structure was located inferiorly and posteriorly. The left heart was
vented via the atrial septum. The bulbous structure was opened,
and a communication with LCX distal segment was found in
the deep, that was the location of the LCX fistula. The end of
fistula was located in the lower-middle interatrial septum, which
was near the coronary sinus and above the opening of inferior
vena cava (IVC). Then we found the component of the bulbous
structure was RA tissue with aneurysmal dilation (Figure 5).
Several interrupted pledgeted stitches was used to close the fistula
and there was no any effluent blood, while the cardioplegia was
repeatedly given. The fistula was repaired, and the aneurysmal
wall was resected and trimmed subsequently.

The whole 157min procedure involved 35min cross-
clamp and 62min CPB.120min ventilation and 18 h ICU
stay were applied postoperatively. After weaning from CPB,
no electrocardiographic change of myocardial ischemia was
detected. The postoperative ECG showed that sinus rhythm was
recovered. The postoperative course was uneventful. Oral aspirin
was given for 12 months. No thrombus was found at 9 month
follow-up, although a thrombus was found at the end of LCX
at 1 and 3 months postoperative follow-up, respectively. Twelve
months after the operation, cardiac CT showed that the diameter
of proximal LCX and left main coronary artery was significantly
reduced, and there was no abnormal connection between the
LCX and the RA (Figure 6).
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FIGURE 3 | Cardiac computed tomographic view the dilated left main coronary artery and circumflex artery. (A) Cardiac computed controlled X-ray shows dilated left

main coronary artery and right atrium. The arrow points to the fistula. (B) Three-dimensional reconstructed computed tomographic demonstrates the dilated left

circumflex artery. The distal left circumflex artery showed an aneurysmal dilatation. AO, aorta; LCA, left coronary artery; RA, right atrium; LCX, left circumflex artery.

FIGURE 4 | Ascending aorta and coronary angiography view showed the

dilated left main and circumflex coronary arteries. The distal LCX showed a

stage of aneurysmal dilatation. AO, aorta; RA, right atrium; RCA, right coronary

artery; LMCA, left main coronary artery; LCX, left circumflex artery.

DISCUSSION

Coronary artery fistula (CAF) can be congenital or acquired.
Non-isolated congenital CAF was associated with other
congenital heart diseases including tetralogy of Fallot or
pulmonary atresia, while isolated congenital coronary artery
fistula (ICCAF) occurs in structurally normal hearts (9). Patients
with ICCAF are usually asymptomatic in pediatric population,
and have symptoms or complications more than 20 years
old (2). The duration and severity of the clinical symptoms
depend on the amount of blood shunt, the size of the fistula
and the resistance of the drainage chamber. Clinically, patients
with ICCAF may present with palpitations, cyanosis, dyspnea
on exertion, symptoms of angina, bacterial endocarditis or
heart failure (10). Moreover, continuous murmur with local
tremor or systolic and diastolic murmurs at the precardiac
area could be heard in most patients with ICCAF (11). In
this case, the patient was easy fatigability and presented with
a continuous heart murmur in precordium area, and NYHA

class II, which may be associated with the large blood flow of
the fistula.

The LCX was the least common source of ICCAF, and
the right heart chambers were the most common location of
drainage (1, 8). Up until now, clinical experience with this
rare anomaly have been published in fewer case reports or
short series involving a few patients (12). However, most of
the reports described the circumflex artery fistulae in patients
aged more than 20 years and had clinical symptoms, such as
congestive heart failure (13), palpitations and dyspnea (14),
atrial fibrillation and angina (15). Hou and colleagues reported
29 LCX fistulas patients in which LCX to the RA fistulas
accounted for 41% (12 of 29), whereas they didn’t describe the
key factors of the cases, e.g., their age, gender, whether they had
a large isolated congenital LCX-to-RA fistula, and whether they
had obvious clinical symptoms and associated cardiac diseases
(16). A large ICCAF draining from the LCX to the RA was
found in this pediatric patient, and the end of the ICCAF was
located in the lower-middle interatrial septum, which was near
the coronary sinus and above the opening of inferior vena
cava (IVC).

Echocardiography is an important primary non-invasive
tool for identifying the anomalous origin of CAF. In general,
echocardiography can show the location and type of the CAF,
including the course and drainage site of coronary artery,
while it didn’t delineate the exact anatomy of the fistula.
So far, coronary angiography remains the golden standard
imaging tool for diagnosing coronary anomalies and can be
used as a diagnostic and therapeutic procedure (17). In this
case, echocardiography and cardiac CT showed that the dilated
coronary artery was connected with dilated coronary sinus and
outlet stenosis of coronary sinus, while coronary angiography
showed the ICCAF draining from the distal aneurysm-like
LCX to the RA. However, the location of the fistula was
not delineated. Liang and Ko (18) reported that a pediatric
CAF leading to a dilated coronary artery and secondary
aneurysmal formation may be considered as an indication for
surgical treatment.

The coronary arteriovenous fistulas are divided into five types
according to the chamber or vessel into which they drain: Type
I (draining into the right atrium), Type II (draining into the
right ventricle), Type III (draining into the pulmonary artery),
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FIGURE 5 | The operation schematic diagram showed the distal aneurysm-like left circumflex artery was exposed within the right atrium (A). The LCX fistula was

shown by cutting the aneurysm (B). CS, coronary sinus; SVC, superior vena cava; RIPV, right inferior pulmonary vein.

FIGURE 6 | Cardiac computed tomographic showed constriction of the left coronary artery and circumflex artery (A,B). LCX, left circumflex artery.

Type IV (draining into the left atrium), and Type V (draining
into the left ventricle) (3). The ICCAF of this patient belongs
to Type I coronary arteriovenous fistula, and the ligation of
the CAF distal to the origin, a type of surgery without CPB,
was recommended for the correction of the fistula. Because it
was difficult to make sure the specific location of the LCX-
RA fistula, so transcardiac chamber closure with CPB was
performed for the correction of the fistula (3). The left main
coronary artery and the LCX were dilated obviously, and the
end of LCX enters into the RA with aneurysmal dilatation.
The LCX fistula was identified in the 3∗3 cm bulbous structure,
the aneurysmal dilation of RA tissue. The end of fistula was
located in the lower-middle interatrial septum, which was near
the coronary sinus and above the opening of inferior vena
cava (IVC). The coronary sinus opening was compressed by
the bulbous structure, which may be the main reason for the
abnormal dilation of the coronary sinus. Transcardiac chamber
closure with CPB was successfully performed without any
complications listed in the studies that Hou and colleagues had
been reported (16).

CONCLUSIONS

Herein, we present a pediatric case with a large ICCAF
stemmed from the aneurysmal LCX and draining into
the RA. Due to the special anatomical structure of the
ICCAF in this case, the position of the fistula was not
accurately defined by echocardiography, cardiac CT and
coronary angiography. Based on the clinical presentation
and special cardiac pathology, individualized therapeutic
strategy was chosen. Transcardiac chamber closure with CPB
was successfully performed without any complication. The
description of this rare case might have great value for the
diagnosis and treatment of large ICCAF originated from
the LCX.
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Objectives: The study was conducted to analyze the changes of baroreflex sensitivity

and heart rate variability from supine to upright standing in children and adolescents with

orthostatic hypertension to explore whether and how the autonomic nerve regulation was

involved in the development of pediatric orthostatic hypertension.

Methods: This case-control study included twenty-five children with orthostatic

hypertension (the patient group) and twenty-six healthy controls (the control group). All

subjects underwent a standing test, during which their hemodynamic parameters were

continuously monitored by a Finapres Medical System, and baroreflex sensitivity and

heart rate variability were calculated.

Results: The demographic characteristics, supine baroreflex sensitivity, and supine

heart rate variability including time domain and frequency domain indices did not differ

between the patients with orthostatic hypertension and healthy subjects (P > 0.05).

However, a more obvious drop of baroreflex sensitivity and a greater increase of low

frequency/high frequency ratio from supine to upright were observed in subjects with

orthostatic hypertension compared with those in the healthy children (P < 0.001 and P

< 0.01, respectively). Changes of baroreflex sensitivity were negatively related to mean

arterial pressure changes from supine to upright in all subjects (P < 0.01), and the

increases in low frequency/high frequency ratio from supine to standing were positively

correlated with those in mean arterial pressure in the study subjects (P < 0.001).

Conclusion: Upright sympathetic overactivation is associated with pediatric

orthostatic hypertension.

Keywords: baroreflex sensitivity, heart rate variability, orthostatic hypertension, orthostatic intolerance, pediatrics
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INTRODUCTION

Orthostatic hypertension (OHT) refers to a significant blood
pressure (BP) elevation in the upright position compared to
supine or sitting position, which reflects abnormal regulation of
BP during postural changes. Streeten et al. (1) first put forward
the concept of OHT and studied its pathogenesis in the 1980s.
Subsequently, multiple studies in adults with OHT show that
OHT is seen in the elderly with essential hypertension or diabetes
and patients with dysautonomias and also occurs in young adults
with normal supine BP (2–5). Furthermore, OHT is closely
related to the subsequent cardiovascular and cerebrovascular
diseases and central nervous system damage, and it was regarded
as a new risk factor for cardiovascular and cerebrovascular
diseases in adults (3, 6–10). Therefore, increasing attention has
been paid to OHT.

While, in adolescents and children, OHT has been recognized
recently and it is now considered as an important cause
of orthostatic intolerance (OI) (11–13). Our research group
reported OHT in children for the first time in 2012. We
discovered that most children with OHT were in the period of
puberty, with OI symptoms as their main clinical manifestations,
such as dizziness, headache or even syncope, etc (11). Kang
et al. conducted a head-up tilt (HUT) test on 2,089 children
with unexplained syncope, headache, dizziness, chest tightness,
and sighing, and found that the prevalence of OHT was
high in these children in the middle-south part of China
(12). The abovementioned symptoms were often induced by
postural change from supine to upright or prolonged standing
(11, 13). The recurrent symptoms of OHT greatly impact
on the academic performance and daily life in children and
adolescents (11). Moreover, previous studies showed that OHT
in young adults was associated with elevated risk of suffering
from essential hypertension in the future (5, 14), which also
drew focus on adolescents and children with OHT. However,
up to now, the mechanism for pediatric OHT is poorly
understood (13, 15, 16).

OHT stands for the hypertension occurring from supine
to upright, and the autonomic nervous system regulates and
maintains BP and heart rate (HR) during postural changes via
baroreceptors (17). Hence, baroreflex sensitivity (BRS) and heart
rate variability (HRV) are two widely accepted measures to assess
the autonomic activity, and spectral analysis of HRV is used
to reflect the balance between sympathetic and vagal tone (18).
However, the changes in BRS and HRV indices from supine to
upright in children and adolescents with OHT have not been
yet clear.

Therefore, this study was aimed to examine the possible
changes in BRS and HRV indices from supine to upright in
children and adolescents with OHT, and reveal the role of
autonomic regulation in the development of pediatric OHT.

METHODS

Subjects
This case-control study enrolled 25 children with OHT (the OHT
group) and 26 healthy children (the control group). The OHT

group included 11 girls and 14 boys, from age 8 to 17 (12.5
± 0.5) years old. All patients with OHT were admitted to the
Department of Pediatrics at Peking University First Hospital
from October 2015 to June 2019 with OI symptoms as their
chief complaints and were diagnosed with OHT according to
the published guidelines (19, 20). Specifically, the diagnostic
criteria of OHT were as follows: mainly occurs in older children;
associated with predisposing factors in most patients, such as
prolonged standing, emotional stress, and crowded or stuffy
environment; often associated with OI symptoms after upright;
with a positive HUT test or standing test result (see Standing
test); and exclusion of other diseases that cause OI symptoms
(19, 20). The control group consisted of 12 girls and 14 boys,
aged from 10 to 14 (12.0 ± 0.3) years old. They were recruited
from elementary and junior high schools in two cities of China.
They were considered healthy based on the medical history,
physical examination and the standing test, and none of them had
experienced OI symptoms within 3 months of the enrollment in
the study.

Standing Test
All subjects underwent a standing test. Before the test, all
subjects were confirmed as not having any structural heart
disease, arrhythmias, or neurologic disease and not taking any
medication or food that might have influence on autonomic
nervous function. The test was conducted in a quiet and dimly lit
room. The children were asked to lay supine on the testing bed for
10min, then stand upright on their own for another 10min, and
still then return to the supine position (19, 20) at the termination
of the test. During the test, all subjects were asked to remain silent
and breathe normally.

A positive OHT response to the standing test was defined
as follows: normal supine BP; during the initial 3min of the
standing test, increased systolic BP (SBP)≥ 20 mmHg and/or
increased diastolic BP (DBP) ≥ 25 mmHg (in children 6–12
years old) or ≥ 20 mmHg (in adolescents 13–18 years old) from
supine to upright standing; or during upright standing, BP ≥

130/90 mmHg (in children 6–12 years old) or ≥ 140/90 mmHg
(in adolescents 13–18 years old) (19, 20).

Data Recording and Analysis
During the standing test, HR, BP, and standard three-lead
electrocardiograph were taken and recorded with a Dash 2000
Multi-lead Physiological Monitor (General Electric, New York,
NY, USA). The last BP measured in supine position and the
BP measured at 3min after standing served as supine BP
and upright BP, respectively. R-R interval (RRI) data obtained
from electrocardiograph were visually reviewed, and five-min
segments free of ectopic beats and artifacts severally in supine and
upright position were used for further analysis.

Meanwhile, the Finapres Medical System (Finometer PRO,
FMS Company, Netherlands) was applied to continuously
and non-invasively record beat-to-beat BP data during the
standing test and calculating hemodynamic parameters and
BRS afterwards. Using a finger plethysmogram, beat-to-beat BP
measures of SBP, DBP, and pulse intervals were collected. Then,
stroke volume (SV) was computed with the model flow method.
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HR was calculated as the inverse of the pulse interval, and
cardiac output (CO) was calculated as HR multiplying SV. Mean
arterial pressure (MAP) was computed as the true integral of the
arterial pressure wave over one beat, and total peripheral vascular
resistance (TPVR) was calculated from MAP divided by CO.
Average CO and TPVR taken from the last 1min of the supine
period was regarded as the supine values, and the upright CO
and TPVR were computed as a 1-min average in the third minute
after standing. The reliability of beat-to-beat BP measurements
was validated using a Finapres system (21).

Cross-correlation was used to derive a form of sequential
BRS. The correlation between interbeat interval and beat-by-
beat SBP, with delays of 0–5 s for interval, was sampled and
computed. When the correlation was significant at P < 0.01,
the slope between SBP and interbeat interval was documented
as one BRS value (22). Average supine and upright BRS
values were taken consistent with the rule of CO and TPVR
described above.

Five-min segments of RRI data were used to calculate
time domain and frequency domain parameters of HRV.
Standard deviation of RRI (SDNN) and root mean square
of successive differences (RMSSD) of RRI were analyzed.
Original RRI series was altered to equidistantly sampled
sequence by a cubic spline interpolation method. Fast Fourier
transformation was then used to obtain power spectral density
(PSD) functions with Welch’s periodogram method. Total
power (TP) in the frequency range from 0.0 to 0.4Hz
was composed of very low frequency (VLF, 0.0–0.04Hz),
low frequency (LF, 0.04–0.15Hz) and high frequency (HF,
0.15–0.4Hz) bands. Powers of each band were computed
as integrals under the respective PSD functions. The ratio
between normalized LF power and HF power was calculated as
LF/HF ratio.

Statistical Analysis
Statistical analyses were carried out with SPSS 20.0 software
(SPSS, Chicago, IL, USA). All data are expressed as means
± SE, and P < 0.05 (2-tailed) indicated a statistically
significant difference. The independent t test was applied
for the comparisons between groups in the same position, and
the paired t test was utilized to compare the corresponding
parameters before and at standing for the same person. The
Chi-squared test was used to compare categorical variables.
Covariance analysis was adopted to compare all autonomic
measures (BRS and HRV) after adjusting for gender, age
and body mass index (BMI). Pearson correlation analysis
was used for linear correlations and partial correlation
analysis was adopted to correct the influence of gender,
age, and BMI.

RESULTS

Subject Characteristics
The sex ratio, age, height, weight, or BMI between the subjects in
OHT and in control groups did not significantly differ (P > 0.05,
Table 1).

TABLE 1 | Demographic characteristics of the OHT group and control group.

Groups n Gender

(M/F)

Age

(years)

Height

(cm)

Weight

(kg)

BMI

(kg/m2)

OHT 25 14/11 12.5 ±

0.5

159.0 ±

3.2

53.5 ±

3.0

20.7 ±

0.6

Control 26 14/12 12.0 ±

0.3

158.4 ±

1.6

48.1 ±

1.5

19.1 ±

0.5

t /χ2 – 0.024 0.810 0.166 1.599 1.925

P-value – 0.877 0.424 0.869 0.119 0.060

Values are expressed as means ± SE. BMI, body mass index; OHT,

orthostatic hypertension.

Changes in Hemodynamic Parameters
During the Standing Test
As seen in Figure 1, in the supine position, all of the
hemodynamic measures did not differ between the patients
with OHT and the control group. While, HR, SBP, DBP, and
MAP increased after standing in both groups (P < 0.001 for
all variables). However, at 3min of standing, the patients with
OHT exhibited significantly higher SBP, DBP, and MAP than
the control subjects (P < 0.01 for DBP, and P < 0.001 for
SBP, and MAP). In addition, from supine to standing, OHT
patients experienced an obvious decrease in CO (P < 0.01) and
a marked increase in TPVR (P < 0.01), while the CO and TPVR
of the control group did not show any significant changes upon
standing (P > 0.05).

Changes in BRS and HRV Measures During
the Standing Test
BRS and HRV changes from supine to upright are shown in
Figure 2. At rest, there were no statistical differences in BRS
and HRV estimates between the two groups. After standing, the
BRS of the OHT patients decreased more significantly than that
of the controls (P < 0.001), and the upright BRS in the OHT
group was significantly lower than that in the control group after
controlling for gender, age and BMI (P < 0.001). As for HRV
indices, SDNN, RMSSD, TP, and HF power markedly decreased
upon standing in all subjects, but at standing, SDNN, RMSSD, TP,
LF power, or HF power did not significantly differ between the
two groups. While, the elevation in LF/HF ratio from supine to
upright was significantly greater in the OHT subjects compared
with the healthy children, after controlling for gender, age and
BMI (P < 0.01). Specific values in Figures 1, 2 are displayed in
the Supplementary Table 1.

Association of Changes in BRS and LF/HF
Ratio With the Changes in Blood Pressure
From Supine to Upright
Pearson correlation analysis showed that changes in BRS were
negatively correlated with changes in MAP from supine to
upright in all subjects (P < 0.01, Figure 3). While, changes in
LF/HF ratio were positively correlated with the MAP elevations
from supine to standing (P < 0.001, Figure 3). In partial
correlation analysis, the correlation coefficients were−0.442 and
0.709, respectively, after adjusting for gender, age and BMI.
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FIGURE 1 | Hemodynamic changes of the study subjects during the standing test. Values are means ± SE. *P < 0.05, **P < 0.01, ***P < 0.001. OHT, orthostatic

hypertension; HR, heart rate; SBP systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; TPVR, total peripheral vascular resistance; CO,

cardiac output.

DISCUSSION

For the first time in this study, we explored the alterations
in the autonomic nervous tone from supine to standing

through BRS and HRV indices in children and adolescents

with OHT and healthy controls, and found a significant drop
in BRS but an obvious rise in LF/HF ratio from supine
to upright in the patients with OHT after controlling for

confounding variables. The results suggested a sympathetic
overdrive upon standing in pediatric OHT patients and greatly
contributed to the understanding of the mechanisms for

pediatric OHT.

The mechanisms responsible for the development of pediatric
OHT have not been clear. Kario et al. (8) measured changes
in plasma norepinephrine (NE) levels in OHT patients before
and after tilting. In their study, after tilting, the plasma NE
level was significantly higher in the OHT group than that in the
controls, while the supine plasma NE levels were comparable
between the two groups. Moreover, α-receptor blockers have
been shown to be capable of reducing the upright BP without
effecting baseline BP in clinical studies (8, 23). Based on the above
facts, we hypothesized that the abnormal autonomic nervous
system control is likely associated with OHT. Therefore, the
present study was designed to analyze the possible involvement of
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FIGURE 2 | Changes in BRS and HRV measures of the study subjects during the standing test. Values are means ± SE. *P < 0.05, **P < 0.01, ***P < 0.001. OHT,

orthostatic hypertension; BRS, baroreflex sensitivity; SDNN, standard deviation of R-R intervals; RMSSD, root mean square of successive differences; TP, total power;

LF, low frequency; HF, high frequency.
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FIGURE 3 | Pearson correlation analysis of changes in BRS and LF/HF ratio

with BP changes from supine to upright. MAP changes from supine to upright

were negatively correlated with BRS changes and positively correlated with

LF/HF ratio changes in all subjects. BRS, baroreflex sensitivity; MAP, mean

arterial pressure. 1BRS, upright BRS – supine BRS; 1MAP, upright MAP –

supine MAP; 1ratio, upright LF/HF ratio – supine LF/HF ratio.

autonomic nervous dysfunction in the development of pediatric
OHT by detecting the changes in autonomic measures from
supine to upright. BRS and HRV are two commonly used
measures of autonomic nerve function. Baroreflex is essential
in the instant regulation of BP (24, 25), and LF/HF ratio
reflects the predominant component among sympathetic and
vagal tone (18). Normally, BRS and RRI variability decrease
but LF/HF ratio increases after standing (17, 18, 26). However,
both the decrease in BRS and the increase in LF/HF ratio
from supine to upright were significantly greater in pediatric
patients with OHT than those in controls. The reduction of
BRS is associated with the sympathetic activation (17, 26, 27),
and the increased LF/HF ratio indicates an obvious sympathetic
predominance. Therefore, the significant drop of BRS and the
remarkably increased LF/HF ratio at standing in the OHT
patients demonstrated sympathetic overactivity in adolescents
with OHT when upright. Furthermore, we found that both the
changes in BRS and the changes in LF/HF ratio from supine to
upright were linearly correlated with the changes in MAP in all
subjects, which indicated that the severity of BP elevation was
related to the degree of sympathetic activation. In addition, it is
worth noting that we recorded a decrease in CO and an increase
in TPVR after standing in adolescents with OHT, while CO
and TPVR did not change significantly in healthy controls from

supine to upright. The decrease in CO upon upright might be
the trigger for sympathetic overactivation in OHT patients. The
previous studies showed that, after wearing inflatable pressure
suits to increase returned blood volume, the upright DBP of the
OHT patients was lower than before (1). Besides, we controlled
the gender, age and BMI when analyzing autonomic measures to
exclude their influence on autonomic activity (23, 24, 28).

In this research, no significant differences in supine BRS and
RRI variability were found between the individuals with and
without OHT. In contrast to our results, Yoshinari et al. (29)
reported that the coefficient of variation of the RRI at rest was
higher in diabetic patients with OHT than in diabetic patients
without OHT, suggesting an increased baseline BRS level in
OHT patients. However, they only recorded the RRI for 200
beats on the electrocardiogram in the supine position, and did
not compute BRS directly. More importantly, the participants
were quite different from ours, since diabetes mellitus affected
autonomic nervous function itself. In a pilot study on children
with OI, Wagoner et al. (30) found that there was no significant
difference in BRS measures between OI and non-OI subjects
in the supine position, and BRS decreased in OI subjects upon
standing, but they did not subgroup the OI subjects. As for HRV
measures, Yang et al. analyzed Holter ECG results of children
with OHT, and found that LF/HF ratio in the OHT group was
higher than that in the control group (31). However, they did
not show the comparisons of HRV measures among different
positions, including the upright position.

To date, there have been no reports of medication therapy for
pediatric OHT since the mechanism for pediatric OHT is poorly
understood (13). However, despite suffering from recurrent OI
symptoms, children with OHT might have increased potential of
developing hypertension in the future as the frequent fluctuations
of BP might damage the function of the vascular wall and
endothelial cells (32). Therefore, children and adolescents with
OHT urgently need assessment for the necessity of medication.
Our results provided a potential therapeutic target, an excessive
activation of the sympathetic nervous system, though more
research evidence is needed in the future.

The limitations of our study would be that first, the non-
invasive methods (BRS and HRV analysis) that we used for
assessing the autonomic nervous function, due to the difficulties
in the implementation of invasive methods in children, are not
the most direct. Muscle sympathetic nerve activity (MSNA)
detected by microneurography is another reliable way of
evaluating sympathetic activity, which is more direct, but it is
hard to conduct and not included in the present study due to
the invasiveness of testing (33). The coherence between HRV
and MSNA spontaneous variability at rest and during orthostatic
challenge has been proved before, and HRV is easier to obtain
compared with MSNA (34). Second, the sample size in our study
is relatively small, which might lead to the increase of sampling
error. Therefore, multiple-center based and large-sample sized
studies will be needed in the future to further validate the
role of autonomic nervous regulation in the development of
pediatric OHT.

In conclusion, our study provided new insight into the
vital role of sympathetic hyper-activation upon standing
in pediatric OHT. The data would greatly further the
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understanding of the mechanisms for OHT in children
and adolescents.
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Reduced 24-h Sodium Excretion Is
Associated With a Disturbed Plasma
Acylcarnitine Profile in Vasovagal
Syncope Children: A Pilot Study
Jinqing Song 1†, Chunyan Tao 1†, Guozhen Chen 1,2, Selena Chen 3, Wenrui Xu 1*,

Junbao Du 1, Yanling Yang 1* and Yaqian Huang 1*

1Department of Pediatrics, Peking University First Hospital, Beijing, China, 2Department of Pediatrics, The Affiliated Yantai

Yuhuangding Hospital of Qingdao University, Yantai, China, 3Division of Biological Sciences, University of California,

San Diego, La Jolla, CA, United States

Objective: To investigate if the low sodium intake is associated with the plasma carnitine

and acylcarnitine profile in children with vasovagal syncope (VVS).

Materials and Methods: Twenty-six children suffering from VVS were recruited in the

present study and divided into a group of low urinary sodium excretion or a group

of normal urinary sodium excretion according to the excretion of 24-h urinary sodium

<3 or 3–6 g, respectively. The excretion of 24-h urinary sodium was detected with

ion-selective electrode approach. Plasma carnitine and acylcarnitine concentrations were

measured with tandem mass spectrometry. Each participant completed the head-up tilt

test. The demographics, clinical characteristics, hemodynamic parameters and plasma

carnitine and acylcarnitine concentrations were compared between the two groups. A

bivariate correlation between plasma acylcarnitine profiles and the excretion of 24-h

urinary sodium was conducted with Spearman’s correlation coefficients.

Results: Of the enrolled VVS patients, 14 patients were assigned to the group of low

urinary sodium excretion and the remaining 12 patients were assigned to the group

of normal urinary sodium excretion. Symptoms of fatigue were more prevalent in the

group of low urinary sodium excretion than in the group of normal urinary sodium

excretion (p = 0.009). Aside from fatigue, no other differences in the demographics,

clinical characteristics or hemodynamic parameters during the head-up tilt test were

found between the two groups (p> 0.05). Concentrations of plasma tiglylcarnitine (C5:1),

hydroxyhexadecanoylcarnitine (C16OH), hydroxyoctadecanoylcarnitine (C18OH), and

carnitine C22 were significantly higher in the group of low urinary sodium excretion than

in the group of normal urinary sodium excretion (all p-values = 0.048); moreover, they

were all negatively correlated with 24-h urinary sodium levels (all p-values= 0.016). There

were no differences between the two groups in other acylcarnitines or free carnitine.

Conclusions: Reduced excretion of 24-h urinary sodium is associated with a disturbed

plasma acylcarnitine profile in children with VVS. The findings suggest that restricted

sodium intake-induced disturbance of plasma acylcarnitines and related cellular energy

metabolism might be involved in the pathogenesis of VVS in children.

Keywords: carnitine, acylcarnitine, low sodium intake, vasovagal syncope, children
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INTRODUCTION

Vasovagal syncope (VVS) is the main form of syncope in
children and adolescents and is characterized by syncopal attack
and hemodynamic abnormalities during the head-up tilt test
(HUTT), including systemic arterial hypotension, bradycardia,
or both. It has been reported that VVS accounts for more than
60% of all pediatric syncopal cases (1, 2). Approximately 30%
of affected individuals suffer from recurrent syncopal episodes,
which significantly impair their quality of life (3, 4). Under such
circumstances, efficient interventions are required. However, the
exact underlying mechanisms of VVS are not fully understood,
which results in an unsatisfactory outcome of treatment to some
extent (5, 6). Therefore, elucidation of the complex mechanisms
of VVS is particularly important. Fatigue, which is related
to energy metabolic dysfunction, is common in patients with
VVS (7). Moreover, it has been established that skeletal muscle
extensively accumulates carnitine and acylcarnitines, which are
pivotal in cellular energy production because of their role in
transporting long-chain fatty acids from the cellular matrix into
the matrix of mitochondrion for subsequent beta-oxidation (8,
9). Nevertheless, it is unclear whether a disturbance of carnitine
and acylcarnitine profiles is associated with the pathogenesis of
VVS. Low sodium intake is one proposed mechanism of VVS
and leads to hypovolemia and alterations in biologically active
substances which are likely to contribute to syncopal occurrence,
including renin, aldosterone, and catecholamine (10–12). As
a result, supplementation of fluid and sodium is a rationally
efficient method to treat VVS (13). A possible relationship
between the metabolism of carnitine and acylcarnitines and
the reducing intake of sodium was mentioned among adults
with hypertension (14). However, it is unclear whether low
sodium intake in patients with VVS leads to abnormal changes
in carnitine and acylcarnitines, which mediates the occurrence
of syncope.

Therefore, the present research was undertaken to explore if
the low sodium intake is associated with the plasma carnitine
and acylcarnitine profile in pediatric VVS patients and discuss
the possible underlying mechanisms.

MATERIALS AND METHODS

Study Subjects
Twenty-six patients (19 girls and 7 boys, aged 12.5 ± 2.7 years
old) with VVS were enrolled in the present research. They visited
the Child Syncope Center at Peking University First Hospital
from August 2018 to September 2019. All patients underwent an
excretion test of 24-h urinary sodium. Based on the excretion
levels of 24-h urinary sodium, patients were divided into the
group of low urinary sodium excretion (excretion level <3 g)
or the group of normal urinary sodium excretion (excretion
level between 3 and 6 g) (2). No patients were overweight or
obese, nor had associated disorders of diabetes mellitus, thyroid
dysfunction, renal dysfunction, hepatic dysfunction, or cardiac
dysfunction or symptoms and signs of fever, vomiting, diarrhea

Abbreviations: VVS, vasovagal syncope; HUTT, head-up tilt test.

or dehydration. The criteria for the diagnosis of pediatric VVS
were as follows: (1) syncopal events that were often induced by
predisposing factors including rapid postural alterations, long-
term standing, and emotional stimulation, etc.; (2) a positive
response to the HUTT; as well as (3) excluding other syncopal
disorders (15, 16). The Ethics Committee of Peking University
First Hospital approved this study. We conducted the study in
line with the ethical criteria in the Declaration of Helsinki. The
legal guardians of each patient signed the informed consent.

Protocol for the HUTT
All enrolled patients underwent strict inspections to exclude
cardiogenic, neurological, and metabolic disorders. Patients then
completed the HUTT. This test was conducted in a dimly lit,
warm and quiet room between 8:30 and 12:00 a.m. Patients
were required to fast and the medication impacting autonomic
nervous function was avoided at least 5 half-life times before
the HUTT. They were placed on an autonomic stretcher (HUT-
821; Beijing Juchi, Beijing, China) for 10–20min to maintain a
stable hemodynamic condition. Then, they were positioned at
60◦ passively for as long as 45min or until a positive response
occurred. A positive response to the HUTT was according to the
criteria described previously (15, 16).

Protocol for the 24-h Urinary Sodium
Excretion Test
Each patient as well as his/her caretakers were introduced to a
standard urine collection process in advance. Girls were required
to make a collection of 24-h urine samples during non-menstrual
periods. The sodium-selective electrode approach (Cobas 6000,
Roche, Basel, Switzerland) was done for measuring the excretion
of 24-h urinary sodium. The formula is as follows (17): excretion
of 24-h urinary sodium = concentration of sodium × total 24-h
urine volume.

Measurement of Plasma Carnitine and
Acylcarnitines
All VVS patients fasted for at least 4 h before blood sampling at
∼8:00 a.m. Two milliliters of blood were drawn by venipuncture
and collected in an ethylenediaminetetraacetic acid anticoagulant
tube. After being centrifugated at 2,000 g for 20min, plasma was
extracted at 4◦C and then preserved at −80◦C until tested. The
collected plasma was thawed at one time for the measurement
of the carnitine and acylcarnitine profile on a tandem mass
spectrometer (MS/MS, API3200, Applied Biosystems, California,
USA). The concentrations of carnitine and acylcarnitines were
calculated automatically using Chemo View software (NeoLynx,
Waters, Massachusetts, USA). All the testing work was done by a
professionally trained investigator.

Statistical Analysis
The data were processed with SPSS software 22.0 (IBM Corp.,
NY, USA). Continuous variables are stated as the mean ±

SD. And between two groups, the differences were measured
by Student’s t-test or Mann-Whitney U-test according to
the Shapiro-Wilk test consequences. Categorical variables are
presented as numbers, and Fisher’s exact test was applied for
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TABLE 1 | Baseline characteristics and hemodynamics in the head-up tilt test in vasovagal syncope patients.

Items Low urinary sodium excretion

group (n = 14)

Normal urinary sodium excretion

group (n = 12)

t/Z/χ2 value p-value

Gender (n, M/F) 3/11 4/8 —† 0.665

Age (years) 12.1 ± 3.0 13.0 ± 2.4 −0.788 0.439

Body mass index (kg/m2 ) 17.6 ± 2.3 20.0 ± 3.9 −1.916 0.067

Symptom duration (months) 29.6 ± 37.1* 17.1 ± 19.5* −0.646 0.518

Numbers of syncope (times) 4 ± 3* 4 ± 2* −1.157 0.247

Duration of unconsciousness (min) 5.2 ± 8.3* 1.5 ± 1.7* −1.066 0.286

Fatigue (n, yes/no) 13/1 5/7 —† 0.009

Supine HR (beats/min) 77 ± 14* 77 ± 14 −0.180 0.857

Supine SBP (mmHg) 106 ± 9 110 ± 11* −1.185 0.236

Supine DBP (mmHg) 62 ± 6 66 ± 9 −1.070 0.295

Time to positive response in HUTT

(min)

31 ± 11* 26 ± 13 −1.159 0.246

Positive HR in HUTT (beats/min) 116 ± 32 114 ± 16 0.270 0.789

Positive SBP in HUTT (mmHg) 72 ± 5 71 ± 5 0.567 0.576

Positive DBP in HUTT (mmHg) 48 ± 7* 48 ± 4 −0.438 0.661

HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; HUTT, head-up tilt test; Data are mean ± SD or numbers.

*Non-normality.
†
Fisher’s exact test.

comparison. A bivariate correlation between data with non-
normal distribution was conducted with Spearman’s correlation
coefficients. Significance was considered when p-value <0.05.

RESULTS

Basic Information of VVS Patients
Among the enrolled VVS patients, the group of low urinary
sodium excretion included 14 patients with a 24-h urinary
sodium excretion of 0.8–2.7 g (mean 2.1 ± 0.6 g), and the group
of normal urinary sodium excretion included 12 children with a
24-h urinary sodium excretion of 3.1–5.9 g (mean 3.8 ± 0.8 g).
No differences existed in the demographics, and clinical and
hemodynamic characteristics between the two groups (p > 0.05,
Table 1). However, more children in the group of low urinary
sodium excretion reported fatigue than in the group of normal
urinary sodium excretion (p= 0.009, Table 1).

Plasma Carnitine and Acylcarnitine Profile
in VVS Patients
Levels of several acylcarnitines, namely tiglylcarnitine (C5:1)
(p = 0.048), hydroxyhexadecanoylcarnitine (C16OH) (p =

0.048), hydroxyoctadecanoylcarnitine (C18OH) (p= 0.048), and
carnitine C22 (p= 0.048), were higher in the group of low urinary
sodium excretion than in the group of normal urinary sodium
excretion (Table 2). No statistically significant differences were
showed between the two groups in other acylcarnitines or free
carnitine (C2, p = 0.504; C3, p = 0.777; C3DC, p = 0.803; C4, p
= 0.620; C5, p = 1.000; C5DC, p = 0.912; C5OH, p = 0.654; C6,
p= 0.312; C6DC, p= 0.354; C8, p= 0.288; C8:1, p= 0.313; C10,
p = 0.359; C10:1, p = 0.086; C10:2, p = 0.192; C12, p = 0.720;
C12:1, p = 0.083; C14, p = 0.845; C14:1, p = 0.565; C14:2, p =

0.146; C14DC, p = 0.181; C14OH, p = 0.234; C16, p = 0.897;
C16:1, p = 0.863; C16:1OH, p = 0.725; C18, p = 0.958; C18:1, p
= 0.813; C18:1OH, p = 0.481; C18:2, p = 0.813; C20, p = 0.105;
C24, p = 0.457; C26, p = 0.355; C5/C2, p = 0.297; C2/C0, p =

0.366; C3/C2, p = 0.602; C3/C0, p = 1.000; C8/C2, p = 0.867;
C14:1/C16, p= 0.909; free carnitine, p= 0.897, Table 2).

Correlations Between the Excretion of 24-h
Urinary Sodium and Plasma Acylcarnitines
Further examining the association between the excretion levels
of 24-h urinary sodium and the abovementioned plasma
acylcarnitines with significant difference, negative Spearman’s
correlation coefficients were found (C5:1, r =−0.469, p= 0.016;
C16OH, r = −0.469, p = 0.016; C18OH, r = −0.469, p = 0.016;
and C22, r =−0.469, p= 0.016) in all study patients.

DISCUSSION

In mitochondria, carnitine and acylcarnitines are a series
of essential molecules that play an obligatory part in the
long-chain fatty acid beta-oxidation. Analyzing carnitine and
acylcarnitine profilemay help in the investigation and elucidation
of metabolic derangements. The acylcarnitine profile displays
a characteristic alteration in inherited metabolic diseases,
such as short chain and medium chain acyl coenzyme A
dehydrogenase deficiency, and carnitine acylcarnitine translocase
deficiency (18). Moreover, it was reported that changes in the
acylcarnitine profile were related to the development of IgA
nephropathy and diabetes mellitus (19, 20). In the study, we
observed that in VVS patients, some plasma acylcarnitines
(C5:1, C16OH, C18OH, C22) were higher in the group of
low urinary sodium excretion than in the group of normal
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TABLE 2 | Plasma carnitine and acylcarnitines in vasovagal syncope patients.

