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Skewed Cytokine Responses Rather Than
the Magnitude of the Cytokine Storm May
Drive Cardiac Dysfunction in Multisystem
Inflammatory Syndrome in Children
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Sumekala Nadaraj, MD; David T. Teachey "/, MD; Hamid Bassiri “*/, MD, PhD; Edward M. Behrens "=, MD;
Anirban Banerjee “&/, MD

BACKGROUND: Cardiac dysfunction is a prominent feature of multisystem inflammatory syndrome in children (MIS-C), yet the
etiology is poorly understood. We determined whether dysfunction is global or regional, and whether it is associated with the
cytokine milieu, microangiopathy, or severity of shock.

METHODS AND RESULTS: We analyzed echocardiographic parameters of myocardial deformation and compared global and
segmental left ventricular strain between 43 cases with MIS-C <18 years old and 40 controls. Primary outcomes included left
ventricular global longitudinal strain, right ventricular free wall strain), and left atrial strain. We evaluated relationships between
strain and profiles of 10 proinflammatory cytokines, microangiopathic features (soluble C5b9), and vasoactive-inotropic re-
quirements. Compared with controls, cases with MIS-C had significant impairments in all parameters of systolic and diastolic
function. 65% of cases with MIS-C had abnormal left ventricular function (|global longitudinal strain|<17%), although elevations
of cytokines were modest. All left ventricular segments were involved, without apical or basal dominance to suggest acute
stress cardiomyopathy. Worse global longitudinal strain correlated with higher ratios of interleukin-6 (p —0.43) and interleukin-8
(p —0.43) to total hypercytokinemia, but not absolute levels of interleukin-6 or interleukin-8, or total hypercytokinemia. Similarly,
worse right ventricular free wall strain correlated with higher relative interleukin-8 expression (p —0.59). There were no signifi-
cant associations between function and microangiopathy or vasoactive-inotropic requirements.

CONCLUSIONS: Myocardial function is globally decreased in MIS-C and not explained by acute stress cardiomyopathy. Cardiac
dysfunction may be driven by the relative skew of the immune response toward interleukin-6 and interleukin-8 pathways, more
so than degree of hyperinflammation, refining the current paradigm of myocardial involvement in MIS-C.
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(MIS-C) is a rare, newly described hyperin- a higher frequency of myocardial dysfunction and
flammatory response linked to antecedent mixed shock compared with those with Kawasaki dis-
SARS-CoV-2 exposure.! Cardiac dysfunction during  ease.>*% A variety of speculations have been made
the acute phase is one of the most prominent fea- about the etiology of cardiac dysfunction, includ-
tures.?® Although MIS-C shares clinical features with ing hypercytokinemia, acute stress cardiomyopathy,

Multisystem inflammatory syndrome in children Kawasaki disease, children with MIS-C experience
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CLINICAL PERSPECTIVE

What Is New?

e Global myocardial dysfunction is present in the
majority of children presenting with multisystem
inflammatory syndrome, which should inform
the choice of agent for cardiovascular support
and encourage early, serial echocardiographic
assessments.

e The risk of myocardial dysfunction in hyperin-
flammatory conditions such as multisystem
inflammatory syndrome in children is not de-
termined solely by absolute levels of circulating
inflammatory mediators but rather by the overall
cytokine milieu.

What Are the Clinical Implications?

e Analysis of segmental myocardial deformation
is a useful, feasible technique that provides in-
sight into the etiologies of inflammatory cardiac
conditions in children.

Nonstandard Abbreviations and Acronyms

GLS global longitudinal strain

MIS-C multisystem inflammatory syndrome in
children

RVFWS right ventricular free wall longitudinal
strain

TMA thrombotic microangiopathy

direct immune-mediated tissue injury (myocarditis),
hypoperfusion from distributive shock, and microvas-
cular injury. Given the transience of the dysfunction,
cardiogenic shock due to the systemic inflammatory
response and cytokine storm are favored.® Secondary
organ dysfunction in cytokine storms such as macro-
phage activation syndrome or sepsis is thought to be
driven by high levels of circulating cytokines, includ-
ing interleukins IL-6, IL-13, and tumor necrosis factor
alpha (TNFq).” However, it remains unclear why car-
diac dysfunction is so frequent or severe in MIS-C,
despite modest elevations in many of these same cy-
tokines in comparison to well-characterized pediatric
cytokine storm syndromes.8°

The immune response in MIS-C has distinct fea-
tures compared with acute SARS-CoV-2 infection
and other inflammatory states.'®'" Concerns have
also been raised regarding indicators of microvascu-
lar injury (soluble C5b-9) suggestive of a complement-
mediated microangiopathic process in both COVID-19
and MIS-C."? To date, there have been no systematic
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evaluations to determine what factors drive cardiac
dysfunction in children with MIS-C.

