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Abstract
Background—Endomycocardial biopsies have demonstrated that subclinical myocarditis is a
universal feature of acute Kawasaki disease (KD).

Methods—We investigated biochemical evidence of myocardial strain, oxidative stress, and
cardiomyocyte injury in 55 acute KD subjects (30 with paired convalescent samples), 54 febrile
control (FC), and 50 healthy control (HC) children by measuring concentrations of cardiovascular
biomarkers.

Results—Levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and soluble ST2
(sST2) were elevated in acute vs. convalescent KD, FC, and HC (p≤0.0002), while γ-glutamyl
transferase and alanine amino transferase as measures of oxidative stress were increased in acute
vs. FC (p≤0.0008). Cardiac troponin I (cTnI) levels, using a highly sensitive assay, were elevated
in 30% and 40% of paired acute and convalescent KD subjects, respectively, and normalized
within two years of disease onset. NT-proBNP and sST2 negatively correlated with measures of
diastolic function (MV E:A ratio and deceleration time), but only NT-proBNP positively
correlated with the coronary artery Z score.

Conclusions—NT-proBNP and sST2 were elevated in acute KD subjects and correlated with
impaired myocardial relaxation. These findings, combined with elevated levels of cTnI, suggest
that both cardiomyocyte stress and cell death are associated with myocardial inflammation in
acute KD.
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INTRODUCTION
Kawasaki disease (KD) is an acute inflammatory condition that involves both the arterial
wall and the myocardium.[1] While patients uncommonly present with clinically significant
systolic dysfunction in the acute phase, [2, 3] endomyocardial biopsies have documented a
range of pathologic findings consistent with diffuse myocardial inflammation.[4-6] Most
patients have normal myocardial systolic function after recovery from their acute illness, but
diastolic dysfunction has been observed. [7, 8]

Protein biomarkers of cardiomyocyte strain, injury, and death are used to stratify risk and to
monitor response to therapies in adults with congestive heart failure and ischemic heart
disease.[9] Some biomarkers, such as troponin, are released by injured or dying cells, but do
not directly participate in the pathologic process. Others, such as soluble ST2 (sST2),
directly mediate injury and could be targets for therapeutic intervention.[10, 11] We tested a
panel of cardiovascular biomarkers in acute and convalescent KD patients and compared the
results to febrile and healthy controls as well as clinical and echocardiographic data to better
understand the mechanisms of myocardial injury in acute KD.

METHODS
Patients

KD samples were from consecutive, unselected KD subjects for whom both plasma and
serum samples were available. All KD subjects fulfilled American Heart Association
diagnostic criteria for KD [12]. Acute KD samples were obtained prior to treatment with
intravenous immunoglobulin (IVIG). N-terminal pro-B-type natriuretic peptide (NT-
proBNP), sST2, serum cardiac troponin I (cTnI), γ-glutamyl transpeptisdase (GGT), and
alanine amino transferase (ALT) concentrations were determined for the following subjects:
55 acute KD (30 of whom had paired convalescent samples; median 46 days, range 26-73
days after onset of KD), 54 age-similar febrile controls (FC), and 50 age-similar healthy
controls (HC). cTnI levels were also determined for 17 KD subjects who had late
convalescent serum obtained (median 431 days, range 347-757 days after onset of KD).

FC subjects were previously healthy children recruited from the Emergency Department at
Rady Children’s Hospital San Diego and had ≥ 3 days of fever and at least one of the
clinical signs of KD (rash, conjunctival injection, cervical lymphadenopathy, erythematous
oral mucosa, and erythematous or edematous hands or feet). Among the 54 FC subjects, 8
had bacterial infection and 46 had viral infections (Table 1).

HC subjects were children undergoing minor elective surgery for polydactyly. The Human
Research Protection Program of the University of California, San Diego approved this
research protocol and written informed consent was obtained from the parents of all
subjects. The study protocol conforms to the ethical guidelines of the 1975 Declaration of
Helsinki.

We recorded age, sex, illness day at patient evaluation (first calendar day of fever= illness
day 1), and clinical laboratory data. We normalized the hemoglobin concentration for age to
allow valid comparisons across the age spectrum of our subjects. For KD subjects only, we
recorded response to intravenous immunoglobulin (IVIG) and echocardiographic data.
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IVIG-resistance was defined as persistent or recrudescent fever (T ≥ 38°C) at least 24 hours
after completion of the IVIG infusion (2 g/kg).