Items Low urinary sodium excretion

group (n = 14)

Normal urinary sodium excretion

group (n = 12)

t/Z value p-value

Free carnitine 23.657 ± 5.937 23.388 ± 4.33 0.130 0.897

C2 3.110 ± 1.237 2.885 ± 1.005* −0.669 0.504

C3 0.204 ± 0.066 0.206 ± 0.071* −0.284 0.777

C3DC 0.019 ± 0.010* 0.018 ± 0.006* −0.249 0.803

C4 0.101 ± 0.039 0.108 ± 0.038 −0.502 0.620

C5 0.045 ± 0.015 0.045 ± 0.016 0.000 1.000

C5:1 0.013 ± 0.005* 0.010 ± 0.000 −1.974 0.048

C5DC 0.054 ± 0.023* 0.047 ± 0.010* −0.110 0.912

C5OH 0.029 ± 0.010* 0.027 ± 0.005* −0.448 0.654

C6 0.032 ± 0.012 0.029 ± 0.012* −1.012 0.312

C6DC 0.052 ± 0.022* 0.041 ± 0.007* −0.926 0.354

C8 0.068 ± 0.026 0.061 ± 0.032* −1.063 0.288

C8:1 0.125 ± 0.035 0.122 ± 0.064* −1.009 0.313

C10 0.086 ± 0.033 0.073 ± 0.035 0.935 0.359

C10:1 0.102 ± 0.023 0.092 ± 0.034* −1.715 0.086

C10:2 0.021 ± 0.006* 0.018 ± 0.006* −1.305 0.192

C12 0.029 ± 0.012 0.028 ± 0.015* −0.359 0.720

C12:1 0.052 ± 0.015* 0.043 ± 0.014* −1.732 0.083

C14 0.019 ± 0.010* 0.018 ± 0.012* −0.195 0.845

C14:1 0.047 ± 0.013 0.045 ± 0.012* −0.575 0.565

C14:2 0.019 ± 0.007* 0.016 ± 0.009* −1.452 0.146

C14DC 0.011 ± 0.004* 0.010 ± 0.000 −1.336 0.181

C14OH 0.006 ± 0.005* 0.003 ± 0.005* −1.190 0.234

C16 0.114 ± 0.118* 0.110 ± 0.095* −0.130 0.897

C16:1 0.016 ± 0.012* 0.015 ± 0.008* −0.173 0.863

C16:1OH 0.006 ± 0.008* 0.004 ± 0.005* −0.352 0.725

C16OH 0.003 ± 0.005* 0.000 ± 0.000 −1.974 0.048

C18 0.036 ± 0.032* 0.038 ± 0.037* −0.053 0.958

C18:1 0.118 ± 0.125* 0.101 ± 0.100* −0.237 0.813

C18:1OH 0.003 ± 0.005* 0.002 ± 0.004* −0.704 0.481

C18:2 0.076 ± 0.073* 0.063 ± 0.056* −0.236 0.813

C18OH 0.003 ± 0.005* 0.000 ± 0.000 −1.974 0.048

C20 0.004 ± 0.005* 0.001 ± 0.003* −1.620 0.105

C22 0.003 ± 0.005* 0.000 ± 0.000 −1.974 0.048

C24 0.009 ± 0.003* 0.008 ± 0.004* −0.743 0.457

C26 0.009 ± 0.003* 0.010 ± 0.000 −0.926 0.355

C5/C2 0.014 ± 0.006* 0.017 ± 0.007* −1.043 0.297

C2/C0 0.121 ± 0.043* 0.108 ± 0.029* −0.905 0.366

C3/C2 0.069 ± 0.027* 0.075 ± 0.028 −0.522 0.602

C3/C0 0.010 ± 0.000 0.010 ± 0.000 0.000 1.000

C8/C2 0.021 ± 0.009 0.022 ± 0.006* −0.167 0.867

C14:1/C16 0.736 ± 0.373 0.717 ± 0.465 0.116 0.909

Data are mean ± SD.

*Non-normality.

urinary sodium excretion. Moreover, the excretion of 24-h
urinary sodium was negatively correlated with these plasma
acylcarnitines. Patients suffering from VVS with low urinary
sodium excretion were more susceptible to experiencing
symptoms of fatigue than those in the group of normal urinary
sodium excretion.

The mechanisms by which low sodium loading results in a
disturbed acylcarnitine profile have not been explored. Derkach
et al. also found a phenomenon in a DASH-sodium trial among
participants with high blood pressure, that plasma metabolites
of acylcarnitines (butyrylcarnitine and valerylcarnitine) were
increased with sodium reduction (14). On the other hand,
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some studies showed a significant increase in renin-angiotensin-
aldosterone system activity with low sodium intake (12). The
activated renin-angiotensin-aldosterone system is capable of
inducing oxidative stress (21, 22), which could diminish the
activity of enzymes in metabolic processes. Therefore, we
inferred that low sodium loading might impair the activity of
enzymes involved in the long-chain fatty acid beta-oxidation.
The inefficient long-chain fatty acid beta-oxidation could
promote the accumulation of acylcarnitine byproducts from
substrate catabolism, which are capable of passing across the
mitochondrial membrane and the cell membrane (19, 23, 24).
More convincingly, 24-h urinary sodium excretion was found
to be negatively correlated with the concentration of several
acylcarnitines in our study, which suggested that reduced
dietary sodium intake might be associated with abnormal fatty
acid metabolism.

As a high-energy-consuming organ, skeletal muscle needs
fatty acids to supplement essential energy during exercise or
stress (25). Insufficient energy leads to fatigue. Large numbers
of VVS patients complain of fatigue before or after syncope
occurrence (7). In our Syncope Unit, we also observed several
patients experiencing fatigue for long durations of time. In the
present study, patients with low urinary sodium excretion were
more prone to experience fatigue than those with normal urinary
sodium excretion. This highlights that some VVS patients are
disturbed by energy metabolism dysfunction, which is likely
induced, at least in part, by low sodium intake.

The excretion of 24-h urinary sodium, a standard criterion
for the measurement of sodium intake (26), is applied in
many investigations to explore the relationship between sodium
intake and development of diverse disorders. Kieneker et al.
conducted a study in 7,330 individuals and found a strong
relationship between low urinary sodium level and an increased
stroke risk (27). Moreover, many investigations have showed
that abnormal sodium intake is related to increased mortality
and cardiovascular events (28, 29). The relationship between
sodium intake and outcomes of health should be a U-shape,
where high and low sodium intake indicated a risk factor
for negative outcomes. We suggested that low sodium intake
might decrease the long-chain fatty acid beta-oxidation rate
and increase the plasma concentration of acylcarnitines in
VVS patients. Additional and longer investigations should be
performed to determine whether low sodium intake can predict
the outcomes of affected individuals.

In summary, increased plasma concentration of acylcarnitines
in VVS patients with low urinary sodium excretion was reported
for the first time. In addition to VVS, postural tachycardia
syndrome is another subtype of orthostatic intolerance with
fatigue, palpitation and dizziness as well as syncope in the
childhood (30, 31). Furthermore, some postural tachycardia

syndrome patients are also characterized with low sodium intake
(32, 33). As such, we speculate that the restricted sodium intake-
induced disturbance of plasma acylcarnitines and cellular energy
metabolism might be associated with the pathogenesis of not
only VVS, but also other subtypes of orthostatic intolerance
in children, which merits further investigations. Also, there

were some limitations, such as a small sample size, the single-
center observational study design and the lack of healthy
control participants. Future multicenter-based, larger sample-
sized and mechanistic studies should be performed to explore the
significance of low-sodium-intake-associated energy metabolism
in pathogenesis of VVS.
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Background: Kawasaki disease (KD) is a form of vasculitis that primarily affects children

under the age of 5 years old. Patients may be missed or diagnosis delayed when initial

clinical symptoms do not fulfill the traditional criteria or a normal echocardiography was

found. In this study, we aimed to analyze factors that clinicians could use to differentiate

febrile children suspected of KD.

Method: We retrospectively enrolled in this study a total of 50 febrile children who

were initially suspected of KD, but they did not meet the American Heart Association

(AHA) criteria for a diagnosis. However, some of these patients were diagnosed with KD

during their second visit. We analyzed patients’ characteristics, clinical symptoms, and

laboratory data (initial data in the first visit).

Results: In total, 50 patients were enrolled in the study. Of those, ten patients were

diagnosed with KD on their second visit (group 1), while the other 40 patients still did not

fit a KD diagnosis (group 2). A higher neutrophil-to-lymphocyte ratio (NLR, p= 0.037) and

higher C-reactive protein levels (CRP, p = 0.02) were found in group 1 when compared

to group 2. A patient with a NLR >1.33 combined with a CRP more than 33 mg/L was

more likely to have KD (Sensitivity 90%, specificity 69.2%, p = 0.001; Odds ratio 20.25,

95% confident interval 2.3–178.25).

Conclusion: Among patients suspected of KD that did not initially meet the criteria,

clinicians should pay special attention to elevated neutrophil-to-lymphocyte ratios and

CRP levels and closely follow up such patients.

Keywords: clinical characteristics, febrile children, kawasaki disease, C-reactive protein,

neutrophil-to-lymphocyte ratio

INTRODUCTION

Kawasaki disease (KD) is characterized as a medium-sized vasculitis that particularly involves the
coronary arteries. It is the most common cause of acquired heart disease in children under the age
of 5 years old (1). The etiology of KD is still not completely known. The incidence of KD is higher
in Asia than in the United States and Europe and has been increasing in recent decades (2, 3).
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In Taiwan and Japan, the incidence is 3 to 15 times higher than
in North America (1). KD can lead to coronary artery anomalies
(CAA) if not properly treated with intravenous immunoglobulin
(IVIG). In the pre-IVIG era, the CAA incidence rate was 20–25%,
but IVIG therapy has reduced that to 3–5% (1, 4). Delaying both
diagnosis and treatment aremajor risk factors of CAA persistence
and such adverse cardiac events as myocardial ischemia and
sudden cardiac arrest (4). The importance of early differentiation
of KD from other fever patients cannot be overlooked.

KD diagnostic criteria is currently based on clinical findings,
echocardiogram, and AHA supplementary laboratory data, so
that clinicians can exclude other similar diseases (1). However,
KD diagnosis can often be missed or postponed in the case of
atypical or incomplete clinical presentation. The characteristic
clinical features of KD include prolonged fever that lasts
more than 5 days, and four of the following five symptoms:
oral changes, non-exudative conjunctivitis, skin rash, extremity
changes, and cervical lymphadenopathy (1, 5). Nevertheless,
these symptoms and signs may appear at different times during
the febrile period, and the presentation of illness is often not
apparent in infants younger than 6 months old or incomplete
KD patients (1, 6, 7). Pyuria may be treated as a urinary tract
infection while subsequent skin rash, injected eyes, or red lips
may be considered a reaction to antibiotics. KD may cause
retropharyngeal edema and KD shock syndrome, which are
often mistaken as being bacterial in origin (8). In this study, we
reviewed suspected KD patients that did not fulfill the criteria at
their first clinic visit, comparing and differentiating their clinical
findings regarding KD diagnosis between it and their second visit.

METHOD

Study Design
We retrospectively reviewed 50 children who were suspected of
KD by pediatric clinicians, but whose clinical conditions did
not meet the American Heart Association’s (AHA) criteria for
diagnosing typical KD or incomplete KD (1) on the first visit. The
cases were divided into two groups based on whether they fit the
KD diagnosis on the second visit. For this study, we examined
patients that visited Kaohsiung Chang-Gung Memorial Hospital
from November 2008 to September 2018, and patients without
complete medical chart records were excluded.

The AHA criteria for typical KD diagnosis is based on fever
≥5 days and the presence of ≥4 of the 5 clinical features
(as our rapid memory method 1-2-3-4-5) (5): oral changes (1
mouth) (strawberry tongue, erythematous or cracking of lip,
and/or erythema of oral mucosa), non-exudative bilateral bulbar
conjunctival injection (2 eyes), cervical lymphadenopathy (3
fingers to check neck lymph node ≥1.5 cm diameter, usually
unilateral), 4 limbs extremity changes (erythema and edema
of the hands and feet and/or periungual desquamation), and
dysmorphism skin rash (5 means many rashes). Incomplete
KD is defined as children with fever ≥5 days, CRP ≥ 30
mg/L, and/or ESR ≥ 40 mm/hour, as well as two or three
compatible criteria plus a positive echocardiogram finding or
three or more of six laboratory features (anemia by age, platelet
count ≥450000/mm3 after 7th day of fever, albumin ≤ 3g/dL,

TABLE 1 | Patients’ characteristics and clinical symptoms and signs.

KD (Group 1) Not KD (Group 2) P-value

Total (N) 10 40

Age [year; median (IQR)] 2.2 (1.5–4.3) 1.4 (0.8–3.2) 0.121

Gender Male 5 27 0.463

female 5 13

Days of fever* [median (IQR)] 4.5 (3–5) 4 (3–6) 0.555

Initial clinical symptoms and signs [N (%)]

Oral change 7 (70%) 25 (62.5%) 0.73

Non-exudative conjunctivitis 8 (80%) 26 (65%) 0.468

Extremity change 4 (40%) 20 (50%) 0.728

Skin rash 5 (50%) 30 (75%) 0.143

Lymphadenopathy 1 (10%) 4 (10.3%) 1

*Days of fever before first visit to our clinic.

elevated ALT level, WBC count ≥ 15000/mm3, urine ≥ 10
WBC/high power field). Based on the AHA recommendations
for an incomplete KD diagnosis, an echocardiogram finding
is considered positive if any of the following three conditions
are met (1): left anterior descending (LAD) coronary artery
or right coronary artery (RCA) Z score of ≥2.5; presence of
a coronary artery aneurysm in the echocardiogram; or the
presence of≥3 other suggestive features, including decreased left
ventricular function, mitral regurgitation, pericardial effusion, or
Z scores in LAD coronary artery or RCA of 2 to 2.5. This study
was approved the Institutional Review Board of Chang Gung
Memorial Hospital (102-0364B).

Data Analysis
We analyzed the patients’ characteristics, clinical symptoms,
and laboratory data (initial data of first visit) (Tables 1, 2).
Characteristics include patients’ age, gender, and days of
fever before their first visit. We compared clinical symptoms
based on KD diagnostic criteria, including oral changes,
non-exudative conjunctivitis, extremity changes, skin rash,
and lymphadenopathy (>1.5 cm). We used the Kolmogorov-
Smirnova test to examine the data and reveal non-normal
distributions. We analyzed continuous variables using the
Mann-Whitney test, while the chi-square test and Fisher’s
exact test were adopted for categorical variables. The cut-off
point was determined through the ROC curve and Youden
index. All data are presented by percentage and median with
interquartile range (IQR). We considered p < 0.05 statistically
significant. All statistical tests were performed using SPSS 22.0
(SPSS, Inc., Chicago, Illinois).

RESULTS

We enrolled 50 patients in this study, including 32 boys and
18 girls, 10 of which were diagnosed as KD with a positive
echocardiogram finding or one or more new clinical features
in their second visit (group 1) and 40 non-KD patients (group
2). The mean interval between first visit and second visit
was 8.4 days. In group 1, five cases were diagnosed by a

Frontiers in Pediatrics | www.frontiersin.org 2 May 2020 | Volume 8 | Article 221204

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Yan et al. Characteristics in Suspicious of KD

TABLE 2-1 | Patients’ laboratory data [median (IQR)] at first visit.

KD (Group 1) Not KD (Group 2) P-value

Total (N) 10 40

WBC (1000/mm3) 11 (8.8–13) 11.5 (9–15.4) 0.594

Hemoglobulin(g/dL) 11.3 (10.7–12) 11.5 (11–12.2) 0.481

Platelet (1000/mm3) 297.5 (248.5–408.5) 313.5 (259.5–392.8) 0.799

Neutrophil (%) 63.7 (51.9–77) 53 (43–65) 0.051

Lymphocyte (%) 29.7 (14–32.7) 37.9 (25.2–49.9) 0.048*

Neutrophil to

lymphocyte ratio

2.1 (1.5–5.5) 1.39 (0.85–2.6) 0.037*

CRP (mg/L) 62.3(35.7–99.9) 26 (8.3–48.9) 0.020*

GOT (IU/L) 33 (24–52) 35.5 (28–44) 0.617

GPT (IU/L) 21 (12–55.8) 22 (14.8–32) 0.949

Albumin (g/dL) 4.1 (3.8–4.2) 4.2 (4–4.4) 0.098

Urine WBC (/µL) 6 (0–29) 1 (0–3) 0.200

*p < 0.05.

TABLE 2-2 | Patients’ laboratory data [median (IQR)] at second visit.

KD (Group 1) Not KD (Group 2) P-value

Patient numbers 10/10 7/40

WBC (1000/mm3) 11.1 (9.6–13.0) 9.6 (7.4–11.7) 0.299

Hemoglobulin (g/dL) 11.0 (10.0–11.7) 11.5 (10.7–12.2) 0.252

Platelet (1000/mm3) 544.0 (403.5–591.5) 484.0 (327.0–527.0) 0.299

Neutrophil (%) 55.1 (35.5–69.0) 36.8 (19.0–56.0) 0.299

Lymphocyte (%) 32.0 (20.8–59.0) 53.8 (25.0–66.0) 0.470

Neutrophil to lymphocyte

ratio

1.67(0.59-3.55) 0.68(0.29–2.32) 0.408

CRP (mg/L) 10.3 (2.5–26.4) 1.1 (0.2–10.1) 0.070

GOT (IU/L) 33.0 (26.8–42.3) 32.0 (25.0–50.0) 0.887

GPT (IU/L) 14.0 (8.5–42.0) 21.0 (15.0–52.0) 0.417

Albumin (g/dL) 3.9 (3.8–4.4) ¶

Urine WBC (/µL) 0 (0–0) ¶¶

¶ only 2 patients in group 2 obtained albumin (3.7, and 4.0 g/uL, respectively) in not KD

group in second visit.

¶¶ only 1 patient obtained U-WBC data (61/uL) in not-KD group in second visit.

*p < 0.05.

positive echocardiogram, four cases were diagnosed by new
clinical features, and one case was diagnosed by both a positive
echocardiogram and new features in the second visit (Figure 1);
Of the 10 patients, 6 of them were atypical KD on the diagnosis
in second visit. Moreover, in group 1, nine of them had normal
echocardiography result and 1 did not perform echocardiography
during 1st visit. However, 6 of them had coronary arteries
dilatation or aneurysms formation at second visit. The mean ages
were 2.2 (1.5–4.3) years and 1.4 (0.8–3.2) years old, and the days
of fever before the first visit were 4.5 (3–5) days and 4 (3–6) days
for group 1 and group 2, respectively. We found no statistically
significant differences regarding age, gender, days of fever, and
initial clinical symptoms between the two groups (Table 1).

We further analyzed laboratory data and found a higher
neutrophil-to-lymphocyte ratio (NLR, p = 0.037) and higher
C-reactive protein levels (CRP, p = 0.02) in group 1 compared
to group 2 (Table 2). Cut-off points determined by ROC curve

presented NLR> 1.33 (AUC= 0.715, sensitivity 100%, specificity
47.5%, p = 0.008, Odds ratio 1.48, 95% confident interval
1.16–1.88) and CRP > 33 mg/L (AUC = 0.74, sensitivity 90%,
specificity 59%, p = 0.011, Odds ratio 12.94, 95% confident
interval 1.49–112.44), both of which have a probability of
predicting KD. By combining NLR > 1.33 and CRP > 33
mg/L, we found a higher odds ratio of 20.25 (95% confident
interval 2.30–178.25) of KD predicting probability, as well as 90%
sensitivity and 69.2% specificity (P = 0.001) (Table 3).

DISCUSSION

In this study, we demonstrated patients who were suspected
of KD but did not meet either AHA diagnostic criteria. A
diagnosis of KD consists of refractory and prolonged fever for
more than 5 days and traditional four of five clinical presentation
symptoms. However, patients with atypical or incomplete KD
pose a challenge for pediatricians, particularly young infants <6
months old and older children at high risk of CAA development
(1, 9). Atypical or incomplete presentation refers to patients
with prolonged fever that only fit two or three clinical features.
Symptoms may be dispersed over a period of time; for example,
desquamation of the fingers and toes is a late finding that appears
at 2∼3 weeks after onset of fever (10). KD may be misdiagnosed
without careful clinical observation or echocardiogram finding.
The current treatment recommendation is administering IVIG
therapy within 10 days of the onset of illness (1, 11), and
postponed treatment is the leading cause of CAA formation
(4, 7, 9–11). Clinicians should closely follow up patients who are
suspected of KD but do not fit the criteria.

The neutrophil-to-lymphocyte ratio (NLR) is considered
the absolute neutrophil count divided by the absolute
lymphocyte count and is a simple and inexpensive test to
perform. Neutrophils reflect ongoing inflammation and
enhanced inflammatory mediator secretion; on the other hand,
lymphocytes represent immune regulatory response (12). NLR
is a vital biomarker of the balance between inflammation and
immune regulation and has been studied with regard to the
prognostic and risk factors of cardiovascular diseases and cancer
(13–15). Furthermore, previous studies have also demonstrated
its predictive value for KD. A higher NLR is associated with
IVIG-resistant KD and CAA formation (16–19). Our study
demonstrated that the cut-off value of NLR of 1.33 has an
odds ratio of 1.48 to predict KD with high sensitivity. Such
higher sensitivity can indicate that clinicians should follow
up with patients more closely and help them make a real KD
diagnosis earlier.

CRP levels are responsible for a patient’s inflammation status
and can serve as a differentiating factor in this study. According
to AHA guidelines for incomplete KD diagnosis, CRP > 3.0
mg/dL (=30 mg/L) and/or ESR ≥ 40 mm/hour is considered
supplementary laboratory data (1). We determined that the CRP
cut-off point of more than 33 mg/L can also be a predicting factor
of KD, with an odds ratio of 12.94 (95% confident interval 1.49–
112.44, sensitivity 90%, specificity 59%, p = 0.011). However,
CRP levels are elevated not only in the case of inflammation
but also in patients with an infectious disease. Clinicians must
cautiously interpret CRP levels and rule out the possibility of
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FIGURE 1 | Factors for diagnosis of KD based on the second visit.

TABLE 3 | The sensitivity, specificity and odds ratio of cut-points.

NLR > 1.33 CRP > 33 mg/dL NLR > 1.33 plus

CRP > 33 mg/dL

Sensitivity 100% 90% 90%

Specificity 47.5% 59% 69.2%

P-value 0.008 0.011 0.001

Odds ratio (95%

confident interval)

1.48 (1.16–1.88) 12.94 (1.49–112.44) 20.25

(2.30–178.25)

pathogen invasion and other systemic inflammation diseases,
while a CRP level <33 mg/L is common in refractory febrile
children with infection. Therefore, we combined the two cut-off
values of both NLR and CRP to achieve a higher odds ratio of
20.25, a mildly lower sensitivity but better specificity than using
NLR or CRP independently (95% confident interval 2.30–178.25,
sensitivity 90% and specificity 69.2%, P = 0.001). For patients
suspected of KD but that do not meet either of the AHA criteria
for typical or incomplete KD, pediatric clinicians should pay
particular attention to elevated NLR and CRP levels and closely
follow up with those patients. As mentioned in the Table 1, the
febrile days before 1st visit ranged from 3 to 6 days. It meant that
we should pay attention and check NLR and CRP when we raise
the suspicion to KD as early as fever longer than 3 days. A high
sensitivity and odds ratio can provide clinicians with a useful tool
for differentiation.

This study has certain limitations. First, this study was a
retrospectively reviewed study, and the symptoms and onset of
febrile days may have had recall bias from patients and family;
furthermore, some medical records did not present complete
data. Second, the number of patients diagnosed with KD on the

second visit was small, which may weaken the study’s statistical
power, and we hope to obtain more cases to conduct a larger
study in the future. Third, this study has a single center, so our
results should be examined in another hospital or managed as
a cohort study in the future. Further research is still needed
about the clinical factors that can distinguish KD from other
febrile diseases.

CONCLUSION

Identifying atypical presentations of KD in a timelymanner poses
a challenge for pediatricians. Delaying treatment can result in
cardiovascular sequalae. NLR and CRP are both biomarkers that
represent inflammation and immune regulatory pathways and
can be used as predictive tools of KD. Among patients suspected
of KD that did not initially meet the criteria, clinicians should be
aware of an elevated neutrophil-to-lymphocyte ratio, as well as
CRP levels, and follow up those patients closely.
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Objective: To investigate the clinical features, treatment methods, and outcomes of

fulminant myocarditis (FM) in children.

Methods: The clinical data of 23 children with FM hospitalized in the First Affiliated

Hospital of USTC, Division of Life Sciences and Medicine, University of Science and

Technology of China (Anhui Provincial Hospital) and Anhui Provincial Children’s Hospital

from January 2011 to September 2019 were retrospectively analyzed.

Results: Among the 23 patients analyzed, 10 were male and 13 were female. The

patients aged from 6 months to 14 years old (6.5 ± 3.4 years), and 18 patients

were over 3 years old. There were 14 cases with respiratory symptoms, 16 cases

with gastrointestinal symptoms, 15 cases with neurological symptoms, and 19 cases

with hypoperfusion manifestations. Creatine kinase MB (CK-MB) and cardiac troponin

I (CTnI) levels were increased in 19 and 21 cases, respectively. Electrocardiography

(ECG) showed ST-T changes in 18 cases and atrioventricular blocks (AVB) in 15 cases.

Echocardiography (ECHO) showed cardiac chamber enlargement (CCE) in eight cases,

left ventricular systolic dysfunction in five cases, decrease in left ventricular ejection

fraction (LVEF) in four cases, reduction in wall motion in two cases, and pericardial

effusion in seven cases. Intravenous immunoglobulin (IVIG) and glucocorticoids were

administered to 19 and 20 patients, respectively. Fourteen patients were treated with

temporary pacemakers, one patient received extracorporeal membrane oxygenation

(ECMO), one patient received continuous renal replacement therapy (CRRT), and one

patient received ECMO combined with CRRT. Twenty patients improved at discharge,

and three patients died.

Conclusion: Preschool and school-age children showing hypoperfusion symptoms,

such as paleness, cold, clammy limbs, and capillary refill time (CRT) extension,

accompanied by vomiting, abdominal pain, dizziness, convulsions, and other symptoms,

should be carefully examined for FM. CK-MB, CTnI, ECG, and echocardiogram need
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to be performed at the earliest opportunity. In the early stages of FM, vital signs should

be actively monitored, high-dose IVIG and glucocorticoids should be administered, and

life support technologies such as temporary pacemakers, ECMO, and CRRT should be

used to increase the survival rate of children with FM as needed.

Keywords: hypoperfusion, fulminant, myocarditis, children, retrospective analysis

INTRODUCTION

Fulminant myocarditis (FM) is an inflammatory process of the
myocardium that is an important cause of cardiac dysfunction
in children and is characterized by abrupt onset, fast progress,
and high mortality (1, 2). Patients may present with acute heart
failure, cardiogenic shock, Adams-Stokes syndrome, or fatal
arrhythmia in a short time and are usually admitted to the
hospital with digestive system symptoms such as vomiting and
abdominal pain or neurological symptoms such as dizziness and
convulsions (3). The initial clinical symptoms are often atypical
and can easily be misdiagnosed. The aim of this study was to
improve our understanding of the diagnosis and treatment of
FM by analyzing the clinical features, treatment methods, and
outcomes in children with FM.

MATERIALS AND METHODS

Research Subjects
Data from 23 children with a diagnosis of FM hospitalized
in the First Affiliated Hospital of USTC, Division of Life
Sciences and Medicine, University of Science and Technology
of China (Anhui Provincial Hospital) and Anhui Provincial
Children’s Hospital from January 2011 to September 2019 were
retrospectively analyzed.

Ethics Statements
This study was approved by the ethics committee of the First
Affiliated Hospital of USTC, Division of Life Sciences and
Medicine, University of Science and Technology of China (Anhui
Provincial Hospital) and Anhui Provincial Children’s Hospital,
and written informed consent was obtained from the parents of
the study participants.

Inclusion Criteria

All selected children were diagnosed with FM and were
younger than 16 years old. The diagnosis of FM was based
on clinical manifestations, electrocardiography (ECG), and
echocardiography, which is in line with the criteria for the clinical
diagnosis of myocarditis in the Diagnostic Recommendations
for Children with Myocarditis (2018 edition) (4) and the
diagnostic criteria for FM recommended by Ammirati et al. (5).
The following clinical manifestations were considered for the
diagnosis of FM: acute onset, cardiac hemodynamic instability,
hemodynamic or circulatory support to maintain heart function
or blood pressure, and evidence of myocardial damage suggesting
cardiac dysfunction, such as changes in CK-MB levels, CTnI
levels, ECG, and echocardiography.

Exclusion Criteria

Congenital heart disease, non-ischemic cardiomyopathy,
endocardial elastic fibrosis, and myocardial infarction.

Research Methods
The following clinical data of the 23 children were reviewed: age;
gender; clinical manifestations; myocardial injury biomarkers,
such as CK-MB, CTnI, N-terminal pro-B-type natriuretic peptide
(NT-pro-BNP), and B-type natriuretic peptide (BNP) levels;
ECG; echocardiography; treatment methods; outcomes.

Clinical Treatment
All 23 children received treatments including bed rest,
oxygen, anti-infective therapy, myocardial nutrition, anti-
shock treatment, anti-heart failure treatment, anti-arrhythmia
treatment, and other comprehensive treatments after admission.
IVIG, glucocorticoids, temporary pacemakers, ECMO, and
CRRT were administered according to the condition of
the patients.

Statistical Analysis
The SPSS 21.0 statistical software was used for statistical analysis.
The measured data are expressed as mean ± standard deviation,
and the count data are expressed as percentages (%).

RESULTS

The main clinical data of the 23 children with FM are shown in
Table 1.

Age and Gender
Among the 23 patients analyzed, 10 were male and 13 were
female. The patients were aged from 6months to 14 years old (6.5
± 3.4 years). Five patients (22%)were under the age of 3. Eighteen
patients (78%) were over 3 years old, of which seven patients
(30%) were aged between 3 and 7 years old, and 11 patients (48%)
were aged over 7 years old (Figure 1).

Clinical Manifestations
The initial symptoms of children with FM were varied.
Respiratory symptoms such as fever and cough occurred in
14 patients (61%); digestive system symptoms such as nausea,
vomiting, and abdominal pain occurred in 16 patients (70%);
15 patients (65%) presented with neurological symptoms such as
headache, dizziness, syncope, convulsion, drowsiness, and coma.
Regarding the circulatory symptoms, there were 19 patients
(83%) with hypoperfusion manifestations, such as paleness, cold,
clammy limbs, and capillary refill time (CRT) extension (>3 s),
and 10 patients (43%) with chest pain, chest tightness, and
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TABLE 1 | Main clinical data of 23 children with FM.

Patient Age Gender Symptoms CK-MB (IU/L) CTnI (µg/L) ECG ECHO Treatment Outcome

Changes LVEF (%)

1 8 years M H, NSS, DSS 72 20.069 ST-T change, AVB / 67 IVIG, GC, TP Improve

2 7 years F H, NSS, DSS, RSS 129 >50 AVB PE, RIWM 48 IVIG, TP, CRRT Died

3 35 months F DSS, RSS 118 38.13 ST-T change, AVB / 53 IVIG, GC, TP Died

4 8 years F H, NSS, DSS 95 8.762 ST-T change, AVB PE 53 IVIG, GC, TP Improved

5 11 years F H, NSS, DSS, RSS 11 23.476 ST-T change, AVB PE 61 IVIG, GC, TP Improved

6 7 years M H, NSS, DSS, RSS 806 4.67 ST-T change, AVB PE 58 IVIG, GC, TP Improved

7 32 months F H, DSS, RSS 24 0.03 ST-T change, AVB / 73 IVIG, GC, TP Improved

8 11 years M / 47 15.955 ST-T change, AVB / 62 IVIG, GC, TP Improved

9 9 years F H 39 8.51 ST-T change RIWM 36 IVIG, GC Improved

10 8 years F DSS 67 18.296 ST-T change / 75 IVIG, GC Improved

11 8 years F H 30 3.089 ST-T change / 62 / Improved

12 10 years M H, NSS, RSS 8.3 0.06 ST-T change, AVB CCE 66 GC, TP Improved

13 6 months F DSS, RSS 20 0.017 AVB / 66 IVIG, GC Improved

14 8 years F H, NSS, DSS, RSS 82 52.2 ST-T change, AVB / 65 IVIG, GC, TP Improved

15 14 years M H, NSS, RSS 116.5 2.9 / CCE 72 IVIG, GC Improved

16 5 years M H, NSS, RSS 39.83 3.4 ST-T change, AVB LVSD, CCE 67 IVIG, GC, TP Improved

17 1 years M H, NSS 46.4 6.25 ST-T change / / / Died

18 4 years M H, DSS 26.5 13.3 ST-T change LVSD, PE, CCE 53 IVIG, GC Improved

19 3 years F H, NSS, DSS, RSS 56.3 8.7 ST-T change, AVB / 59 IVIG, GC, TP Improved

20 7 years F H, NSS, DSS, RSS 156.19 29.9 ST-T change, AVB LVSD, PE, CCE 58 IVIG, GC, TP, ECMO Improved

21 1 years F H, NSS, DSS, RSS 11.49 1.84 ST-T change LVSD, CCE 22 IVIG, GC, ECMO, CRRT Improved

22 10 years M H, NSS, DSS 15.08 0.993 AVB CCE 64 GC, TP Improved

23 5 years M H, NSS, DSS, RSS 22 1.77 / LVSD, PE, CCE 26 IVIG, GC Improved

CK-MB, creatine kinase MB; CTnI, cardiac troponin I; ECG, electrocardiography; ECHO, echocardiography; LVEF, left ventricular ejection fraction; H, hypoperfusion; NSS, neurological

system symptoms; DSS, digestive system symptoms; RSS, respiratory system symptoms; AVB, atrioventricular block; PE, pericardial effusion; RIWM, reduction in wall motion; CCE,

cardiac chamber enlargement; LVSD, left ventricular systolic dysfunction; IVIG, intravenous immunoglobulin; GC, glucocorticoid; TP, temporary pacemaker; CRRT, continuous renal

replacement therapy; ECMO, extracorporeal membrane oxygenation.

FIGURE 1 | Age distribution of children with FM.

palpitation (Figure 2). The time from onset to admission was 0–5
days (2.4 ± 1.3 days). Fourteen patients (61%) suffered from low
blood pressure, eight patients (35%) had heart failure, and five
patients (22%) had hepatosplenomegaly. One child was admitted
to the hospital due to fever and convulsions, accompanied by pale
complexion and hypotension, and then quickly developed shock
and heart failure, and finally died after 2 h.

FIGURE 2 | Primary initial symptoms of children with FM.

Myocardial Injury Biomarkers
Twenty-three children were admitted to the hospital for
testing myocardial injury biomarkers. CK-MB levels (normal
physiological range: 0–16 IU/L) were increased in 19 children
(83%), which peaked at 1–8 days (3.4 ± 2.3 days) after onset and
returned to the normal range in 14 patients after 3–17 days (8.7
± 4.3 days). CTnI levels (normal physiological range: 0–0.03 g/L)
were increased in 21 cases (91%), peaking at 1–6 days (3.0 ± 1.6
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FIGURE 3 | ECG changes of children with FM.

days) after onset and returning to the normal range in 19 patients
after 7–29 days (14.4 ± 6.7 days). An NT-pro-BNP examination
was completed for 10 patients, and the resulting value was high
in eight patients (>300 pg/mL). BNP examination results are
available for seven patients, and the value was high in six patients
(>100 pg/mL).

ECG
All children were examined using a standard 12-lead ECG after
admission. ST-T abnormalities were found in 18 children (78%).
There were 15 cases (65%) with atrioventricular blocks (AVB), of
which three cases (13%) were second-degree AVB and 12 cases
(52%) were third-degree AVB. The AVB occurred between days
1 and 6 (3.6 ± 1.6 days) after onset, and the patients recovered
after 1–14 days (6.9 ± 4.3 days). There were eight cases (35%)
with tachycardia, most of which were sinus tachycardia cases. The
manifestations of the child who died quickly were ST-T changes
and sinus tachycardia, quickly progressing into cardiac arrest.
Complete right bundle branch block (CRBBB) occurred in eight
children (35%), and left bundle branch block (LBBB) occurred
in three children (13%). At the time of discharge, there were six
children with CRBBB and two children with LBBB (Figure 3).

Echocardiography
Twenty-two children underwent echocardiography examination
(the child who died quickly did not undergo this examination).
Cardiac chamber enlargement (CCE) occurred in eight cases
(36%): there were three cases of left cardiac enlargement and
five cases of total cardiac enlargement. Four patients with
CCE recovered after 12–19 days (14.8 ± 2.9 days), and the
other patients did not recover, even at discharge. Five cases
(23%) presented with left ventricular systolic dysfunction: two
recovered within 10 days, one recovered after 19 days, and
two did not recover even at discharge. Four cases (18%) had a
decreased left ventricular ejection fraction (LVEF) (<50%), of
which it was restored in two cases (one died, and one did not
recover). Two cases (9%) had a reduction in wall motion, and
seven cases (32%) had mild pericardial effusion.

Treatment and Outcome
All patients were treated with conventional treatments, including
bed rest, oxygen, anti-infective therapy, myocardial nutrition,
anti-shock, anti-heart failure, and anti-arrhythmia treatments.
IVIG (total 2 g/kg over a period of 2 days) was used in
19 patients (83%). Twenty patients (87%) were treated with
glucocorticoid therapy (methylprednisolone 10 mg/kg/d for 3
days and prednisolone 2 mg/kg/d, decreased gradually and
maintained for 18–24 weeks based on the condition). IVIG
combined with glucocorticoids was administered to 18 patients
(78%). The CTnI levels decreased after treatment with IVIG
and/or glucocorticoids in 19 patients. Of the 15 patients with
second-degree AVB or third-degree AVB, 14 (61%) received
temporary pacemakers for 2–24 days (9.3 ± 6.6 days), and the
remaining one patient rejected pacemaker implantation. For
the patients with cardiogenic shock after conventional therapy,
the following treatments were used: ECMO was used in one
patient for 7 days, CRRT was used in one patient for 8 h,
ECMO combined with CRRT was used in one patient for 5
days, and the child who was only treated with CRRT developed
multiple organ failure leading to death. Overall, 20 (87%) of the
23 patients improved, and three patients (13%) died. Clinical
symptom recovery was achieved in the children who survived,
and most examination indicators were gradually restored to the
normal range. ECG was assessed after 6 months of follow-up in
nine children, of which six were cured and two presented with
CRBBB, and the status of one was unknown (the cellphone had
no service).

DISCUSSION

Myocarditis is usually related to viral infections and post-viral
immune-mediated responses. FM is the most severe type of
viral myocarditis. It has been reported that the mechanisms of
this disease progression are associated with an immunoreaction.
Viral infection results in damage to myocardial cells, which
can induce immune responses causing cardiac damage. Necrotic
myocardial cells may release autoantigens, which can activate the
immune reaction leading to the obstruction of nerve-body fluid
regulation, myocardial remodeling, and myocardial dysfunction.
In more serious instances, it can cause heart failure, cardiogenic
shock, and sudden death (1). FM can occur in all age groups
of children. In this study, 78% of children with FM were over
3 years old, showing that the majority were preschool and
school-age children. At the onset, 70% of patients had digestive
system symptoms, and 65% had neurological symptoms. The
non-cardiac manifestations mainly included digestive system
symptoms, such as vomiting and abdominal pain or neurological
system symptoms such as dizziness and convulsions, which was
consistent with the results reported in other studies (6). FM can
cause extensive or localized necrosis ofmyocardial cells or tissues,
severe heart pumping dysfunction, and decreased cardiac output,
leading to a decrease in effective blood volume (1, 7), which
results in a series of hypoperfusion manifestations of organs and
tissues. The inadequacy of effective circulatory blood volume
can start the compensatory mechanism of the body and activate
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the sympathetic-adrenal medulla system, subsequently raising
the level of catecholamines. This hormone can cause cutaneous
vasoconstriction and reduce cutaneous blood flow, leading to a
pale complexion. At the same time, the secretion of sweat glands
is increased, and the skin becomes wet, which manifests as cold,
clammy limbs. Low blood volume affects the recovery of capillary
blood flow after being pressed (8). Around 83% of children
showed paleness, cold, clammy limbs, and CRT extension, which
were considered to be connected with heart-pumping function
dysfunction due to FM. These clinical manifestations, which are
often ignored at the first visit, should be paid more attention.