In order to inform the potential mechanisms of myo-
cardial dysfunction in MIS-C, our objectives were to
(1) distinguish global from segmental patterns of myo-
cardial deformation (strain) and (2) sequentially evalu-
ate whether severity of dysfunction is associated with
the magnitude of the systemic inflammatory response,
specific cytokine milieu, biomarkers of microangiopa-
thy, or severity of shock (Figure 1).

METHODS

The data that support the findings of this study are
not publicly available due to information that could
compromise patient privacy. Requests to access a
limited data set from qualified researchers trained in
human subject confidentiality protocols may be sent
to Dr. Anirban Banerjee at the Children’s Hospital of
Philadelphia.

Study Design

This was a retrospective study comparing patterns of
myocardial deformation between children with MIS-C
and controls, with a cross-sectional analysis of factors
associated with cardiac dysfunction among cases with
MIS-C.

Study Population

We included children <18 years of age who were
hospitalized at a tertiary center (Children’s Hospital
of Philadelphia [CHOP] or its affiliate site, St. Peter’s
University Hospital, New Jersey), who met classifica-
tion criteria for MIS-C by Centers for Disease Control
and Prevention or World Health Organization defini-
tions.’®* MIS-C diagnosis was secondarily adjudicated
by a rheumatologist (J.C.) before inclusion. All cases
needed to have laboratory confirmed SARS-CoV2
exposure (by nasopharyngeal reverse transcriptase
polymerase chain reaction test or serum IgG antibody
positivity) and an echocardiogram during hospitaliza-
tion. Exclusion criteria included prior history of cardiac
dysfunction or chronic lung disease. As comparators
for segmental strain analysis, healthy controls were
selected from children with structurally normal hearts
who underwent echocardiography for benign mur-
murs, chest pain or a family history of cardiac disease,
and matched by age within 1 year to the first 40 cases
with MIS-C.

Study Procedures

This study was granted an exemption by the CHOP
Institutional Review Board (20-018024) for use of retro-
spective data, including data previously collected for a
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Figure 1.

Conceptual model of potential etiologies of impaired cardiac function in MIS-C.

Potential pathophysiology of left ventricular (LV) dysfunction in MIS-C, arranged according to whether each
etiology is expected to result in a global vs segmental pattern of myocardial dysfunction (decreased strain).
Black arrows indicate associations directly tested in this study, including (1) acute stress cardiomyopathy,
(2) cytokine release and composition, (3) clinical and laboratory markers of microangiopathy, and (4)
severity of shock. The presence of coronary ischemia (gray arrow) was inferred from regional wall motion
abnormalities. White arrows indicate other speculations that were beyond the scope and, therefore, not
tested in this study. MIS-C indicates multisystem inflammatory syndrome in children.

prospective study in which subjects consented to fu-
ture use of their data and biospecimens.'®

Echocardiography
We retrospectively analyzed 2-dimensional tran-
sthoracic echocardiograms obtained for clinical

purposes during initial hospitalization for MIS-C.
Echocardiography was performed by experienced
cardiac sonographers using the Affiniti 70C or EPIC
CVx ultrasound systems (Philips Medical Systems,
Andover, MA). If multiple echocardiograms were per-
formed, the echocardiogram with the worst LV func-
tion was used for analysis.

Conventional ~ echocardiographic ~ parameters
were obtained according to American Society of
Echocardiography guidelines,® including left ventricu-
lar (LV) systolic function (ejection fraction by the biplane
Simpson method, shortening fraction by M-mode); LV
diastolic function (E/e’ ratio, the peak early diastolic
filling velocity [E] over early diastolic mitral annular ve-
locity [e'], expressed as an average of septal and lat-
eral peak velocities); and right ventricular (RV) systolic
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function (tricuspid annular plane systolic excursion by
M-mode).

To estimate the degree of pulmonary hypertension
in the absence of optimal tricuspid regurgitation jets,
flattening of the interventricular septum was visually
assessed by 2 experienced cardiologists (A.B. and
D.M.) in cases with MIS-C from the midcavity short
axis views.