Echocardiography
Echocardiography was performed in acute KD subjects during their initial hospitalization
and at 2 and 5 weeks post-IVIG. Dilatation of the right coronary artery (RCA) and left
anterior descending coronary artery (LAD) was defined according to the American Heart
Association criteria as a Z score of ≥ 2.5 (standard deviation units from the mean internal
diameter normalized for body surface area) [12]. Aneurysms were defined as a focal region
of the coronary artery 1.5 times the diameter of the adjacent segment. “Zworst” was defined
as the larger of the Z scores for the RCA and LAD at any time point in the illness. The aortic
root was measured by standard convention in the parasternal long axis view during mid-
systole and the absolute dimension for the aortic sinus was normalized based on body
surface area and considered dilated if the Z score was ≥ 2.0 [13]. Parameters of ventricular
diastolic function included mitral inflow velocities during early diastolic filling (E wave
velocity) and atrial contraction (A wave velocity), deceleration time (time, in milliseconds,
from the peak of the E wave to the baseline), and Doppler measurement of tissue velocity
(DTI) at the lateral mitral annulus (E’ velocity), septal mitral annulus, and lateral tricuspid
annulus during early diastolic filling. DTI was only available for 19 subjects enrolled during
the last year of the study. Data, calculated from the diastolic measurements, included the
mitral E wave velocity/A wave velocity ratio and the E velocity/E’ velocity ratio. Values
were compared to published normal values and categorized as either abnormal or normal
[14, 15]. Fractional shortening (FS) was measured by standard methods (M mode) and
normalized for age.

Biomarker assays
EDTA plasma NT-proBNP concentration was measured with a biotin-coupled anti-NT-
proBNP antibody/streptavidin solid-phase chromatographic immunoassay (StatusFirst CHF
NT-proBNP test devices, Nanogen, San Diego, CA; 99% for reference value for healthy
adults=125 pg/mL), in combination with the DXpress Reader (Nanogen, San Diego, CA).
Sodium citrate plasma sST2 levels were determined using the Presage sST2 assay kit
(Critical Diagnostics, New York, NY; 99% for reference value for healthy adults= 50.2 ng/
mL). Serum cTnI was measured using the Verisens human cTnI assay (Nanosphere,
Northbrook, IL), a multi-step and automated assay using functionalized gold nanoparticles
with signal enhancement by silver amplification (99% for reference value for healthy adults
=0.0045 ng/mL). Plasma concentrations of GGT and ALT were measured using the
VITROS GGT and ALT slides and the VITROS Chemistry Products Calibrator Kit 3 on
VITROS Chemistry Systems.

Statistical analysis
Data were analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA)
software, and presented as medians and interquartile range. Mann-Whitney U test was used
for non-parametric data. Paired data for acute and convalescent KD were analyzed using a
Wilcoxon signed rank test. Correlations between continuous variables were performed using
Spearman’s test. Multivariable predictors of logNT-proBNP levels were identified by
backward stepwise linear regression including clinical variables with significant univariable
associations; they were confirmed with forward stepwise regression, which yielded the same
results. Categorical data were analyzed with Fisher’s exact test. The p values were not
adjusted for multiple testing and values <0.05 were considered significant.
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RESULTS
Patient characteristics for the KD and FC groups are shown in Table 2. KD patients had a
higher C-reactive protein (CRP) level, erythrocyte sedimentation rate (ESR), white blood
cell count (WBC), and platelet count, and lower age-adjusted hemoglobin levels.

N-terminal pro-B-type natriuretic peptide
Plasma NT-proBNP was significantly elevated in acute KD subjects compared to
convalescent KD and control groups (p<0.0001) (Figure 1A, Table 3). NT-proBNP
concentrations positively correlated with the internal diameter of the coronary arteries
(RCA/LAD Zworst), sST2, ALT, and GGT levels (Table 4). Concentrations of NT-proBNP
negatively correlated with age (Table 4), consistent with the observation that NT-proBNP
concentrations are higher in infants and young children [16]. With respect to
echocardiographic assessment of myocardial function, concentrations of NT-proBNP
negatively correlated with measures of diastolic function (MV E:A ratio and deceleration
time) and positively correlated with MV peak A wave suggesting that they were markers of
impaired ventricular relaxation (Table 4).