Biomarkers of myocardial injury are widely used in the clinical
diagnosis of heart diseases. Creatine kinase (CK) and CTnI are
common markers for detecting myocardial injury. Wang et al.
reported that the rise of CK is an early feature of FM (9). Earlier
studies found that the levels of CK-MB and CTnI in patients with
FM were elevated more significantly than in patients without FM
and that CTnI values were more sensitive and specific (10). In
addition, recent studies have shown that NT-Pro-BNP and BNP
levels can reflect impaired cardiac function, which is conducive to
the early identification of FM. Levels of CTnI >1 µg/L and high
BNP levels are risk factors that influence the prognosis of patients
(3, 11). In this study, the biomarkers of myocardial injury were
increased diversely in most children in the early stages of FM,
which is useful since it is suggested that early detection is helpful
for the diagnosis of this disease. After treatment, these indicators
gradually returned to the normal range, showing that it can be
used to judge recovery and prognosis.

ECG and echocardiography are important techniques for
the diagnosis of FM. Electrocardiography of patients with FM
was characterized by ST-T changes, AVB, and various ectopic
arrhythmias in the acute phase (12); 65% of children with
FM presented ST-T changes with AVB, and second-degree
AVB was more common. The main echocardiography findings
in children with FM were decreased ventricular wall motion
and ejection fraction, thickened ventricular wall, heart dilation,
pericardial effusion, valvular regurgitation, and endoluminal
thrombosis (13). The decrease in ejection fraction indicates
cardiac insufficiency, and the reduction of ventricular wall
motion amplitude and ejection fraction can reflect the severity of
FM, which are important indicators for evaluating the prognosis
of children with FM (14). Decreased LVEF, pericardial effusion,
and decreased ventricular wall motion amplitude occurred in
a small number of patients in this study. The small number
of samples or the non-acute phase of the disease at the time
of testing may be the reason for the low positivity rate of
echocardiography. Endomembrane biopsy (EMB) is important
for diagnosing FM, but it is invasive (15). In the current practice,
EMB is seldom used to diagnose myocarditis because of the
unstable hemodynamics in patients and the risks inherent to
the procedure. In addition, cardiac magnetic resonance (CMR)
is a valuable non-invasive method that can be applied for
the diagnosis of FM with high sensitivity and specificity (16).
Myocardial perfusion imaging is also helpful (17).

Of the 19 patients with hypoperfusion, 15 showed increased
CK-MB levels, 17 showed increased CTnI levels, 17 had
positive findings on ECG, and 13 had positive results on

echocardiography for FM, suggesting that the manifestations
of hypoperfusion have implications for the diagnosis of FM.
The positivity rate of various checks in patients who had
neurological symptoms or gastrointestinal symptoms was similar
to that in patients with hypoperfusion. Therefore, we recommend
that patients who present hypoperfusion accompanied by
neurological symptoms or digestive system symptoms should be
alerted to the possibility of FM.

Early comprehensive treatment of FM is essential. Treatment
with bed rest, oxygen, anti-infective therapy, myocardial
nutrition, anti-shock, anti-heart failure, and anti-arrhythmia
treatments should be used to maintain heart function. One study
has indicated that the early use of glucocorticoids in large doses
is effective in the treatment of FM and can reduce mortality
(18). Chen et al. found that glucocorticoids may improve
cardiac function but cannot reduce mortality (19). Studies have
shown that IVIG is beneficial for the treatment of FM and can
improve LVEF and long-term prognosis of patients with this
disease (20, 21). However, the use of IVIG and glucocorticoids
as immunotherapy for this condition remains controversial.
Around 78% of patients received an early application of IVIG
combined with glucocorticoids, leading to only one child death
(of the three children who died, one died soon after admission
without the application of glucocorticoids and IVIG, and
glucocorticoids alone were used for the other), suggesting that
early immunotherapy can effectively improve the success rate of
rescue. In recent years, temporary pacemakers, ECMO, CRRT,
and other life support technologies have been gradually applied
to FM. Patients can manifest Adams-stokes syndrome in a short
period of time and even suffer cardiac shock and cardiac arrest.
The installation of a temporary pacemaker is a quick and effective
treatment measure to save lives. The timing of temporary
pacemaker implantation directly determines the treatment effect
and prognosis (22). Fourteen patients with AVB received
temporary pacemakers to maintain stable hemodynamics, of
which only one patient died. Lorusso et al. pointed out that
ECMO could provide strong circulatory support for patients with
FM and cardiogenic shock on the basis of 5 years of multi-
institutional experience (23). A weighted meta-analysis of 170
patients with FM indicated that the survival rate at discharge
was nearly 66.9% after ECMO treatment (24). For patients who
are not hemodynamically stable with conventional treatments
or even pacemakers, ECMO combined with CRRT may be a
solution to the problem (25). One patient who was treated
with ECMO and one patient who received ECMO combined
with CRRT were alive at discharge. However, one patient with
hemodynamic instability only accepted CRRT and soon died of
multiple organ failure. Our data suggest that immunotherapy
is important for treating FM; temporary pacemakers should be
used in patients with AVB, and ECMO combined with CRRT
should be applied to patients with circulation instabilities after
conventional treatments.

There are some limitations to our study. This is a small-sized
retrospective clinical study. The conclusions of this study still
need to be proven in more multicenter and large-scale clinical
studies. Due to technical and financial issues, CMR ormyocardial
perfusion imaging could not be performed.
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CONCLUSION

The onset of FM is rapid, and the clinical manifestations
vary, which can quickly lead to the death of children with
cardiogenic shock. Therefore, early and accurate diagnosis is
essential. When preschool and school-age children present
with hypoperfusion manifestations such as paleness, cold,
clammy limbs, and CRT extension, accompanied by vomiting,
abdominal pain, dizziness, convulsions, and other such
symptoms, they should be carefully examined for FM. Timely
measurements of CK-MB and CTnI levels, together with ECG
and echocardiogram, are essential. Reasonable treatment is
of great significance in improving the prognosis of children
with FM. In the early stage of FM, vital signs should be
actively monitored, high-dose IVIG and glucocorticoids
should be administered, and life support technologies such
as temporary pacemakers, ECMO, and CRRT should be used
to increase the survival rate of children with FM as and
when needed.
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Background: There is paucity of literature on follow-up of children with Kawasaki

disease (KD) who have spontaneous defervescence during the acute stage and do not

receive intravenous immunoglobulin. We report herein the role of computed tomography

coronary angiography (CTCA) as an imaging modality in such situations.

Methods: This prospective observational study was carried out during the

period January 2016–June 2017. Children underwent CTCA on 128-slice Dual

Source CT (DSCT) scanner (Somatom Definition Flash, Siemens; Germany), and

2D-echocardiography on the same day.

Results: Mean age at time of diagnosis was 6.52± 3.13 years; range 2–14 years. Mean

age at time of study was 11.03 ± 5.10 years; range 3.75–23.30 years. Mean interval

between diagnosis of KD and time of present study was 3.84 ± 2.27 years. None of the

patients showed any coronary artery abnormalities on either 2D-echocardiography or

CTCA. While assessment of proximal segments of left main coronary artery, proximal

right coronary artery, and left anterior descending artery was comparable on both

2D-echocardiography and CTCA, left circumflex artery, and distal right coronary artery

could be clearly visualized only on CTCA.

Conclusion: In our experience, patients with KD who have spontaneous defervescence

during the acute stage and do not receive IVIg may not have significant long-term

coronary sequelae. CTCA is a useful imaging modality for delineation of coronary artery

in patients with KD on long term follow-up especially in older children with thick chest

walls and poor acoustic windows.

Keywords: Kawasaki disease, spontaneous defervescence, dual source computed tomography coronary

angiography, coronary artery abnormalities, 2D-echocardiography

INTRODUCTION

KD is an acute, systemic childhood vasculitis syndrome that mainly affects small children and has
a predilection for coronary arteries. Diagnosis of KD is purely clinical and there are no laboratory
tests available to confirm the diagnosis. Delays in diagnosis of patients with KD are not unusual
and are more common in developing countries like India where awareness about this disorder is
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still low (1–6). Coronary artery abnormalities (CAAs) are known
to develop in 15–25% of children with KD who do not receive
appropriate and prompt treatment with IVIg. CAAs account for
most of the morbidity and mortality associated with the disease
(1, 7–9).

When a patient with KD presents in convalescent phase
after spontaneous defervescence, decisions regarding initiation
of treatment with intravenous immunoglobulin (IVIg) can
be difficult and need to be individualized (1, 10). There is
paucity of literature on long-term follow-up studies in children
with KD who have had spontaneous defervescence. It was
hitherto believed that patients with KD who have spontaneous
defervescence tend to have a benign course (11, 12). However,
recent studies have shown that KD patients with spontaneous
defervescence may not always have milder phenotypes of the
disease—in fact, the converse may well be true as incidence of
CAAs in such situations may be higher than in patients who have
been treated with IVIg (13, 14).

Echocardiography is considered to be the imaging modality
of choice in acute stage as well as during follow-up of KD.
Sensitivity and specificity rates of 95 and 99% have been reported
for identification of coronary aneurysms by echocardiography
(15). However, this imaging modality has several inherent
limitations—these include poor visualization of middle and
distal segments of coronaries, difficulties in visualization of left
circumflex artery (LCx), chances of inter-observer variation,
operator dependency, and poor acoustic windows in older
children because of thick chest wall (12–14).

CTCA on dual source CT (DSCT) is a non-invasive tool
that, under expert hands, has low radiation exposure and
can accurately demonstrate CAAs in both proximal and distal
coronaries. CTCA on DSCT has recently emerged as a non-
invasive tool that has low radiation exposure and can accurately
demonstrate the coronary wall anatomy and intraluminal
abnormalities like thrombosis, stenosis, and calcification (16–
18). There is, however, paucity of literature on CTCA
performed during follow-up of children with KD who have had
spontaneous defervescence.

We report herein the role of CTCA on a 128-slice DSCT
platform in detecting CAAs in patients with KD who had
spontaneous defervescence during the acute stage and did not
receive IVIg for one or more reasons.

METHODS

This prospective observational study was carried out during the
period January 2016–June 2017. Nineteen children (15 boys; four
girls) with KD who had not received IVIg and were on regular
follow up at Pediatric Allergy Immunology Unit, Advanced
Pediatrics Centre, Postgraduate Institute of Medical Education
and Research, Chandigarh, India were included in the study (19).
Our institute is a not-for-profit federally funded tertiary care
teaching hospital in North-West India.

Diagnosis of KD was based on diagnostic criteria given by
AHA (4). These patients had not received IVIg because they
either presented late in convalescent phase or had already became

TABLE 1 | Clinical profile of children with Kawasaki disease in the study (n = 19).

Characterstics Present

Fever 19 (100%)

Rash 10 (52.6%)

Rash ≤ 1 week of fever onset 10 (100%)

Cervical lymphadenapathy 10 (52.6%)

Conjuctival injection 2 (10.5%)

Desquamation 19 (100%)

Lip and oral changes 6 (31.6%)

afebrile at time of presentation and had normal inflammatory
markers. The study was approved by the Institute Ethics
Committee, Institute Thesis Committee, and the Departmental
Review Board. A written informed consent was obtained from
the parents prior to enrolment. Children underwent CTCA on
128-slice Dual Source CT (DSCT) scanner (Somatom Definition
Flash, Siemens; Germany), and 2D-echocardiography on the
same day. The minimum and maximum dose length product
(DLP) was 21 and 182 mGycm with mean DLP of 86.11 ±

48.02 mGycm. The scan time was 3.72 ± 0.60 s; range 2.85–
4.76 s. Effective radiation dose was 1.19 ± 0.29 mSv; range
0.25–2.58 mSv. Diameters of major coronary arteries were
recorded and coronary artery lesions, if any, were noted. Calcium
scoring through DSCT was also carried out. Results of 2D-
echocardiography that had been carried out at time of diagnosis
were also taken into account. Seven patients had also undergone
stress myocardial perfusion scintigraphy at initial diagnosis.

Findings of echocardiography were compared with those of
CTCA. Paired sampled t-test was used to compare the average
diameter of coronaries obtained by the two imaging modalities.

RESULTS

Baseline Demographics
Mean age at time of diagnosis was 6.52 ± 3.13 years; range 2–
14 years. Mean age of at time of study was 11.03 ± 5.10 years;
range 3.75–23.30 years. The most common symptom present
in this cohort of patients with KD was fever, that was present
in all patients (100%). Mean duration of fever was 6.47 ± 5.44
days. Mean duration of symptoms before presentation to our
institute was 21.79 ± 14.27 days. Sixteen patients (84.2%) were
classified as incomplete KD. Principal clinical features included
lip and oral cavity changes (31.6%), cervical lymphadenopathy
in (52.6%), conjunctival injection (10.5%), polymorphous rash
(52.6%), desquamation of fingers and/or toes (100%). Mean
interval between diagnosis of KD and time of present study was
3.84 ± 2.27 years; range 2.4 months to 7.3 years. Seven patients
had interval <2 years, 7 had interval between 2 and 5 years while
five had interval more than 5 years (Table 1).

Characteristics
Findings of echocardiography that had been carried out at initial
admission were also taken into account. Prior to 2014 we had
not been recording Z scores of coronary arteries. At that time,
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TABLE 2 | Mean coronary artery diameter by DSCT coornary angiography and

2D-echocardiography.

Mean coronary artery

diameter in mm

2D-Echocardiography DSCT coronary

angiography

LMCA (Mean ± SD) 2.46 ± 0.47; (n = 16) 2.62 ± 0.46; (n = 19)

RCA (Mean ± SD) 2.14 ± 0.52; (n = 15) 2.28 ± 0.47; (n = 19)

LAD (Mean ± SD) 1.84 ± 0.31; (n = 15) 1.93 ± 0.28; (n = 18)

LCX (Mean ± SD) 1.46 ± 0.35; (n = 11) 1.70 ± 0.37; (n = 18)

DSCT, Dual Source Computed tomography; LMCA, Left main coronary artery; RCA, Right

coronary artery; LAD, Left anterior descending artery; LCx, Left circumflex coronary artery;

SD, Standard Deviation.

TABLE 3 | Comparison between DSCT coronary angiography and

2D-echocardiography.

Coronary artery Mean ± SD in

mm on DSCT

Coronary

angiography

Mean ± SD in

mm on 2D-

Echocardiography

Correlation p-value

LMCA (n = 16) 2.54 ± 0.45 2.47 ± 0.47 0.77 0.36

RCA (n = 15) 2.25 ± 0.50 2.15 ± 0.53 0.92 0.08

LAD (n = 15) 1.89 ± 0.30 1.84 ± 0.31 0.50 0.51

LCX (n = 11) 1.56 ± 0.28 1.46 ± 0.35 0.76 0.18

DSCT, Dual Source Computed tomography; LMCA, Left main coronary artery; RCA, Right

coronary artery; LAD, Left anterior descending artery; LCx, Left circumflex coronary artery;

SD, Standard Deviation.

CAAs were categorized based on absolute internal diameter of
vessels. Initial echocardiograms carried out at time of diagnosis
showed normal coronary arteries in 16 of 19 children enrolled
in the study. However, three children had CAAs—while two had
mild dilatation of LMCA, one had irregular lumen of LAD with
loss of distal tapering. All three patients had presented late to
our institute in convalescent phase of disease and two of three
had incomplete forms of KD. These changes had normalized
on repeat echocardiography and CTCA performed at time of
present study.

None of the patients in this series showed any CAA on either
2D-echocardiography or CTCA. While assessment of proximal
segments of left main coronary artery (LMCA), proximal right
coronary artery (RCA), and left anterior descending artery (LAD)
was comparable on both 2DE and DSCT, left circumflex (LCx)
and distal RCA could be clearly visualized only on CTCA.

Coronary artery diameters could be easily measured in
all subjects by CTCA. However, on echocardiography LMCA
diameter at the time of follow-up could be assessed accurately
in 16, RCA and LAD in 15, and LCx in 11 subjects only
(Table 2). All patients, except one, in whom coronary arteries
were not visualized were aged more than 10 years and impaired
visualization of coronary arteries was because of thick chest
walls. Mean diameters of coronary artery measured by 2D-
echocardiography and DSCT were comparable (Table 3).

Stress myocardial perfusion scintigraphy was reported normal
in six and showed mildly reduced perfusion defect in one child
(20). Calcium scores were normal in all 19 patients.

DISCUSSION

The diagnosis of KD is always based on clinical criteria and
there is no laboratory marker that can serve as a gold standard
for diagnosis of this condition (21). A significant proportion of
children with KD (25–50% in various series) have incomplete
KD (7, 22–25). And this proportion would be higher in situations
wherein the patients have reported late for diagnosis, as was the
case in the present series (12, 13). Although 16/19 patients had
incomplete KD at time of diagnosis, it is possible that some of
the clinical features of KD may have disappeared by the time
the children reported to us. Takahashi et al. have reported that
incomplete forms of KD are more common in children who have
had spontaneous defervescence as compared to those who have
received IVIg (59.2 vs. 13.5%) (12). Hu et al. have also reported
similar findings (13).

Delineation of coronary arteries in children with KD can be
carried out by several imaging techniques. 2D-echocardiography
is the preferred imaging modality both during the acute phase as
well as during convalescence (1, 2, 4, 24, 26). However, there has
been increasing interest about other imaging modalities that can
address the limitations of echocardiography as described above.
These include catheter angiography (CA), CTCA and magnetic
resonance coronary angiography (MRCA) (16–18).

In this study we have assessed role of CTCA done on DSCT
in evaluation of CAAs in patients with KD on follow-up. These
children had had spontaneous defervescence during the acute
stage and did not receive IVIg. Spontaneous defervescence is
known to occur in a small proportion of patients with KD (1).
CTCA is superior to 2DE for distal coronary artery visualization
and for evaluation of the LCx. Further, assessment of the wall
of coronary arteries is more accurate on CTCA than on 2DE.
In older children, 2DE is often not very useful for evaluation of
coronary arteries because of thick chest walls and the resultant
poor acoustic window. In the present study, echocardiography
could not visualize LCx and distal segments of coronary arteries
in older children. CTCA accurately delineated the anatomy and
lumen of coronary arteries and was especially useful for assessing
distal segments of coronary arteries that are usually not visualized
on 2DE.

Management of patients with KD and spontaneous

defervescence is contentious and there is no consensus
(1, 11, 12). Lin et al. had shown that regression of CAAs within

1 month of KD was more likely among patients who had been
treated with IVIg compared to those who did not receive such

treatment. However, authors have shown that late coronary

outcome in these two group were comparable (11). Takahashi
et al. retrospectively reviewed patients with KD who had had
spontaneous defervescence. It was noted that there was no
difference in development of CAAs between those that received
IVIg therapy, and the ones who experienced spontaneous
defervescence (12). Recently, Hu et al. have published data
on outcomes of 37 children with KD who had spontaneous
defervescence within 10 days. The incidence of CAAs at 1 month
after disease onset was higher in patients with KD who had
spontaneous defervescence as compared to those treated with
IVIg (18.9 vs. 5.1%). Furthermore, it has been shown that new
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emergence of CAAs became significantly higher if they had not
received IVIg therapy (due to spontaneous defervescence) when
compared with those who did (13). These findings are a matter
of serious concern and require further studies for confirmation.

CT calcium scoring is a technique that identifies calcium
deposition in coronary arteries without the need of intravenous
contrast. Calcium deposition is considered a surrogate marker
for previous coronary artery involvement in patients with KD.
Kahn et al. have shown that calcium deposition was not seen in
patients with KD who did not develop CAAs during acute phase
of disease (27). The authors have shown that calcium scoring by
CT is also a useful tool for identification of unrecognized CAAs
in patients with a remote history of KD. In the present study
we have also performed calcium scoring and did not find any
abnormalities. Our findings are in consonance with the results
of Kahn et al. (27).

To conclude, this study shows that patients with KD who
had spontaneous defervescence did not develop any significant
long-term coronary sequelae. This is reassuring. The strengths
of our study are that all diagnoses were confirmed by one
individual (the senior author—SS) and there was uniformity of
data collection as this was a single center cohort. Further, CTCAs
were performed under direct supervision of the consultant
radiologist (MS) in all cases using radiation optimized protocols.
The number of patients included in the study is undoubtedly
small. However, this is due to the fact that we have only enrolled
children with KDwho had spontaneous defervescence during the
acute stage and did not receive IVIg. In our experience CTCA

is a useful imaging modality for delineation of coronary arteries

in patients with KD on long term follow-up, especially in older
children who have thick chest walls and poor acoustic windows.
Further long-term and multicentric large cohort studies are
warranted on this aspect of KD.
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The cause of Kawasaki disease (KD), the leading cause of acquired heart disease in

children, is currently unknown. Epidemiology studies support that an infectious disease

is involved in at least starting the inflammatory cascade set off during KD. Clues from

epidemiology support that humoral immunity can have a protective effect. However, the

role of the immune system, particularly of B cells and antibodies, in pathogenesis of

KD is still unclear. Intravenous immunoglobulin (IVIG) and other therapies targeted at

modulating inflammation can prevent development of coronary aneurysms. A number

of autoantibody responses have been reported in children with KD and antibodies have

been generated from aneurysmal plasma cell infiltrates. Recent reports show that children

with KD have similar plasmablast responses as other children with infectious diseases,

further supporting an infectious starting point. As ongoing studies are attempting to

identify the etiology of KD through study of antibody responses, we sought to review

the role of humoral immunity in KD pathogenesis, treatment, and recovery.

Keywords: kawasaki disease, antibodies-monoclonal, B cells, plasmablast, immunoglobulin intravenous

INTRODUCTION

The cause of Kawasaki disease (KD) continues to perplex clinicians and researchers. Also
known as Kawasaki syndrome or mucocutaneous lymph node syndrome, KD is the leading
cause of acquired cardiac disease in children. Recent murine and human clinical trials are
enhancing our understanding of this disorder (1). The mainstay of treatment has been intravenous
immunoglobulin (IVIG), initially implying a major role for humoral immunity. However, newer
therapies that also have broad immunomodulatory effects have become widely used for refractory
cases (2). Studies from different fields, from maternal immunity to genome-wide association
studies, also imply a role of humoral immunity (3–6). This review will give an overview of the
present knowledge of the field directed toward the etiology of KD and what role B cells and
antibodies may play in treatment, pathogenesis, and diagnosis.

REVIEW WITH A FOCUS ON B CELLS AND ANTIBODIES

Clinical Presentation
Diagnosis is purely clinical, as there are no adequately specific or sensitive tests available. The
“classic” diagnosis involves 5 days of fever and having four of the five following criteria: mucous
membrane inflammation, rash, hands and feet swelling, conjunctivitis, and a solitary inflamed
lymph node mass (6–9). If left untreated, roughly one-quarter of the children meeting clinical
criteria will go on to have coronary artery inflammation, including aneurysms. Incomplete cases,
those which do not fulfill four of five of the classic criteria, have similar risk of coronary aneurysms
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(10). Treating affected patients with IVIG reduces the rates
of coronary aneurysms, with a minority seemingly resistant
to treatment (6–8, 11–14). Although most aneurysms resolve,
some defects are retained. Initial studies done on adults with
a history of KD implies there is a greater lifetime risk of
cardiac issues and early mortality (15–18). To add to the
diagnostic confusion, several infectious etiologies have also been
independently associated with aneurysms (19). It remains a
frustrating diagnosis because of the unknown etiology, clinical
variability, lack of specific testing, and unclear pathogenesis.

Epidemiology
There appears to be a genetic influence in exhibiting KD.
Incidence is higher in some genetic backgrounds and consistently
appears in males greater than females within those backgrounds
(20). By age five in the United States, 1 in 1,000 African-American
children and 1 in 2,000 Caucasian children will have been affected
(21–23). In general, Asians have a much higher rate of KD;
which is especially evident in Japanese children, whose lifetime
incidence rate is near 1% (24). This predisposition holds even for
those persons of Japanese heritage raised in foreign lands, such as
the United States (20). Sibling can have a 10–30-fold higher risk
of KD compared to the general population (25).

The etiology of KD is unknown (6, 26, 27). However, there
is a proposed relation to an infectious agent. Epidemiological
evidence for this comes from the fact that there are seasonal peaks
of KD during winter and spring months and outbreaks have been
described (27–34). Siblings have a 10–30-fold higher rate, with
most occurring within 1 year of each other (35), and up to 50% of
sibling cases are within 10 days of each other (25).

Recent studies support a protective role for humoral
immunity. There is a lower incidence in breastfed infants (4)
and KD is rare in both newborns and individuals over 5 years
of age. This implies a maternally derived protective immunity
to a ubiquitous infectious agent (36). Trans-placental passage of
maternal antibodies is thought to be protective and explain the
paucity of cases in infancy (3).

Proposed Etiologies
It is possible that there is not one cause of KD, but multiple
etiologies that result in similar pathogenesis. This may explain
the clinical variability and lack of discovery of a definitive agent,
however, the low recurrence rate even in high prevalent areas
speaks against a large number of infectious causes (37).

Previously proposed infectious agents include Herpesviridae
(HHV-6, Epstein Barr Virus, Cytomegalovirus), human
coronavirus, retroviruses, Parvovirus B19, bocavirus, and
bacterial infections such as staphylococci, streptococci,
Bartonella, and Yersinia infections (15, 20). Some of these
agents have been independently associated with aneurysm
formation (19), with the Epstein Barr Virus most commonly
associated (38). Several non-infectious agents have also been
proposed such as carpet shampoos, mercury exposure and living
near bodies of water (15, 20). Additionally, the recent report of
tropospheric wind patterns correlating with outbreaks in Japan
would not be consistent with many of the viruses that have been
proposed (26, 34, 39). These reports imply a relationship to an

environmental antigen, as either a priming or inciting event.
This “two-hit” hypothesis is also suggested by similar data from
Canada (40).

If a ubiquitous childhood pathogen is the cause of KD, the
mode of entry would likely be a common mode of infection such
as fecal-oral or respiratory spread. Outbreaks in the United States
have been associated with preceding viral illness (41). To
note, mild upper respiratory symptoms and gastrointestinal
complaints have been described in up to 35 and 61% of cases,
respectively (42). Rare but more significant pulmonary disease
has also been reported (43). Notably, however, concomitant
respiratory viruses are near 10% of cases (44, 45). A persistent
infection has been theorized (46). Although numerous viruses
that can reactivate during stress (Herpesviridae family) or are
considered “slow” viral infections (47), the failure of numerous
attempts to identify a specific infectious agent argues against a
prolonged infection. There are difficult to culture viruses, such as
coronavirus which had also enjoyed a short-lived consideration
as the cause of KD (48). An abnormal response to normal flora
has been proposed (49, 50) and studies on a relationship to
the emerging field of microbiome research have recently been
reviewed (51).

Human Biomarkers
Currently, diagnosis is aided by utilizing sensitive but not
specific biomarkers such as C-reactive protein, sedimentation
rate, liver function tests, urine leukocytes, platelets, leukocyte
count, and hemoglobin (2). As highlighted by recommendations
for diagnosis of incomplete cases, many biomarkers do not
reveal the nature of the underlying illness. A number of
traditional laboratory and clinical findings have been built
into scoring systems to predict IVIG resistance that are used
in Japanese populations (52). These scoring systems (Sano,
Kobayashi, Egami) all have relatively high sensitivity, near 80%,
in Asian populations; however, they have poor predictive ability
in heterogenous lower pretest probability populations of North
America (53).

Numerous other biomarkers have been proposed to aid in
diagnosis of KD and have been recently reviewed (54). Although
some of the transcriptomic approaches mirror genomic findings,
intriguingly, there has been a disconnect between proteomics
and genomic associations. A recent study using serum mass
spectrometry to look at differentially expressed proteins showed
lipopolysaccharide binding protein (LBP), leucine rich alpha-2
glycoprotein (LRG1), and angiotensinogen were higher in acute
phase, and retinol binding protein was diminished (55). The
marker of tenascin, involved in tissue remodeling, is promising
as a marker of coronary involvement during acute KD (56, 57).

Numerous cytokine associations in KD have been shown, and
those with unique B cell associations will be reviewed. IL-10
has long been shown to be elevated during acute KD (58, 59).
This is likely a natural anti-inflammatory response, as recent
studies show supplementing IL-10 via an AAV vector protected
against aneurysms in the Candida albicans murine model (60).
IL-10 is produced by myeloid dendritic cells and regulatory
B cells, and recently has been shown to drive plasmablast
responses (discussed later) (61). IP-10, an activator of B cells and
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macrophages, has also been associated with clinical KD. Notably,
this group did not see peripheral IL-1B elevation. (62). IL-21,
produced mainly by T cells and Natural Killer cells (63, 64), has
recently been proposed as a specific marker in KD in a Korean
cohort of children when compared to prolonged fevers from
mononucleosis (65). IL-21 modulates immunoglobulin isotype
switching and is involved in the differentiation of both naïve
and memory B cells into mature plasma cells (66). However, in a
study of IL-21 levels in children presenting to a North American
emergency room with fever, KD and febrile children could not be
distinguished by IL-21 levels (67).

Biomarkers Supporting Innate Immunity
A number of transcriptomic approaches show some promise
in distinguishing KD from viral infections. Initial studies that
look at IVIG response in PBMCs and monocytes suggested
monocyte regulation was a main role of IVIG (68) FCGR1a,
FCGR3A, CCR2, S100A9, S100A12, and adrenomedullin were
notably effected. FCGR2A transcripts were reduced, but surface
expression on monocytes was variable. The S100A9 and
S100A12 are involved in monocyte adhesion and chemotaxis.
Adrenomedullin, important for vascular integrity, was shown
in monocytes by gene array as well (69) and these were both
supported in other studies (70). Transcriptome analysis of
PBMCs showed upregulation of NAIP, IPAF, S100A9, FCGR1A,
and GCAwhich is also supportive of a role for the innate immune
system (71).

Transcriptomics Supportive of a Role for B Cells in

KD
Pathway significance analysis of blood lymphocyte-specific gene
markers revealed that PI3K signaling in B lymphocytes was the
most significant finding; however, T cell receptor signaling, B
cell receptor signaling, T helper cell differentiation, and natural
killer cell signaling were also significantly down-regulated in
KD compared to febrile control patients (72). On whole blood
expression analysis, comparing acute vs. convalescent samples,
numerous upregulated pathways involved in innate immunity
(particularly IL-1 and the Nlrp3 inflammasome) were shown in
the acute phase. IL-10 was notably the highest association, and
will be reviewed later. For pathways downregulated, outside of
EIF2/p70S6K/MTOR pathways, “B cell development” was the
most significant. As mTOR is essential in signaling through
PI3K/Akt activity after B cell receptor (BCR) engagement, this
association also supports that B cells may be playing a role.
A number of these associations; however, were also seen in
their controls. There was a surprising similarity with influenza
and virally infected individuals. Of the pathways completely
unique to KD, most of the specific associations related to
myofibroblast migration (paxillin signaling, G-protein coupled
receptor signaling, triacylglycerol and relaxin signaling) but
PI3K/AKT signaling pathway showed aminor association. Lastly,
there was surprisingly few transcript differences noted in those
with and without aneurysms (73). A recent similar study
comparing KD to adenovirus did not showmuch specific overlap
with previous studies, but was also consistent with relation to a
number of inflammatory pathways (74).

Overall, transcriptomics and cytokine profiling suggest a
significant, but not exclusive, role for B cells in the pathogenesis
of KD.

Models Systems of KD (See Table 1)
The first KD model system developed depended on
intraperitoneal Candida albicans alkaline extract injections
in susceptible mouse strains (75). Injection of the water soluble
fraction of this, (CAWS) had increased incidence of arteritis
which can be partially blocked by IVIG. IL-1 inhibition also
diminishes the coronary inflammation (76). Notably this
vasculitis is a panvasculitis predominantly and also effects the
aortic root, which has not been described in KD cases (77).

Similarly, mice develop coronary artery inflammation after
intraperitoneal injection with Lactobacillus casei cell wall extract
(LCWE) (78, 79). Pathogenesis in this model parallels KD in
that younger mice are more predisposed to develop arteritis and
there is a favorable response to IVIG treatment. This disease
exhibits mostly a T-cell infiltrate in coronary arterial specimens
(79). In fact, in both RAG-1 (80) and TCR-α (81) deficient mice,
this arteritis is diminished (82). Etanercept completely blocked
these lesions and this was apparently related to signaling through

TABLE 1 | Comparison of human KD to common murine models of KD.

Human KD CAWS LCWE

Pathogenesis Unknown Superantigen Superantigen

Etiology Unknown Candida albicans

water soluble

injection

Lactobacillus casei

cell wall extract

injection

Animal Human Mice Mice

Arteritis medium-sized,

muscular arteries,

includes epicardial

coronary arteries

Targets elastic

arteries, including

aortic root

Elastic arteries,

aortitis, proximal

coronary arteritis,

abdominal aorta

dilatations.

Histology Early neutrophils,

mixed data on

granulomas

Monocytes,

macrophages,

neutrophils

Granulomatous

Myocarditis Subclinical,

Tachycardia

Significant Significant,

CK-MB and

troponin rise, late

myofibrosis

Timing Adventia/intima to

pan vasculitis

Progresses from

initial intima layer

slowly to

panvasculitis

np

Therapy that

reduces

coronary

inflammation

IVIG shows

efficacy,

Cyclosporine A

efficacious in

higher risk

individuals

TNF a blocks

arteritis

IVIG partially

blocks arteritis

IVIG timing

influences effect

Diminished by

IVIG, anti-TNFα,

anti-IL-1

Long term

findings

Unclear associations

Limited pathologic

samples,

mixed reports

np Atherosclerosis,

myofibrosis

np, not published.
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TNFRI (83). Blocking IL-1 can also prevent progression of
coronary pathology (84, 85). TNFα can drive metalloproteinase
mmp9 activity to cause elastin breakdown. Doxycycline has
been shown to prevent this (86), and human data will come
from the currently open trial (87). A number of studies show
marked myocarditis in these models with late fibrosis (88);
however, following troponins is generally not clinically relevant.
One group did associate serum troponins and ck-mb (89) but
others have not seen that association. A number of the model
systems have granulomatous changes, which have variably been
seen in human specimens (90, 91). Other models depend on
immune complex deposition. This was observed after bovine
serum albumin injection into rabbits, which exhibited a disease
similar to serum sickness (92). Presently, there is not a model
system consistent with direct infectious coronary artery invasion.

No model system exactly replicates the pathologic changes
seen in humans, and the utility of these models have been called
into question (93). Although most data from model systems are
supportive of superantigen involvement, studies from human
peripheral lymphocyte responses as reviewed are variable and
inconsistent (94). These models and other data are driving
clinical trials, but results seen in the models aren’t equitably
transferable to treatment modalities (reviewed later). Since the
cause in humans is unknown, it is still unclear if any of these
models of arteritis are truly applicable.

The Superantigen Theory
A superantigen response was considered by numerous groups
and is supported by murine models (79, 95–99). Certain bacterial
infections contain proteins that non-specifically bind effector cell
receptors causing a more generalized polyclonal expansion and
inflammation, termed a superantigen effect. Polyclonality of T
cell receptor usage has been shown in KD (100, 101); however,
the reports are variable as to which subset of T cell receptors
are effected (102). Other studies support a traditional oligoclonal
response consistent with an immune response against a specific
etiologic agent. Oligoclonal expansion of CD8+ T cells (103)
and peripheral IgM+ B cell responses have been shown (9, 104).
Numerous other studies have not shown superantigen associated
expansions of cell subsets (103, 105, 106). Overall, there is not a
clear role for a superantigen response during KD.

Genetic Implications
Inflammation during KD is universally present, so it is no
surprise that a recent network and pathway analysis was
consistent with global activation of the immune response (107).
Large dataset and related human genomic studies have been
performed to look for associated genes with KD incidence
and treatment response. These study co-segregation of single
nucleotide polymorphisms (SNPs) with the disease state to
define significance. These are excellent hypothesis generating
techniques, as each dataset generated has numerous implicated
genes, but assigning biological significance can at times be
difficult. These have been more successful in more homogenous
populations and, for KD, have been recently reviewed (108–110).

Genome wide association studies (GWAS) offer unbiased
approaches to explore genetic associations. A SNP (rs28493229)
near inositol 1, 4, 5-trisphosphate 3-kinase (ITPKC, 19q13) was

implicated first by a linkage disequilibrium study in siblings
(111). ITPKC modifies the IP3 pathway leading to activation of
NFAT transcription factor. A number of GWAS studies were
negative or needed metanalysis to confirm this finding (112, 113)
or showed a different SNP (rs2290692) association in the area
(114). This may be an effect of differing genetic backgrounds
in these studies. Other studies associate this gene area with
coronary artery risk (115) and a number of SNPs associated
with ITPKC were also seen in a study that initially identified
FCRG2a (116). Caspase 3 (rs113420705) has been proposed to act
downstream of ITPKC, and a genetic variance in the enhancer
has been associated (rs72689236) (117, 118). Single-nucleotide
polymorphisms (SNPs) in ITPKC (rs28493229) and caspase-3
(CASP3, rs113420705), when analyzed together, associate with
increased risk for aneurysms (119). Separately they show a trend
of overrepresentation in IVIG non-responders and together with
coronary risk (120). These two genes could work on a similar
calcium influx pathway. The polymorphism rs28493229 has been
shown to effect ITPKC protein levels and thereby IL-1β and
inflammasome NLRP3 expression, which was shown by studying
murine models, KD subject samples, and EBV transformed B
cells (121). There is a general lack of studies in non-Asian
populations and disparate results can be seen depending on the
genetic background. One of the first studies of this nature showed
NAALADL2 and ZFHX3 highly associated with susceptibility
in Dutch Caucasians. Reanalysis implicated other genes as well
(DGKB, PPP1R14C, LNX1, CAMK2D, CSMD1, and TCP1)
and network analysis could associate a number of these with
CAMK2D (122).