Segmental and regional wall motion of the LV was
qualitatively analyzed according to a 17-segment model
in cases with MIS-C cases (A.B. and D.M.) by visual
assessment of multiple apical and short-axis views as
in routine clinical practice.'® Each segment was visually
scored (normal:1, hypokinesis:2, akinesis:3, dyskine-
sis:4, and aneurysmal:5) by evaluating the thickening
and excursion of each segment. The wall motion score
index was calculated as the sum of all scores divided
by the number of segments visualized."”

Two-dimensional speckle-tracking analysis was
performed offline to assess myocardial deforma-
tion using a vendor-independent software (2D CPA
1.3.0.91, TomTec Imaging Systems, Munich, Germany).
LV global longitudinal strain (GLS) was calculated by
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averaging peak longitudinal strain from the apical 2-,
3-, and 4-chamber views. Similarly, LV GLS rate was
calculated by averaging systolic longitudinal strain
rates from the apical 2-, 3-, and 4-chamber views.
LV global circumferential strain was obtained from
midcavity short-axis views. LV segmental longitudinal
strains were calculated using the 17-segment model
and averaged for basal, midcavity. and apical seg-
ments generated by the software. Peak right ventricu-
lar free wall longitudinal strain (RVFWS) was measured
from 4-chamber views. For evaluation of diastolic func-
tion, longitudinal early diastolic strain rate and peak
global left atrial strain were measured from 4-chamber
views.'®

Cytokine Profiling

Proinflammatory cytokine profiles were available in all
34 cases with MIS-C admitted to the CHOP main hos-
pital only (but not the 9 cases admitted to the affiliate
St. Peter’s site). Cytokine profiles had been collected
for clinical care in 31 cases as per the institutional clini-
cal pathway,'® and for a prospective research study in
4 (one case had both), using the same assay and pro-
tocol. Plasma quantification of 10 cytokines, including
interferon gamma (IFNy), IL-13, IL-2, IL-4, IL-6, IL-8, IL-10,
IL-12p70, IL-13, and tumor necrosis factor alpha (TNFa),
was performed using V-Plex Pro-inflammatory Panel
1 Human Kits (Meso Scale Diagnostics, Rockville,
MD) per manufacturer protocol and analyzed on a
QuickPlex SQ120 (Meso Scale Diagnostics) as pre-
viously described.'® If multiple cytokine profiles were
drawn, the panel most proximate to echocardiography
was used for analysis.

Soluble C5b9 Assay

Plasma sC5b-9 concentrations were available in 29
of the 34 main hospital cases with MIS-C, of which
21 were analyzed using a clinical assay (Cincinnati
Children’s Medical Center) as per the institutional
clinical pathway, and 20 were analyzed on a research
basis using human C5b-9 ELISA set (BD Biosciences,
San Jose, CA), which was previously validated with an
upper limit of normal equivalent to Cincinnati Children’s
clinical assay (244 versus 247 ng/mL).”? If both clinical
and research assays were performed, the level drawn
most proximate to echocardiography was used in the
analysis.

Clinical Data

Data were abstracted from medical records, includ-
ing demographic factors (age, sex, race, ethnicity);
hospital outcomes (length of stay, intensive care, res-
piratory support); treatment exposures (inotropic, im-
munomodulatory agents); and laboratory data (acute
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phase reactants, troponin-I [Abbott Laboratories,
Abbott Park, IL] and BNP [brain-type natriuretic pep-
tide]). Abnormal laboratory findings suggestive of
myocardial injury were classified as maximum BNP
>500 pg/mL or troponin-I level >0.09 ng/mL, which
is 3 times the upper limit of normal at our institution
and consistent with published reference values.?>2! All
ECG were reevaluated for signs of ischemia.

Study Measures
Primary Outcomes

Primary outcomes included GLS, RVFWS, and left
atrial strain. Secondary outcomes included additional
measures of LV systolic function (global circumferen-
tial strain, GLS rate) and diastolic function (longitudinal
early diastolic strain rate). By convention, GLS, global
circumferential strain, and RVFWS are expressed as
negative strains, representing shortening of a myocar-
dial segment relative to its original length. For the pur-
poses of analysis, the absolute values of strain are used
throughout this article (ignoring the negative symbol),
with lower magnitudes of strain indicating worse func-
tion. LV and RV systolic dysfunction were defined by
GLS <17% and RVFWS <21%, respectively, based on
lower limits of normal in published pediatric reference
populations and healthy children at our institution.??23

A. Pattern of strain: The exposure category for
global/segmental strain analysis was MIS-C versus
controls.

B. Cytokine milieu: Hyperinflammation was quan-
tified using the total magnitude of hypercytokinemia,
defined by the root sum square of the levels of the 5
most consistently elevated cytokines (IFNy, IL-6, IL-8,
IL-10, and TNFa), as previously described.’® As the rel-
ative imbalance between different cytokines can drive
different types of inflammation, we quantified the skew
of the cytokine response toward individual cytokines.
The skew was calculated as a unit vector component
magnitude for each of the 5 cytokines by dividing the
absolute cytokine level by the root sum square. The
unit vector component effectively represents a ratio
comparing the level of an individual cytokine to the
total inflammatory response.