Multivariable predictors of logNT-proBNP levels included illness day (β= −0.33, p=0.017)
and mitral valve E wave deceleration time (β= −0.64, p<0.001). For the majority of KD
subjects, NT-proBNP concentrations declined by the convalescent phase (26 of 30) (Figure
2). Unexpectedly, a subset of the FC (n=3) discharged from the Emergency Department with
self-limited febrile illnesses had NT-proBNP levels >1,000 pg/mL with sST2 levels 47-93
ng/mL and cTnI levels 0.0003-0.019 ng/mL, suggesting myocardial stress. The diagnoses in
these 3 subjects were staphylococcal scalded skin syndrome (n=1) and viral syndrome
(n=2).

Six KD subjects had markedly elevated NT-proBNP levels (>1,000 pg/mL) associated with
elevated levels of sST2 (5 subjects) and cTnI (4 subjects) (Table 5). Half were IVIG-
resistant, and all had extremely elevated CRP levels. To compare echocardiographic
parameters including FS and coronary artery internal dimensions, we converted these
measurements to Z scores (standard deviation from the mean normalized for body surface
area) to allow comparisons among patients of very different age and size. Measurement of
left ventricular systolic function was abnormal in 3 of 6 subjects (FS Z score −2.65 to −3.5),
and 4 of 6 had coronary artery dilatation (n=2) or aneurysms (n=2). The aortic root was
dilated in only one of these 6 subjects. DTI was performed in only 2 of the 6 subjects and
was normal in both. Mitral valve inflow E and A waves were fused and could not be
evaluated in 5 subjects. The inflow velocity ratio was abnormal in the one subject who could
be evaluated.

Soluble ST2
Plasma sST2 concentrations were significantly elevated in acute KD compared to
convalescent KD and both control groups (p≤0.0002) (Table 3) and negatively correlated
with deceleration time and illness day, suggesting that concentrations were highest in the
earliest stages of the illness (Table 4). sST2 concentrations correlated strongly with ALT
and GGT. For the majority of KD subjects, sST2 concentrations declined by the
convalescent phase (29 of 30) (Figure 2).

Cardiac Troponin I
Elevated serum cTnI concentrations (>0.0045 ng/mL) were observed in 16 (29%) and 17
(31%) subjects in the acute KD and FC groups, respectively. Two of the 30 HC had values
>99% for adults (0.007 and 0.006 ng/mL). The levels of cTnI were elevated in the

Sato et al. Page 4

Int J Cardiol. Author manuscript; available in PMC 2014 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



convalescent as compared to the acute stage of KD (p=0.0003, n=30) and normalized in all
17 subjects with late convalescent samples (Table 3, Figure 3). Of the 9 subjects with
aneurysms, 3 had elevated levels of cTnI (0.005, 0.008, and 0.021 ng/mL). For the KD
subjects, there was a weak correlation of cTnI concentration with NT-proBNP (Table 4) and
no significant correlation with the other biomarkers, measures of systolic or diastolic
function, or measures of oxidative stress (data not shown).

DISCUSSION
Biomarkers associated with cardiomyocyte stress were elevated in the majority of acute KD
subjects. Specifically, NT-proBNP correlated with markers of inflammation, oxidative
stress, and echocardiographic measurements suggesting diastolic dysfunction. Biomarkers
are emerging as valuable tools in assisting with disease prognosis and risk stratification for a
variety of cardiovascular conditions. The natriuretic peptides are released in the setting of
myocardial strain and are well-established for aiding in the diagnosis, prognostication, and
monitoring of heart failure patients.[9] Previous studies have measured plasma BNP and
NT-proBNP levels in acute and convalescent KD subjects and found results similar to those
reported here.[17-22] Studies in Japanese KD patients found correlations between elevated
plasma BNP levels and echocardiographic evidence of diastolic dysfunction and oxidative
stress as assessed by urinary excretion of 8-isoprostane.[18, 20] An immunohistochemical
study of KD autopsy tissues using an antibody to atrial natriuretic peptide revealed positive
staining of cardiomyocytes adjacent to regions of fibrosis. Staining was most intense in
patients who had clinical evidence of congestive heart failure prior to death.[23]

Impairment of diastolic function occurs in stages. Initially impaired relaxation, the
consequence of inflammation and edema, is manifest by prolonged deceleration times and
blunting of the mitral E wave, with atrial contraction (A wave) taking on a more central role
in ventricular filling. With prolonged or severe inflammation, ventricular compliance can be
affected, ultimately resulting in a compensatory increase in filling pressures, and a
“pseudonormalization” of the inflow patterns. With further progression, abnormalities of
ventricular compliance are seen resulting in an increase in filling pressures that result in a
pronounced E wave and a shortened deceleration time. Our patients presented with a mixed
picture, displaying increased A waves resulting in a reduced MV E:A ratio, and shortened
deceleration times. Both NT-proBNP and sST2 negatively correlated with the mitral valve
inflow E:A ratio and deceleration time, suggesting that as myocardial strain worsened,
diastolic dysfunction became more pronounced. With respect to systolic function, 3 of the 6
subjects with NT-proBNP levels >1,000 pg/mL had FS more than 2 standard deviations
below the mean for body surface area, and 4 of the 6 had elevated concentrations of cTnI.