The most significant and repeatedly associated susceptibility
genes are FCGR2A, BLK and CD40, as reviewed in (110). The
rs1801274 SNP is a functional polymorphism associated in the
IgG receptor gene FCGR2A, which is a cell surface receptor found
on phagocytic cells such as macrophages and neutrophils (116,
123). This receptor is a low-affinity receptor for immunoglobulin
and is involved in the process of phagocytosis and clearing of
immune complexes. Intriguingly, male gender influences the
association of the FCRG2a (124). Genome-wide genetic marker
association studies show that specific polymorphisms in CD40
and in the B lymphoid tyrosine kinase genes associate with KD
(5, 6). One of the more consistent findings from GWAS data
has been identifying SNPs in the region of the B lymphocyte
kinase (BLK) (123, 125). BLK encodes a non-receptor protein
tyrosine kinase and of the Src family of tyrosine kinases that acts
downstream of the B cell receptor. Functional validation shows
BLK is induced during acute KD (from patient samples) and
the protective genotype of this SNP correlates with lower BLK
expression on induction of EBV transformed B cells. Intriguingly,
on a recent meta-analysis rs2736340 of BLK is also associated
with systemic lupus erythematosus and rheumatoid arthritis-
associated (126). Hypothesizing the importance of B cells based
solely on BLK association is tenuous, as Blk knockout mice also
suggest a role for Blk in the development of γδ TCR+ T cells
(127) and marginal zone B cells (128). The association of CD40
would also potentially point to a more specific B cell function
(5, 123, 125), although CD40 is expressed on a number of cell
types and functional inference of this association is lacking.
The association of BLK and FCGR2a were recently confirmed;
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TABLE 2 | Notable therapies and trials for treatment to prevent coronary aneurysms in Kawasaki Disease.

Therapy Mechanism and cohort Clinical trials, National Clinical Trial

(NCT) #,

name (if applicable)

Results summary/comments

Infliximab TNFα blockade, most studied in refractory

cases

2298062; 00271570; 00760435;

01596335; 03065244-KIDCARE

Given with IVIG, Improved defervescence,

well-tolerated, variable z score

reduction, (132). In refractory, Improved

defervescence, well-tolerated, (133).

KIDCARE recruiting

Etanercept In conjunction with IVIG 00841789 Study awaiting results

Anakinra IL-1 blockade, Refractory cases 02179853

02390596-KAWAKINRA

KAWAKINRA recruiting

Cyclosporine A In conjunction with IVIG in predicted high

risk individuals

Japan Medical Association,

JMA-IIA00174- KAICA

Efficacy shown in preventing more severe

coronary involvement (134), (135)

IVIG dosage 00000520; 02439996 Single dose of IVIG is better than splitting

doses (136)

IVIG + pulsed steroids Primary cases 00132080 No difference shown (137)

IVIG + 5 days prednisolone For refractory cases 03200561- RAST Proposal published (138); recruiting

IVIG without Aspirin Primary cases 02951234 Proposal published (139); recruiting

Doxycycline Decreases MMP degradation of elastin,

supported by murine model

01917721-DEAL Proposal published (87); recruiting

Statins For those with severe coronary artery

involvement

03915795 Recruiting

Rituximab Anti-CD20 targets B cells na Case report (140)

Plasma Exchange Broad effects, decreases cytokines,

increase of T regs

na No active studies (141)

na, not applicable.

however, did not seem to correlate with incomplete or cases from
children older than 5 years of age (129).

A recent meta-analysis did see nominal associations with four
previously noted genes (FCGR2A rs1801274, TCP1 rs3818298,
BLK rs2736340, and CD40 rs4813003) but did not replicate a
number of these associations (ZFHX3 rs9937546, NAALADL2
rs1870740, CAMK2D rs4834340, LNX1 rs6554112, MIA-RAB4B
rs2233152, HLA-DQB-HLA-DOB rs2857151) (130). When
specifically studying susceptibility to cardiac aneurysms, a
number of intergenic associations were also shown, highlighting
the complex organization and influence of chromatin structure
(131). The most review and meta-analysis of available data
supports a role for in susceptibility for genetic variations of ACE,
BLK, CASP3, CD40, FCGR2A, FGb, HLA-E, IL1A, IL6, ITPKC,
LTA, MPO, PD1, SMAD3, TARC/CCL17, and TNF. Also, genetic
variations in BTNL2, CASP3, FCGR2A, FGF23, FGb, GRIN3A,
HLA-E, IL10, ITPKC, and TGFBR2 may serve as biomarkers of
CALs in KD (109).

Overall, association with a variety of pathways is not
surprising for a disease with a likely complex pathogenesis.
However, most of the major repetitively associated and/or
validated genomic findings could support a role for B cells and
antibodies influencing susceptibility (110).

Clues From Treatment (See Table 2)
Intravenous Immunoglobulin (IVIG)
The first implication of humoral immunity possibly being
involved in KD was the response to immunoglobulin infusions.
IVIG was started after success with preparations in Immune

thrombocytopenic purpura and was shown to protect against
cardiac involvement (142). After discovery that aneurysms are
associated with KD, studies, including randomized controlled
trials, supported a protective effect of IVIG (136). IVIG is
known to broadly effect numerous mechanisms that have been
outlined in recent reviews, including: direct neutralization of
organism or toxin, inhibition of autoantibodies, inhibition of
the complement cascade, inhibition of adhesion molecules
on vascular endothelium, modulation of cytokine response,
expansion of T regulatory cells, modulation of dendritic cell
responses, and decreasing pro-inflammatory effects ofmonocytes
by FC interaction (143–146). Possible mechanisms are detailed
in Figure 1. The exact mechanism that correlates with clinical
improvement seems to depend on the underlying disorder. On
the most simplistic level, supplementation of a specific necessary
immune response is still theorized for KD (147).

However, it is unclear how IVIG actually functions during
KD and if specific antibody responses are responsible for
pathogenesis. Early studies focused on dosing regimens and
showed single large infusions (2 grams/kg) are superior to
smaller more frequent doses (136). It is possible that a high
level of antibody is needed to clear a pathogen, or to improve
diffusion to certain areas; however, why this difference is unclear.
The mechanism of loading of the neonatal FcRn receptor may
require such high volume administration. Other Fc receptor
modulation, particularly upregulation of FcγRIIB has also been
proposed (148, 149). Without knowledge of the cause of KD,
the mechanism of action will remain difficult to prove. The
anti-inflammatory properties of IVIG also treat many infectious
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FIGURE 1 | The many and varied potential activities in KD. This figure highlight potential therapeutic effects on B cell activity, particularly for IVIG. IVIG effects are

noted by red elements, cyclosporin A noted by gold. B, B cells; T, T cells; T reg, T regulatory cells, DC, dendritic cells; nk, natural killer; PMNs, polymorphonuclear

cells; Mono, monocytes, NO, Nitric Oxide.

agents so a clinical response to IVIG is not definitive proof of the
diagnosis of KD (147).

Recent studies show specific immune changes induced by
treatment with IVIG. TH17 cells and IL-17 levels are elevated
during acute KD, which is seen in autoimmune disorders, and
this can be improved after IVIG (150, 151). T regulatory cells (T
regs) are reduced during acute KD, and this is improved with
IVIG (152). These cells, as well as myeloid dendritic cells are
expanded by IVIG (145). In a study comparing IVIG to aspirin
treatment alone group, IVIG treatment showed increase CD4,
restoration of CD8 to normal control levels, and a significant
suppression of CD19 cells below that of normal controls (153).
Other studies also have explored diminished CD8T cells in acute
KD (154). Abnormal elevations of BAFF, which is in involved
in survival of and proliferation of B cells, are decreased after
treatment with IVIG (155). In what authors termed, “functional
silencing,” IVIG suppressed phosphoinositide 3-kinase signaling
(via NFAT) which would affect calcium signaling, coreceptor
activation, and BCR activation (156). This finding supportive of
B cell signaling involvement in KD could potentially link some of
the genomic and transcriptomic associations.

Other Treatments
Adjunct steroids showed efficacy in certain populations (157).
Meta-analysis of this and other clinical trials, mostly from
Japan, support the use of steroids along with IVIG in high-risk
patients (158). Since it is difficult to predict risk in heterogenous
populations outside of Japan, and historical studies have shown
worse outcomes with steroid use (159), there is not a universal
recommendation to give adjunct steroids (2). Even in the

revised 2012 guidelines from the Japanese Society of Pediatric
Cardiology, “controversy remains” on universal initial steroid
use (160). Aspirin is begun at anti-inflammatory doses initially,
then is changed to a lower dose to prevent complications of
coronary involvement (2). As this has not been shown to effect
development of aneurysms, other platelet- aggregation inhibitors
such as Clopidogrel or dipyridamole, can be considered in special
situations (2). The main treatment modalities hoped to target
prevention of coronary aneurysms used for refractory treatment
are second doses of IVIG, steroids, calcineurin inhibitors,
anti-IL-1 monoclonal antibodies, and anti-TNF monoclonal
antibodies; all of which have broad immunological effects
(53, 161).

Success with anti-TNFα treatment seemingly argues against
a significant role of B cells, as this would affectively release a
suppressive action of TNFα on B cell proliferation. The main
treatments studied have been infliximab, a humanized mouse
monoclonal antibody, and etanercept, a human recombinant
mimic of the TNFα receptor (162). TNFα produced from B cells
is implicated in atherosclerosis, so perhaps B cell derived TNFα
is targeted (163). Notably, IVIG decreases TNFα production.
The status of clinical trials have been recently reviewed (164).
Although tolerance and improved defervescence are clear in trials
with infliximab, there is less clarity of efficacy for improvement of
aneurysms (132, 133). The KIDCARE trial, which is focused on
recalcitrant cases may prove to be more insightful than previous
trials. Etanercept has also undergone recent phase II randomized
trial, but publications of results have not been done to date.
A recent meta-analysis of twelve studies showed that both IV
methylprednisolone and infliximab were not superior to a second
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dose of IVIG for prevention of aneurysms (165). The other main
class of biologics used are Interluekin-1 (IL 1) inhibitors. These
obviously have a broad inflammatory response (145) with notable
effects on B cell activity (166) There is support in the Lactobacillus
caseimouse model for IL-1 playing a role (167).

Genetic associations and data from murine models have
supported targeting of NFAT with calcineurin inhibitors, and
treatment protocols for KD have been developed (168). A recent
Japanese clinical trial (135) show that addition of Cyclosporine
A to IVIG in high risk patients is efficacious in prevention
of the largest of aneurysms. Cyclosporine A mainly targets T
cell activity by inhibition of calcineurin and its downstream
transcription factor NFAT. This downregulation of T cell activity
has been shown to decrease B cell immunoglobulin production
(169). Although encouraging, the applicability of this treatment
outside of the highest risk individuals is unclear. Limited reports
of successful treatment with anti-B cell monoclonal antibodies
(anti-CD20) also support a role for B cell activation in KD
pathogenesis (140). Based on data regarding MMP in murine
models, doxycycline is also being used (87). Supplementation
with statins also has a currently recruiting trial ongoing. Plasma
exchange, which also has a broad range of activity, is used in some
centers, particularly in Japan (2). Recent data suggests restitution
of circulating T regulatory cells occurs which aligns with other
mechanisms similar to IVIG (141).

The broad effects of most treatments make drawing specific
conclusions about correlation with pathogenesis (see Figure 1);
however, a number of treatments and reported success with
anti-CD20 monoclonal antibodies supports a significant role for
B cells.

Autoimmune Antibodies in KD
A role for B cells could imply a significant autoimmune
component in KD (170). Self-antigen responses to a variety
of targets have actually been well-described in KD. These
include recent reports of antibody responses to type III
collagen, myosin (171), cardiolipin (172), alpha-enolase (173),
and anti-endothelial antibodies. Anti-endothelial antibodies are
particularly interesting as these are seen in other disorders, such
as SLE and renal allograft rejection (174). Other vasculitides
have also been associated with anti-endothelial antibodies. These
have been shown to cause upregulation of E-selectin, VCAM-1,
ICAM-1, and NFκB (175). Responses to these antibodies include
upregulation of inflammatory cytokines and apoptosis of the
endothelial cells.

In KD subjects, a polyclonal response against endothelial
cells has been described (176); however, not universally (177).
Particularly during generalized inflammation, cytokines such
as IFN-γ, IL-1, and TNF can reveal this IgG and IgM anti-
endothelial response (178, 179). In cell lysis assays, pathogenesis
was eliminated by clearing the serum through anti-IgG and anti-
IgM sepharose columns arguing against a role of peripheral anti-
IgA responses. This does not eliminate the potential role of
intra-tissue IgA+ plasma cell development in pathogenesis as has
been postulated (180, 181). Other studies support significant IgM
mediated cytotoxicity against endothelial cells in KD patients
(182). Prevalent IgM anti-endothelial responses in KD have

also been shown without cytokine stimulation (182, 183). In
a mouse model system, anti-endothelial antibody responses
were replicated, but these did not demonstrate cardiac vascular
involvement (184).

Recently, the autoimmune considerations in KD have been
reviewed (170). The case report of anti-B cell monoclonal
antibody success was proposed by the authors to be due to the
downregulation of such an anti-endothelial invasive effect (140).

Although intriguing, it remains unknown if these anti-
endothelial responses actually contribute to the vasculitis in KD
and other vasculitides (175).

Human Pathologic Studies
A small number of studies, due to the necessary reliance on
autopsy specimens, support limited B cell infiltration into the
coronary arteries (185). These limited studies have shown that
coronary infiltrates develop over time with late fibrosis occurring
in the intima and adventitial layers and can be divided into an
acute, subacute and chronic state formation (90). In the acute
phase, neutrophils are the predominant initial cell infiltrate (186).
This can result in necrotizing arteritis that destroys the adventitia
leading to aneurysm formation (90).

A number of studies have noted lymphocytic infiltrates in
samples from later timepoints. In a study of eight specimens,
two of which were within the first 2 weeks of illness, showed
predominant monocytes on day 6 and no CD3+ (T cell) nor
CD20+ (B cells) cells. T and B cells were shown in the one
sample from day 10 but both monocytes and neutrophils were
more predominant (186). B cell responses were highest on day
10 and 17 overall, but one of the two samples from day 17
had very few B cells. Another small study of seven subjects,
all from over 13 days of illness, showed IgA+ plasma cell
infiltrates. These were seemingly specific to KD; however, the
fourteen control specimens were from autopsies that succumbed
generally from non-inflammatory and non-cardiac syndromes.
Notably, mature memory and immature B cells (CD20+ cells)
were lacking (180). If the previous day 10 B cell infiltrates
became plasma cells as has been postulated (187), these studies
would be consistent. Also consistent, in a series of six KD
specimens who were not diagnosed with aneurysms compared
to 21 non-inflamed controls, neutrophil infiltration in adventia
and intima layers was quickly followed by lymphocyte infiltrates,
then mixed lymphocyte, eosinophils, and plasma cell infiltrates
were demonstrated later, near day 19 of illness (186, 188). Other
reports support monocyte infiltration with more significant
CD8T cell responses, however there were few early samples here
as well (187). Overall, innate immune cells are the predominant
in early infiltrates.

Prominent nodular infiltrates, similar to atherosclerotic
plaque formation, have also been described, but these appear to
occur at later timepoints (>3 weeks). These infiltrates consisted
of T cells, macrophages, B cells and prevalent IgM+ plasma cells,
with less frequent IgA+ plasma cells. The authors compare these
to similar B cell rich lesions driven by both superantigens and
specific infectious antigens (189).

The largest study, relying on electron microscopic studies,
suggests that there is an early necrotizing arteritis suggestive
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of an acute viral infection, followed by a vasculitis, then
luminal myofibroblast proliferation (90). There were a number
of differences from previous reported pathological specimens,
including lack of granulomatous inflammation, lack of small
vessel pathology, minimal medial hyperplasia or scarring, and
lack of atherosclerosis. Overall most studies are consistent with
an early phase with neutrophil infiltration when severe is termed
necrotizing arteritis, with later lymphocyte and plasma cell
infiltration still in the background of significant monocytes.

Only few studies on long-term sequelae have been published.
There seems to be an increased risk of cardiac death in survivors
of KD. Limited human pathology specimens show no long-term
inflammatory infiltrates (186, 188). The limited data on adult
follow-up cases of KD implies there is a greater lifetime risk
of cardiac issues and early mortality (15–18). Even those who
had KD without noticeable aneurysms may have endothelial
dysfunction and increased arterial stiffness (158). A clinical trial
on long-term consequences is actively recruiting (NCT03750123-
CAVASAKI trial). As established clinical cohorts age, the lifetime
risk of childhood KD should be revealed.

Unfortunately, disparity of reports, lack of early timepoints,
and lack of control tissue sample from cases experiencing
ongoing inflammation make firm conclusions difficult.
Collection and study of these types rare samples should continue.

Studies on Circulating Immune Cells
In the few published studies on peripheral cell subsets during
acute KD, circulating B cells are generally elevated (6, 9, 45, 71,
190). Lack of changes in acute and convalescent B cells subgroups
and increases in CD69+ natural killer and γ δ T cells supported a
role for the innate immune system (71). B cells did seem to be in
an “activated” phenotype, being positive for CD86 (190). After
stimulation of the TLR-9 receptor there was a global increase
in the ability of B cells to secrete IgM, IgG, and IgA with a
notable expansion in IgA+ B cell numbers (190). One study
showed a paucity of IgA + peripheral B cells from acute KD
samples compared to controls continuing through convalescence
(8) that was not replicated in other studies. Reports do show
increased IgA immune complexes and levels (13), although
immune complexes do not necessarily portend worse prognosis
(191). Overall, in the small number of studies relating to the
peripheral blood B cell compartment, overall B cells numbers are
increased and B cells are more reactive.

Although, total numbers of cells do not show consistent
results, clonal expansion within the B cell compartment can be
studied. A specific immune response to an agent typically has
an initial inherent immune component that leads to antigen
presentation to effector cells. Receptors on the effector cell surface
(T-cell receptors in T cells and Immunoglobulin, or antibody,
in B cells) bind specific targeted areas of the agent, termed
epitopes. Specific recognition by T and B lymphocytes leads
to stimulation, lymphocyte replication and clonal expansion;
what is termed an oligoclonal response. Oligoclonal expansion is
shown in peripheral IgM+ B cells in KD (9). Oligoclonal plasma
cell infiltrates, predominantly IgA+, have been shown in KD
arterial specimens (192). Heavy and light chain sequences were
obtained and cloned into full length expression vectors from

these cardiac vessel samples. These chimeric antibodies identified
intracellular inclusions (ICI) in bronchial epithelium samples
from children with KD (46, 104). However, similarly cloned
antibodies revealed self-antigen targeting (181). Additionally,
26% of the control group, composed primarily of adult patients,
had similar inclusion bodies, and next generation sequencing
from these ICIs did not reveal an etiology (193). Although plasma
cell infiltration outlined above is intriguing, a similar pathological
response is seen in a number of inflammatory conditions such
as NMDAR encephalitis (194), primary sclerosing cholangitis,
(195) multiple sclerosis, (196) and responses to tumors (197).
ICI in cells can be any number of structures (aggresomes, stress
granules, p-bodies, prion-aggregates, aggresome-like induced
structures (ALIS) and autophagosomes) and this has been
recently reviewed (164). Currently, it is unclear of the significance
of this work.

Similar Plasmablast (PB) Responses in KD

Compared to Infections
Plasmablasts (PBs), derived from naïve and memory responses,
are B cells transitioning to plasma cells that circulate in the
peripheral blood cell compartment. They are characterized
by surface expression of CD19, with CD20 downregulation,
and high levels of CD27 and CD38. After antigenic challenge
(vaccination and natural infections), CD19+, CD20lo, CD27+
and CD38 + PBs can be seen in the peripheral blood (8,
198–200). Immunization studies in adults, with pathogens such
as tetanus, influenza and rabies, show PBs are enriched for
specific antibodies against the challenge antigen, temporally
peak 5–10 days after immunization, and are predictive of later
sero-immunity (198, 201–203). In comparison to the general
circulating B cell population, PBs are enriched for B cells
that produce infection-specific antibodies (204–209) Although
certain infections, such as dengue virus, may set off exceedingly
high PB levels (210–212), excessive PB responses are usually an
indicator of autoimmune flares (213). This excessive circulating
PB response seen specifically correlates with CRP level in studies
on ulcerative colitis (212, 214) and IGG4 related disease (215,
216). Besides correlation of an inflammatory state consistent with
infection and inflammation, little is known regarding regulatory
or pathologic consequences of PB elevation.

We postulated if KD is caused by an infection, we should
see a predictable rise of PBs in the peripheral blood. On single
timepoint collection, we showed 15 of 18 KD samples had
elevation of their PBs, and overall this response was similar
to the range of data shown in our 69 infected controls (45).
Results of this study are consistent with the majority of the
literature that show B cell stimulation and increasing peripheral
B cell numbers during KD (6, 9, 71, 190). Importantly, the
levels were not consistent with a pure autoimmune response as
they did not correlate with CRPs and were not overly excessive.
Unfortunately, only five children had repeat samples, but from
these it did not appear that IVIG has an effect on PB numbers. As
PBs rise and fall over time, we have ongoing studies collecting
samples over time to confirm a dynamic PB response similar
to infections occurs in KD. Other groups have recently shown
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similar PB elevation during KD, but this was compared to healthy
controls (217).

Ongoing studies are exploring heavy and light chain usage
in B cells and PBs during KD with next generation sequencing
techniques. From our initial evaluation, a number of these clones
have markers of affinity maturation (multiple clonal members,
isotype switching, increased nucleotide substitutions from
predicted germlines, and increases in the subgroup replacement
to silent nucleotide mutation (R/S) ratios) (218). Our group and
other are expressing cloned sequences as monoclonal antibodies
in the attempt to find their antigenic target.

Because of reported oligoclonal responses and characteristics
suggesting response to infection seen in PBs and antibodies
during KD, we hypothesize the antibodies derived from PBs
during KD are specific against the etiology that led to KD within
that child.

DISCUSSION

As reviewed, a number of studies support a roll for B cells, plasma
cells, and antibodies in the pathogenesis of KD. Although B cell
and plasma cell infiltration in pathology specimens is intriguing,
whether they are bystanders activated by a superantigen effect,
are responding to a self-antigen revealed by inflammation, or
specific against an infectious etiology is currently unknown.
An autoimmune component to this disease has long been
postulated, and overlapping genomic risk associations with lupus
and rheumatoid arthritis suggest this to play a role. Genomic
and proteomic approaches strongly suggest a role for the innate
immune system in pathogenesis, but associations with BLK, and
CD40 also support a potential role for B cells. The increasingly
appreciated role of B cells as immune system modulators may
explain these associations and align the disparate data.

Humoral immune responses continue to be worth exploration
in children with KD. Like the mouse models and attempts at
developing new therapeutics, it is hard to be confident in any one
approach without knowledge of the etiology. Compelling recent
data suggests that exploration of the specific B cell responses is
an encouraging path to discovering improved diagnostics and
potentially the pathogen that sets off this immune cascade.

This is a rich opportunity for clinical investigators. Rigorous
studies are needed on those children who present with KD. If
any pulmonary findings are found, bronchial washings should
be obtained and stored for potential molecular diagnostics.
Other samples, such as PBMCs and serum, should be taken and
banked for future studies. Thorough autopsy evaluation should
be pursued on any subjects who succumb during the acute or
convalescent phases of KD. Improved reporting and national
registries would go a long way in establishing a representative
pool of patients. Studies currently ongoing on peripheral cytokine
profiles, B cells and PBs may show a consistent marker to help
define who has KD. A correlative diagnostic marker, possibly
even antibody derived, would be a highly desirable first step in
future studies.

As outlined herein, evidence from genomics, transcriptomics,
and proteomics support a role for B cells in the pathogenesis

of KD, and continued studies on B cell responses may assist in
identifying the etiology of KD.
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Ventricular septal rupture (VSR) due to blunt chest trauma (BCT) is rare in infants.

Traumatic VSR should be considered in infants with acute congestive cardiac failure

following blunt trauma to the chest. Echocardiography is the method of choice for

diagnosis and guiding the management of VSR. In this case report, we present a case

of VSR caused by BCT in a 1-year and 9-month-old infant, who was diagnosed by

emergency bedside echocardiography. We also provide a mini-review of literatures on

BCT-induced VSR in children.

Keywords: ventricular septal rupture, blunt chest trauma, echocardiography, infant, therapy

INTRODUCTION

Ventricular septal defect (VSD) is the most common congenital heart disease (1). Acquired VSD is
very rare, and is mainly due to trauma, myocardial infarction, or complications of cardiac surgery
such as valve replacements or closure of VSD, endocarditis (2). Ventricular septal rupture (VSR),
also called traumatic VSD, is a rare complication of blunt chest trauma (BCT) in children (3–
5). The formation mechanism of VSD after BCT has been suggested as the ischemic myocardial
rupture associated with initial trauma, and/or the reopening of spontaneously closed congenital
VSD (6, 7). In addition, during ventricular isovolumic contraction, chest trauma may produce
sufficient ventricular force to cause myocardial rupture (6, 7).

Non-invasive imaging of the intra-cardiac structure with high spatial and temporal resolutions
can be obtained by echocardiography in children. Therefore, echocardiography is the modality of
choice for the diagnosis andmanagement of VSR (4, 8). Bedside echocardiography is themost rapid
and feasible modality to diagnose and follow-up acute and severe VSR cases. In this study, we report
a case of VSR in an infant following BCT, whereby bedside echocardiography revealed a muscular
ventricular septal defect and a ventricular aneurysm on the left ventricular posterior wall opposite
the muscular ventricular defect.
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FIGURE 1 | Bedside electrocardiogram revealed ST segment elevation.

CASE

A1-year and 9-month-old male infant was presented with
a history of being involved in a motor vehicle accident
5 h earlier in which he sustained blunt force chest trauma.
From the time of admission to the 7th day, he was
not on a ventilator, and the ECG monitor showed that
his vital signs were stable. His breath was in a regular
rhythm, and a Grade 2–3/6 systolic murmur was detected
at the left lower sternal border. On the 7th day after
admission, the vital signs of the infant were unstable:
he was in respiratory distress (respiratory rate 70/min),
and his heart rate was 145–155 times per minute. His
blood oxygen saturation decreased to 78%. Scratches
can be seen on the skin of the occipital scalp and the
left forearm.

Myocardial zymogram evaluations revealed that
hypersensitive troponin 1 was increased to 10.281
µg/L, and the creatine kinase MB isoenzyme was
increased to 7.29 µg/L. The bedside electrocardiogram
showed pathological Q wave and ST segment elevation
(Figure 1). Chest computed tomography showed double
lung contusion.

Emergency bedside echocardiography demonstrated funnel-
shaped muscular ventricular septal defect (M-VSD). The
diameters of the left and right ventricular shunt orifice were
10 and 5mm, respectively (Figures 2A,B). Color Doppler flow
imaging showed a bidirectional shunt between the left and
right ventricles (Figures 2A,B), and also revealed severe mitral
regurgitation (Figure 3A), and mild pulmonary hypertension
(Figure 3B). Opposite of the muscular ventricular defect, it
was noted that a ventricular aneurysm on the left ventricular
posterior wall had formed (Figure 3C). The thickness of
the myocardium appeared irregular with the thinnest region
measuring 3.0 mm.

The infant underwent cardio-surgery to occlude the
M-VSD with an occluder (SQFDQ-II i, 10mm, LEPU
Medical, China) under direct vision, which was monitored
by trans-esophageal echocardiogram. After occlusion of the

M-VSD, the ventricular aneurysm on the left ventricular
posterior wall was repaired surgically by intermittent pad
stitching. The mitral valvuloplasty and foramen ovale suture
closure were performed under cardiopulmonary bypass.
The intraoperative findings were consistent with those of
echocardiography. Both immediate trans-esophageal and
trans-thoracic echocardiogram showed no residual shunt after
operation (Figure 4).

From post-operation day 1–16 the infant had been in
a stable condition (T 36.8◦C, R 30/min, HR 131 times
per minute, BP 90/54 mmHg, SPO2 96–99%). The cardiac
functions of the infant were normal (EF 57% FS 29%
E/A 1.4 IRT 42ms). On post-operation day 13, he was
weaned off the ventilator and was extubated. On the
16th day after operation, the blood oxygen saturation
rate was decreased (the lowest level reached 27%). The
infant was in a critical condition, and tracheal intubation
was performed on the patient. His parents decided to give
up treatment.

DISCUSSION

Traumatic VSDs present in 2–10% of BCT cases from motor
vehicle accidents, and children are more prone to VSR due
to the pliability of the immature chest wall (6, 9, 10). The
increased intraventricular pressure after atrioventricular valve
closure and the sudden elevation of pressure caused by the
impact of BCT make the ventricular septum susceptible to
rupture (10–12). The contusedmyocardium can become necrotic
and subsequently perforate because of the two postulated
mechanisms of VSR (6, 7). VSR may occur several hours
to months after blunt trauma (13). In the case of our
infant patient, rupture occurred on the seventh day post-
BCT injury.

Congenital VSD usually occurs adjacent to the
membranous septum (14). The most common localization
of traumatic VSD is in the muscular portion of the
interventricular septum near the cardiac apex (12). In this
specific case there was no previous history of congenital
heart disease. Bedside echocardiography showed M-
VSD and a ventricular aneurysm on the left ventricular
posterior wall. Electrocardiogram revealed myocardial
ischemia, with myocardial zymogram (troponin 1 and
creatine kinase MB) further hinting myocardial damage.
VSR was diagnosed as a complication of BCT, which
was confirmed in the cardiac operation. It is evident
in this case study that bedside echocardiography is
an effective tool for rapid and accurate assessment of
cardiac injury, providing anatomical, and hemodynamic
information (8, 15).

The case described herein is similar to the acquired VSR
cases due to BCT previously reported in children (4–7, 10).
Specifically, Ogunkunle et al. reported BCT induced VSR in
a 7-year-old child (4). Behrle et al. reported a case of 6-year-
old girl run over by a van, and emergency echocardiograms
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FIGURE 2 | Emergency bedside transthoracic echocardiography revealed funnel shaped M-VSD (A). The white arrows indicate the left and right ventricular shunt

orifice (A,B). Color Doppler flow imaging show a bidirectional shunt between the left and right ventricles (A,B). LA, left atrium; RA, right atrium; LV, left ventricle; RV,

right ventricle.

FIGURE 3 | Color Doppler flow imaging revealed severe mitral regurgitation (A), and mild pulmonary hypertension was estimated by continuous-wave doppler (B).

Opposite the muscular ventricular defect, a ventricular aneurysm on the left ventricular posterior wall was formed (C), indicated by the arrow.

demonstrated a ventricular septal pseudo-aneurysm (12 ×

15mm) in her superior muscular septum (7). The pseudo-
aneurysm was left untreated and remained stable during the

patient’s 3-month hospitalization. Steed et al. reported a septal
avulsion case in a 15-year-old child caused by motor vehicle

accident (6), and the aorta of the child was opened in surgery
and a septal avulsion was excised through the aortic valve. In

another car accident, an anterior M-VSD and a left ventricular
aneurysm (28 × 25mm) were detected in a 13-year-old boy 1

day after the accident (10). The aneurysm was incised during
ventricular fibrillation. According to the current literature,
our patient (1-year and 9-month old) represents the youngest
child whose VSR and septal aneurysm were caused by the
complication of BCT after a car accident. A muscular septal
occluded device was utilized in a minimally invasive closure,
and the aneurysm was also treated in cardiac surgery. Recently,
Wu et al. reported a traumatic VSD case in a 1-year-old
boy caused by chest compression after a slippery accident by
an adult (16). The authors suggest that the appearance of
new heart murmur after chest trauma as the clinical clue of
traumatic VSD.

FIGURE 4 | Transthoracic echocardiogram showed no residual shunt after

operation, and the arrow indicates the occluding device.

CONCLUSION

We present the case of a child with VSR following
blunt chest trauma due to a motor vehicle accident.
The M-VSD was occluded with invasive closure, and
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ventricular aneurysm was surgically repaired. To our
knowledge, similar co-occurrence of these features has never
been reported.
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Soluble epoxide hydrolase (sEH) is responsible for rapid degradation of 14, 15-EET, which

is one of the isomers of EETs and plays an important role in cardiovascular diseases. In

this study, we investigated the mechanism by which sEH inhibitor AUDA played an anti-

inflammatory effect in HCAECs. Our results indicated that AUDA treatment promoted

PPARγ expression, while knockdown of PPARγ blocked the cell growth and STAT1

expression inhibition induced by 100 µmol/L AUDA in HCAECs. AUDA also inhibited

the overexpression of TNF-α, IL-1 β, and MMP-9 induced by KD sera in HCAECs.

Moreover, 30 blood samples from children with Kawasaki disease (KD) were collected

with 30 healthy children as the control group. QPCR and ELISA assays were used to

detect the level of 14, 15-EET, TNF-α, IL-1β, and MMP-9. We found that the level of

14, 15-EET was higher in peripheral blood of children with KD compared with healthy

controls (P < 0.05). In comparison to KD children with non-coronary artery lesion (nCAL),

the level of 14, 15-EET was higher in peripheral blood of KD children with coronary

artery lesion (CAL) (P < 0.05). Compared with healthy control group, the expression

levels of TNF-α, IL-1β, and MMP-9 in patients with KD were significantly up-regulated.

Compared with nCAL KD children, the expression levels of TNF-α, IL-1β, and MMP-9 in

CAL children were abnormally high (P < 0.05). Our study indicated that AUDA played an

anti-inflammatory effect in HCAECs through PPARγ/STAT1 signaling pathway, and 14,

15-EET is up-regulated in children with KD, suggesting that 14, 15-EET involved in the

progression of KD.

Keywords: Kawasaki disease, 14, 15-EET, coronary injury, AUDA, PPARγ

INTRODUCTION

Studies have shown that arachidonic acid (ARA) is converted to endogenous lipid EETs by P450
arachidonic acid cyclooxygenase (ARA cyclooxygenase), while EETs are converted to inactive
DHET by sEH in vivo (1, 2). Cytochrome P450 2J2 (CYP2J2) is amajor humanARA cyclooxygenase
that produces all four EETs isomers: 5, 6-EET, 8, 9-EET, 11, 12-EET, and 14, 15-EET (3). 14, 15-EET
plays an important role in cardiovascular diseases (4, 5). A number of studies have shown that 14,
15-EET promotes PDGF-induced proliferation of porcine aortic smooth muscle cells by inhibiting
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COX-mediated PGE2 synthesis, and has extensive
cardioprotective functions, involving in a variety of
cardiovascular diseases (6).

In previous studies, we found that AUDA, a sEH inhibitor,
could inhibit the expression ofMMP-9, IL-1β, and TNF-α in vitro
and in vivo, thus protecting and repairing myocardial injury (7).
In this study, we explored the specificmechanism of AUDA in the
process of myocardial protection. We also collected peripheral
blood samples from patients with Kawasaki disease (KD) to
investigate 14, 15-EET level and its significance in coronary
artery lesion (CAL). This study provides evidence for the clinical
treatment of KD targeted by EETs.

MATERIALS AND METHODS

Cell Culture and Transfection
HCAECs were obtained from theWuhan Culture Collection. The
culture and treatment with AUDA of HCAECs was performed
as mentioned in our previous study (7). Cells were cultured in
medium with 10% KD sera to establish KD cell model. PPARγ

specific siRNA and over-expression plasmid were all purchased
from Shanghai GenechemCo., Ltd. and transfected intoHCAECs
using Lipofectamine 2000 (Thermo Fisher Scientific, San Jose,
CA, USA) following the manufacturer’s instruction.

CCK8
Cell proliferation was detected using cell counting kit-8 (CCK-
8) assay (Beyotime Institute of Biotechnology, Haimen, China),
which was performed according to the description in our
previous study (7).

Sample Inclusion Criteria
This study included 30 children with KD hospitalized in Qilu
Hospital from June 2018 to January 2019, all of which met the
fourth revised diagnostic criteria of Kawasaki Disease Research
Committee of Japan (8). All childrenwere not treated with aspirin
or gamma globulin before admission. KD complicated with CAL
diagnosed with Z-value >2.5 by the same echocardiologist (8).
There was significant difference in Z-value between CAL and
nCAL groups.

Sample Collection
The venous blood of the normal control group and KD patients
was collected 3ml each, and centrifuged at 3,000 rpm for 10min,
and the prepared plasma was stored in a refrigerator at −80◦C.
Parental informed consent was obtained. The clinical data of KD
and normal control were collected and compiled. The present
study was approved by the ethics committee of Qilu Hospital,
Shandong University and informed consents were obtained from
all patients and healthy control.

Quantitative Real-Time PCR (qPCR)
Total RNA was extracted, and then reverse transcribed to
cDNA. The expression of PPARγ, STAT1, MMP-9, IL-1β,
and TNF-α was detected by qPCR using SYBR Premix
Ex Taq II. The relative quantification was identified by
the 2−11Ct method after standardization to the GAPDH

level. Following primers were used in this research: PPARγ-
F 5′-GGCCCTGGCAAAACATTTGT-3′, PPARγ-R 5′-GATG
GCCACCTCTTTGCTCT-3′, STAT1-F 5′-GGCACGCACACAA
AAGTGAT-3′, STAT1-R 5′-AGAGGTCGTCTCGAGGTCAA-
3′, TNF-α-F 5′-ACCGCAGTCCAGAAAGTCTC-3′, TNF-α-R
5′-TGCAGGCCTCAGGATCAAAG-3′, IL-1β-F 5′-TGGGCCTC
CTCTCCTACT-3′, IL-1β-R 5′-CTTCCCCCATTCATCCCAGG-
3′, MMP-9-F 5′-GACTGAGTACCTGAACCGGC-3′, MMP-9-
R 5′-AGTTCCACAAAGGCATCCCAG-3′, GAPDH-F 5′-TCTC
TGCTCCTCCCTGTTCT-3′, and GAPDH-R 5′-ATCCGTTC
ACACCGACCTTC-3′.

ELISA
The levels of 14, 15-EET (cat. no.ab175812, Abcam), MMP-9
(cat. no.ab246539, Abcam), IL-1β (cat. no.ab100562, Abcam),
and TNF-α (cat. no.ab181421, Abcam) were examined using
ELISA kits.

Statistical Analysis
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used
for data analysis. Data are expressed as the mean ± standard
error. The significance of differences among several groups was
determined using one-way analysis of variance and Bonferroni
posttest. P < 0.05 was considered to indicate a statistically
significant difference. All experiments in this research were
performed in triplicate.

RESULTS

AUDA Promotes the Proliferation of Human
Coronary Arterial Endothelial Cells
(HCAECs) by Up-Regulating PPARγ

To investigate the mechanism by which AUDA played an anti-
inflammatory effect, we detected the mRNA level of PPARγ in
HCAECs using qPCR. As shown in Figure 1A, themRNA level of
PPARγ increased significantly after the treatment of 100µ mol/L
AUDA, suggesting that PPARγ might be the target of AUDA
in HCAECs. Then, we transfected PPARγ specific siRNA or
PPARγ over-expression plasmid into HCAECs to further verify
the effect of AUDA on PPARγ. From qPCR results, PPARγ

expression was significantly inhibited by PPARγ siRNA and
promoted by PPARγ over-expression plasmid (Figure 1A). CCK-
8 assay was performed to confirm the proliferation of HCAECs.
As shown in Figure 1B, the OD value of the PPARγ knockdown
group (si-PPARγ) decreased significantly, while the OD value
of the PPARγ over-expression group increased significantly.
In addition, after the treatment of PPARγ knockdown cells
with 100 µmol/L AUDA, the OD value decreased markedly
compared with 100µmol/L AUDAgroup (Figure 1B).Moreover,
in order to investigate whether the overexpression of PPARγ

formed a feedback inhibition on the proliferative effect of
AUDA, we overexpressed PPARγ at the same time as AUDA
treatment (AUDA+PPARγ group). The results show that the
overexpression of PPARγ did not affect the effect of AUDA
compared with the AUDA group (P < 0.05, Figure 1). These
data indicated that PPARγ knockdown blocked the cell growth
induced by 100 µmol/L AUDA in HCAECs.
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FIGURE 1 | AUDA inhibited JAK/STAT1 signaling pathway by upregulating PPARγ. (A) The expression of PPARγ in human coronary artery endothelial cells was

detected by qPCR; (B) The proliferation of coronary artery endothelial cells in each group was determined by CCK-8; (C) The expression of STAT1, a key protein in the

downstream pathway of PPARγ was detected by qPCR. The mRNA levels of TNF-α (D), IL-1β (E), and MMP-9 (F) in each group were detected using qPCR. *P <

0.05, **P < 0.05 vs. control group, #P < 0.05 vs. 100 µmol/L AUDA group.