C. Microangiopathy: Thrombotic microangiopathy
(TMA) was defined by the presence of at least 5/7 cri-
teria from Gloude et al, including elevated lactic acid
dehydrogenase, new thrombocytopenia (platelet count
<150 000/mm3), new anemia, proteinuria, schisto-
cytes, hypertension (blood pressure >99th percentile
for age-sex-height if <18 years of age, >140 mm Hg
systolic or 90 mm Hg diastolic if >18 years of age, at
least twice, or new antihypertensive agent), and ele-
vated sC5b9.1224

D. Shock: Blood lactate most proximate to echo-
cardiography was used as a laboratory marker of
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shock. To assess clinical severity of shock, the use
of vasoactive-inotropic agent infusions was reported.
We also quantified the vasoactive-inotropic score
(VIS) at time of echocardiography, which is a formula
that incorporates active doses of epinephrine, nor-
epinephrine, dopamine, dobutamine, milrinone, and
vasopressin.?® Higher VIS indicates greater cardio-
vascular support.

Statistical Analysis

Normality was assessed using the Shapiro-Wilk test,
and variables were log-transformed or dichotomized
as appropriate. Student t tests were used to compare
strain between groups. Spearman rank or Pearson’s
correlation coefficients, as appropriate, were used to
evaluate relationships between strain measurements
and biomarkers or VIS. Correlation coefficients were
classified as moderate (0.3—0.6) or strong (>0.6). To
account for multiple testing in the correlation analysis,
we used the Benjamini-Hochberg procedure to control
the false discovery rate at 10%. A 2-sided significance
level of 0.05 was used for all other analyses. Analyses
were performed using STATA 15.0 (College Station,
TX).

RESULTS

There were 43 cases with MIS-C, of which 44% were
of Black race, and 21% were of Hispanic ethnicity. A
majority of cases (72%) were admitted to intensive
care. Over half required vasoactive/inotropic support
(Table 1). There were biochemical abnormalities sug-
gestive of myocardial injury in 34/41 (83%) cases with
MIS-Cthat had troponin levels drawn during hospitali-
zation. The echocardiograms analyzed were obtained
within a median of 17.8 hours of admission (interquar-
tile interval 10.9-36.7). We analyzed the first echocar-
diographic study in all but 3 patients, for whom the
second study during admission showed worsening
function and was used for analysis.

Pattern of Dysfunction Evaluated by
Global and Segmental Strain

Global LV systolic dysfunction was present in 65%
of cases with MIS-C compared with 0% of controls.
The cutoff (GLS <17%) used to define dysfunction
was >3 SDs below the mean in our healthy con-
trols. The mean difference in GLS between cases
(mean: 16.3+3.9%) and controls (mean: 22.9+1.9%)
was 6.6% (95% Cl, 5.3-8.0; P<0.001). Compared
with controls, cases with MIS-C also had signifi-
cant impairments in all other parameters of LV and
RV function (Figure 2A and 2B, Table 2). The LV
segmental longitudinal strains demonstrated similar
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systolic impairments across basal-, mid-, and apical-
segments (Figure 2C), suggesting global rather than
segmental dysfunction. In each of the 17 individual LV
segments, significant decreases in segmental strain
were also observed (all P<0.01).

Segmental dysfunction assessed by the wall-motion
score spread beyond the territory of a single coronary
artery in each patient, suggesting more global in-
volvement (Table S1). Only 1 case had coronary ar-
tery involvement (right coronary artery, z score=3.0),
but normal cardiac function. In addition, no cases with
MIS-C had ECG changes of ischemia.