sST2, a member of the IL-1 receptor family and a decoy receptor for IL-33, is released by
cardiomyocytes and fibroblasts exposed to biomechanical stress.[10] sST2 levels, not
previously measured in pediatric subjects, were significantly elevated in acute KD subjects
compared to convalescent KD and HC subjects. Recent data suggest that sST2 may also be a
mediator of myocardial injury. KD is likely to have an infectious etiology and IL-33 may
play an important role in modulating the inflammatory response to pathogens.[24] Increased
levels of IL-33 are associated with host protection against parasitic and viral infections and
atherosclerosis, but can exacerbate Th2 T-cell and mast cell-mediated inflammatory
diseases. Sequestration of IL-33 by sST2 could lead to increased inflammation in the setting
of viral infection. Although elevated levels of sST2 are powerfully predictive of adverse
events across a broad spectrum of cardiovascular conditions including heart failure and
acute myocardial infarction, the mechanism by which sST2 mediates these effects is
incompletely understood.[10, 25-28] sST2 may have a direct role in fibrosis or remodeling
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following myocardial injury.[29] The prognostic significance of sST2 levels in acute KD is
unknown.

GGT catabolizes extracellular glutathione, the main thiol intracellular antioxidant in
mammalian cells. Membrane-bound GGT is released into the serum from hepatocytes and
the elevated levels in acute KD have been attributed to hepatobiliary inflammation, with the
highest levels seen in association with hydrops of the gallbladder.[30] Results presented
here, however, suggest that elevated GGT and ALT concentrations may be at least in part
related to oxidative stress during the acute illness, with concentrations positively correlating
with the biomarkers of cardiomyocyte strain.

cTnI, a measure of cardiomyocyte injury or death, was elevated in a third of both KD
subjects and FC. A previous study that may have used a less sensitive assay did not detect
elevated cTnI concentrations in children with acute KD.[31] Acute phase concentrations of
cTnI did not correlate with markers of systemic inflammation, oxidative stress, or
echocardiographic parameters, suggesting that other factors lead to myocardial necrosis or
cardiomyocyte damage.[31] This was surprising as it would be logical to think that all of the
effects on the myocardium were a result of systemic inflammation. However, this
relationship did not hold for cTnI. The highly sensitive assay may detect variations in levels
that are not physiologically significant with respect to myocardial function, though they
seem to reflect disease severity to some degree since 4 of the 6 individuals with elevated
NT-proBNP also had elevated cTnI. The elevation of cTnI in most KD subjects at the
convalescent time point was also unexpected and may indicate that cardiomyocyte injury
persists after systemic indicators of inflammation have returned to normal. The fact that
levels of cTnI returned to normal in all subjects who had samples measured 1-2 years after
disease onset suggests that the previous elevations were related to cardiomyocyte injury or
death.

We recognize several limitations to our study. TDI was only performed on a subset of
subjects as this imaging was not available until late into our study period. The timing of the
first echocardiogram was not standardized with respect to IVIG infusion. To the extent that
mitral valve inflow velocities are sensitive to preload, these measurements may have been
influenced by the volume status of the patients in unpredictable ways. The volumes of
plasma and serum samples were limited in this population of young infants and children, so
not all measurements were performed on all patients. Limited data are available regarding
the normal ranges of these biomarkers in the pediatric age group. Although this is the largest
study of cardiovascular biomarkers in acute KD, the sample size was still small and thus the
power to detect differences between groups was limited.

In summary, NT-proBNP and sST2 correlate with impaired myocardial relaxation as
measured by echocardiography in acute KD subjects, and with increased oxidative stress as
measured by elevated ALT and GGT levels. cTnI did not correlate with myocardial
function, inflammation, or oxidative stress and was unique in having more elevated levels in
many subjects in the convalescent but not late convalescent phase. Taken together, the
results of this study suggest that myocardial stress and cardiomyocyte injury are common
features of acute KD.
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Figure 1.
Plasma concentrations of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and
soluble ST2 (sST2) in acute Kawasaki disease (KD), convalescent KD, febrile controls (FC),
and healthy controls (HC). A) Comparisons of NT-proBNP concentrations (p<0.0001 for
acute KD vs. conv. KD, FC, and HC). B) Comparisons of sST2 concentrations (p≤0.0002
for acute KD vs. conv. KD, FC, and HC). Box plot represents median (bar) with
interquartile range (box), and T-bars show 5th-95th percentile. Data presented in a
logarithmic scale. Outlying values are represented by black dots.