AUDA Inhibits JAK/STAT1 Signaling
Pathway and Inflammatory Factors by
Up-Regulating PPARγ

STAT1 is a critical protein of JAK/STAT1 signaling pathway,
as well as a key factor in the pathogenesis and progression of
inflammation (9, 10). Its downstream inflammatory factors such
as TNF-α, IL-1β, andMMP-9 play crucial roles in the progression

of KD (11, 12). Therefore, we investigated the effect of AUDA

on STAT1 and inflammatory factors using qPCR. As shown

in Figure 1C, STAT1 mRNA level decreased significantly after
treatment with 100 µmol/LAUDA or overexpression of PPARγ,
but increased significantly after knocking down PPARγ. After the
treatment of PPARγ knockdown cells with 100 µmol/L AUDA,
STAT1 expression increased to the level of control group, which
was significantly higher than that of 100 µmol/L AUDA group.
The expression levels of TNF-α, IL-1β, and MMP-9 were also
significantly inhibited by 00 µmol/L AUDA and PPARγ, and
significantly increased after PPARγ knockdown (Figures 1D,E).
Moreover, PPARγ knockdown rescued the inhibition of TNF-α,

IL-1β, and MMP-9 expression induced by the treatment of
100 µmol/L AUDA (Figures 1D,E). These results suggested that
AUDA played an anti-inflammatory role by upregulating PPARγ

and inhibiting JAK/STAT1 signaling pathway in HCAECs.

AUDA Blocks the Inflammatory Response
Induced by KD Sera in HCAECs
Next, we treated the 10% KD sera cultured HCAECs with 100
µmol/ L AUDA to further investigate the effect of AUDA on
KD. As shown in Figure 2A, KD sera inhibited the proliferation
in HCAECs compared with the control group. 100 µmol/L
AUDA treatment rescued the inhibition of proliferation induced
by KD sera. Moreover, the mRNA level of TNF-α, IL-1β, and
MMP-9 increased in KD sera cultured HCAECs compared with
the control, and decreased by the treatment of 100 µmol/L
AUDA (Figures 2B–D). These results indicated that AUDA
could block the inflammatory response induced by KD sera,
suggesting an anti-inflammation effects of AUDA in KD sera
cultured HCAECs.
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FIGURE 2 | AUDA blocked the inflammatory response induced by KD sera in HCAECs. HCAECs were cultured with 10% KD sera (KD sera group) with cells in

conventional culture as the control group. KD sera group cells were treated with 100 µmol/L AUDA to generate the KD sera + AUDA group. (A) The proliferation of

HCAECs in each group was detected by CCK-8. The mRNA levels of TNF-α (B), IL-1β (C), and MMP-9 (D) in each group were detected using qPCR. *P < 0.05 vs.

control; **P < 0.01 vs. control; #P < 0.05 vs. KD sera; ##P < 0.01 vs. KD sera.

Clinical Data of Samples
A total of 30 patients with KD and 30 healthy children were
enrolled in the study to detect 14, 15-EET level in peripheral
blood. The average age of 30 patients with KD was 25 ± 6m.
Among them, 18 patients with CAL had an average age of
23 ± 9m, while 12 patients without CAL had an average age
of 26 ± 6m. Compared with the normal control, the content
of leukocytes, platelet, monocytes, and C-reactive protein in
peripheral blood of patients with KD were significantly increased
(P < 0.05), while the levels of leukocytes, neutrophils and
C-reactive protein in peripheral blood of patients with CAL
were significantly higher than those of patients without CAL
(P < 0.05, Table 1).

14, 15-EET Level in Peripheral Blood of
Patients With KD and Its Relationship With
CAL
The level of 14, 15-EET in peripheral blood samples of 30
patients with KD and 30 healthy children was detected using
ELISA. As shown in Figure 3A, the level of 14, 15-EET in
peripheral blood of KD patients was significantly higher than
that of control group, which was statistically significant (P <

0.01). Thirty KD patients were divided into two groups: CAL
group (12 cases) and nCAL group (18 cases). The level of 14,
15-EET in the CAL group was significantly higher than that
in the nCAL group via comparing 14, 15-EET level in the two
groups (Figure 3B). These results suggest that 14, 15-EET is
closely related to the progression of KD and plays a role in the
process of CAL in patients with KD. It is a potential target for
clinical intervention.

Expression of TNF-α, IL-1β, and MMP-9 in
Peripheral Blood of Patients With KD
The mRNA levels of TNF-α, IL-1β, and MMP-9 in peripheral
blood of KD patients and control children were detected using
qPCR. As shown in Figure 4, the mRNA levels of TNF-α, IL-1β,

andMMP-9 in peripheral blood of KD patients were significantly
up-regulated compared with the control group. Results detected
though ELISA showed that protein levels of TNF-α, IL-1β,
and MMP-9 in peripheral blood of KD patients were also
significantly up-regulated (Figure 5). These results suggest that
TNF-α, IL-1β, and MMP-9 are involved in the progression
of KD.

The Relationship Between the Expression
of TNF-α, IL-1β, and MMP-9 in Peripheral
Blood and CAL in KD Patients
Further analysis of the expression levels of inflammatory factors
in KD patients with CAL or nCAL showed that levels of TNF-
α, IL-1β, and MMP-9 in patients with CAL were significantly
higher than those in patients with nCAL (Figure 6). The protein
levels of TNF-α, IL-1β, and MMP-9 in the CAL group were also
significantly higher than those in the nCAL group (Figure 7).
These results confirm that TNF-α, IL-1β, and MMP-9 are
involved in the progress of inflammation and play roles in the
development of CAL in KD patient.

DISCUSSION

In previous studies, we found that the proliferation, migration,
adhesion, and angiogenesis were enhanced after the treatment
of 100 µmol/L AUDA in HCAECs (7). PPARγ antagonist
GW9662 could block the growth induced by AUDA in
HCAECs, indicating that AUDA promoted the migration,
adhesion, proliferation, and angiogenesis of HCAECs through
the EETs-PPARγ signaling pathway (7). In this study, we
knocked down/overexpressed PPARγ in HCAECs to further
confirm our hypothesis. Our results proved that knockdown
of PPARγ blocked the proliferation induced by AUDA,
while PPARγ overexpression promoted the proliferation of
HCAECs. Moreover, AUDA treatment activated STAT1 signaling
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TABLE 1 | Blood routine test results of selected patients and normal controls.

Groups Cases (n) Age (m) Leukocyte (× 109/L) Platelet (× 109/L) Monocyte (× 109/L) C-reactive protein (mg/L)

Control 30 25 ± 7 4.8 ± 0.6 220 ± 20 0.8 ± 0.3 3.5 ± 1.1

KD nCAL 12 26 ± 6 14.5 ± 4.2* 320 ± 30* 1.7 ± 0.7* 49.6 ± 29.9*

CAL 18 23 ± 9 19.6 ± 3.9*# 350 ± 30 2.0 ± 0.7* 96.9 ± 67.2*#

*P < 0.05 vs. Control; #P < 0.05 vs. nCAL.

FIGURE 3 | The level of 14, 15-EET in KD patients and control children. (A) ELISA was performed to detect 14, 15-EET level in patients with KD and normal control

group. (B) The level of 14, 15-EET in KD patients with CAL or nCAL. *P < 0.05; **P < 0.01.

FIGURE 4 | The level of inflammatory factors in KD patients. (A) TNF-α in KD patients and control children. (B) IL-1β in KD patients and control children. (C) MMP-9 in

KD patients and control children. *P < 0.05; **P < 0.01.

FIGURE 5 | The levels of inflammatory factors in KD patients with CAL or nCAL. (A) TNF-α level in patients with KD. (B) IL-1β level in patients with KD. (C) MMP-9

level in patients with KD. *P < 0.05; **P < 0.01.
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FIGURE 6 | Expression of inflammatory factors in KD patients and control group. (A) TNF-α protein level in KD patients was detected by Elisa. (B) IL-1β protein level in

KD patients. (C) MMP-9 protein level in KD patients. *P < 0.05; **P < 0.01.

FIGURE 7 | Expression of inflammatory factors in peripheral blood of KD patients and control children with CAL or nCAL. (A) TNF-α protein level in peripheral blood of

patients with or without CAL; (B) IL-1β protein level in peripheral blood of patients with CAL or nCAL; (C) MMP-9 protein level in peripheral blood of patients with CAL

or nCAL. *P < 0.05; **P < 0.01.

pathway by upregulating PPARγ expression, suggesting an anti-
inflammatory role of AUDA in HCAECs. Interestingly, AUDA
could also rescue the inhibition of proliferation and increased
expression of TNF-α, IL-1β, MMP-9 induced by KD sera. Thus,
we hypothesized that AUDA could block the inflammatory
response in KD, which needs further verification in vitro and
in vivo.

EETs have significant anti-inflammatory effects and also play
important roles in promoting angiogenesis and cardiovascular
protection (13–15). As an important subtype of the family, 14, 15-
EET plays an anti-inflammatory role in many organs (16, 17). In
human endothelial cells, hypoxia can increase the level of 14, 15-
EET, and CYP2C, and then inhibit the up-regulation of vascular
cell adhesion molecule-1 (VCAM-1). Another study reports that
11, 12-EET and 14, 15-EET promotes the release of heparin-
binding EGF-like growth factor (HB-EGF) from cell surface by
up-regulating the activity of multiple MMPs family proteins
(18, 19). The treatment of myocardial ischemia/reperfusion rat
model with low concentration of 14, 15-EET can alleviate the
arrhythmia and cardiac function changes of ischemia/reperfusion
and reduce the scope of myocardial infarction. However, the role
of 14, 15-EET in vascular endothelial cells remains unclear.

In the present study, the level of 14, 15-EET in peripheral
blood of 30 patients with KD was detected through ELISA
test. The results showed that 14, 15-EET level in peripheral

blood of patients with KD was significantly higher than that
of healthy controls. Further analysis showed that the level of
14, 15-EET in peripheral blood of KD patients with CAL was
significantly higher than that of KD patients with nCAL. The
expression of inflammatory factors TNF-α, IL-1β, and MMP-
9 in peripheral blood of KD patients was significantly higher
than that of normal group, and the level of inflammatory
factors TNF-α, IL-1β, and MMP-9 in KD patients with CAL
was significantly higher than that in patients with nCAL. The
dysfunction and injury of vascular endothelial cells is the
initial link of vasculitis in KD (20). Overexpression of pro-
inflammatory cytokines such as TNF-α and interleukins (IL)
in sera of patients with KD stimulates increased expression of
vascular endothelial cell adhesion molecules including MMP-9,
which in turn promotes the adhesion of neutrophils, monocytes
and lymphocytes to vascular endothelium and lead to vascular
endothelial cell injury (20). These results indicate that EETs
are involved in anti-inflammatory regulation in the process of
CAL through regulating the expression of inflammatory factors.
Studies have shown that EETs are up-regulated in many diseases.
In the diabetic model of mice, the increased expression of EETs
significantly inhibits the apoptosis of pancreatic-β cells, and
then improves the function of pancreatic-β cells (21). Some
scholars have found that the level of EETs in the plasma of
patients with acute heart failure increases significantly, while
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the level of EETs in the plasma of patients with chronic heart
failure decreases. Because of the initiation of anti-inflammatory
mechanism, EETs are up-regulated in the early stage of KD to
play a cardioprotective role. Chronic heart failure may lead to
abnormal synthesis of endogenous EETs, resulting in a decrease
in EETs levels.

The high level of EETs in peripheral blood of KD patients
induces cascade reactions of downstream targets and signaling
pathways. Research shows that EETs are negatively correlated
with MMP-9 in endothelial cells. The expression of MMP-9
in peripheral blood of KD patients was positively correlated
with inflammatory factors TNF-α and L-1β. Some scholars
have found that P450 cyclooxygenase or EETs can effectively
inhibit homocysteine (Hcy), thereby inhibiting the binding level
of transcription factor NF-kappa B to DNA, and ultimately
inhibiting the level of MMP-9, through overexpression of P450
cyclooxygenase or exogenous supplementation of EETs in mouse
aortic endothelial cells (MAECs) (22). 14, 15-EET has delayed
cardioprotective effect, which is related to the activity of ERK and
the expression of phosphorylated ERK1/ERK2 (23). In addition,
EETs can also exert analgesic and anti-inflammatory effects
through MAPK and cAMP/PKA signaling pathways (24–26). At

present, the specific downstream targets for EETs to participate
in anti-inflammation are not very clear. Several studies have
shown that there are high affinity EETs binding sites in both cell
membranes and cells (14). The male rats treated with exogenous
EETs (100–300 mg/kg) showed a series of unique behaviors,
including transient activity, exploratory behavior, and chewing.
EETs binding screening of 47 potential receptors reveals that
high affinity radioligands of peripheral benzodiazepine receptor
(PBR), cannabinoid receptor 2 (CB2), neurokinin-2 (NK2)
receptor, and dopamine D3 receptor (DRD3) are replaced by
EETs with lowmicromolar concentration (15). In these receptors,
PBR has been shown to be involved in inflammation. PBR density
increases significantly after ischemic brain injury, but its specific
mechanism remains unclear (27).

In conclusion, AUDA promotes the proliferation of HCAECs
by upregulating the expression of PPARγ and inhibiting the
JAK/STAT1 signaling pathway. 14, 15-EET is significantly up-
regulated in peripheral blood of KD patients and participates in
the anti-inflammatory effect of KD patients with CAL. However,
the exploration of AUDA and 14, 15-EETs in this study is
limited, and the related mechanisms, pharmacokinetics, and
pharmacology need to be studied urgently, which will also be the
focus of our future research.
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This review summarizes recent advances in understanding the development of coronary

arteritis in Kawasaki disease. Kawasaki disease is the most common cause of acquired

heart disease among children characterized with coronary artery abnormalities, which

can cause myocardial ischemia, infarction, and even death. The pathogenic factors of

Kawasaki disease and the pathological process of coronary artery disease are not clear

at present, which brings challenges to the prevention and treatment of the disease. The

treatment of Kawasaki disease focuses mainly on timely administration of intravenous

high doses of immunoglobulin and aspirin. However, there are still some patients who do

not respond well to this standard treatment, and its management remains a challenge. As

a result, coronary artery lesions still occur in patients and affect their quality of life. In this

review, we discuss updated research data of Kawasaki disease coronary artery lesions.

Keywords: Kawasaki disease, coronary artery lesions, genetic susceptibility, biomarker, long-term outcomes

INTRODUCTION

The first case of Kawasaki disease (KD) was described in the 1960s, by Tomisaku Kawasaki
(he termed it mucocutaneous lymph node syndrome then, and now it is called Kawasaki disease),
which is an acute febrile illness, self-limited of unknown etiology, which mainly affects children
under 5 years of age, especially those under 3 years of age (1). Coronary artery lesions in Kawasaki
disease patients are not initially detected until cardiac complications have been observed in 1–2% of
patients. Most of the sudden deaths result from coronary artery occlusion and rupture in patients
(6/37) (2–4). A long-term prognosis is measured by the severity of coronary artery lesions. Some
patients have a risk of coronary thrombosis and stenosis, leading to ischemia and even sudden
death. As a result, Kawasaki disease is now the leading cause of acquired heart disease in developed
countries, not rheumatic heart disease (5, 6). Coronary artery lesions have been reduced from 25
to 5% after treatment with intravenous immunoglobulin (IVIG) plus aspirin (7). However, due
to different levels of diagnosis and treatment in different regions, treatment delay (i.e., longer
than 10 days after fever) may occur, and some patients fail to respond to conventional treatment
regimens. These patients have an increased chance of severe coronary artery damage that causes
death or requires a heart transplant. Fortunately, randomized controlled clinical trials of IVIG
plus steroid or infliximab in primary treatment have shown a significant reduction of this risk
(8, 9). Coronary artery is the most frequently involved site in Kawasaki disease (10). The main
manifestations include destruction of vessel wall structure, dilation, rupture, stenosis, and even
obstruction of the vessels. This review focuses on recent progress related to the understanding of
CAL in Kawasaki disease.
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EPIDEMIOLOGY OF CAL

The degree of CAL varies from simple dilation to different size
and number of aneurysms during the acute phase and even to
stenosis or occlusion of the lumen most likely involving the left
main coronary artery followed by the right coronary artery in a
Chinese study (11).

When intravenous immunoglobulin (IVIG) combined with
aspirin is used in the treatment of Kawasaki disease, the incidence
rate of CAL decreases significantly. Currently, after initial therapy
with IVIG combined with aspirin, coronary artery lesions mainly
occur in patients who do not respond to IVIG therapy and are in
complete Kawasaki disease (may be due to the delay of treatment)
(12, 13).

However, there are regional differences in CAL incidence
rates. From 2004 to 2014 in Canada, CAL affected 3.5% of
all patients (14). In the United States, 2.25–3.20% of patients
with Kawasaki disease suffered from coronary artery aneurysms,
but higher in the West (27.1%) (Z score) (15, 16). In the
United Kingdom, a study shows, from 2013 to 2015, the CAL
rate was 19% in all patients (Z score) (17). In Australia, a recent
study shows the incidence of coronary artery (CA) dilatation is
16.7%, and 6.8% had CA aneurysms based on absolute diameter
measurements of coronary arteries (18).

Several studies show a highest incidence among Asian and
Pacific islanders (19). In Taiwan, from 1976 to 2007, CAL (based
on absolute diameter measurements) were about 20.2–31.5% in
Kawasaki patients (20). In Korea, 12.66% of Kawasaki patients
showed CAL based on absolute diameter measurements (21).
In Shanghai from 2008 through 2012, 15.9% of Kawasaki cases
developed CAL defined as dilation or aneurysm (based on
absolute diameter measurements) (11). In Japan, a nationwide
survey showed about 9.7% of Kawasaki patients experienced
acute-phase CAL (based on absolute diameter measurements),
and 2.8% experienced CAL in the follow-up procedure (1 month
after onset) (coronary dilatation, 1.8%; giant aneurysms, 0.18%;
coronary stenosis, 0.02%, and myocardial infarction, 0.004%).
Coronary artery lesion varies with gender and age. Men and
infants are more prone to coronary artery lesion (22).

In general, the rate of coronary artery lesion in Kawasaki
disease varies with different regions and races even in the same
region at different times (20), which is probably related to local
environment, different diagnostic criteria, and other pathological
factors. However, the pathological agents are not identified so far.

PATHOPHYSIOLOGY OF CAL

A sequential model of Kawasaki disease vascular lesions was
proposed in the early autopsy results of children who died
of Kawasaki disease. This model suggests that neutrophils
infiltrate the coronary arteries during the first 1–2 weeks of the
disease, and then the neutrophils are replaced by monocytes,
and the inflammation subsides automatically within 2 months
after fever onset (23). The inflammatory process is manifested
as endothelial dysfunction, the destruction of collagen and
elastic fibers, and the loss of the structural and functional
integrity of damaged coronary arteries, leading to a thickening

of the intima, the interruption of laminar flow and blood
flow, and thrombosis. However, this does not explain the
presence of chronic vascular inflammation in a small number
of patients who die months after the onset and subsequent
endothelial dysfunction and thickening of the intima (24–26).
In 2012, Rowley research group performed a large-sample
pathology study that identified necrotizing arteritis, subacute
chronic arteritis, and luminal myofibroblast proliferation—three
interrelated rather than progressive pathologic processes in
Kawasaki disease CAL pathological changes (27). Necrotizing
arteritis occurs within 2 weeks of onset and is usually a self-
limiting process characterized by infiltration of neutrophils
in the vascular wall that begins when endothelial cells are
stimulated by inflammatory factors in serum and express
adhesion molecules and receptors on the surface of endothelial
cells that leads to progressive necrosis of endothelial cells,
mediators, and the outer membrane of medium arteries,
especially coronary arteries. Subacute chronic arteritis is the
infiltration of lymphocytes/macrophages, plasma cells, and
eosinophils and can be found in all cases. Takahashi also describes
that the inflammatory cells that appear in the coronary arterial
lesions are mainly composed of macrophages in all patients.
In addition, numerous neutrophils are also identified in the
coronary arterial lesions of the patients who died 10 days after
the onset of KD (28). However, in some cases (small number),
the earliest time is 6 days after the onset, indicating a lack of
time continuity. The earliest infiltrating cells cannot be identified.
Inflammatory activation of the coronary artery depends on
multiple inflammatory pathways, especially pathways associated
with activated T lymphocyte function and type I interferon-
induced pathways (29). The MMPS family, especially mmp-
2 and mmp-9, can cause the destruction of middle structures
of the arteries resulting from the degradation associated with
CAL (30–32). Subacute chronic vasculitis also occurs in the first
2 weeks and is accompanied by infiltration of other inflammatory
cells, involving blood vessels throughout the body, but mainly
involving medium-sized arteries, especially coronary arteries.
Myofibroblast proliferation is closely related to subacute chronic
vasculitis and is a unique process involving the proliferation
of myofibroblasts and the accumulation of matrix degradation
products that gradually block the arterial lumen. The origin of
these myofibroblast-like cells is unknown; one research finds
endothelial-mesenchymal transition (EndoMT) can be activated
by sera from KD patients, but there is no further study on
whether this is related to myofibroblast-like cells (33). Current
research in other models suggest that they may originate
from multiple sources, including vascular smooth muscle
cells by losing differentiation marker smoothelin, perivascular
progenitor cells via proliferation, vascular endothelial cells (ECs)
through EndoMT, and circulating or adventitial fibroblasts
via epithelial-mesenchymal transition (EMT) (34–38). Whether
these mechanisms are the same in Kawasaki disease needs further
study. The failure to restore normal coronary artery lesions
may be due to the persistence of vessel wall inflammation and
coronary artery endothelial dysfunction.

These pathological processes are based on autopsy of dead
patients or heart transplant patients, which are the most severe
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cases and do not fully reflect the whole process of Kawasaki
disease coronary artery lesions.

BIOMARKERS FOR DIAGNOSIS OF CAL

At the beginning, echocardiography was not widely used to
evaluate coronary artery lesions in patients. Clinicians proposed
different scoring systems to evaluate coronary artery lesions in
patients with Kawasaki disease according to their characteristics,
blood test results, and clinical course. Asai and Kusakawa’s
scoring system was widely used in the 1970s and 1980s, followed
by Harada’s in the 1990s. However, the sensitivity and specificity
of this score vary from region to region. Currently, the evaluation
of coronary artery lesions in Kawasaki disease mainly relies
on color Doppler ultrasound, but ultrasound cannot accurately
reflect the specific situation of coronary artery damage (39).
It is reported that patients with normal ultrasound can still
have coronary artery endothelial dysfunction, intima, and media
change (40). Accurate diagnosis of coronary artery lesions is
the focus of our attention. Biomarkers are necessary to assist
in the determination of coronary artery lesions. There are
some potential biomarkers of CAL formation (Table 1). Plasma
clusterin level, NT-proBNP, CRP, and IL-6 are highly suggestive
of coronary artery lesions (41, 43, 44). Increased expression
of nitric oxide synthase (iNOS) in neutrophils suggests the
occurrence of coronary artery lesions in KD patients (42).
Kenichi et al. report higher serum sLR11 level may be the
biomarker of CAL at the convalescent phase (45). Pi et al. find
that 11-DH-TXB2, sP-selectin, IPF, and sCD40L levels are related
to the degree of CAL (48). MicroRNA (miRNA) is considered
to be one of the most promising biomarker resources in various
types of nucleic acid research, including KD (49, 50). Xing et al.
and Li et al. show that high levels of mir-92a-3p and miR-182-5p
are a high risk factor for the occurrence of CAL (46, 47).

Other studies show that matrix metalloproteinases degrade
the extracellular matrix, leading to matrix remodeling. The
imbalance of the MMP family is also one of the markers of CAL,
especially MMP-9 and MMP-9:MMP-2 (32, 51). Liu et al., using
a protein general analysis, found five significantly differentially
expressed proteins in patients with CAL, including kininogen
1 (KNG1), complement factor H (CFH), fibronectin 1 (FN1),
mannose binding lectin 2 (MBL2), and serpin family C member
1 (SERPINC1). However, these are not specific markers for
CAL (52).

A take-home message is that, although variety of biological
markers have emerged, no specific biological markers so far are
confirmed for the diagnosis and prognosis of the disease because
of the lack ofmulticenter andmultispecies clinical data. Although
the detection of NT-proBNP andCRP is highly feasible compared
to other clinical assays, the sensitivity and specificity are limited.

GENETIC BACKGROUND OF CAL

Kawasaki disease is a disease closely related to genetic
susceptibility. However, it is not clear whether there T
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TABLE 2 | Genes associated with CAL formation.

Gene Chromosome

Location

Method Populations References Potential mechanism

HLA-B

HLA-E

6p21.3 Genotyping

Meta-analysis

Chinese, Taiwanese Lin et al. (53)

Xie and Shi (54)

Hsieh et al. (55)

Antigen-presentation

ITPKC 19q13.2 Genotyping Japanese, Taiwanese Onouchi et al. (56)

Kuo et al. (57)

C calcineurin/NFAT pathway

CD40 20q13 Genotyping Taiwanese Kuo et al. (58) Immune activation

HMGB1 13q12.3 Genotyping Koreans Ahn et al. (59) Gene transcription

MICB 6p21.3 TaqMan Allelic Discrimination

assay

Taiwanese Hsieh et al. (60) Antigen-presentation

CASP3 4q34-35 Genotyping, Two-locus gene

model

Japanese, Taiwanese Onouchi et al. (61)

Kuo et al. (57)

Gene transcription

KCNN2 5q22.3 GWAS Koreans Kim et al. (62) Potassium mediators/small

conductance calcium

activation channels

FCGR2A 1q23.3 Genotyping Japanese Taniuchi et al. (63) Signal transmission

Il-10 1q32.1 Genotyping Han Chinese, Taiwanese,

Koreans

Lin et al. (64) NA

ITPR3 6p21.3 Genotyping Taiwanese Huang et al. (65) innate immune responses

MMP 11q22.2 Genotyping Japanese,

Euro-Americans, Koreans

Ikeda et al. (66)

Shimizu et al. (67)

Park and Shin (68)

Inflammation and Tissue

remodeling

TGF-βR2 3p24.1 Direct sequencing Koreans Choi et al. (69) TGF-β pathway

PELI1 2p13.3 GWAS Koreans, Taiwanese Kim et al., (62) TLR signaling

is a correlation between coronary artery lesions and
genetic polymorphism.

Based on several genome-wide association studies (GWAS)
and other gene polymorphism studies, the data suggest that
CAL formation in KD is related to various genetic factors, such
as HLA-E, HLA-B, CD40, FCGR2A, HMGB1, MICB, PELI1,
ITPKC, CASP3, MMP (MMP-3, MMP-13), IL-10, ITPR3, and
so on (Table 2) (53–59, 61, 63–68). Onouchi et al. identify a
functional SNP (rs28493229) in the ITPKC gene on chromosome
19q13.2 that may be significantly correlated with the progression
of CAL through the Ca2+/NFAT signaling pathway as a
negative regulator of T-cell activation but only in Japanese
and Caucasian populations. CD40 can activate both humoral
and cellular immunity by stimulating antigen-presenting cells
and vascular endothelial cells. Kuo et al. indicate that the
genetic polymorphisms of CD40 (rs4810485) are involved in
CAL of KD in a Taiwanese population. A Korean GWAS
study showed that the functional SNP (rs17136627) of a
KCNN2 gene that plays a role in potassium mediators/small
conductance calcium activation channels in KD patients without
CAL and in patients with medium or giant aneurysms is
closely related to the development of severe CAL (70). Kuo
et al. find that gene combinations [LOC100133214 (rs2517892)
and IL2RA(rs3118470)] influence CAL in 384 SNPs (71). The
TGF-βsignaling pathway may play an important role in EMT
and pro-inflammatory cell infiltration in CAL formation (72).
Shimizu et al., using a candidate gene approach, find variants
in genes in the transforming growth factor (TGF)-β signaling
pathway (TGFβ2, TGFβR2, and SMAD3) are associated with the

Z scores of CAL in patients of Euro-Americans and Koreans
(69, 73).

Although there are lots of genomic-based studies, the
limitation of these studies is obvious because these studies receive
data based on local population, small sample size, and different
definitions of CAL. Furthermore, how to relate these genomic
data with phenotype analyses is still a challenge. More studies
with different populations are needed in the future.

IMMUNE MECHANISMS OF CAL

Kawasaki disease is an inflammation of blood vessels throughout
the body. Abnormal activation of the immune system is an
important link in the development of coronary artery lesions.

The innate immune system (cellular and humoral) is
involved in the disease in an early stage characterized by
the production of numerous neutrophils, majority γδT cells,
pathogen-associated molecular patterns (PAMPs), the elevated
levels of damage-associated molecular patterns (DAMPs), and
circulating inflammatory cytokines, such as interleukin (IL) 1,
IL-6, and tumor necrosis factor -α (TNF-α) in the acute stage
(74–76). Meanwhile, the intestinal mucosal permeability and
sIgA are closely related to vasculitis in a KD animal model (77).
A CAWS-induced model indicates that NLRP3 in BMDCs are
important for vasculitis formation (78). The markers associated
with antigen presentation (CD74, CD1c, CD20, TLR7) and
activated myeloid dendritic cells are significantly elevated in
coronary tissue (79, 80).
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TABLE 3 | Drugs that can reduce the occurrence or severity of CAL plus with immunoglobulin.

Drug Study design Populations Sample size References P-value

Cyclosporine Randomized controlled trial Japanese 175 Hamada et al. (89) p = 0.010

Avastatin Prospective Americans NA Tremoulet et al. (9) Under way

Infliximab Randomized controlled trial Americans 196 Tremoulet et al. (9) P = 0.045

Prednisolone Randomized controlled trial Japanese 248 Kobayashi et al. (8) P < 0.0001

The activation of the adaptive immune system appears in the
later stage of the disease, mainly as the increase of regulatory
T-cells, and memory T- and memory B-cells. The self-limited
nature of the disease coupled with a low rate of recurrence and
the presence of oligo-clonal IgA implies that Kawasaki disease is
associated with a super-antigen rather than with a conventional
antigen. In the animal model of Kawasaki disease, vasculitis
induced by LCWE, CD8+ T-cells, rather than CD4+ T-cells, NK
T-cells, or TReg cells, is an important factor in the production of
CAL (81). Interestingly, in patients with CAL, CD40L was highly
expressed in CD4+ T-cells and platelets although there was no
significant difference between CD8+ T-cells and serum (82). As
a distinct subset of CD4+ T-cells, Tfh 1 (follicular T helper) cells
in the CALs+ group were significantly lower. In contrast, cTfh2
cells in the CALs+ group significantly increased (83).

The immunological responses vary with different pathological
conditions. It is understandable that the different studies
mentioned above produced different results, which are probably
due to the different animal models used and the different disease
stages applied in the studies. As for why the immune response
is focused on the vascular wall in KD, no studies have been
proposed so far, which may be related to the vascularity of
related antigens.

DIAGNOSIS AND TREATMENT OF CAL

The American Heart Association scientific statement in 2004 and
Japanese guidelines in 2008 classify abnormality using Z score
(≥2.5) but aneurysms by absolute dimensions (6, 84). AHA
classified aneurysms based on Z scores until 2017 (CAl: Z score
> 2 or a decrease in Z score ≥ 1 during follow-up) (85). There
are seven systems to calculate Z score; these systems differ by age
range, race, the formula used to calculate BSA, and the regression
method used for analysis. Canadian subjects by Dallaire and
Japanese subjects by Kobayashi are more rigorous than others
(86, 87). The Z-score is better than the absolute dimensions in
assessing the severity of coronary artery dilatation in proximal
segments (88), but the left circumflex branch is not available.
Because of the limitation of ultrasound, computed-tomographic
angiography, cardiac magnetic resonance imaging, and invasive
angiography can be used when necessary.

Currently, the main method of KD therapy is intravenous
immunoglobulin (IVIG) combined with aspirin, which can
effectively reduce systemic inflammatory response but has no
direct effect on endothelial cells. Based on the understanding
of genetic influences on CAL susceptibility, A clinical trial in

Japan has found cyclosporine, which can block the calcineurin-
NFAT pathway, can significantly reduce the incidence of CAL
(12/86 patients vs. 27/87 patients) at higher risk for IVIG
resistance (89). Avastatin can inhibit regular T-cell function,
endothelial/epithelial mesenchymal transformation, and the
abnormal expression of MMPS, and now, a Phase I/IIa
clinical trial is currently underway (90). In addition, low-
density lipoprotein can lower cholesterol, and the pleiotropic
effects of statins in endothelial cells can improve endothelial
cellular function, decreasing oxidative stress and alleviating
inflammation (91). Infliximab (a TNFα receptor blocker) cannot
reduce the incidence of CAL; however, it can effectively alleviate
the progression of CAL during the follow-up (9, 92). In one study,
prednisolone reduces the incidence of CAL in patients who are
not responding to IVIG (3% vs. 23%) (8).

Although there have been some positive results (Table 3),
existing experiments have been limited to a specific population,
and further studies are needed to determine whether they are
effective in other populations. In addition, how to accurately
predict the occurrence of IVIG resistance and CAL is the premise
of the use of these protocols since the use of additional treatment
is unnecessary in low-risk patients.

LONG-TERM OUTCOMES

Kato et al. followed up 598 patients for 10 to 21 years. Most
of the patients (55%) with small or medium-sized coronary
artery aneurysms returned to normal luminal dimension 6 to
18 months later, but some patients developed stenosis and
MI. Those without CAL did not show abnormalities in the
ultrasound follow-up (93). A follow-up of more than 10 years
of coronary angiography revealed that, although some small
and medium aneurysms returned to normal size, there was
still morphological and vascular dysfunction, and there was no
vascular dysfunction during follow-up in patients without CAL
in the acute phase (94). After the death from KD (with or
without CAL in the acute phase), chronic inflammation can
be found in coronary artery pathological sections. It has been
reported that, in Kawasaki disease patients, long-term isotope
nuclear imaging can show high metabolism in the coronary site
(95). Non-invasive assessment of arterial structure and function
in 60 patients at least 2 years after KD, 60 patients with or
without CAL, presented a high risk of cardiovascular disease,
including increased aortic IMT and carotid distensibility (96, 97).
Other studies have shown that the segmental thickening of the
intima can be found in the degraded coronary aneurysm after
IVUS check, and even no CAL in the acute phase (98). Recent
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studies have reported new aneurysm onset or further expansion
in the late period, and one patient without CAL died 3 years
after the onset, probably due to coronary artery disease (99,
100). The prognosis of CAL mainly depends on the degree of
stenosis of the lumen, but due to the limitations of coronary
angiography and autopsy, the incidence of it in follow-up data
is insufficient. In patients, intimal thickening with calcification in
coronary aneurysm segment detected by intravascular ultrasound
in Kawasaki disease outbreak a few years later are similar to adult
coronary atherosclerosis change (101).

Coronary artery lesions are a chronic process, and it is
necessary to have a careful follow-up study to observe patients
because some vascular dysfunction can occur later even when
coronary aneurysm disappears. In some cases, no CAL was found
in the acute phase, which suggests, in general, a good prognosis.
However, a long-term cardiovascular risk is still possible. It is
difficult to make it clear because the follow-up data so far are
limited to monitoring the middle age and aging patients with a
high incidence of cardiovascular disease.

CONCLUSION

Kawasaki disease was considered to be a self-limited disease
in the past. However, according to the abovementioned

information, we can find that coronary artery lesions in

Kawasaki disease are a chronic process, and there are still
abnormalities in the coronary artery structure or function during
convalescence. For the treatment of Kawasaki disease, especially
for the treatment of coronary artery lesions, more studies
are needed on the mechanisms underlying the occurrence of
coronary artery lesions, which can provide us with information
regarding precise molecular targets of intervention. Follow-up
is an important part of the CAL long-term outcome, which
mainly relies on the echocardiogram. However, echocardiograph
examination has its limitations that cannot accurately assess
CAL. Thus, more specific and sensitive coronary artery lesion
biomarkers and advanced imaging technology should be useful
and helpful. So far, the long-term follow-up data are still
scarce. Therefore, performing long-term follow-up observation
of Kawasaki disease and collecting data from follow-up in the
future is crucial for us to have a deeper understanding of
this disease.
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Kawasaki disease (KD) is now a common cause of acquired heart disease in children.

Coronary artery involvement is the most serious complication in children with KD. Several

non-coronary complications have now been identified in this condition but these are often

overlooked. Myocarditis is an integral component of KD and may be more common than

coronary artery abnormalities. Pericardial involvement and valvular abnormalities have

also been observed in patients with KD. KD shock syndrome is now being increasingly

recognized and may be difficult to differentiate clinically from toxic shock syndrome.

Endothelial dysfunction has been reported both during acute stage and also on follow-up.

This may be a potentially modifiable cardiovascular risk factor.

Keywords: cardiac biomarkers, echocardiography, Kawasaki disease, Kawasaki disease shock syndrome,

myocarditis, pericarditis

INTRODUCTION

Kawasaki disease (KD) is one of the commonest vasculitides in children (1, 2). At time of its first
recognition in 1967 by Dr. Tomisaku Kawasaki, it was described as “mucocutaneous lymph node
syndrome” and was considered as a benign disease with self-limiting course (3). However, autopsy
studies later revealed the coronary artery complications associated with KD (4). Over time, it has
now been realized that KDmay cause several other cardiac complications as well (5, 6) (Table 1). It
has been shown that myocarditis in KD is, in fact, more common than coronary artery involvement
and may be almost universal (7). In this review, we have discussed various non-coronary cardiac
complications in patients with KD.

MYOCARDITIS

Myocarditis appears to be an integral part of KD and may be seen in all patients (7, 8). Fujiwara
et al. in 1978 have reported autopsy studies on 20 patients with KD (4). The authors classified
pathology of KD into four clinico-pathological stages and noted pancarditis on histology. In the
first 9 days of illness, predominant finding was carditis associated with edema and inflammatory
cell infiltrate in all three layers of heart (4). Yutani et al. have performed right ventricular biopsy
in 201 patients with KD after periods ranging from 1 month to 11 years of diagnosis of KD
(9). They showed that myocarditis and fibrotic changes were seen in all patients. Sequelae of
myocarditis were evident even during follow-up (9). Similarly, Yonesaka et al. have performed
subendocardial myocardial biopsies and showed that findings of myocyte disarray, interstitial
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TABLE 1 | Cardiovascular complications of Kawasaki disease (KD).