Cytokine Milieu and Cardiac Function

All 34 cases with MIS-C admitted to the CHOP main
site had proinflammatory cytokines drawn a median
of 0 days (interquartile interval —1-0) from the time
of echocardiography. Six samples were drawn after
immunomodulatory treatment (intravenous immu-
noglobulin or glucocorticoids). All subjects had ab-
normal elevations in at least 1 of 5 cytokines: IFNy
(median 131.0 pg/mL [interquartile interval 46.3—
526.9)), IL-6 (25.6 pg/mL [12.0-60.4]), IL.-8 (30.8 pg/
mL [16.9-58.9]), TNFa (10.6 pg/mL [5.0-20.4)), or IL-
10 (28.1 pg/mL [6.1-95.0]). Elevations in IFNy were
the largest component of the cytokine abnormalities,
followed by modest elevations of IL.-6 and IL-8 and
milder elevations of TNFa. On visual assessment of
the distributions of relative cytokine expression, cy-
tokines profiles appeared to be more heavily skewed
toward higher ratios of IL-6 and IL-8 relative to other
cytokines among those with LV and RV dysfunction
(Figure 3).

Among the 28 cases with MIS-C with pretreatment
cytokine levels, there was no significant association
between the total magnitude of hypercytokinemia
(root sum square) and any parameters of systolic
or diastolic function (Table 3). With respect to other
markers of systemic hyperinflammation, there was no
significant association between pretreatment CRP
(C-reactive protein) levels with GLS or RVFWS (N=42,
Pearson’s r -0.2, P=0.165 and r -0.05, P=0.785,
respectively).

However, assessment of the relative contribution
of individual cytokine levels to the overall cytokine mi-
lieu demonstrated that greater ratios of IL-6 and IL-8 to
other cytokines (unit vectors) were significantly associ-
ated with worse GLS (Table 3). Similar magnitudes of
association were observed between greater IL-6 unit
vectors and decreased global circumferential strain,
RVFWS, and left atrial strain, albeit not statistically
significant after adjustment for multiple comparisons.
The strongest association observed was between
greater IL-8 unit vectors and decreased RVFWS (p
-0.6, P=0.002). In contrast, there was no significant
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Table 1. Demographic and Clinical Characteristics
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Table 1. Continued

(Continued)
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MIS-C Controls MIS-C Controls
N=43 N=40 P Value N=43 N=40 P Value

Age, y, mean (SD) 101 (4.2) 11.4 (3.7) 0.125 Hematologic abnormalities

Male sex 26 (60%) 23 (67%) | 0.784 Hemoglobin, g/dL 10.3[9.4-11.8]

Race Platelet count, 10%/uL 166.0
White 14 (33%) 25 (62%) | 0.043 [120.0-211.0]

Absolute lymphocyte 885.0
Black 19 (44%) 11 (28%) count (per L) [510.0-1380.0]
i 0 o)
Asian 1(2%) 1(2%) Lactate 654.0
Other/unknown! 9 (21%) 3 (8%) dehydrogenase, U/L [495.0-850.0]

Hispanic ethnicity 9 (21%) 2 (5%) 0.032 Schistocytes present!l 18 (41%)

Hospital outcomes BNP indicates brain-type natriuretic peptide; eGFR, Estimated glomerular
Hospital length of stay, 6 [5-10] filtration rate; IQI, interquartile interval; and MIS-C, multisystem inflammatory
median days [IQI] syndrome in children.

- - S *Any supplemental oxygen requirement, including nasal cannula,
Intenlswle Careounlt 31(72%) noninvasive or invasive ventilation.
admission, n (%) fLaboratory values shown are those drawn closest to the echocardiogram,
Vasoactive-inotropic 22 (51%) unless otherwise specified as the maximum value during admission.
agents during *Of n=37 assessed.
hospitalization SOf n=41 assessed, of whom 14 (34%) had mild-moderate renal
. ) dysfunction (€GFR <90 mL/min per 1.73 m?).
Epinephrine 19 (44%) I'Of n=34 assessed.
Milrinone 10 (23%) 1 Race was self-reported upon registration. The majority of patients who
, . o listed "Other" as their race were of Hispanic ethnicity (8/8 of the MIS-C
Norepinephrine 8(19%) cases reporting "Other" race, 1/1 of the MIS-C cases in which race was not
Dopamine 5 (12%) reported, and 2/3 of the controls reporting "Other" race).
Dobutamine 1(2%)
Vasopressin 1@%) association between the absolute levels of circulating
Any respiratory 30 (70%) IL-6 or IL-8 with LV or RV function (Table S2).
support during
hospitalization*
Need for invasive 10 (23%) Microangiopathy and Cardiac Function
ventilation Among the cases with MIS-C at CHOP, 22/34 (76%)

Laboratory characteristics' had elevated sC5b9 levels, and 15/29 cases (52%) with
SARS-CoV2 24 (57%) complete laboratory data met criteria for TMA. There
polymerase chain were no significant differences in any deformation pa-
reaction(+), n (%) . L