Sato et al. Page 9

Int J Cardiol. Author manuscript; available in PMC 2014 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Concentrations of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and soluble ST2
(sST2) in paired acute and convalescent (conv.) Kawasaki disease (KD) plasma samples
plotted on a logarithmic scale. (A) NT-proBNP, n=30 (B) sST2, n=30
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Figure 3.
Cardiac troponin I (cTnI) concentrations in serial acute, convalescent (conv.), and late conv.
(> 1yr.) serum samples from KD subjects.
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Table 1

Diagnoses of febrile controls

Diagnosis n

Bacterial Infection
(n=8)

Scarlet fever 3

Staphylococcal scalded skin syndrome 2

Streptococcal pharyngitis 3

Viral Infection
(n=46)

Measles 1

Culture-proven adenovirus 11

Viral syndrome defined as self-limited, minor febrile illness
with negative throat and rectal viral cultures

34
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Table 2

Clinical and laboratory characteristics of acute Kawasaki disease (KD) and febrile control (FC) subjects.

Characteristics Acute KD
(n=55)

FC
(n=54) P

Median age, yrs. (range) 2.83 (0.35–14.90) 2.43 (0.15–13.49) NS

Male, n (%) 35 (64) 31 (57) NS

Median Illness Day (range)
(first day of fever = Day 1) 6 (3–10) 4 (2–20) 0.005

Coronary artery status of
subjects: n (%)

Normal: 35 (64)
Dilated: 11 (20)

Aneurysm: 9 (16)
NA NA

IVIG resistant, n (%) 17 (31) NA NA

CRP (mg/dL)* 8.2 (5.2–18.5) 2.2 (1.0–4.3) <0.0001

ESR (mm/h) 62 (44–78) 20 (15–38) <0.0001

WBC (×109/L) 13.5 (10.7–18.5) 8.7 (6.4–12.8) <0.0001

% Polymorphonuclear
  leukocytes 56 (46–66) 45 (31–63) 0.03

% Bands 12 (8–21) 8 (4–15) NS

Absolute neutrophil count 9520 (6519–13090) 4636 (2695–6790) <0.0001

Age-adjusted Hgb, S.D. units −1.25 (−2.33– −0.5) −0.43 (−1.3–0.86) 0.0004

Platelet count (×109/L) 405 (321–465) 265 (213–349) <0.0001

ALT (IU/L) 45 (24–102) 24 (17–36) 0.0008

GGT (IU/L) 45 (19–150) 14 (12–17) <0.0001

*
Laboratory data are presented as median (interquartile range).

IVIG = intravenous immunoglobulin, CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, WBC = white blood cell count, Hgb =
hemoglobin concentration, ALT = alanine amino transferase, GGT = γ-glutamyl transferase, NA = not available, NS = not significant,
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Table 3

Comparison of cardiac biomarker levels in subjects with acute Kawasaki disease (KD), convalescent KD
(conv. KD), febrile controls (FC), and healthy controls (HC)

Biomarker
Proteins

Acute KD
(n=55)

Conv. KD
(n= 30)

FC
(n=54)

HC
(n=50)

NT-proBNP
(pg/mL)

319.5
(117.3-651.6)

41.1*
(28.7-66.2)

102.0*
(46.1-197.3)

65.2*†
(45.0-112.3)

sST2 (ng/mL) 46.1
(22.7-114.8)

12.5*
(9.9-15.3)

28.4*
(19.0-43.1)

7.2*†
(4.3-9.7)

cTnI (ng/mL) 0.0014
(0.0003-0.0062)

0.0030*
(0.0014-0.0119)

0.0013
(0.0004-0.0056)

0.0008*†
(0.0007-0.0012)

Values are presented as median (interquartile range).

*
Significant at p<0.05 compared to acute KD by Mann Whitney U test and Wilcoxon signed rank test for paired acute and convalescent KD.

†
NT-proBNP, sST2, and cTnI levels in acute KD subjects were compared with n=20, n=30, and n=30 age-similar HC, respectively.

NT-proBNP = N-terminal pro-B-type natriuretic peptide; sST2 = soluble ST2; cTnI = cardiac troponin I.
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