S. no Complication

1. Coronary artery abnormalities (dilatation, aneurysm)

2. Coronary artery aneurysms and thrombosis

3. Coronary stenosis

4. Coronary calcification

5. Myocarditis

6. Myocardial infarction

7. Kawasaki disease shock syndrome

8. Pericarditis, pericardial effusion and cardiac tamponade

9. Cardiac fibrosis

10. Cardiomyopathy

11. Endothelial dysfunction

12. Systemic artery aneurysms

fibrosis and myocardial cell degeneration persist in patients with
KD on follow-up (10). Necropsies have shown that patients
with KD developed diffuse myocardial fibrosis and increased
expression of transforming growth factor (TGF)-β in wall of
coronary artery aneurysm (11). These studies help explain the
pathogenesis of myocardial fibrosis/cardiomyopathy in children
with KD on follow-up (9–12).

In 1995, Anderson et al. had published the long term effects of
KD on cardiac function in 67 patients. Authors performed serial
M-mode echocardiograms at baseline, 1–3, 3–12 months, and
after 1 year of diagnosis. This study showed that left atrial and
left ventricular dimensions continued to be abnormal in more
than 50% of patients even 1 year after KD. Fractional shortening
was abnormal initially but normalized at 3 months of follow-up.
Left ventricular emptying was significantly reduced. Moreover,
almost a third of patients evaluated beyond 1 year had diastolic
dysfunction. This was amongst the first few studies showing that
patients with KD had abnormalities in cardiac functions even in
absence of CAAs (13).

Nakaoka et al. have recently reported on cardiac function in
patients with KD having asymptomatic coronary artery disease
by cardiac magnetic resonance (CMR) imaging. It was found
that transmural extent of late gadolinium enhancement in this
subgroup was ≤50% and these patients had subendocardial
infarction with normal left ventricular function (14).

Pathophysiology
KD myocarditis often develops as a result of acute or subacute
inflammation of interstitial tissue of myocardium and is usually
concentrated around the coronaries. Myocardial inflammation
peaks by day 10 of illness and gradually subsides by end
of 3 weeks. During this stage, there is inflammation of
small arteries of the myocardium including perivasculitis.
Inflammation in interstitial tissue of the myocardium develops
as a result of spill of inflammatory cells from perivasculitis.
This explains prompt recovery of myocardial function following
administration of intravenous immunoglobulin (IVIg) in these
patients. Pathophysiology of KDmyocarditis, therefore, differs in
several aspects from viral myocarditis. While viral myocarditis

is characterized by predominant lymphocytic interstitial cell
infiltrates, edema and myocyte or myocardial fiber bundle
necrosis, KD myocarditis on other hands is characterized by
myocardial interstitial edema, vasodilatation and inflammatory
cell infiltration. Severe myocarditis in patents with KD
can manifest independent of coronary artery involvement.
Rarely, patents with KD and severe inflammatory myocardial
inflammation can have degenerative changes resulting in
cardiomyopathy (8, 15, 16).

Clinical Characteristics
Myocarditis, which is one of the earliest presentations of KD,
usually presents within first 10 days of illness in contrast to
coronary artery vasculitis and coronary artery abnormalities
(CAAs) that usually develop after day 10 of illness (8, 15). Audible
gallop, tachycardia and hyperdynamic precordium are the subtle
clinical correlates of KD myocarditis. Strain abnormalities and
evidence of systolic and diastolic dysfunction are correlates of KD
myocarditis on echocardiography (8).

Asymptomatic Myocarditis
Myocarditis in patients with KD is often asymptomatic and can
easily be missed (6, 8).

Symptomatic Myocarditis
Myocarditis in KD can present clinically as unexplained
tachycardia, congestive cardiac failure, hemodynamic instability,
requirement of inotropic support and arrhythmias (17–23).
Symptomatic myocarditis remains a significant cause of
morbidity and mortality during the initial phase of the KD
(15, 24–26).

Viral Myocarditis vs. KD Associated
Myocarditis
Myocarditis of KD needs to be differentiated from
viral myocarditis:

• Viral myocarditis generally follows a prodrome and at time of
clinical presentation patients are usually afebrile. Myocarditis
in KD develops in the early phase of disease and is usually
accompanied by high grade fever (8).

• Myocardial dysfunction in KD is usually transient and
responds dramatically to anti-inflammatory therapy with
intravenous immunoglobulin (IVIg) (8, 15). Response to IVIg
in viral myocarditis is, at best, modest (27, 28).

• The pathological changes in KD largely consist of interstitial
edema and inflammatory cell infiltrate, while in viral
myocarditis cell necrosis is the predominant finding (15).

Biomarkers for Myocarditis
Several biomarkers have been proposed in patients with KD to
evaluate myocardial dysfunction and injury. The biomarker that
has shown clinical promise is N-terminal pro B-type natriuretic
peptide (NT-proBNP) (8, 29, 30).

NT-proBNP
In response to volume and pressure cardiac overload, pre-pro-
BNP is synthesized and processed to pro-BNP. Pro-BNP is then
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processed to biologically active BNP fragment, and NT-pro-BNP
which is inert. NT-ProBNP is preferred to BNP as a biomarker
for laboratory assays as it has a longer half-life. Synthesis of
pro-BNP from cardiac myocytes is controlled by many factors
including mechanical factors like dilatation and strain of cardiac
chambers, various neurohormonal factors and cytokines (e.g.,
interleukin-1 β or tumor necrosis factor α). Interpretation of
pro-BNP levels is difficult as it can be affected by several factors
other thanmyocardial damage. Pro-BNP levels are age dependent
and are highest in infancy and early childhood (31). Presence
of acute kidney injury and decreased glomerular filtration is
also associated with falsely elevated pro-BNP levels (30). Several
studies have found NT-ProBNP to be a useful marker for
diagnosis as well as for assessment of disease severity in KD
(29, 32, 33). Age specific cut-off values have been calculated and
Z scores are also available for assessment of elevated levels of pro-
BNP (29, 31). Reddy et al. have assayed levels of pro-BNP during
the acute stage of KD. The authors reported that levels above
1025 pg/ml have a specificity of 96% and sensitivity of 88% for
diagnosis of KD (33).

Studies have shown a positive correlation of NT-pro-BNP
with C-reactive protein and hypoalbuminemia in children with
KD during initial phase of disease. NT-pro-BNP levels are
significantly raised during the acute phase of KD when compared
to controls (32, 34). Levels of NT-pro-BNP showed negative
correlation with left ventricular (LV) ejection fraction, fractional
shortening, cardiac index values, diastolic function and positive
correlation with impairment in ventricular relaxation (32, 34).

NT-pro-BNP is a valuable assessment tool in clinical
evaluation of patients with incomplete forms of KD (29, 35, 36).
Dionne et al. have proposed a diagnostic algorithm based on NT-
pro-BNP. This is very useful in patients with incomplete forms of
KD (29).

Cardiac Troponins
Serum cardiac troponins are superior to creatine kinase (CK)-
MB for detection of myocardial damage in myocarditis (37). Kim
et al. have compared cardiac troponin I and CK-MB levels in 45
patients with KD. Authors showed that levels of cardiac troponin
I were elevated in 18 (40%) patients, while CK-MB levels were
elevated in 11 (24%) patients (38).

Sato et al. havemeasured cardiac troponin by a highly sensitive
assay and shown that cardiac troponin levels are elevated in
1/3rd of children with KD during the acute phase. These levels
may continue to remain elevated during the convalescent phase
as well (34). However, levels of cardiac troponin have very
weak correlation with NT-pro-BNP and there was no significant
correlation with systolic or diastolic function or CAAs in patients
with KD (34). Checchia et al. have shown that elevation of cardiac
troponin I in patients with KD was not significant and there was
no significant correlation with development of CAAs (39).

Other Cardiac Biomarkers
Soluble suppression of tumorigenicity-2 (ST2) belongs to the IL-
1 receptor family. It is released by cardiomyocytes and fibroblasts
during stress phase of KD myocarditis. It has been reported to be
positively correlated with impairment of ventricular relaxation

in patients with KD (27). Gamma-glutamyl transferase and
alanine transferase, however, have not been found to be useful
in establishing a clinical diagnosis of KD (40).

Imaging in Myocarditis
Echocardiographic Features
2D-echocardiography remains the mainstay of imaging for
cardiovascular assessment in KD both during acute phase
and long-term follow-up (1, 2, 36, 41, 42). It cannot be
overemphasized that cardiac assessment in patients with
KD is just not limited to coronary artery assessment and
detailed cardiac assessment for ventricular functions, wall
motion abnormalities, valvular functions, and pericardial
effusion need to be performed as well (Figure 1). Traditional
echocardiographic evaluation of KD myocarditis by M mode
includes parameters for left ventricular systolic dysfunction and
left ventricular dilatation. The diastolic function of the heart
is assessed by inflow parameters across both atrio-ventricular
valves by pulse wave doppler and tissue doppler.

Myocarditis is universal in almost all patients with KD during
the acute phase of disease. Transient left ventricular dysfunction
can occur in more than 50% patients (43). Newburger et al.
showed that left ventricular dysfunction in patients with KD
appears unrelated to development of CAAs (44). Normal systolic
function is restored after recovery from acute illness in most of
the patients with KD. However, diastolic dysfunction has also
been found in many studies. Therefore, ventricular function
assessment should be an integral part of echocardiographic
evaluation in children with KD. This should include assessment
of regional wall motion abnormalities that are often a surrogate
marker for coronary artery involvement (1, 41).

Speckle tracking echocardiography (STE) is a sensitive tool
that can accurately detect myocardial strain and can quantify
myocardial function with high reproducibility. More sensitive
measures of myocardial deformation, such as global longitudinal
strain, circumferential strain, and strain rate have been reported
to be decreased in KD (45). Strain abnormalities in patients
with KD have been seen even in absence of apparent systolic
function abnormalities.

Xu et al. have shown that left ventricular systolic strain
decreased significantly in children with KD during acute phase
of disease. However, it improved rapidly after IVIg therapy and
normalized by 6–8 weeks (46). Regional left ventricular strain was
found to be impaired in basal infero-septal, basal anterolateral,
apical septal, and apical inferior segments in patients with KD
during midterm follow up when compared with controls (47).
Left atrial strain is a well-recognized surrogate marker for raised
left ventricular end diastolic pressure and left ventricular diastolic
dysfunction. Lower values of left atrial strain have been reported
during the acute stage in KD and thismay improve during follow-
up (48). Studies have reported correlation between depressed
strain and disease severity (49, 50). Strain imaging may also be
useful during follow-up of these patients (51). Newburger et al.
showed that velocity of circumferential fiber shortening corrected
for wall stress, was reduced in patients with KD during and up
to 3 months after acute illness and improved spontaneously by 1
year (44).
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FIGURE 1 | Echocardiography findings in patients with Kawasaki disease.

Dedeoglu et al. have evaluated myocardial deformation at
6 months follow-up and measured global as well as regional
myocardial strain by STE and showed impaired left ventricular
strain in patients with KD in basal and apical segments. However,
there was no association between LV dysfunction and CAAs (47).
Wang et al. compared STE findings in patients with IVIg resistant
KD and IVIg responsive patients with KD. It was found that the
former had more severe ventricular dysfunction (52).

To conclude, mere assessment of “Z” scores of coronary
arteries in children with KD is not enough. Attempts should
be made to look for abnormalities of myocardial function. It
is also apparent that myocardial dysfunction in KD can occur
independent of coronary artery involvement.

Other Imaging Modalities
There are several inherent limitations associated with 2D-
echocardiography. It is highly observer dependent and the results
are not always reproducible (36, 41). Studies using nuclear scans
have shown that myocardial inflammation can be seen in more
than 50% of patients. We have published our experience on
exercise myocardial perfusion scintigraphy on 84 patients with
KD at least 1 month after onset of illness (53). In this study, 12
(14.3%) patients showed reversible perfusion defects and these
can be seen even in patients with no demonstrable CAAs on
echocardiography (53).

Tacke et al. have evaluated cardiac function in children with
KD at follow-up and showed that there was no significant
difference in cardiac function and fibrosis in patients with KD
compared to controls while using CMR at long-term follow-
up (54). In a more recent study, Bratis et al. have reported LV
myocardial deformation indices using CMR and found that there
was reduced myocardial strain values during the convalescent
phase and this was irrespective of coronary artery involvement
(55). Clearly, we need more studies to fully comprehend the
residual effects of KD on the myocardium.

ECG Features
Several conduction and repolarization abnormalities have
been reported in patients with KD. These include non-
specific ST and T-wave changes, PR interval prolongation,
QT dispersion abnormalities and arrhythmias. In presence
of severe myocarditis/pericarditis, low voltage complexes, and
symptomatic arrhythmias may be seen (56–58). Bifid T-wave
in limb leads have also been noted during the acute phase of
KD (59). QT dispersion abnormalities may persist for several
months (56, 57). Persistence of repolarization abnormalities in
follow-up may indicate higher risk of ventricular arrhythmia
during follow-up of patients with KD even in absence of obvious
echocardiographic abnormalities (60).

Long Term Complications of Myocarditis
In conclusion, while it is likely that most children with KD
myocarditis would remain well on follow-up and attain normal
systolic function, a few patients may go on to develop myocardial
dysfunction, fibrosis, myocardial infarction later in life. Further,
these manifestations may occur even in patients who have had no
obvious CAAs (7, 8, 11).

KD SHOCK SYNDROME (KDSS)

KDSS is said to be occur when a patient with clinical diagnosis
of KD develops systolic hypotension or shock. Although shock
during acute stage of KD was recognized more than two decades
ago (61–63), Kanegaye et al. defined KDSS for the first time in
2009 (64). In this study, hemodynamic instability was observed
in 13/187 (7%) patients with KD (64). Since then, this entity
has been reported from several centers across the world (65–67).
These patients are often misdiagnosed as toxic shock syndrome
(TSS) and this led to delays in institution of appropriate therapy
(66, 67). KDSS is usually seen in older children and is more
commonly reported in boys (66, 68, 69), although some studies
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have also noted a female predominance (70). Some authorities
believe that KDSS may, in fact, be a unique subtype of KD (65).
KDSS still remains an under-recognized complication (71).

The etiopathogenesis of KDSS remains poorly understood. It
involves a combination of myocardial dysfunction (secondary to
myocarditis) and distributive shock (caused by increased vascular
permeability which is secondary to dysregulated cytokine storm)
(8, 66, 72).

Patients with KDSS have been reported to have increased
incidence of gastrointestinal manifestations, hyponatremia,
anemia, thrombocytopenia, hypoalbuminemia, elevated
inflammatory markers (e.g., neutrophila, high CRP, ESR), IVIg
resistance, CAAs (up to 65%), morbidity and mortality (up to
6.8%) (65, 68, 69, 73). In addition, levels of several cytokines
(e.g., TNF-α, interferon-γ) are found to be elevated in patients
with KDSS (74). Whether these biomarkers can be considered
for early diagnosis of KDSS remains conjectural.

How Does One Differentiate Between TSS
and KDSS?
The clinical presentation of KDSS and TSS may appear similar
and it may be very difficult to differentiate the two conditions
at bedside. Lin et al. retrospectively analyzed 16 patients with
KDSS and 17 patients with TSS (69). It was found that patients
with KDSS were usually younger and had less prominent
gastrointestinal symptoms. While anemia and thrombocytosis
weremore commonly seen in patients with KD, lymphopenia was
characteristic of TSS. Further, CAAs and valvular abnormalities
were seen only in KDSS (69, 75).

Hyper-Inflammatory Syndrome Associated
With COVID-19—A Novel Syndrome
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection has rapidly spread worldwide since it was
first identified in Wuhan, China in November 2019. Initial
reports suggested that SARS-CoV-2 causes milder disease in
children. However, by late April 2019 a hyper-inflammatory
syndrome had been identified (76). This was characterized
by high grade persistent fever and multisystemic clinical
manifestations suggesting a delayed hyperimmune response
to SARS-CoV-2 infection. This novel syndrome has been
variably termed as “multisystem inflammatory disorder in
children and adolescents,” “multisystem inflammatory syndrome
in children (MIS-C),” “pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2 (PIMS-TS)”
(77). Clinical features of this syndrome include cardiovascular
collapse (e.g., hypotension, myocarditis, and myocardial
dysfunction), predominant gastrointestinal symptoms (e.g.,
diarrhea, vomiting, and pain abdomen), features similar to
KD (e.g., rash, conjunctival injection, and extremity changes),
and neurological manifestations (e.g., headache, irritability,
and encephalopathy). Reported data suggest that patients with
MIS-C are usually older, have predominant gastrointestinal
manifestations (some may present with acute surgical abdomen)
and have myocardial dysfunction. Clinical findings in this
syndrome may mimic those of KDSS and TSS (77–79). MIS-C

and KD are probably two distinct entities as they have differences
in demographic, laboratory and clinical findings (80, 81).
Whittaker et al. have compared patients with PIMS-TS with
KD, KDSS and TSS (82). Authors reported that patients with
PIMS-TS are older than the ones in latter three categories.
Further, patients with PIMS-TS were found to have higher
inflammatory markers, more pronounced lymphopenia, and
higher levels of troponins and NT-pro-BNP (82).

PERICARDITIS

Pericarditis is a common but an under-reported manifestation
in patients with KD. Gowin et al. (83) reported pericarditis in
6/30 (20%) patients while Hamza et al. (84) found pericardial
involvement in 7.8% of patients with KD.

Pericardial involvement is usually mild and not clinically
significant. Septate pericarditis (85) and tamponade (86–88)
that may occasionally be fatal has also been reported. Cardiac
tamponade may be a component of polyserositis syndrome
in patients with KD or may follow rupture of one of the
coronary artery aneurysms in the pericardial cavity (89). While
polyserositis leading to tamponade would manifest during the
acute stage, tamponade caused by rupture of aneurysm may
appear at any time (90, 91) and may even manifest several years
after acute KD (92). Printz et al. reported transient pericardial
effusion in 3% patients of KD and it resolved by 5 weeks (93).

Mild pericarditis may resolve with IVIg and aspirin.
Patients with more severe forms of pericarditis may require
additional immunomodulatory therapy (94). Cardiac tamponade
from coronary artery aneurysmal rupture may require urgent
pericardial window and emergency coronary artery bypass
grafting (89, 90).

VALVULAR ABNORMALITIES

Valvular regurgitation in acute phase has been ascribed
to pancarditis, while patients having persistent valvular
abnormalities are likely to have valvular dysfunction and
papillary muscle dysfunction due to coronary ischemia (95).
Myocardial inflammation can lead to valvular regurgitation.
The most common abnormality is mitral regurgitation (MR)
during acute phase of KD—this usually resolves on follow-up.
It is seen commonly in patients with KD who have wall motion
abnormalities or reduced ejection fraction (1, 8, 41, 93, 96).
Some patients can go on to develop severe MR due to rupture of
chorda tendinae. This complication may result in rapid clinical
deterioration and even fatalities if not recognized and treated in
time (97–99) Cardiac auscultation is, therefore, very important
in patients with KD especially during the convalescent phase.
Aortic regurgitation (AR) has also been reported (100, 101).

de La Harpe et al. have recently published 30 years of
experience in KD and showed that 20% of patients in their
cohort had valvular involvement and of these 88% had mitral
valve dysfunction (96). Printz et al. have prospectively performed
2D-echocardiogtaphy on 198 patients with KD at baseline,
1 and 5 weeks of onset of illness (93). They showed that
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27% of patients with KD had mild mitral regurgitation at
baseline echocardiography during acute phase. Although MR
had resolved significantly on follow-up at 5 weeks, 9% patients
continued to have residual valvular dysfunction (93). It has,
therefore, been suggested that Doppler evaluation should be a
part of echocardiography evaluation in children with KD for
assessment of valvular regurgitation abnormalities.

AORTIC ROOT INVOLVEMENT

KD is a systemic vasculitis and affects several non-coronary
arteries in the body. Aortic root dilatation during acute stage
of KD has been reported in up to 10% patients with KD (93).
Ravekes et al. assessed aortic root abnormalities in patients with
KD (102). Aortic root diameters were assessed duringmid-systole
and at four different time points (i.e., within first 10 days, at 2,
6 weeks, and 1 year). It was observed that aortic root diameters
were significantly higher as compared to controls. A significant
increase in aortic root diameter was noted at 2 weeks of follow-
up. Subsequently, no significant increase in aortic root diameter
was noted at 6 weeks and at 1 year follow-up but the aortic root
continued to remain dilated (102). Printz et al. reported aortic
root dilatation at baseline, at 1 week and at 5 weeks in patients
with KD (93). These authors did not report any significant change
in aortic root diameters when assessed at different time intervals.
Size of aortic root was found to correlate with coronary artery
diameters but not with inflammatory parameters. Both studies
used body surface area adjusted Z scores for assessment of aortic
root diameter. AR was reported in 1–4% patients and was more
common at 1 year of follow-up. Patients with AR may require
valve replacement later in life (62, 103).

Increase in stiffness of aorta and decrease in elasticity has
also been reported by several authors leading to functional
impairment of aorta. This has been observed both during the
acute stage and several years after the diagnosis of KD (104–106).

SYSTEMIC ARTERY INVOLVEMENT

Kato et al. first time performed angiography studies in patients
with KD and revealed that 13/594 (2.2%) patients had systemic
artery aneurysm (SAAs) in addition to CAAs (107). It was
reported that SAAs were present only in patients who had
multiple giant CAAs. Since than there have been reports of
SAAs involving large arteries (e.g., iliac, femoral, subclavian,
axillary). Recently Zhao et al. have reported full-body magnetic
resonance angiography (MRA) or peripheral angiography in
patients with KD for identification of SAAs (108). MRA (n =

110) was performed in patients with KD who had presumed
risk factors for SAAs (e.g., patients having giant coronary
aneurysm, increasing size aneurysm during acute phase or IVIg
resistant KD). Peripheral angiography (n = 52) was performed
along with CT coronary angiography in patients with giant or
medium sized coronary aneurysms. Authors reported that 23/162
(14.2%) patients with KD having CAAs had SAAs, while overall
prevalence was 23/1148 (2%). Most commonly affected arteries
were axillary and common iliac. Risk factors for development of

SAAs were young age and pronged fever (108). It appears that KD
may also have a component of systemic vasculitis but this needs
more detailed evaluation (107–109).

ENDOTHELIAL DYSFUNCTION IN
PATIENTS WITH KD

Endothelial dysfunction in KD often goes unrecognized. It is
attributed to release of pro-inflammatory mediators that lead
to production of reactive oxygen species. Brachial artery flow
mediated dilatation (FMD) evaluation is a reliable marker for
endothelial dysfunction. FMD depicts the capacity of brachial
artery to increase its diameter in response to increase in blood
flow. Studies have shown endothelial dysfunction of brachial
artery in patients with KD that may persist even a decade after
the acute stage (105, 110–115). Dietz et al. has observed the
increased stiffness index patients with KD and CAAs (116). These
abnormalities have also been reported in patients who have no
obvious CAAs detected during acute stage of KD (117). Pulse
wave velocity (PWV) is also a simple and non-invasive tool for
assessment of arterial stiffness. Studies have shown that PWV is
higher in patients with history of KD as compared to controls
(118). Carotid intima-media thickness (cIMT), well-recognized
as a surrogate marker for atherosclerosis, has been found to be
significantly higher in children with KD on follow-up. These
studies emphasize the need for long-term follow-up of children
with KD even in situations wherein there have been no CAAs
(116, 119–122).

It is conjectural whether endothelial dysfunction correlates
with occurrence of CAAs (123–126). Patients with KD and CAAs
have been reported to have an increased risk of myocardial
infarction and early deaths (11, 116, 127–130). Recent literature
has, however, suggested that long term cardiovascular morbidity
in patients with KD may not only be restricted to patients who
have been detected to have CAAs (11, 131). Autopsy studies
have demonstrated luminal myofibroplastic proliferation in both
aneurysmal as well as non-aneurysmal coronary arteries (16).
Therefore, it is prudent to counsel patients with KD with regard
to modifiable cardiovascular risk factors.

To conclude, it is clear that KD is associated with several
cardiovascular sequelae. While CAAs are the most well-
recognized complications of this condition, other affectations
like myocarditis, KDSS, valvular abnormalities, and endothelial
dysfunction are now being increasingly recognized. Early
identification and appropriate treatment of these complications
is of paramount importance.
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Objective: Kawasaki disease (KD) is one of the most prevailing vasculitis among infants

and young children, and has become the leading cause of acquired heart disease in

childhood. Delayed diagnosis of KD can lead to serious cardiovascular complications.

We sought to create a diagnostic model to help distinguish children with KD from children

with other febrile illnesses [febrile controls (FCs)] to allow prompt treatment.

Methods: Significant independent predictors were identified by applying multivariate

logistic regression analyses. A new diagnostic model was constructed and compared

with that from diagnostic tests created by other scholars.

Results: Data from 10,367 patients were collected. Twelve independent predictors were

determined: a lower percentage of monocytes (%MON), phosphorus, uric acid (UA),

percentage of lymphocyte (%LYM), prealbumin, serum chloride, lactic dehydrogenase

(LDH), aspartate aminotransferase: alanine transaminase (AST: ALT) ratio, higher level

of globulin, gamma-glutamyl transpeptidase (GGT), platelet count (PLT), and younger

age. The AUC, sensitivity, and specificity of the new model for cross-validation of the KD

diagnosis was 0.906± 0.006, 86.0± 0.9%, and 80.5± 1.5%, respectively. An equation

was presented to assess the risk of KD, which was further validated using KD (n= 5,642)

and incomplete KD (n = 809) cohorts.

Conclusions: Children with KD could be distinguished effectively from children with

other febrile illnesses by documenting the age and measuring the level of %MON,

phosphorus, UA, globulin, %LYM, prealbumin, GGT, AST:ALT ratio, serum chloride, LDH,

and PLT. This new diagnostic model could be employed for the accurate diagnosis of KD.

Keywords: kawasaki disease, children, febrile illnesses, diagnostic model, independent predictors
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INTRODUCTION

Kawasaki disease (KD) is a vasculitis of unknown etiology that,
in general, occurs in childhood and is the most common cause
of acquired heart disease (1). The incidence of KD is highest
in children who live in East Asia or who are of Asian ancestry
living in other parts of the world (2–5). KD incidence in
underdeveloped regions and countries is not known as few cases
are reported (e.g., in Southeast Asia), which may be related to the
lower level of diagnosis.

KD can cause cardiovascular complications. In particular,
coronary-artery aneurysms (CAAs) develop in about 15–25% of
children who have not been treated for KD (6). These CAAs
are associated mainly with occlusion of coronary arteries and
cardiac ischemia, which can result in increased morbidity and
even mortality.

The prevalence of CAA development in KD and related
morbidity and mortality has decreased significantly as a result of
treatment with high-dose intravenous immunoglobulin (IVIG)
(7, 8). Early diagnosis is the most vital factor in achieving optimal
treatment outcomes.

However, rapid discrimination of KD from other febrile
illnesses is difficult, which leads to delays in the diagnosis of KD
and treatment with IVIG. Diagnosis beyond 10 days of fever has
been suggested to result in an increased prevalence of CAAs by
2.8- to 7.1-fold (9, 10). Patients who fail to meet the principal
clinical findings for a diagnosis of KD (referred to as “incomplete
KD”) may develop CAAs.

Diagnosis of KD in the earliest phase after symptom onset
is crucial and it is important to initiate treatment to lower the
risk of CAAs (11). However, timely identification is challenging

because diagnosis is based on clinical findings and nonspecific

laboratory testing (12, 13). A specific diagnostic approach for
patients with KD is lacking. The diagnosis of KD according to the

criteria established by Tomisaku Kawasaki in 1967 is based on a
constellation of clinical features (14). The clinical features of KD
overlap with those of many other common childhood illnesses,
such as infection by echoviruses, adenoviruses (15), Epstein–
Barr virus (EBV), and measles. These viral illnesses share many
of the signs of mucocutaneous inflammation and closely mimic
KD. There is, therefore, an urgent need for sensitive and specific
diagnostic tests to discriminate KD from other conditions that
also cause prolonged fever in children.

Numerous studies have reported some discrimination
between KD and other febrile illnesses based on certain
laboratory parameters, but none have been validated (16–18).
The major issue with those studies has been the selection of
febrile controls (FCs), which might not represent the population
of patients who could be confused with KD patients. Another
issue has been the use of different models for prediction from
different populations, which may not be sufficiently accurate and
sensitive in Chinese populations (19). In addition, a common
limitation of those reports was a small study cohort.

This retrospective study aimed to identify significant
predictors and establish a new diagnostic model to differentiate
children with KD from FCs. We reviewed the data from 10,367
patients from Chongqing City in China. We compared our data

with results from studies by Falcini et al. (16), Barone et al. (19),
Okada et al. (18), Song et al. (20), and Ling et al. (21) with regard
to predictive ability, sensitivity, and specificity.

MATERIALS AND METHODS

Ethical Approval of the Study Protocol
The study protocol were approved by the Ethics Committee of the
Children’s Hospital Affiliated to Chongqing Medical University
(Chongqing, China). Written informed consent from the parents
of children was not required. The study was undertaken in
accordance with the Declaration of Helsinki 1964 and its
later amendments.

Study Design
We evaluated (retrospectively) the clinical findings of consecutive
KD patients and FCs (who shared some features of KD) treated
from October 2007 to December 2017 in Chongqing Children’s
Hospital (Chongqing, China). These patients were divided into
two groups: KD and FCs.

The diagnostic criteria for KD in our hospital are in
accordance with those set by the American Heart Association
(22). These diagnostic criteria include ≥5 days of fever
accompanied by four or five of the following clinical findings:
(i) bilateral conjunctival injection; (ii) changes in the oral
mucous membranes; (iii) changes in the peripheral extremities;
(iv) polymorphous rash; (v) cervical lymphadenopathy. The
inclusion criterion was KD as the main diagnosis upon hospital
discharge. Patients who received IVIG treatment in other
medical institutions before hospital admission were excluded
from our study.

FCs had a documented fever (≥38.0◦C) accompanied by at
least one of the following clinical signs of KD: (i) skin rash;
(ii) conjunctival injection; (iii) enlargement of cervical lymph
nodes; (iv) changes in the peripheral extremities; (v) pharyngeal
abnormalities (21).We also compared incomplete KD and FCs to
further validate our model. “Incomplete KD” were said to occur
if there were ≤3 of the clinical findings of KD.

Data Collection
A total of 10,367 people met the inclusion criteria and were
enrolled in our study to develop the model. There were 5,642
cases in the KD group (54.42%) and 4,725 casesin the FCs
group (45.58%). The data of 809 cases with incomplete KD
were collected to further validate the performance of the
developed model.

Data before initial IVIG treatment were collected: age
(months); sex; white blood cell count (WBC); platelet
distribution width (PDW); platelet count (PLT); mean platelet
volume (MPV); red blood cell count (RBC); hemoglobin
(HB); packed cell volume (PCV); red blood cell distribution
width (RDW); total red blood cell distribution width (RDWa);
erythrocyte morphology; mean corpuscular hemoglobin (MCH);
mean corpuscular volume (MCV); platelet-large-cell ratio (P-
LCR); total number of lymphocytes; total number of monocytes;
total number of neutrophils; percentage of lymphocytes (%LYM);
thrombocytosis; percentage of neutrophils (%NEU); leucocyte
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morphology; percentage of monocytes (%MON); hematuria;
urinary vitamin C; urinary sugar; urinary protein; urinary
bilirubin; urine transparency; ovum (stool); phagocytes in stool;
red blood cells in stool; gamma-glutamyl transpeptidase (GGT);
alkaline phosphatase (ALP); lactic dehydrogenase (LDH);
aspartate aminotransferase (AST); alanine transaminase (ALT);
AST:ALT ratio; direct bilirubin (DBIL); albumin; prealbumin;
total protein (TP); total bilirubin (TBIL); globulin; ketone body
(KET); creatinine; bile acid (BA); blood urea nitrogen (BUN);
uric acid (UA); C-reactive protein (CRP); phosphorus; and
serum levels of sodium, potassium, magnesium, chloride, and
calcium upon hospital admission.

If there were more than two laboratory reports before the
initial IVIG treatment with regard to routine blood analyses,
kidney function, routine urinalyses, liver function, routine stool
analyses, CRP level, and electrolytes, we used the reports with the
highest values of WBC, %NEU, ALT, AST, BUN, CRP and lowest
levels of TP, serum chloride, and albumin (23).

Statistical Analyses
De-identified clinical laboratory findings were extracted from
electronic medical records (EMRs) for comparison between the
KD group and the FCs group. For variables with a missing
detection rate <25%, we undertook multiple imputations by
chained equations (MICE) (24). MICE is the principal method
to address the problem of missing data and was employed to
reduce bias in our study. The adopted method for MICE was
linear regression, and the number of multiple imputations and
the number of iterations were 5 and 10, respectively. Data are
the mean ± standard deviation (SD) for continuous data or as
a percentage for categorical data (Table 1).

One of our challenges was that KD assessment is not
very sensitive to individual predictors. To identify significant
predictors effectively, data were standardized (rescaled) to have a
mean of 0 and an SD of 1. TheMann–WhitneyU-test was carried
out for comparison of continuous data. Categorical data were
assessed using the chi-square test for comparison between the
two groups. For all analyses, P < 0.05 was considered significant.
Selected data that were significantly different between the two
groups were entered into multivariate analyses. To develop a
reliable prediction model for the KD diagnosis, we divided the
dataset into five subgroups randomly. One of the five subgroups
was used as the test set and the remaining four subgroups were
used to form the training set each time, and the experiments
were repeated five times (known as 5-fold cross-validation).
The least absolute shrinkage and selection operator (LASSO)
regression model were applied for further feature selection using
the significantly different indicators obtained by the univariate
analysis. Finally, we developed the diagnostic model based on
multivariate logistic regression analysis. The odds ratio (OR) with
a 95% confidence interval (CI) was calculated to determine the
score of an independent predictor and establish a new prediction
model. We did not carry out the Hosmer–Lemeshow test because
it can lead to misleadingly significant values with large sample
sizes. The predictive performance of the proposed model was
evaluated using the receiver operating characteristic (ROC) curve
and the area under the ROC curve (AUC). We constructed

an equation to increase the usefulness of the individual risk
probability of KD diagnosis that could be applied in clinical
practice. Statistical analyses were conducted using Python for
Statistical Computing.

RESULTS

Comparison Between the KD Group and
FCs Group by Univariate Analysis
Table 1 shows the clinical/laboratory findings in the two groups
using univariate analysis. The level of 24 variables of the KD
group was significantly higher than that of the FCs group:
thrombocytosis; PLT;WBC; total number of neutrophils; %NEU;
total number of monocytes; hematuria; vitamin C in urine; sugar
in urine; protein in urine; bilirubin in urine; urine transparency;
phagocytes in stool; red blood cells in stools; GGT; ALT; DBIL;
TBIL; globulin; KET; BA; CRP; serum calcium.

The level of 32 variables was significantly lower in the KD
group than that in the FCs group: RDWa; RDW; PCV; abnormal
erythrocyte morphology; MPV; RBCs; PDW; MCH; MCV;
total number of lymphocytes; abnormal leukocyte morphology;
%LYM; %MON; P-LCR; HB; ovum in stools; AST; AST:ALT
ratio; LDH; ALP; TP; albumin; prealbumin; creatinine; BUN; UA;
phosphorus; age; serum levels of sodium, chloride, potassium,
and magnesium.

Patients in the KD group were predominantly male and
younger than those in the FCs group.

Independent Predictors and Diagnostic
Model for KD
For multivariate logistic regression analyses, we selected
significant variables derived from the univariate analysis through
LASSO constraints to balance accuracy and simplicity. Fifteen
variables (one demographic variable and 14 laboratory variables)
were identified by “tuning” of the hyper-parameter lambda.
Among the 15 variables, however, 12 variables were significant
and were applied to multivariate logistic regression analyses.
No significant difference was observed for the level of CRP,
albumin, or HB (Table 2). Multivariate logistic regression
analysis identified significant independent predictors for the KD
group to be: lower levels of %MON, phosphorus, UA, %LYM,
prealbumin, AST:ALT ratio, serum chloride, and LDH; higher
levels of globulin, GGT, and PLT; younger age. Table 3 shows the
OR (95%CI) values of those predictors.

We obtained a model as shown in Equation (1):

ln(P/(1− P)) = 0.211+ (−0.471)×%MON+ (−0.414)

× phosphorus+ (−0.325)×UA+ (0.416)

× globulin+ (−0.751)×%LYM+ (−1.121)

× prealbumin+ (0.283)×GGT+ (−0.562)

×AST :ALTratio+ (−0.285)× chloride

+ (−1.009)× LDH+ (0.461)×PLT

+ (−0.817)× age(inmonths) (1)

where P is the expected probability that the diagnosis is KD.
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TABLE 1 | Univariate analysis comparison of the KD group and FCs group.