ERH—— — T rameters between cases with MIS-C who met criteria
cle threshold, 2 (2. .
méan (SD) for TMA and those who did not (Table 4). There was
SARS-CoV2 1gG () 36 (97%) a moderate association between sC5b9 levels and
n (%)* RVFWS (p -0.44, P=0.025), but not parameters of LV

Organ dysfunction/shock function. In the majority of cases with MIS-C, there was
Troponin (ng/mL), 01 [0.0-07] no evidence of significant pulmonary hypertension, ex-
median [1QI] cept 2 with mild septal flattening at end-systole, neither
Maximum troponin 0.3[0.1-1.0] of which met criteria for TMA.

BNP, pg/mL 494.2
[165.9-845.0] Severity of Shock and Cardiac Function
Maxi BNP 767.4 . !
e s 54205 A total of 18 (42%) of cases with MIS-C were actively
oGFR, mL/min per o1 receiving at .Ieast 1 vasoactl've/mof[ropm .agent at time
1.73 m2® [80.0-134.6] of echocardiography, of which epinephrine was most
Lactate, mmol/L 17 [1.3-29] common (13/18), followed by norepinephrine (3/18) and
Acute phase reactants milrinone (S/j 8). I\/Iedlz;n 'VIS at time of echocardllogra-
. . phy was 7.0 (interquartile interval 5-9) and the maximum
C-reactive protein, 20.4 L o
mg/dL [16.6-26.1] was 25. There was no significant association between
D-dimer, pg/mL 40 [17-54] severity of shock, as estimated by the VIS, and defor-
Ferritin, ng/mL 675.9 mation parameters GLS, p -0.2, P=0.121; 'R\/.F.WS,
[434.6-1152.8] p 0.0, P=0.981) (Figure 4). There was also no significant

association between lactate levels and GLS (p 0.13,
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15.6 (4.2) vs. 22.4 (2.7)
p<0.001

GLS: Mid-segment
16.6 (3.9) vs. 23.5 (1.9)
p<0.001

GLS: Apex
16.6 (4.5) vs. 22.8 (2.4)
p<0.001

RVFWS

MIS-C v. control, mean (SD)
20.0(6.2) vs. 28.2 (4.7)
p <0.001

GLS: Total
16.3(3.9) vs. 22.9 (1.9),
p<0.001

EDSR.
0.9 (0.3) vs. 1.5 (0.3)
<0.001

Global longitudinal strain

time (msec)

Right ventricular free wall strain

Normal
—MIS-C

time (msec)

Left atrial strain

Normal
—MIS-C

200 400
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Figure 2. Myocardial function is globally impaired in cases with MIS-C compared with controls.

A, Global parameters of myocardial strain demonstrate impairments in LV systolic strain, RV systolic strain, and LA strain among
cases with MIS-C compared with controls. *P<0.001. B, The decrease in global strains in LV, RV, and LA are depicted by strain curves
in a normal patient and a patient with MIS-C during the acute phase of the disease. C, Similar impairments in mean segmental strain
are observed across all LV segments. Data are expressed as means with SD in parentheses for MIS-C vs control comparisons. EDSR;
indicates longitudinal early diastolic strain rate; GCS, LV global circumferential strain; GLS, LV global longitudinal strain; LA, left atrial;
LAS, left atrial strain; LV, left ventricular; MIS-C, multisystem inflammatory syndrome in children; RV, right ventricular; and RVFWS,

RV free wall strain.

P=0.487) or RVFWS (p 0.15, P=0.429). However, follow-
ing echocardiography, 7/18 patients required milrinone
for the cardiogenic component of shock.

DISCUSSION

This is the first study to systematically examine the
relationship between the distinct features of immune
dysregulation among children with MIS-C and car-
diac dysfunction. Over 80% of children with MIS-C
had troponin and BNP elevations suggestive of
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myocardial injury, and 70% had echocardiographic
evidence of global cardiac dysfunction, often requir-
ing support with vasoactive-inotropic agents. MIS-C
is frequently categorized as a cytokine “storm” syn-
drome associated with COVID-19. However, the heart
as a target of secondary organ dysfunction differenti-
ates MIS-C from classic cytokine storm syndromes,
in which renal, pulmonary, and hepatic dysfunction
predominate.?® Moreover, the degree of cardiac dys-
function is disproportionate to the modest elevation
of circulating cytokines. In fact, the cytokine “storm”
might be considered more of a “breeze” in MIS-C.



Chang et al

Table 2. Global and Segmental Myocardial Strain in Cases
With MIS-C Compared With Controls

MIS-C Controls
N=43 N=40 P Value
LV systolic function
LV ejection fraction (%), 52.8 (10.8) 64.6 (4.1) <0.001
mean (SD)
LV fractional shortening 29.8 (8.6) 37.2 (3.6) <0.001
(%)
Global longitudinal strain 16.3 (3.9) 22.9 (1.9 <0.001
(%)
Longitudinal segmental strains
Base 15.6 (4.2) 22.4(2.7) <0.001
Mid 16.6 (3.9) 23.5(1.9) <0.001
Apex 16.6 (4.5) 22.8 (2.4) <0.001
Global longitudinal strain 0.8(0.2) 1.1(0.9) <0.001
rate, s
Global circumferential 17.6 (6.3) 25.4 (3.3) <0.001
strain (%)
RV systolic function
Tricuspid annular plane 1.9(0.4) 2.2(0.4) <0.001
systolic excursion, cm
RV free wall longitudinal 20.0 (6.2) 28.2 (4.7) <0.001
strain (%)
LV diastolic function
Average E/e’ ratio 8.4 (1.8) 6.8 (1.5) <0.001
End-diastolic longitudinal 0.9 (0.3) 1.5(0.9) <0.001
strain rate (s)
Left atrial strain (%) 25.4 (9.2) 42.6 (6.6) <0.001

Data expressed as mean (SD). All strain parameters are expressed using
the absolute value. E/e’ indicates peak early diastolic filling velocity over early
diastolic mitral annular tissue velocity; LV indicates left ventricular; MIS-C,
multisystem inflammatory syndrome in children; and RV, right ventricular.

Inflammatory responses can shift more heavily to-
ward certain immune cell types and cytokine expres-
sion patterns depending on the insult. Our study
reveals that the relative skew of the cytokine response
may be a more important determinant of myocardial
dysfunction than the overall magnitude of hypercy-
tokinemia. This provides a different framework for the
interpretation of cytokine panels that show a stronger
association with global cardiac dysfunction. We have
also conducted a thorough investigation to exclude
other potential etiologies of cardiac dysfunction de-
picted in Figure 1, which we try to address in the
following sections.

Role of Cytokines in Cardiac Dysfunction

Our results demonstrate the relative contribution of IL-6
and IL-8 to the cytokine milieu is more directly associ-
ated with cardiac dysfunction than absolute increases
in individual cytokine levels or the systemic inflam-
matory response. IL.-6 and IL-8 serve important func-
tions in innate immunity and mediate proinflammatory
responses and neutrophil recruitment, respectively.
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IL-6 is thought to play a central role in many cytokine
storm syndromes.?® It has repeatedly been invoked
in adults with severe COVID-19 and was also hypoth-
esized to drive CRP elevations in MIS-C.?” However,
cases with MIS-C have significantly lower IL-6 lev-
els compared with patients with septic shock,?® and
comparable, if not lower IL-6 levels compared with
Kawasaki disease.!" In the canonical form of cytokine
storms—cytokine release syndrome following chimeric
antigen receptor T cell therapy—IL-6 levels are several
hundred-fold higher than what we observed in MIS-
C.?° Despite this, only 1/39 chimeric antigen receptor
T subjects in 1 series presented with LV dysfunction
requiring milrinone,® whereas 70% of children with
MIS-C in this study had LV dysfunction and nearly one-
fourth required milrinone. Thus, elevations in circulating
IL-6 alone are insufficient to explain cardiac dysfunc-
tion in MIS-C.

IL-6 has pleiotropic effects dependent on the pres-
ence or absence of other cytokines, which can pro-
mote T helper-17 or T helper-2 cellular responses, as
opposed to IFNy, which primarily drives T helper-1 re-
sponses. Therefore, we hypothesize that higher ratios
of IL-6 and IL-8 to other proinflammatory cytokines
such as IFNy could be indicators of a prevailing cellu-
lar and biological milieu that results in greater down-
stream cardiodepressant effects rather than direct
cytokine-mediated cardiomyocyte toxicity. Although
our assay includes many cytokines thought to drive
organ dysfunction in other cytokine storms, it is pos-
sible the specific cytokine responsible for myocardial
injury in MIS-C was not measured. However, within
the context of the mediators assessed, our study
suggests that perhaps the answer lies not in the mag-
nitude of IL-6 elevations or the height of the cytokine
storm, but in the skew of the immune response to-
ward IL-6 and IL-8 associated pathways and away
from overwhelmingly IFNy driven Th1 responses, con-
ceptually depicted in Figure 5 by the blue and orange
radar diagram. These findings need to be reproduced
in a larger prospective cohort and explored further
using comprehensive immunophenotyping to better
understand the implications before causal inferences
can be made.