Variable KD group FCs group P-value

N Mean ± SD/Counts (%) N Mean ± SD/Counts (%)

Blood test

Red blood cell count, 1,012/L 4,593 3.97 ± 0.45 4,379 4.26 ± 0.54 <0.001

Absolute value of Red blood cell Distribution, fL 4,244 40.49 ± 4.52 4,174 41.56 ± 5.92 <0.001

Red blood cell distribution width, % 4,559 13.95 ± 1.78 4,368 14.24 ± 2.00 0.001

Packed cell volume, % 4,592 31.98 ± 3.54 4,379 34.61 ± 4.06 <0.001

Erythrocyte morphology (abnormal)* 4,405 291 (0.066) 4,346 322 (0.074) <0.001

Mean platelet volume, fL 4,358 9.91 ± 1.06 4,161 10.19 ± 1.11 <0.001

Platelet distribution width, fL 4,430 11.48 ± 2.23 4,159 11.84 ± 2.41 <0.001

Thrombocytocrit, % 4,222 0.44 ± 0.50 3,923 0.39 ± 0.54 <0.001

Platelet count, 109/L 4,593 384.53 ± 163.33 4,379 308.46 ± 146.99 <0.001

White blood cell, 109/L 4,592 15.11 ± 6.31 4,379 10.87 ± 6.91 <0.001

Mean Corpuscular Hemoglobin, pg 4,440 26.29 ± 2.11 4,378 26.62 ± 2.61 <0.001

Mean corpuscular volume 4,593 80.79 ± 6.28 4,379 81.70 ± 2.29 <0.001

Absolute value of lymphocyte 4,329 3.63 ± 2.02 4,257 4.09 ± 2.77 0.016

Leucocyte morphology (abnormal)* 4,522 55 (0.012) 4,180 86 (0.021) <0.001

Percentage of lymphocyte 4,592 0.26 ± 0.14 4,379 0.42 ± 0.20 <0.001

Absolute value of neutrophil 4,481 10.73 ± 5.71 4,260 6.14 ± 5.93 <0.001

Percentage of neutrophil 4,593 0.69 ± 0.16 4,379 0.52 ± 0.22 <0.001

Absolute value of monocyte 4,196 0.42 ± 0.65 4,082 0.39 ± 0.29 <0.001

Percentage of monocyte 4,399 0.03 ± 0.02 4,314 0.04 ± 0.02 <0.001

Platelet-large-cell ratio, % 4,174 24.24 ± 8.20 3,870 26.24 ± 8.80 0.001

Hemoglobin, g/l 4,593 104.14 ± 11.61 4,379 112.81 ± 14.32 <0.001

Urine test

Blood urine (positive)* 4,932 302 (0.061) 4,230 223 (0.053) <0.001

Vitamin C (positive)* 4,932 2,870 (0.582) 4,256 1,951 (0.458) <0.001

Urine sugar (positive)* 5,092 737 (0.145) 4,236 286 (0.068) <0.001

Urine protein (positive)* 5,094 575 (0.113) 4,256 168 (0.039) <0.001

Urobilirubin (positive)* 5,094 132 (0.026) 4,256 21 (0.005) 0.001

The transparency of the urine (positive)* 4,931 570 (0.116) 4,252 243 (0.057) <0.001

Stool test

Ovum (positive)* 4,990 0 4,276 1 (<0.001) <0.001

Red blood cell (positive)* 4,990 66 (0.013) 4,276 43 (0.010) <0.001

Phagocyte (positive)* 4,990 2 (<0.001) (0.00) 4,276 0 <0.001

Biochemical test

Gamma- glutamyl transpeptidase, U/L 5,043 86.14 ± 111.70 4,286 34.43 ± 72.89 <0.001

Alanine transaminase, IU/L 5,043 69.32 ± 100.90 4,285 43.54 ± 120.35 <0.001

Aspartate aminotransferase, IU/L 5,271 50.53 ± 90.22 4,286 63.02 ± 205.80 <0.001

Lactic dehydrogenase, IU/L 5,272 300.45 ± 151.70 4,286 398.71 ± 534.56 <0.001

Alkaline phosphatase, IU/L 5,043 182.00 ± 121.16 4,286 184.31 ± 101.62 0.007

AST:ALT ratio 5,042 1.17 ± 0.83 4,284 1.05 ± 0.78 <0.001

Direct bilirubin, umol/L 4,678 5.55 ± 10.79 3,844 3.02 ± 5.67 <0.001

Total bilirubin, umol/L 5,037 10.77 ± 14.25 4,284 9.69 ± 18.51 <0.001

Total Protein, g/L 5,043 60.01 ± 7.40 4,289 62.95 ± 7.63 <0.001

Albumin, g/L 5,043 36.76 ± 4.96 4,289 41.38 ± 5.67 <0.001

Prealbumin, mg/L 4209 65.50 ± 41.73 3,694 124.88 ± 54.58 <0.001

Globulin, g/L 5,043 23.25 ± 5.98 4,289 21.57 ± 6.02 <0.001

Creatinine, umol/L 4,894 26.27 ± 16.43 4075 29.39 ± 21.49 <0.001

Blood urea nitrogen, mmol/L 4,892 2.90 ± 1.52 4,075 3.46 ± 2.38 <0.001

Ketone body* 5,094 0.49 ± 0.97 4,256 0.39 ± 0.88 <0.001

(Continued)
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TABLE 1 | Continued

Variable KD group FCs group P-value

N Mean ± SD/Counts (%) N Mean ± SD/Counts (%)

Bile acid 4,226 22.15 ± 43.60 3,790 12.40 ± 23.76 <0.001

Uric acid, umol 4,885 210.20 ± 83.58 4,074 259.66 ± 115.96 <0.001

Inflammatory factor

C-reactive protein, mg/L 4,421 60.08 ± 52.85 4,256 23.03 ± 43.19 <0.001

Ion

Serum phosphorus, mmol/L 4,858 1.30 ± 0.30 4,131 1.50 ± 0.35 <0.001

Serum sodium, mmol/L 4,861 137.19 ± 3.26 4,151 138.34 ± 3.54 <0.001

Serum potassium, mmol/L 4,861 4.22 ± 0.68 4,149 4.40 ± 0.65 <0.001

Serum magnesium, mmol/L 4,859 0.92 ± 0.11 4,131 0.93 ± 0.11 <0.001

Serum chloride, mmol/L 4,859 101.20 ± 3.76 4,132 103.28 ± 4.37 <0.001

Serum calcium, mmol/L 4,499 2.29 ± 0.16 4,016 2.26 ± 0.20 <0.001

Demographics

Age, month 5,642 31.75 ± 25.11 4,725 42.35 ± 42.34 <0.001

Sex (male)* 5,641 3,943 (0.70) 4,725 2,785 (0.59) <0.001

ALT, Alanine transaminase; AST, Aspartate aminotransferase; *for categorical variables; N, number of samples; SD, standard deviation; W value for Wilcoxon-Mann-Whitney test; χ2

value for chi-square test.

TABLE 2 | The OR (95%CI) values of the independent predictors for the KD diagnosis.

Multiple logistic regression analysis after LASSO (5-fold cross validation)

Predictors Group 1 Group 2 Group 3 Group 4 Group 5

OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value

%MON 0.620 (0.575–0.669) <0.001 0.616 (0.571–0.665) <0.001 0.621 (0.576–0.670) <0.001 0.648 (0.601–0.700) <0.001 0.657 (0.610–0.708) <0.001

CRP 1.085 (0.996–1.182) 0.062 1.070 (0.985–1.163) 0.11 1.099 (1.008–1.198) 0.032 1.108 (1.018–1.207) 0.018 1.015 (0.933–1.103) 0.731

Phosphorus 0.659 (0.608–0.714) <0.001 0.662 (0.612–0.717) <0.001 0.686 (0.634–0.743) <0.001 0.689 (0.636–0.746) <0.001 0.651 (0.601–0.706) <0.001

UA 0.748 (0.690–0.811) <0.001 0.728 (0.672–0.787) <0.001 0.729 (0.673–0.789) <0.001 0.704 (0.650–0.762) <0.001 0.728 (0.672–0.788) <0.001

Globulin 1.484 (1.373–1.605) <0.001 1.492 (1.382–1.611) <0.001 1.479 (1.368–1.598) <0.001 1.488 (1.377–1.609) <0.001 1.509 (1.395–1.632) <0.001

Albumin 0.956 (0.873–1.047) 0.332 0.939 (0.860–1.026) 0.164 0.995 (0.910–1.088) 0.906 0.938 (0.857–1.027) 0.165 0.915 (0.836–1.002) 0.054

%LYM 0.499 (0.458–0.544) <0.001 0.496 (0.455–0.541) <0.001 0.491 (0.451–0.535) <0.001 0.485 (0.445–0.529) <0.001 0.478 (0.439–0.522) <0.001

Prealbumin 0.323 (0.290–0.360) <0.001 0.364 (0.329–0.404) <0.001 0.335 (0.301–0.373) <0.001 0.357 (0.322–0.397) <0.001 0.361 (0.325–0.401) <0.001

HB 0.934 (0.863–1.010) 0.088 0.911 (0.843–0.985) 0.019 0.932 (0.862–1.009) 0.083 0.923 (0.853–0.998) 0.045 0.918 (0.848–0.994) 0.036

GGT 1.245 (1.142–1.358) <0.001 1.296 (1.186–1.416) <0.001 1.317 (1.199–1.446) <0.001 1.293 (1.182–1.415) <0.001 1.366 (1.238–1.508) <0.001

AST:ALT ratio 0.579 (0.530–0.633) <0.001 0.581 (0.532–0.634) <0.001 0.589 (0.538–0.645) <0.001 0.566 (0.518–0.619) <0.001 0.571 (0.523–0.624) <0.001

Chloride 0.757 (0.700–0.819) <0.001 0.790 (0.736–0.849) <0.001 0.765 (0.713–0.821) <0.001 0.735 (0.684–0.790) <0.001 0.737 (0.686–0.792) <0.001

LDH 0.309 (0.254–0.374) <0.001 0.368 (0.306–0.443) <0.001 0.358 (0.297–0.431) <0.001 0.409 (0.341–0.490) <0.001 0.353 (0.292–0.425) <0.001

PLT 1.567 (1.448–1.696) <0.001 1.532 (1.417–1.657) <0.001 1.547 (1.430–1.673) <0.001 1.582 (1.462–1.712) <0.001 1.526 (1.408–1.653) <0.001

AGE 0.435 (0.401–0.472) <0.001 0.446 (0.412–0.484) <0.001 0.449 (0.415–0.487) <0.001 0.455 (0.419–0.493) <0.001 0.441 (0.406–0.478) <0.001

OR, odds ratio; CI, confidence interval; LASSO, least absolute shrinkage, and selection operator; %MON, percentage of monocyte; CRP, C-reactive protein; UA, uric acid; %LYM,

percentage of lymphocyte; HB, hemoglobin; GGT, gamma-glutamyl transpeptidase; AST, aspartate aminotransferase; ALT, alanine transaminase; LDH, lactic dehydrogenase; PLT,

platelet count.

Hence, we could determine the individual-risk probability of
the KD diagnosis. The coefficients represent the contribution
of the variables in Equation (1). Taking the GGT level as an
example and assuming that the other items are unchanged,
the OR of having the KD diagnosis increases by 26.6% (OR
– 1 = 1.266 – 1 = 0.266) with an increase of one SD
(one rescaled unit) in the GGT level. The greater the positive
coefficient of the level of globulin, the GGT level, and PLT

level would increase the possibility of KD diagnosis. The greater
the negative coefficient in the level of %MON, phosphorus,
UA, %LYM, prealbumin, AST:ALT ratio, chloride, LDH and age
would decrease the OR of the KD diagnosis. Taking a patient
with confirmed KD as an example, the indicators would be:
PLT = 801 × 109/L (normal range, 100–380); %LYM = 0.11
(0.3–0.6); %MON = 0.06 (0.02–0.08); GGT = 150 U/L (0–
25); globulin = 20.2 g/L (15.3–35); phosphorus = 0.74 mmol/L
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TABLE 3 | The OR (95%CI) values of the independent predictors for the KD diagnosis.

Multiple logistic regression analysis using the 12 indicators with statistical significance (5-fold cross validation)

Predictors Group 1 Group 2 Group 3 Group 4 Group 5

OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value OR value (95%CI) P-value

%MON 0.614 (0.569–0.662) <0.001 0.608 (0.563–0.655) <0.001 0.614 (0.569–0.662) <0.001 0.639 (0.592–0.689) <0.001 0.649 (0.603–0.699) <0.001

Phosphorus 0.650 (0.600–0.705) <0.001 0.654 (0.604–0.708) <0.001 0.682 (0.630–0.738) <0.001 0.680 (0.628–0.736) <0.001 0.641 (0.592–0.695) <0.001

UA 0.743 (0.686–0.806) <0.001 0.722 (0.667–0.781) <0.001 0.727 (0.672–0.787) <0.001 0.699 (0.646–0.757) <0.001 0.722 (0.666–0.781) <0.001

Globulin 1.509 (1.397–1.629) <0.001 1.521 (1.410–1.641) <0.001 1.499 (1.388–1.619) <0.001 1.520 (1.407–1.641) <0.001 1.535 (1.420–1.658) <0.001

%LYM 0.480 (0.442–0.520) <0.001 0.477 (0.440–0.518) <0.001 0.472 (0.436–0.512) <0.001 0.461 (0.425–0.501) <0.001 0.468 (0.431–0.508) <0.001

Prealbumin 0.304 (0.275–0.335) <0.001 0.340 (0.309–0.373) <0.001 0.320 (0.290–0.353) <0.001 0.331 (0.300–0.364) <0.001 0.337 (0.306–0.371) <0.001

GGT 1.266 (1.161–1.380) <0.001 1.323 (1.211–1.445) <0.001 1.329 (1.211–1.459) <0.001 1.322 (1.208–1.446) <0.001 1.401 (1.270–1.545) <0.001

AST:ALT ratio 0.574 (0.526–0.626) <0.001 0.573 (0.525–0.625) <0.001 0.583 (0.533–0.638) <0.001 0.557 (0.510–0.609) <0.001 0.564 (0.517–0.616) <0.001

Chloride 0.752 (0.696–0.813) <0.001 0.784 (0.730–0.843) <0.001 0.762 (0.710–0.818) <0.001 0.729 (0.679–0.783) <0.001 0.735 (0.684–0.789) <0.001

LDH 0.315 (0.260–0.382) <0.001 0.378 (0.314–0.454) <0.001 0.361 (0.300–0.435) <0.001 0.417 (0.348–0.499) <0.001 0.359 (0.298–0.433) <0.001

PLT 1.599 (1.481–1.728) <0.001 1.569 (1.453–1.695) <0.001 1.577 (1.460–1.703) <0.001 1.621 (1.501–1.751) <0.001 1.559 (1.442–1.686) <0.001

AGE 0.433 (0.399–0.469) <0.001 0.443 (0.409–0.479) <0.001 0.447 (0.413–0.483) <0.001 0.452 (0.417–0.489) <0.001 0.436 (0.403–0.472) <0.001

OR, odds ratio; CI, confidence interval; LASSO, least absolute shrinkage, and selection operator; %MON, percentage of monocyte; UA, uric acid; %LYM, percentage of lymphocyte;

GGT, gamma-glutamyl transpeptidase; AST, aspartate aminotransferase; ALT, alanine transaminase; LDH, lactic dehydrogenase; PLT, platelet count.

TABLE 4 | The diagnostic capabilities of the new model and the previous studies.

AUC Sensitivity Specificity

The new model 0.906 ± 0.006 0.860 ± 0.009 0.805 ± 0.015

Falcini et al. 0.791 ± 0.012 0.784 ± 0.012 0.686 ± 0.018

Okada et al. 0.785 ± 0.014 0.779 ± 0.013 0.702 ± 0.022

Barone et al. 0.798 ± 0.017 0.787 ± 0.022 0.700 ± 0.012

Xiu-Yu et al. 0.793 ± 0.014 0.780 ± 0.011 0.704 ± 0.018

Ling et al. 0.724 ± 0.013 0.758 ± 0.010 0.594 ± 0.019

AUC, area under the curve.

(1.29–2.26); UA = 128 µmol/L (100–410), prealbumin = 60
mg/L (100–300); AST:ALT ratio = 0.36 (0.23–2.47); chloride
= 95.9 mmol/L (98–107); LDH = 300 U/L (110–330); age =

25 months.
McFadden’s R2 was 0.431 ± 0.005 for our model. The

sensitivity, specificity, and AUC values of the 5-fold cross-
validation are shown in Table 4. The AUC, sensitivity, and
specificity of our diagnostic model for the KD diagnosis was 0.906
± 0.006, 86.0± 0.9%, and 80.5± 1.5%, respectively.

The logistic model for the identified variables without
standardization used to support further investigations is shown
in Equation (2).

Ln(P/(1− P)) = 13.534+ (−26.224)×%MON+ (−1.227)

× phosphorus+ (−0.003)×UA+ (0.069)

× globulin+ (−3.905)×%LYM%+ (−0.020)

× prealbumin+ (0.003)×GGT+ (−0.552)

×AST :ALTratio+ (−0.068)× chloride

+ (−0.003)× LDH+ (0.003)×PLT

+ (−0.024)× age(months) (2)

We validated the proposed model (Equation 2) using the
collected dataset (cohort of 10,367 patients): a consistent
performance was obtained. The ROC curve is shown in Figure 1,
and the AUC, sensitivity, and specificity were 0.906± 0.006, 86.0
± 0.9%, and 80.5± 1.5%, respectively.

Comparison Between the New Diagnostic
Model and Models Used in Previous
Diagnostic Studies
Compared with previous studies in which the KD diagnosis was
tested, Figure 1 shows that our model had an AUC (0.906 ±

0.006) that was higher than that obtained in the studies of Falcini
et al. (0.791 ± 0.012), Barone et al. (0.798 ± 0.017), Okada et al.
(0.785± 0.014), Song et al. (0.793± 0.014), and Ling et al. (0.724
± 0.013).

We compared the model for the KD diagnosis in those
previous studies with the KD diagnosis in our cohort: the
sensitivity and specificity in our new model were better
(Table 4). In addition, a validation dataset (809 patients with
incomplete KD) was used to further assess the effectiveness of
our new diagnostic model: the AUC was 0.816 (Figure 2). The
sensitivity and specificity of this regression model were 70.6 and
80.7%, respectively.

DISCUSSION

We discovered that a high level of GGT, PLT, and globulin, a low
level of %MON, phosphorus, UA, %LYM, prealbumin, AST:ALT
ratio, chloride, LDH, and age were independent predictors for
the diagnosis of KD. We developed a new model to diagnose
KD accurately, with high sensitivity and specificity for the early
diagnosis of KD that could be used as the basis of a diagnostic test.

Importantly, we reviewed (retrospectively) 10,367 patients
from Chongqing (one of the biggest cities in western China)
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FIGURE 1 | ROC and AUC of the diagnostic models for KD diagnosis. The

AUC of the new KD diagnostic prediction model was 0.906 ± 0.006.

Compared with previous KD diagnosis studies, the AUC value of the new

model was higher than the methods of Falcini (0.791 ± 0.012), Barone (0.798

± 0.017), Okada (0.785 ± 0.014), Song (0.793 ± 0.014), and Ling (0.724 ±

0.013). ROC, receiver-operator characteristic curves; AUC, area under

the curve.

FIGURE 2 | ROC and AUC of the diagnostic models for incomplete KD

diagnosis. The AUC value of the new diagnostic model for incomplete KD

diagnosis was 0.816. ROC, receiver-operator characteristic curves; AUC, area

under the curve.

and built a new model that can be used in the early diagnosis
of KD in underdeveloped countries where a poor standard of
living, literacy rate, and other socio-economic conditions can be
a great challenge.

The KD diagnosis is based mainly on clinical findings
and non-specific laboratory indicators. However, several febrile
illnesses and KD have similar clinical manifestations: scarlet
fever, EBV infection, juvenile idiopathic arthritis, measles, and
adenovirus infection. In addition, 15–36.2% of children with KD

do not have all the clinical manifestations of KD (incomplete
KD), which can lead to misdiagnosis or delayed diagnosis of
KD (25). Therefore, our new algorithm for KD diagnosis was
validated in patients with incomplete KD (who display atypical
findings and constitute a major concern in the diagnosis of a
child with a fever of>5-day duration). The AUC of our predictive
model was 0.816, which suggests that it is useful and reliable.

For fever patients with the assertive KD diagnosis, the timely
initiation of treatment with IVIG can reduce the risk of CAAs
significantly. Patients with incomplete KD who do not have
the principal clinical features of KD but have a prolonged
unexplained fever and inflammation carry an increased risk of
CAAs (26). One reason for the increased risk of developing
CAAs in atypical KD is a late diagnosis, which usually occurs
in patients that do not exhibit all the clinical signs of KD.
Given the overlap in clinical presentation with other conditions
that also cause a prolonged fever in children (27), initial
treatment with a single, high dose of IVIG is likely to be
delayed while awaiting exclusion of other febrile illnesses.
Furusho et al. (28) and Newburger et al. (7) reported that
initial treatment with IVIG within the first 10 days of illness
reduced the prevalence of CAAs 5-fold compared with that in
children not treated with IVIG. Thus, a specific and sensitive
diagnostic test that distinguishes KD from other febrile illnesses
accurately would be a huge advance in KD management,
reducing needless examinations and inappropriate treatments,
and enabling prompt administration of IVIG.

In establishing the FCs group, our aim was to include several
illnesses with symptoms that overlap with KD: lymphangitis,
exanthema subitum, measles, and other viral illnesses (e.g.,
adenovirus infection), and childhood inflammatory disorders.
The features that we recognized enabled discrimination of
KD from other febrile illnesses of childhood and overlapping
inflammatory symptoms. Some patients with non-KD disease
but with semblable signs could be treated with IVIG. In the
absence of pathognomonic features, the diagnosis of KD is
reliant on the identification of principal clinical findings and
exclusion of other similar diseases with known causes, which
leads to a high missed detection rate for the first visit/preliminary
diagnosis. Therefore, we used routinely collected electronic
medical records (EMRs) data that are available at the early
stage of hospitalization to distinguish KD from other febrile
illnesses. We did not refer to the recommendation of “at least
5 days of fever” and enable diagnosis earlier than medical
experts using current KD diagnosis guidelines to suggest timely
intervention. We developed a highly sensitive and specific
algorithm for the diagnosis of KD. A prospective study of the
laboratory variables in our model will be essential to determine
its potential applications.

Several tests to diagnose KD have been developed. Ling et al.
(29) reported onemethod, which involves combining clinical and
molecular methods to distinguish KD from other febrile illnesses.
That is the future research direction, but our diagnostic model
did not include molecular methods. Such advanced technology
must be validated in terms of its clinical value and if it is
validated and practical, we will considermodifying our diagnostic
algorithm by adding more sensitive and specific indicators.
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Maki et al. (30) reported a diagnostic scoring system using
contrast-enhanced computed tomography (CT) findings for
differentiating KD patients from children with other unexplained
febrile illnesses and cervical lymphadenopathy. The sensitivity,
specificity, and accuracy of their scoring system was 86%, 86%,
and 86%, respectively, for diagnosing KD. The outstanding
advantages of CT are high-density resolution, clear cross-
section anatomy, and details of lesions, but it involves radiation
exposure and is expensive. Ultrasound is non-invasive, does
not involve radiation exposure, and is inexpensive. Therefore,
from the perspective of safety and expense, our diagnostic
model is more practical for clinicians and patients. In addition,
enlargement of cervical lymph nodes is the least common feature
of KD.

Independent predictors, such as the level of WBC, CRP, HB,
%NEU, AST, ALT, TBL, albumin, and serum sodium, shown
in previous diagnostic studies (17, 20, 21, 31) had a significant
difference in the KD group and FCs group in our study. However,
these predictors were not included in the final multivariate
logistic regressionmodel. In addition, the results of the univariate
analysis may be different in various populations from different
regions between the KD group and the FCs group. For example,
the WBC level was significantly different between the KD group
and FCs group in studies by Stemberger et al. (31), and Ling et al.
(21), but not so in the study by Huang et al. (17). The CRP level
was significantly different between the KD group and FCs group
in our study and that of Song et al. (20), but not in the studies of
Ling et al. or Stemberger et al. The serum level of chloride was
significantly different between the two groups in our study, but
not so in the studies of Stemberger et al. and Huang et al. This
might be attributed to the fact that KD pathology is associated
with genetic polymorphisms, and the genetic determinants of
KD are different in various regions and populations, as reported
elsewhere (32, 33). This difference might be related to the
unknown etiology and genetic polymorphisms of KD, which can
lead to different predictors for the KD diagnosis in different
populations. Another possible reason for these discrepancies is
the small number of patients studied and limited laboratory data.
These differences might affect the difference between studies.

In our study, some new factors were significantly different
between the KD group and FCs group: level of RBCs, RDWa,
RDW, PCV, MPV, PDW, MCH, MCV, protein in urine,
hematuria, AST, ALT, ALB, as well as serum levels of calcium,
sodium, magnesium, and potassium. However, none of those
factors were independent predictors. The urinary protein level
in KD patients was much higher than that in FCs, which
suggested that the function of glomerular vessels in KD patients
was impaired. Muta et al. (34) reported that KD patients had
a reduction in the serum level of sodium and phosphorus.
We observed a significantly lower serum level of chlorine,
phosphorus, potassium, magnesium, calcium, and sodium in the
KD group, which suggested that kidney vasculitis might lead to
adverse effects on tubular reabsorption and renal function. In
addition, the increase in the level of GGT, ALT, DBIL, and TBIL,
lower level of albumin and prealbumin, and the higher urinary
level of bilirubin in the KD group might imply a more severe
inflammatory reaction in the liver of KD patients (35).

We showed that age and the level of GGT, PLT, globulin,
%MON, phosphorus, UA, %LYM, prealbumin, AST:ALT ratio,
chloride, LDH were independent predictors for the diagnosis
of KD. Among those predictors, studies have reported levels
of PLT, P-LYM, GGT, and P-MON to be different (17, 21). An
increased PLT is a characteristic feature of KD. In some studies,
the degree of thrombocytosis was correlated with the risk of
CAAs in KD. Durongpisitkul et al. (36) and Wang et al. (37)
reported a reduction of %LYM in patients with KD, thereby
suggesting a stronger inflammatory response. In this context, the
GGT level in the KD group was much higher than that in the
FCs group, a result which is in accordance with the data from
a study by Tremoulet et al. (38) and Ting et al. (39). Tremoulet
et al. (40) reported that the increased level of GGT was used to
predict resistance to treatment with IVIG and an increased risk
for CAAs. Age also plays a very important part in the clinical
manifestations of KD. Stemberger et al. (31) have reported that
age-related differences were present in the initial presentation of
KD in a pediatric emergency department. Based on the individual
predictors mentioned above, we established a new model for KD
diagnosis with a sensitivity of 86%, a specificity of 81%, and an
AUC of 0.907.

One of the strengths of our study was the use of routinely
collected EMRs from a large dataset of KD patients and FCs over
one decade. This sample size and number of items are much
larger than those used in previous models for KD diagnosis.
Another strength of the study was the use of FCs. For some febrile
patients with a diagnosis of KD upon hospital admission, the
diagnosis upon hospital discharge was febrile illness for which
KD had been included in the differential diagnosis and who had a
fever and at least one of the clinical features of KD.Our diagnostic
algorithm for diagnosis in patients with KD may be used to help
guide clinicians, especially in underdeveloped countries, in initial
decisions about the stage of therapy.

Our study had four main limitations. First, a selection bias
may have been present because our study was retrospective
and from a single center. Second, some variables were
not available, which might have led to a bias in statistical
analyses. For data items with a missing detection rate
<25%, we undertook MICE to reduce the risk of bias.
Third, the treatment and assessment of patients were
done by multiple clinical teams. Fourth, although all
FCs had a standardized set of clinical laboratory tests
for KD as recommended by pediatricians, very few FCs
underwent echocardiography.

CONCLUSIONS

This is the first study with large sample sizes to discriminate
KD from other febrile illnesses in China. The diagnosis of KD
could be predicted using age as well as the level of %MON,
phosphorus, UA, globulin, %LYM, prealbumin, GGT, AST:ALT
ratio, serum chloride, LDH, and PLT. Future prospective studies
must be done to validate the utility of this new model and
improve KD diagnosis.
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Objective: Pulmonary hypertension related to congenital heart disease (PH-CHD) is

a devastating disease caused by hemodynamic disorders. Previous hemodynamic

research in PH-CHD mainly focused on wall shear stress (WSS). However, energy loss

(EL) is a vital parameter in evaluation of hemodynamic status. We investigated if EL of the

pulmonary artery (PA) is a potential biomechanical marker for comprehensive assessment

of PH-CHD.

Materials and Methods: Ten PH-CHD patients and 10 age-matched controls

were enrolled. Subject-specific 3-D PA models were reconstructed based on

computed tomography. Transient flow, WSS, and EL in the PA were calculated using

non-invasive computational fluid dynamics. The relationship between body surface area

(BSA)-normalized EL (
.
E ) and PA morphology and PA flow were analyzed.

Results: Morphologic analysis indicated that the BSA-normalized main PA (MPA)

diameter (DMPAnorm), MPA/aorta diameter ratio (DMPA/DAO), and MPA/(left PA + right

PA) [DMPA/D(LPA+RPA)] diameter ratio were significantly larger in PH-CHD patients.

Hemodynamic results showed that the velocity of the PA branches was higher in PH-CHD

patients, in whom PA flow rate usually increased. WSS in the MPA was lower and
.
E

was higher in PH-CHD patients.
.
E was positively correlated with DMPAnorm, DMPA/DAO,

and DMPA/D(LPA+RPA) ratios and the flow rate in the PA.
.
E was a sensitive index for the

diagnosis of PH-CHD.

Conclusion:
.
E is a potential biomechanical marker for PH-CHD assessment. This

hemodynamic parameter may lead to new directions for revealing the potential

pathophysiologic mechanism of PH-CHD.

Keywords: pulmonary hypertension, energy loss, congenital heart disease, computational fluid dynamics, wall

shear stress
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INTRODUCTION

Congenital heart disease (CHD) is an anatomic defect associated
with abnormal cardiovascular development in utero. Medical
research shows that CHD prevalence at birth has increased
from 0.6 to 0.9% in recent years, and that Asia has the highest
prevalence of all regions evaluated (1).

In recent years, although advances in cardiac surgical skills

and perioperative management have reduced CHD-related
mortality dramatically, CHD remains the leading cause of death
due to birth defects in the first year of life (2). The mortality

increases if it is accompanied by severe complications.
Pulmonary hypertension (PH) is a common complication of

CHD that can start at any age. Timely and accurate diagnosis
reduces the severity of pulmonary vascular remodeling and the
risk of heart failure, thereby giving patients a chance to receive
the best course of treatment and long-term outcomes.

However, the diagnosis and prognosis of PH have not
improved much in recent years (3). The main reason is a lack
of understanding of its pathophysiology. PH is a response to
abnormal hemodynamics in CHD patients (4–6), which appear
before morphologic remodeling (7). Therefore, knowing the
hemodynamic characteristics of the pulmonary artery (PA) may
benefit comprehension of pathophysiologic mechanisms and
yield more detailed information for the diagnosis and treatment
of PH in CHD (PH-CHD).

Right-heart catheterization and transthoracic
echocardiography (TTE) are used commonly for PH-CHD
evaluation. However, neither the invasive catheterization nor the
non-invasive TTE can be used to provide detailed information
on hemodynamics.

Thanks to the development of computer and medical imaging
technologies, computational fluid dynamics (CFD) has been
employed to obtain local hemodynamics of the measured site
and display them in a visual and stereoscopic way, which enables
the study of the relationship between hemodynamics and CHD
development. In recent years, CFD has been used to illustrate
hemodynamic characteristics in patients with PH (8, 9). Many of
those studies have concentrated mainly on assessment of shear
stress (9, 10). Nevertheless, it has been shown that increased
energy loss (EL) is closely related to the long-term outcome of
patients (11–13).

EL is closely related to vascular morphology and flow
patterns, and it is a crucial parameter in evaluation of
hemodynamic disorders. Lee and colleagues (14) studied EL in
the PA in different pathophysiologic scenarios and concluded
that EL increased in patients with abnormal pulmonary
vascular morphology. A recent study in adult patients with
chronic thromboembolic pulmonary hypertension (CTEPH)
demonstrated that alteration of energy dissipation in the PA has
substantial effects on disease development (15).

In children with PH-CHD, abnormal morphology of the
PA and flow status may influence EL. Few studies have
investigated this biomechanical factor and its potential effect on
this population.

We used CFD to explore subject-specific hemodynamics,
including wall shear stress (WSS) and EL, which are expected

to assist better understanding of PH-CHD pathophysiology and
clinical decision making. For controlling intergroup variation
caused by age, body surface area (BSA) was used to normalize
quantitative indices.

MATERIALS AND METHODS

Ethical Approval of the Study Protocol
The study protocol was approved by the Health Research Ethics
Board of Shanghai Children’s Medical Center within Shanghai
Jiao Tong University School of Medicine (Shanghai, China).
Written informed consent was obtained from the parent/legal
guardian of participants.

Patient Selection
We enrolled 10 PH-CHD patients with a velocity of tricuspid
regurgitation (TR) ≥4.0 m/s and/or a predominantly right-to-
left shunt of the ventricular septum, which was measured by
TTE. Meanwhile, a control group of 10 age-matched CHD
patients without PH were recruited to exclude confounders and
control intergroup variation for better single-factor analysis. The
diagnosis of the control group was established when TTE showed
a velocity of TR ≤ 2.9 m/s and/or left-to-right shunt of the
ventricular septum ≥4.0 m/s. The enrollment criteria followed
the guideline of PH, which was the general consent achieved
at the 6th World Symposium on Pulmonary Hypertension (16,
17). Detailed clinical information on these patients is shown in
Table 1.

All the clinical data of patients were collected: sex, age, weight,
height, BSA, body mass index (BMI), left ventricular ejection
fraction (LVEF), and contrast-enhanced computed tomography
(CT) of the chest.

We excluded individuals with stenosis of the right ventricular
outflow tract, pulmonary disease, or other diseases that could be
an underlying cause of PH.

Model Reconstruction
Sixty-four-row contrast-enhanced volumetric CT (Discovery
CT750 HD; General Electric, Boston, MA, USA) data were used
for reconstruction of 3-D subject-specific PA models in Mimics
20.0 (Materialize, Leuven, Belgium) and surface smoothing in 3-
Matic 11.0 (Materialize, Leuven, Belgium). Figure 1 shows the
lateral and anterior views of the 3-D-reconstructed PA geometries
of these 20 patients.

The maximum diameter of the main PA (DMPA), left PA
(DLPA), and right PA (DRPA) was measured. Subject-specific aorta
models were reconstructed to obtain the maximum diameter of
the aorta (DAO). These vascular parameters were normalized
by BSA to control for age-related deviation. The DMPA/DAO

and DMPA/D(LPA+RPA) ratios were calculated to compare
morphologic differences among different vessel segments.

Governing Equations
We assumed that the PA flow was that of an incompressible
Newtonian fluid. The Navier–Stoke (N-S) equations (1) were
used to describe the 3-D blood flow in the PA, which has a
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TABLE 1 | Patient-specific clinical data.

Patients Diagnosis Shunt size (cm) Shunt velocity (m/s) TR (m/s) PI (m/s)

Non-PH 1 VSD 0.75 4.00 (left to right) Mild Mild

2 CoA / / Mild 2.06

3 VSD 0.66 4.19 (left to right) Mild Mild

4 VSD 0.70 4.80 (left to right) Mild Mild

5 VSD 0.87 4.76 (left to right) Mild Mild

6 VSD/ASD 1.05 (VSD) 4.95 (left to right, VSD) Mild Mild

7 VSD 1.25 4.03 (left to right) Mild Mild

8 VSD/ASD 0.77 (VSD) 5.00 (left to right, VSD) Mild Mild

9 PAPVC/ASD 0.66 (II ASD) / 2.70 Mild

10 PAPVC/ASD 1.52 (II ASD) / 2.80 1.85

PH-CHD 1 Cor (obstructed)/PDA 0.1 (PDA) 2.09 (right to left) 5.00 Mild

2 Supracardiac TAPVC (obstructed)/ASD 1.38 right to left 4.10 Mild

3 VSD 1.1 Bi-directional 4.28 3.67

4 VSD 0.89 Bi-directional 4.68 4.59

5 VSD/ASD/PDA 0.97/0.15 (VSD/PDA) Bi-directional 5.62 Mild

6 CAVC/PDA 0.96/0.21 (VSD/PDA) Bi-directional / Mild

7 VSD/ASD 0.70 (VSD) Bi-directional 4.66 Mild

8 Supracardiac TAPVC (obstructed)/VSD/ASD 0.40 (VSD) Bi-directional 4.79 4.04

9 CAVC/PDA 2.00/0.28 (VSD/PDA) Bi-directional / 3.00

10 VSD 1.93 Bi-directional / 4.01

VSD, ventricular septal defect; CoA, coarctation; ASD, atrial septal defect;PDA, patent ductus arteriosus;CAVC, atrioventricular septal defect;BSA, body surface area; PAPVC, partial

anomalous pulmonary venous drainage; Cor, cor triatriatum; TAPVC, total anomalous pulmonary venous drainage; TR, tricuspid regurgitation; PI, pulmonary insufficiency.

FIGURE 1 | Subject-specific 3-D models of the proximal pulmonary artery (MPA, main pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery).
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FIGURE 2 | Inflow and outflow in the PA (schematic).

constant density (ρ= 1,060 kg/m3) and viscosity (µ= 4.0× 10−3

Pa s).
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where i, j = 1, 2, 3; x1, x2, x3, represents the coordinate axes; ui,
uj are velocity vectors; p is pressure; t is time; and fi indicates the
action of body forces and was omitted in the practical calculation.
The average Reynolds number among all models ranged from
2,700 to 5,500. The maximum Reynolds number ranged from
5,700 to 13,000. Thus, we assumed the flow in the PA was
turbulent, and we used a standard k-ε model to solve complex
pulsatile flow.

Mesh Generation
Mesh generation was undertaken to discretize the computational
domain and solve the governing equations using commercial
software (ANSYS R©-ICEM CFD 2019; Canonsburg, PA, USA).
We used tetrahedral grids to discretize the volume layers of
the fluid domain. Three body-fitted prism layers were used to
improve the accuracy of calculation of the boundary layer of
WSS. Grid independence was carried out to find the optimized
mesh for CFD simulation, and the results were stable with a grid
number reaching 0.9 million. The meshes of PH-CHD patients
and controls were∼1.5 and∼1 million elements, respectively.

Boundary Conditions and Calculation
We used the pulsatile velocity of the MPA obtained by TTE as
the inlet boundary condition. In addition, we assumed relative
pressure as the outlet boundary condition and rigid with no-
slip boundary conditions for the vessel wall. Figure 2 shows the
inflow and outflow in the PA schematically.

We used ANAYS R©-CFX 2019 (Canonsburg, PA, USA) to solve
the blood flow in the PA. The convergence criteria were set to
10−5 for each time step.More detailed information of themethod
has been reported in our previous work (13, 18–20).

Hemodynamic Evaluation
Transient PA streamlines, WSS, and EL were calculated to
evaluate the biomechanical differences of patients with and
without PH-CHD.

To better display the flow pattern during a cardiac period, we
calculated the velocity and flow pattern at six time points (a–f) in
a cardiac cycle.

WSS demonstrates the frictional force between blood flow and
the vessel wall and was determined using Equation (2, 21, 22):

τwall = −µ
∂ux

∂n

∣

∣

∣

∣

n=0

(2)

where ux is the velocity of the fluid near the vessel wall and n is
the height above the vessel wall.

EL is the energy difference between the inlet and outlet of the
calculated domain and was calculated by Equation (3):

EL = Einlet − Eoutlet (3)

=

∑

inlet

(

Pi +
1

2
ρu2i

)

Qi −

∑

outlet

(

P0 +
1

2
ρu20

)

Q0 (4)

where P is the static pressure, Q is the flow rate, and i, j are
the inlet and outlet of PA, respectively. To control for age-

related variation among patients, the BSA normalized EL (
.
E ) was

determined using Equation (4):

.
E =

EL

S
(5)

where S represents the BSA.

Statistical Analysis
Statistical analyses were carried out using SPSS 23.0 (IBM,
Armonk, NY, USA). The Shapiro–Wilk test was used to check the
normality of all parameters. Data with a normal distribution were
analyzed using Student’s t-test. Associations between variables
were analyzed by Pearson’s correlation coefficient (r) with
two-tailed probability (p). A receiver operating characteristic
(ROC) curve was used to measure the sensitivity and specificity
of the calculated parameters. A threshold p < 0.05 was
considered significant.

RESULTS

Demographic and Morphologic Analyses
Table 2 shows the demographic and morphologic measurements
obtained in the two groups. The baseline data of sex, age,
weight, height, BSA, BMI, and LVEF were similar in the
two groups. The morphologic parameters of normalized DLPA

(DLPAnorm), normalized DRPA (DRPAnorm), and normalized DAO

(DAOnorm) were not significantly different between the groups.
However, the normalized DMPA (DMPAnorm), DMPA/DAO, and
DMPA/D(LPA+RPA) ratios were, in general, larger in PH-CHD
patients. These data indicate that the MPA was dilated markedly
and there was relative stenosis in the LPA and RPA in PH-
CHD patients.
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Streamlines
The subject-specific streamlines of the PA were computed
to investigate differences in flow patterns. Statistical analyses
revealed that the flow rate in the PA [in L/(min·m2)] was
significantly higher at the normalized mean (Vmeannorm) and
maximum (Vmaxnorm) velocity in PH-CHD patients than in
controls (19.63 ± 6.223 vs. 11.94 ± 3.651, p = 0.004; 50.05 ±

13.882 vs. 29.98± 8.031, p= 0.001).
Figure 3 shows an example of the plots of PA flow rate in a

cardiac cycle and the streamlines generated at six specific time

TABLE 2 | Subject-specific clinical data for the two groups.

PH-CHD group Control group p-value

Sex (male/ female) 6/4 3/7 0.370

Age (month) 35.1 ± 31.239 40.20 ± 25.961 0.696

Height (cm) 84.40 ± 22.965 97.00 ± 24.585 0.252

Weight (kg) 11.05 ± 5.459 14.77 ± 6.441 0.180

BSA (m2) 0.50 ± 0.209 0.60 ±0.229 0.221

BMI (kg/m2 ) 14.76 ± 1.106 15.39 ± 2.678 0.501

LVEF (%) 69.75 ± 11.306 66.55 ± 2.448 0.403

Normalized DMPA (cm) 4.93 ± 1.568 3.29 ± 0.913 0.010*

Normalized DLPA (cm) 2.63 ± 0.871 1.99 ± 0.454 0.058

Normalized DRPA (cm) 2.88 ± 0.993 2.15 ± 0.500 0.058

Normalized DAO (cm) 3.33 ± 1.089 2.89 ± 0.870 0.336

DMPA/DAO 1.50 ± 0.235 1.17 ± 0.240 0.006*

DMPA/D(LPA+RPA) 0.91 ± 0.115 0.79 ± 0.084 0.019*

BSA, body surface area; BMI, body mass index; LVEF, left ventricular ejection fraction; D,

diameter; MPA, main pulmonary artery; AO, aorta; LPA, left pulmonary artery; RPA, right

pulmonary artery; * p < 0.05.

points in two patients. One was a PH-CHD patient, and the other
was a matched control subject. The velocity at the MPA was
not significantly different between the two groups. However, at
the PA branches, especially the bifurcation of the MPA into the
LPA and RPA, the velocity was visibly higher in the PH-CHD
patient than in the control subject. The velocity decreased faster
in the non-PH patient than in the control subject during slow
ejection and diastole (Figures 3C–F). Meanwhile, turbulent flow
was observed at the same time point. Conversely, blood flow was
relatively steady in the PH-CHD patient.

Wall Shear Stress
Figure 4 shows the results of detailed examination of the subject-
specific WSS obtained in six patients of different ages. Simulated
results demonstrated that the WSS of the MPA was visibly
lower in PH-CHD patients than in control subjects. However,
the spatially averaged WSS and time-averaged WSS were not
significantly different between the two groups (7.35 ± 2.780 vs.
6.37 ± 3.978 Pa, p = 0.525; 2.41 ± 0.945 vs. 1.90 ± 0.983 Pa,
p = 0.249). These average values could not reflect the local
variation of WSS at the MPA, LPA, and RPA.

Energy Loss
EL of the PA was significantly higher in the PH group than in the
control group (60.41± 46.551 vs. 26.34± 18.175mW, p= 0.031).
Figure 5 shows the relationship between EL and the flow rate and
morphology of the PA. There’s a positive correlation of EL and the
flow rate of PA (Vmean: r = 0.843, p = 0.000; Vmax: r = 0.867,
p = 0.000) but a weakened relationship with DMAP (r = 0.483,
p = 0.031) and no relationship with DLPA (0.413, 0.071) and

DRPA (0.374, 0.104).
.
Ewas calculated to control the intergroup

variation caused by age.
.
E was increased predominantly in the PH

FIGURE 3 | Subject-specific streamlines at six time points in one cardiac period. (A) The midpoint of the period from the beginning of the cardiac cycle to the highest

velocity reached in the rapid ejection phase, which is assumed to show rapid variation in the velocity. (B) The time point at the highest velocity of blood flow in one

cardiac cycle. (C) The midpoint of the period when the velocity of blood flow decreased from the highest to the lowest, which is assumed to show rapid variation in

the velocity during the slow ejection phase. (D) The time point at the lowest velocity of blood flow in one cardiac cycle. (E) The midpoint of the period between point d

and the time point at the highest velocity in diastole with rapid variation in the velocity observed in diastole. And (F), The time at the highest velocity of diastole.
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FIGURE 4 | Distribution of wall shear stress at maximum velocity.

group (121.60 ± 64.820 vs. 45.15 ± 25.302 mW/m2, p = 0.007).

Figure 6 shows the
.
E was positively correlated with DMPAnorm

(r = 0.501, p= 0.025), DLPAnorm (0.483, 0.031), DRPAnorm (0.491,
0.028), Vmeannorm (0.861, 0.000), and Vmaxnorm (0.839, 0.000).

ROC curve analysis was performed to evaluate the diagnostic

value of
.
E in PH-CHD patients (Figure 7). It shows that

.
E has a

high AUC, sensitivity, and specificity.

DISCUSSION

PH is one of the most complex and devastating complications
of CHD. Various studies (4–6) have demonstrated that the
biomechanical mechanism underlying this disease has a major
role in PH-CHD development.

Early studies on hemodynamics in PH focused mainly on
the metric of WSS, its action on vascular morphology/function,
and disease progression. However, several other hemodynamics
studies have shown that EL is a key factor in evaluation of
hemodynamic disorders (23–25).

Here, we provided new clues to explore more deeply the
multiple pathologies of PH-CHD using non-invasive CFD. In the
present study, we hypothesized that the hemodynamic parameter
of EL could be used to explain the role of abnormal flow dynamics
on PH-CHD. To control age-related variation, BSA was used to

normalize subject-specific EL (
.
E ).

Based on CFD calculations, the flow-dynamic features were
significantly different between PH-CHD patients and control
subjects. A high flow rate and velocity [in L/(min·m2)] in PA
branches were observed only in PH-CHD patients (Vmeannorm:
19.63 ± 6.223 vs. 11.94 ± 3.651, p = 0.004; Vmaxnorm: 50.05 ±

13.882 vs. 29.98 ± 8.031, p = 0.001) (Figure 3). Expansion of
the MPA is one reason for this finding because it causes relative
narrowing of the LPA and RPA. This conclusion (Table 2) was
supported by a statistical comparison of the two groups with
regard to DMPAnorm as well as DMPA/DAO and DMPA/D(LPA+RPA)

ratios. Vortex flow, which occurred during diastole, was observed
only in control subjects. The streamlines were relatively steady in
PH-CHD patients.

Sanz et al. (10) showed that velocity was a sensitive index
for PH evaluation and was closely correlated to pressure and
resistance in pulmonary circulation. Tang et al. (4) compared flow
patterns between people with and without PH. They found that
obvious turbulent flow occurred in a model of a normal PA, a
finding that is in accordance with the present study. However,
they demonstrated that the flow rate in the PA was higher than
in normal subjects: This is exactly the opposite of what we
discovered. The difference may have been because of the types
of PH explored in these two studies. PH-CHD is a flow-induced
disease. Pulmonary blood flow is increased in these patients due
to congenital cardiovascular malformations. Abnormal blood
flow in pulmonary circulation alters expression of flow-sensitive
vascular regulatory factors and is the essential trigger for the
development and progression of PH (26–28).

WSS denotes the force generated by the friction between
blood flow and the endothelium. It is considered to be a vital
biomechanical parameter for evaluation of blood flow–related
diseases (29, 30). In healthy people, pulmonary endothelial cells
can adapt to a normal range of shear stress. Prolonged abnormal
WSS damages the function of pulmonary vessels by destroying
endothelial structure and interfering with signal conduction. This
process is closely related to PH-CHD development.

WSS has become a “hot topic” in the study of PH-CHD in
recent years. Several studies have shown that WSS is a sensitive
parameter for evaluating the function of endothelial cells (31, 32).
Kheyfets et al. (33) found that WSS was closely related to the
elasticity and resistance of the pulmonary artery. Tang et al. (4)
explored the WSS of the PA in five PH patients and five control
subjects. They showed that the WSS of the MPA was decreased
significantly in patients with PH, which was about 20% that of
the control group. Figure 4 shows that lower WSS was found in
the MPA of PH-CHD patients than in the control subjects. These
results are in accordance with those reported previously (4, 9).

In healthy individuals, blood flow is arranged so that EL is
low and normal cardiovascular circulation is maintained (34,
35). However, complex cardiovascular malformations in patients
with PH-CHD can promote inefficient interactions between
pulmonary blood flow and pulmonary structure, which increase
EL. The cumulative effect of EL places an extra burden on the
heart and may contribute to pulmonary vascular remodeling.
Thus, understanding the influence of interrupted flow patterns
and altered morphology on EL and the role of increased EL in
PH-CHDmay benefit clinical diagnosis and treatment.

Nagao et al. (15) explored energy dissipation in healthy people
and patients with CTEPH before and after balloon pulmonary
angioplasty (BPA) using phase-contrast magnetic resonance
imaging. They found that EL was significantly higher in CTEPH
patients than in healthy people and that BPA decreased EL.
Preoperative EL was an independent and sensitive indicator that
predicted patient outcomes.

We showed that EL and
.
E were significantly higher in patients

with PH-CHD than in non-PH patients (60.41± 46.551 vs. 26.34
± 18.175 mW, p = 0.031; 121.60 ± 64.820 vs. 45.15 ± 25.302
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FIGURE 5 | The correlation between energy loss (EL) and mean pulmonary artery inflow (Vmean) (A), maximum pulmonary artery inflow (Vmax) (B), mean pulmonary

artery diameter (DMPA ) (C), left pulmonary artery diameter (DLPA ) (D), and right pulmonary artery diameter (DRPA ) (E).

FIGURE 6 | Correlation analysis of body surface area (BSA)-normalized energy loss (
.

E ) with BSA-normalized mean pulmonary artery inflow (Vmeannorm ) (A), maximum

pulmonary artery inflow (Vmaxmean) (B), mean pulmonary artery diameter (DMPAnorm) (C), left pulmonary artery diameter (DLPAnorm) (D) and right pulmonary artery

diameter (DRPAnorm) (E).
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FIGURE 7 | ROC curves analysis of
.

E in the pulmonary artery for diagnosing

PH-CHD.

mW/m2, p = 0.007, respectively). In fact, PH-CHD is a right
ventricular–pulmonary artery (RV-PA) coupling disease (14).
Increased pulmonary arterial pressure and pulmonary arterial
resistance gradually damage the structure and function of the
right ventricle. EL indicates the compensation of ventricular
work. Higher EL indicates that the ventricle must do more work
to maintain the stability of the circulatory system. Hence, in
patients with PH-CHD, excessively high EL increases the burden
on the right ventricle and the risk of right-heart failure. Thus, we
provide a theoretical basis for future CFD research of the RV-PA
coupling of PH-CHD.

On the other hand, studies have examined EL in patients
with CHD extensively. Those studies show that abnormal vessel
morphology has a significant effect on EL and the long-term
prognoses of patients (36, 37). In the present study, there is
a positive relationship between EL and the flow rate of PA
but a poor relationship with the morphology of PA (Figure 5).
Considering that the development of cardiovascular morphology
and function are different in children of different age groups,

we use BAS to normalize EL.
.
E was positively correlated with

the morphology and flow rate in the PA (Figure 6). It implies
that age is a strong confounding factor, and normalized EL
is a better predictive parameter. Changes in PA morphology,
relatively stenosed PA branches, and increased PA flow rate are
the main factors of Ė. ROC curve analysis revealed that the Ė
was sensitive diagnostic characteristics in PH-CHD (Figure 7).
All these results imply that EL is an important factor in PH-CHD
evaluation. However, it is worth noting that the cutoff values are
just for reference due to the limited cases.

LIMIT OF THE STUDY

Our study had limitations. Ten PH-CHD patients and 10 age-
matched controls were enrolled. Due to the relatively small

sample size, only two patients were diagnosed as having
irreversible PH-CHD based on postoperative follow-up data.
Thus, we cannot offer a clear cutoff for operable and inoperable
patients. However, we did identify hemodynamic parameters that
were significantly different between the two groups. These results
lay a foundation for further study on the reversibility of PH-CHD
in a large population of patients. Our simulation assumed that
the vessel wall was rigid, and the influence of vascular elasticity
on hemodynamics was ignored. However, we aimed to reveal
the relationship between hemodynamic indices and PH-CHD by
comparing the hemodynamics of the two groups. Therefore, the
properties of the vessel wall were simplified in this simulation.
Each case was simulated under the same vessel condition, so the
rigid-wall hypothesis had little effect on the results.

CONCLUSION
.
E is a potential biomechanical parameter for PH-CHD

evaluation. The alteration of
.
E is closely related to the

morphology and flow rate of the PA. This study may offer a new
clue for exploring the potential physiopathologic mechanism of
PH-CHD and provide more intuitive information for clinicians
to make appropriate clinical decisions.
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Background: Kawasaki disease (KD) is the most common cause of acquired heart

disease. A proportion of patients were resistant to intravenous immunoglobulin (IVIG),

the primary treatment of KD, and the mechanism of IVIG resistance remains unclear. The

accuracy of current models predictive of IVIG resistance is insufficient and doesn’t meet

the clinical expectations.

Objectives: To develop a scoring model predicting IVIG resistance of patients with KD.

Methods: We recruited 330 KD patients (50 IVIG non-responders, 280 IVIG responders)

and 105 healthy children to explore the susceptibility loci of IVIG resistance in Kawasaki

disease. A next generation sequencing technology that focused on 4 immune-related

pathways and 472 single nucleotide polymorphisms (SNPs) was performed. An R

package SNPassoc was used to identify the risk loci, and student’s t-test was used

to identify risk factors associated with IVIG resistance. A random forest-based scoring

model of IVIG resistance was built based on the identified specific SNP loci with the

laboratory data.

Results: A total of 544 significant risk loci were found associated with IVIG resistance,

including 27 previous published SNPs. Laboratory test variables, including erythrocyte

sedimentation rate (ESR), platelet (PLT), and C reactive protein, were found significantly

different between IVIG responders and non-responders. A scoring model was built using

the top 9 SNPs and clinical features achieving an area under the ROC curve of 0.974.
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Conclusions: It is the first study that focused on immune system in KD using

high-throughput sequencing technology. Our findings provided a prediction of the IVIG

resistance by integrating the genotype and clinical variables. It also suggested a new

perspective on the pathogenesis of IVIG resistance.

Keywords: Kawasaki disease, intravenous immunoglobulin resistance, gene, laboratory data, predictive model

INTRODUCTION

Kawasaki disease (KD) is an acute systemic vasculitis of unknown
origin, and has been the leading cause of pediatric acquired
heart disease. The diagnosis of KD is based on the presence
of fever for at least 5 days and 5 clinical criteria including
rash, bilateral bulbar conjunctival injection, erythema of oral
and pharyngeal mucosa, erythema and edema of the hands
and feet, and cervical lymphadenopathy (1). The primary
treatment for Kawasaki disease is intravenous immunoglobulin
(IVIG). However, there were 10–20% of patients who were
resistant to IVIG, causing an increased risk of coronary artery
lesions (CALs) (2).

A few scoring systems were developed to predict IVIG
resistance in patients with KD. Kobayashi scoring model was
constructed, including day of illness at initial treatment, age in
months, percentage of white blood cells representing neutrophils,
platelet count, and serum aspartate aminotransferase, sodium,
and C-reactive protein, which yielded a sensitivity of 86%
and specificity of 68% for a cut-off point four or more (3).
The sensitivity of the Kobayashi scoring model, however, was
low (31.4–57.1%) when validated on patients in Korea, North
America, and China (3–5). One potential reason is the variations
of genes and environments in different population, indicating the
necessity of including the genetic factors into the IVIG resistance
prediction. A variety of genetic markers associated with IVIG
unresponsiveness and CAL formation in KD patients were found
by Genome-wide association studies (GWAS), including inositol
1,4,5-trisphosphate 3-kinase C (ITPKC), caspase-3 (CASP3),
FCGR2A, CD40, and interleukin1 beta (IL-1B) (6–9).

Our study aims to develop a model to provide a prediction
of the IVIG resistance for patients with KD in China. A low-
cost, high-accuracy targeted capture sequencing technology was
used to identify genes and SNP loci associated with immune
system in KD. The initial targeted capture goal area included
560 genes and 472 SNPs susceptibility loci reported in previous
KD studies. The identified genes were involved in T cell
receptors signaling pathways, transforming growth factor-beta
(TGF-β) signal pathway, toll-like receptors signaling pathways
and cytokine receptors. Using the identified genes, SNPs, as well
as clinical variables, a scoring model was built to evaluate the risk
of IVIG resistance of KD patients.

METHODS

Study Population
Patients who were diagnosed as KD and received IVIG treatment
at Shanghai Children’s Hospital from 2015 to 2018 were

recruited. The diagnosis criteria of KD were based on the
guidelines proposed by the American Heart Association in 2017
(1). Children were diagnosed as KD who had the presence
of fever for at least 5 days and fulfilled four of following
clinical features:erythema of mucosa with strawberry tongue and
cracking lips, bilateral non-purulent conjunctivitis, dysmorphic
skin rashes, erythema, and edema of the hands and feet in
acute phase or periungual desquamation in subacute phase
and unilateral cervical lymphadenopathy. All the patients were
treated with high dose IVIG (2 g/kg) within 10 days of the
onset of the disease. Aspirin (3–5 mg/kg/day) was given until
inflammation was resolved or no evidence of coronary changes
existed under 2-dimensional echocardiography test. CAL was
defined by the increment of internal diameter of 3mm (≤5 years
old) or 4mm (>5 years old), or 1.5 times larger of internal
diameter than the adjacent segment, according to the guidelines
of Japanese Ministry of Health (10). KD patients who had
recurrent or persistent fever within 36 h after the end of IVIG
treatment were defined as IVIG non-responders. This study has
been reviewed and approved by the ethics committee of children’s
hospital affiliated to Shanghai Jiao Tong University (2017R034-
E02). The informed consent was obtained by the parents or
their guardians.

Clinical Data Capturing
Clinical data of patients who visited the Shanghai Children’s
Hospital were entered into a database called Clinical Information
System (CIS) on a daily basis. In this study, electronic medical
records of KD patients were identified and extracted from the
CIS using Doctor Research Information Management (DRIM)
system, and a structured database was built to support the
following analyses (11).

DNA Extraction and Targeted Enrichment
of Genomic Region Technology
Blood samples of each KD patient were collected by the EDTA
anticoagulation tube. DNA was extracted using Genomic DNA
Extraction Kit (Cat. No.DP329, TIANGEN Bioscience Beijing),
and the library was constructed using KAPA HTP Library
preparation kit (Cat. No. KK8234, Roche, USA). Illumina HiSeq
X10 (Illumina USA) was used as the sequencing platform
for libraries target enriched by custom capture array. The
hybridization probes of the custom capture array consisted of
previous published 472 GWAS hotspots related to KD and 560
candidate genes among 4 KEGG pathways including Toll-like
receptor signaling pathway, Cytokine receptor interaction, TGF-
β signaling pathway and T cell receptor signaling pathway. The
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targeted capture chips were designed by SeqCap EZ Choice
(Roche, Switzerland).

Statistical Analysis
The raw data were mapped to the human reference genome
(hg19) using the Burrows-Wheeler alignment (BWA v0.7.15)
tool (12) and Picard tool (v1.135) was used to process for PCR
duplicates (http://broadinstitute.github.io/picard/). Candidate
SNPs were detected using GATK (v3.7) HaplotypeCaller
algorithm (13), and filtered with following parameters “QD
<2.0 || FS >60.0 || MQ <40.0 || MQRankSum <-12.5 ||
ReadPosRankSum <-8.0.” Variants annotation was performed
using ANNOVAR (14), and genetic risk-alleles associated IVIG
resistance were analyzed using R package SNPassoc (15). All
statistical analyses were performed in R. Student’s t-test was used
to compare the differences of clinical features between the IVIG
non-responders and IVIG responders. P < 0.05 was considered
statistically significant. The scoring model of IVIG resistance was
developed based on the identified specific SNP loci as well as the
laboratory data. R package ipred was used to train the model (16).

Weighted Genetic Risk Scoring System
The cumulative effects of candidate SNPs were calculated though
wGRS system designed by De Jager et al. (17). The wGRS was
calculated by multiplying the weight by the risk allele number (0,
1, or 2), and taking the sum across SNPs:

wGRS =

n
∑

k=1

wkGk

where n is the number of SNP, k is SNP, wk is the corresponding
weight of SNP [ln(OR)], and Gk is the number of the risk allele
(0, 1, or 2). wGRS was compared between the IVIG responders
and non-responders using the Wilcoxon rank-sum test with
continuity correction. The performance of the model was
evaluated by the area under the receiver operating characteristic
(ROC) curve.

RESULTS

Clinical Characteristics of IVIG
Non-responders
A total of 330 KD patients were enrolled in this study, with 50
(15.2%) IVIG non-responders and 280 (84.8%) IVIG responders.
The male to female ratio was 1.77:1.0 (211:119). All the
patients received IVIG treatment (2 g/kg) and aspirin with 3–
5 mg/kg/day. Treatment was repeated on 50 patients due to the
IVIG resistance. Forty-eight patients were ultimately found with
CAL, and 15 of the 48 patients showed IVIG resistance.

There was no significant difference in gender and age
distribution between IVIG responders and non-responders
(Table 1). Consistent with previous studies of the epidemiology
and presentation of KD, the majority of patients were male [76%
(38 of 50) in IVIG non-responders and 62% (173 of 280) in IVIG
responders]. Though IVIG non-responders were younger (30.5
± 24.5 months) than IVIG responders (34.3± 27.3 months), the
difference was not significant (P > 0.05).

TABLE 1 | Patients diagnose and characteristics.

No. of

patients

No. of

male

No. of

female

Age, month,

mean ± SD

IVIG-non-response 50 38 12 30.5 ± 24.5

IVIG-response 280 173 107 34.3 ± 27.3

The differences of clinical features that may be related to
IVIG resistance between two groups were calculated (Figure 1).
As shown in Table 2, 6 clinical variables met the condition of
P < 0.05 and percentage of patients with adequate data <30%
were found. Compared with the subjects who were responsive to
the IVIG therapy, IVIG non-responders were more likely to have
higher C-reactive protein level, higher percentage of neutrophils,
lower platelet count, lower serum albumin concentration, lower
erythrocyte sedimentation rate, and lower hemoglobin level.
Patients with IVIG resistance had longer fever duration (Table 2).

Risk Loci Affecting IVIG Unresponsiveness
To identify the gene variants associated with IVIG resistance, 330
patients diagnosed as KD and 105 healthy children were recruited
in this phase. A second-generation sequencing focusing on the
exon regions of 560 genes in four immune related pathways and
472 KD-associated SNPs reported in previous GWAS studies
were conducted. The average sequencing depth of KD samples
and normal samples were 477X and 445X, respectively. A total
of 15,677 SNP sites were found in all samples. Genotypes of 544
SNPs in targeted regions were significantly different (P < 0.05)
between IVIG responders and non-responders. The common
variants were identified that the minor allele frequency (MAF)
of the gene or SNP was more than 1%.

There were 14 SNPs (MAF >1%) that showed significant
difference between IVIG non-responders and IVIG responders
(P< 0.001; Table 3). Among all identified risk loci, SNP rs840016
that located at the region ofCD247 showed the largest correlation
(P = 5.4 × 10−4). An increasing risk of IVIG resistance was
observed (odd ratio= 3.77) by comparing the risk allele (T allele)
to the non-risk allele (C allele). Another SNP rs2463260 A/G
(P = 4.2 × 10−4) located in chromosome 1 was filtered out with
an odd ratio 3.35, which risk allele was G. rs56401579G/A and
rs56193546C/T located at FLT4 gene region were also related
with IVIG unresponsiveness, which odd ratios were 3.33 when
risk alleles compared with non-risk alleles. The minor alleles of
rs10271133C/T and rs2007404T/C that located in CUL1 gene
region showed high incidence of IVIG resistance. Moreover,
transformation of rs77317995T/A located in ACVR2B gene
region from major allele to minor allele was associated with
protection from IVIG resistance. rs6530599A/G, rs6530600A/G,
and rs1136210A/G located on chromosome Y (CD24) were found
to be protective gene associated with IVIG unresponsiveness
(P = 7.0 × 10−4, odds ratio, 0.55). The frequencies of AA, AG,
and GG genotypes were 17.1, 82.5, and 0.5% in males, while that
were 16.0%, 0.8%, and 83.2% in females. Besides, rs2232595C/T,
rs16949924G/C, rs12358961T/A, and rs742185A/G were found
association with IVIG unresponsiveness.
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FIGURE 1 | Differences of clinical characteristics between IVIG unresponders and responders. Clinical variables as x axis and P-value of clinical variables with y axis.

The clinical variables were different significantly between IVIG unresponders and responders (P < 0.05).

wGRS Analysis and ROC Curve Analysis
To detect the diagnostic accuracy of clinical evaluations of IVIG
treatment for KD patients using candidate SNPs, a wGRS system
was applied (17). Four hundred and forty eight SNPs (MAF>1%)
that reached suggestive significance were identified between IVIG
non-responders and IVIG responders (P < 0.05). To identify
more effective predictors, the risk loci between IVIG resistant
group and healthy control group were evaluated, where 198
SNPs (MAF >1%) were found significantly different. Nine SNPs
were identified to be rick loci associated with IVIG resistance by
comparing 488 SNPs and 198 SNPs, and were used to build a
scoring model (Supplementary Table 1).

Nine SNPs (Supplementary Table 1) with P < 3× 10−3

were included in the wGRS algorithm. None of two SNPs
out of 9 showed strong linkage disequilibrium. The difference
of wGRS scores between the two groups was significant
(Wilcoxon rank-sum test, P = 2.0 × 10−7) (Figure 2). The
scoring model which based on wGRS score of 9 SNPs yielded
a sensitivity of 76% and specificity of 70.7% for a cutoff
point of 0.141 (Figure 3). C-reactive protein level, percentage
of neutrophils, platelet count, serum albumin concentration,
erythrocyte sedimentation rate, and hemoglobin level were
identified with highest risk for IVIG unresponsiveness. The

six clinical variables and wGRS score of 9 SNPs were used
to generate a composite scoring model which revealed better
sensitivity (96.8%) and specificity (91.2%) for a cutoff point
of 0.207 (Figure 4).

We also tested Kobayashi scoring system to predict
KD patients who resistant to IVIG. The sensitivity
and specificity were 34.5 and 88% in the Kobayashi
scoring system.

DISCUSSION

In this study, we established a novel scoring model to predict
IVIG resistance in KD. Patients with 6 abnormal clinical variables
(C-reactive protein level, percentage of neutrophil, platelet count,
serum albumin concentration, erythrocyte sedimentation rate,
and hemoglobin level) were more likely to be resistant to IVIG
therapy. The wGRS score of SNPs were effective in identifying
IVIG resistance.

T-cell receptor zeta chain (CD3ζ) encoded by CD247 is a
component of the T-cell receptor (TCR) complex. CD3ζ chain
can alter TCR signaling and participate in T cell activation
(18). Previous studies found that CD247 were associated with
Systemic lupus erythematosus (SLE) and other autoimmune
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TABLE 2 | Clinical indicators of IVIG non-responders and IVIG responders.

Clinical indicators IVIG non-responders Patients with

adequate data,%

IVIG responders Patient with

inadequate data,%

P-value

Fever days 11.91 ± 2.96 10 7.79 ± 2.96 2.86 2.0 × 10−5

PLT (×109/L) 315.46 ± 121.27 12 361.38 ± 121.27 3.93 3.19 × 10−2

CRP (mg/L) 103.78 ± 46.04 14 65.59 ± 46.04 3.57 2.0 × 10−5

ALB (g/L) 33.62 ± 3.86 16 36.22 ± 3.86 6.07 2.1 × 10−3

ESR (mm/h) 71.15 ± 29.13 18 88.24 ± 29.13 7.86 6.6 × 10−3

Hb (g/L) 105.81 ± 10.59 20 109.55 ± 10.59 13.21 2.75 × 10−2

NE (%) 72.96 ± 15.69 28 64.82 ± 15.69 3.93 4.1 × 10−3

HCT (%) 31.36 ± 2.86 30 32.51 ± 2.86 4.29 1.43 × 10−2

LY (%) 19.85 ± 13.06 30 26.17 ± 13.06 3.93 1.27 × 10−2

LYM (×109/L) 2.62 ± 2.05 30 3.52 ± 2.05 4.64 3.5 × 10−3

TP (g/L) 59.00 ± 6.29 32 63.37 ± 6.29 6.43 1.9 × 10−3

TBil (µmol/L) 18.56 ± 12.61 40 9.80 ± 12.61 16.07 3.30 × 10−2

CK (U/L) 34.59 ± 66.16 42 56.73 ± 66.16 17.86 1.0 × 10−4

Kobayashi 2.59 ± 1.58 42 1.54 ± 1.58 17.14 6.3 × 10−3

Ca (mmol/L) 2.22 ± 0.12 50 2.29 ± 0.12 25.00 2.97 × 10−2

P (mmol/L) 1.07 ± 0.28 50 1.30 ± 0.28 25.36 2.0 × 10−3

SF (ng/ml) 218.00 ± 90.26 56 149.99 ± 90.26 34.29 3.46 × 10−2

BNP (pg/ml) 2975.17 ± 1210.82 60 782.36 ± 1210.82 36.79 1.1 × 10−2

IL-2R (pg/ml) 84383.11 ± 48547.54 72 43036.82 ± 48547.54 48.93 4.69 × 10−2

IgM (g/L) 0.84 ± 0.49 74 1.12 ± 0.49 63.57 4.4 × 10−3

CH50 (µ/ml) 50.19 ± 9.37 78 58.98 ± 9.37 63.93 7.0 × 10−4

C1 (mg/L) 173.67 ± 53.43 80 207.37 ± 53.43 2.86 6.8 × 10−3

PLT, platelet count; CRP, C-reactive protein; ALB, albumin; ESR, erythrocyte sedimentation rate; Hb, Hemoglobin; NE%, percentage of neutrophils; HCT, Hematocrit; LY%, percentage

of lymphocyte; LYM, lymphocyte absolute value; TP, total protein; TBIL, total bilirubin; CK, creatine kinase; Ca, serum calcium; P, serum phosphorus; SF, serum ferritin; BNP, brain

natriuretic peptide; IL-2R, interleukin-2 receptor; IgM, Immunoglobulin M; CH50, 50% of complement hemolytic activity; C1, complement 1.

P-value for continuous variables from t-test.

TABLE 3 | 14 SNP associated with IVIG unresponsive in KD.

CHR Position SNP Nearby Gene(s) Region Ref/

Alt

Freq OR P-value Adjusted by

gender

Adjusted by

age

P-value adjusted

by age

and gender

1 40,229,368 rs2463260 PPIE Exonic A/G 0.06 3.35 4.2 × 10−4 4.6 × 10–4 1.6 × 10−2 1.5 × 10−2

1 167,408,670 rs840016 CD247 Intronic C/T 0.02 3.77 5.4 × 10−4 5.4 × 10−3 1.0 × 10−1 1.33 × 10−1

3 38,534,142 rs77317995 ACVR2B UTR3 T/A 0.36 0.46 4.4 × 10−4 4.2 × 10−4 1.3 × 10−2 1.2 × 10−2

5 180,053,090 rs56401579 FLT4 Intronic G/A 0.04 3.33 3.6 × 10−4 5.4 × 10−4 3.2 × 10−3 4 × 10−3

5 180,053,097 rs56193546 FLT4 Intronic C/T 0.04 3.33 3.6 × 10−4 5.4 × 10−4 3.2 × 10−3 4 × 10−3

7 148,480,990 rs10271133 CUL1 Intronic C/T 0.05 3.58 8 × 10−5 8.2 × 10−5 6.5 × 10−3 5 × 10−3

7 148,487,395 rs2007404 CUL1 Intronic T/C 0.11 2.62 8.8 × 10−4 9.2 × 10−4 1.4 × 10−1 1.4 × 10−1

10 6,066,195 rs12358961 IL2RA Intronic T/A 0.07 2.94 4.7 × 10−4 5.5 × 10−4 1.2 × 10−1 1.4 × 10−1

15 66,727,597 rs16949924 MAP2K1 Intronic G/C 0.05 2.97 8.8 × 10−4 9.7 × 10−4 2.2 × 10−1 2.21 × 10−1

20 36,989,335 rs2232595 LBP Intronic C/T 0.02 3.74 9.6 × 10−4 6.6 × 10−4 2.1 × 10−3 2 × 10−3

22 50,705,059 rs742185 MAPK11 Intronic A/G 0.09 2.87 5.1 × 10−4 5.1 × 10−4 3.0 × 10−1 3.02 × 10−1

Y 21,153,275 rs6530599 CD24 ncRNA_intronic A/G 0.57 0.55 7 × 10−4 8.4 × 10−4 3.6 × 10−1 3.66 × 10−1

Y 21,153,459 rs6530600 CD24 ncRNA_intronic A/G 0.57 0.55 7 × 10−4 8.4 × 10−4 3.6 × 10−1 3.66 × 10−1

Y 21,153,474 rs1136210 CD24 ncRNA_intronic A/G 0.57 0.55 7 × 10−4 8.4 × 10−4 3.6 × 10−1 3.66 × 10−1

Ref/Alt, reference allele and alternative allele; OR, indicates odds ratio; and UTR, untranslated region.

disorders by T cell-mediated mechanism (19, 20). Interleukin-
2 receptor subunit alpha encoded by IL2RA gene is a hallmark
antigen of regulatory T cells, and functions in the suppression

of immune responses and maintenance of immune homeostasis
(21, 22). Kuo et al. (23) reported that IL2RA (rs3118470) was
significantly associated with CAL formation in KD patients. We
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FIGURE 2 | Evaluation difference of weighted genetic risk score (wGRS) of 9

SNPs between IVIG non-responders and responders. Group as x axis and

wGRS scores of 9 SNPs with y axis. The difference of wGRS scores between

the two groups was significant (Wilcoxon rank-sum test, P = 2.0 × 10−7).

FIGURE 3 | Receiver operating characteristic (ROC) curve analysis of the

model using weighted genetic risk score (wGRS) of 9 SNPs to predict IVIG

resistance in KD. ROC of wGRS with Specificity as x axis and sensitivity with y

axis. The most predictive wGRS value (0.141) and the corresponding

specificity and sensitivity (76 and 70.7%) were shown.

found that SNP rs840016 C/T located at CD247 and rs12358961
T/A located at ILR2A have association with the increasing risk of
IVIG resistance.

FIGURE 4 | Receiver operating characteristic (ROC) curve analysis of the

combinatory model based on weighted genetic risk score (wGRS) of 9 SNPs

and clinical variables. ROC of wGRS with Specificity as x axis and sensitivity

with y axis. The most predictive wGRS value (0.207) and the corresponding

specificity and sensitivity (91.2 and 96.8%) were shown.

Lipopolysaccharide binding protein (LBP) is a phase
protein that is synthesized mainly in the liver and binds
lipopolysaccharide (LPS) to initiate the immune response. LPS is
presented to cluster of differentiation (CD) 14, which interacts
with toll-like receptor to activate the immune (24). A study about
postoperative patients with sepsis, LBP plasma concentration
showed similar course with CRP in predicting outcome (25).
The fms related tyrosine kinase (FLT4) is known as the vascular
endothelial growth factor receptor (VEGFR) 3, which is a protein
kinase and regulates endothelial cell growth and angiogenesis
(26). Some study reported that the increased serum level of
VEGF had associated with serum levels of CRP in acute phase
of KD (27). The level of CRP was higher in IVIG un-responders
than IVIG responders in our study. We also found LBP and FLT4
gene variants were positively correlated with IVIG treatments.

The MAPK pathway is a signal transduction pathway and
regulates fundamental cell activities including proliferation,
transcriptional regulation, differentiation and survival. Mitogen-
activated protein kinases (MAPK) is activated by TGF-β1 that
induces endothelial cell apoptosis. MAPK 11 (p38β) is the
predominant form of MAPK (28). He et al. (29) reported that
MAPK11 mediated p38 activity was associated with osteolytic
bone destruction in breast cancer cells. Zhang et al. (30) reported
the oncogenic mutations within the β3-αC loop of MAP2K1
have profound effect on drug response and can be critical for
targeted therapies. Activin A receptor type 2B (ACVR2B) is
activated by the activin family of ligands of TGF-β superfamily
and activate SMAD2/3 signaling pathway (31). Genetic variants
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in TGF-β/SMAD3 signaling pathwaywere consistently associated
with KD susceptibility, CAL and IVIG therapy response (32).
We found that patients with genetic variants of MAPK11
and MAP2K1 had higher risk of IVIG unresponsiveness. The
mechanism of MAPK11 and MAP2K1 associated with IVIG
resistance may participate in the TGF-β/SMAD3 signaling
pathway. It is interesting that rs77317995T/A located in gene
ACVR2B may be the protective factor of IVIG treatment in
our study.

CD24 is a phosphatidylinositol (GPI)-linked protein
expressed on the cell surface that have been implicated in the
stimulation of T cell and differentiation of B cells. CD24 gene is
a member of multigene family and have homologous sequences
on chromosome 6 and chromosome. Lee et al. (33) reported that
high expression of CD24 can reduce inflammatory response by
regulating NFκB in juvenile human chondrocytes. KD was found
affects males 1.5 times more than female (34). We reported that
three SNPs located at CD24 on chromosome Y were associated
with IVIG resistance. The frequency of risk allele A may explain
the predominance of males in IVIG resistant group.

Cullin1 (CUL1) is the first and most extensively characterized
member of the cullin family and an essential component of
SCF E3 ubiquitin ligase complex. A study has reported that the
expression of CUL1 in colorectal cancer (CRC) can be valuable
molecular markers to predict the prognosis of the CRC patients
(35). Huang et al. (36) proposed that CUL1 is associated with the
disease-specific survival of the breast cancer and may serve as a
therapeutic target for breast cancer metastasis. In our study, there
are two SNPs located at CUL1 which associated with KD and can
predict IVIG resistance.

Kuo et al. (37) first applied wGRS analysis to KD patients for
IVIG responsiveness evaluation based on 11 single-nucleotide
polymorphisms. The specificity and sensitivity of the scoring
model were 81.7 and 79.2% after adjusted for sex effects. We then
aggregated laboratory characteristics and genetic variations to
build a scoring system for IVIG resistance prediction. We found
that high C-reactive protein, high percentage of neutrophils, and
low albumin were independent risk factors for IVIG resistance.
Compared with the Kobayashi score, a predictor of IVIG
resistance and CAL development based on Japanese patients,
the sensitivity of our proposed model was higher (sensitivity
76–96.8%). Our findings were consistent with a study from UK
that reported a failure of Kobayashi score in identifying IVIG
resistance (38). Berdej-Szczot et al. (39) also found a reduced
accuracy of Kobayashi score in predicting IVIG resistance in
Poland. When Lin et al. (40) applied the Kobayashi score to
predict the effect of IVIG therapy for KD patients in China
Taiwan, they found that the sensitivity and specificity of the
model were only 62 and 71%. Gene indicators can improve the
accuracy of score system to predict IVIG unresponsive for KD
patients, and these genetic variations together with the clinical
indicatorsmight suggest the development of disease and outcome
of the therapy.

The study had several limitations. (1) We could not evaluate
the new scoring model in other cohort of KD patients because
the measurement of gene were not routine at other medical
institution. (2) This was a single medical center, selection bias
might occur such as the lack of adequate data of KD patients.

CONCLUSIONS

We developed a predicting scoring system based on both clinical
variables and gene variants. Using target enrichment of genomic
region technology, several SNPs were found significantly
different between IVIG responders and non-responders. The
proposed model based on the wGRS score of SNPs and clinical
features showed a high sensitivity, and can be implemented to
predict IVIG resistance for KD patients.
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