Proinflammatory cytokines affect cardiac function
in a time-dependent, biphasic manner. The transient
early response may be cardiostimulatory or cardiode-
pressant depending on the physiologic context and
synergistic or counterregulatory effects of cytokines
acting in concert. The late response lasts days and
can have significant cardiodepressant effects depen-
dent on production of inducible nitric oxide synthase,
B-adrenergic receptor uncoupling, oxidative stress
and activation of sphingomyelinase-dependent path-
ways resulting in impaired Ca?*-cycling.3"%2 We have
previously shown that LV systolic dysfunction recovers
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Figure 3. Skewed cytokine response among cases with MIS-C with cardiac dysfunction.

Comparison of the relative contribution of individual cytokines to the total hyperinflammatory response among
cases with MIS-C (N=34) with or without abnormal LV (upper panel) and RV systolic strain (lower). GLS indicates
LV global longitudinal strain; IFNy, interferon gamma; IL, interleukin; LV, left ventricular; MIS-C, multisystem
inflammatory syndrome in children; RV, right ventricular; RVFWS, right ventricular free wall strain; and TNFa,
tumor necrosis factor alpha.
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Table 3. Relationship Between the Relative Expression of Circulating Cytokines and Myocardial Function

Interferon gamma 28 0.21 0.292 0.21 0.275 0.31 0.138 0.22 0.269
IL-10 28 -0.13 0.512 -0.32 0.095 -0.14 0.519 -0.10 0.612
IL-6 28 -0.43* 0.022* -0.38 0.044 -0.34 0.093 -0.38 0.044
IL-8 28 -0.43* 0.023* -0.31 0.114 -0.59* 0.002* -0.28 0.146
Tumor necrosis factor alpha 28 -0.22 0.261 -0.30 0.120 -0.39 0.051 -0.23 0.243
Total RSS 28 0.12 0.555 0.07 0.727 0.29 0.159 0.00 0.988

Spearman’s rank correlation coefficients (p) were used to test associations between unit vector components of individual cytokines (concentration relative
to total RSS) and absolute values of strain parameters among cases of multisystem inflammatory syndrome in children with pretreatment samples (N=28). IL
indicates interleukin; LV, left venticular; RSS, root sum square; and RV, right ventricular.

* Asterisks indicate statistical significance based on the Benjamini-Hochberg critical value for each strain parameter. P-values <0.05 without asterisks do not
meet the threshold for statistical significance when corrected for multiple comparisons.

quickly in MIS-C (GLS increased from 15.5% to 18.7%)
during an abbreviated follow-up of 5.2 days.® We
speculate that myocardial “injury” in the acute stage
of MIS-C may be induced by some of the aforemen-
tioned pathways, and shifts in cytokine expression in
the context of the specific biologic milieu predispose
to this phenomenon.

Global Versus Segmental Involvement

The cardiac dysfunction noted in our study was global.
This was likely the outcome of segmental dysfunction
affecting all segments uniformly. Global involvement
of the myocardium suggests acute stress cardiomyo-
pathy or branch coronary ischemia are unlikely to be
significant contributors to cardiac dysfunction in MIS-
C. Our findings are consistent with a cardiac magnetic
resonance imaging study that demonstrated the pres-
ence of global edema in 10 children with MIS-C.%3 There

are reports describing acute stress cardiomyopathy
involving either the apical (Takotsubo cardiomyopathy)
or basal segment (reverse Takotsubo cardiomyopathy)
in adults with COVID-19.3435 The apex of the mam-
malian LV has the highest (3-adrenergic receptor den-
sity.%® Excessive stimulation of 3-adrenergic receptors
by endogenous or exogenous catecholamines leads
to B-adrenergic receptor desensitization and down-
regulation, which may explain apical/midsegment car-
diodepression in Takotsubo cardiomyopathy. However,
the apical and basal segments were equally affected in
our study without any apical-basal mismatch.

Our findings also do not support transient regional
coronary ischemia or myocardial stunning after reper-
fusion. Estimates of coronary artery involvement in
MIS-C reported in our previous work and others vary
widely between 4% to 21%."358 The regional wall mo-
tion abnormality in cases with MIS-C was diffusely dis-
tributed beyond coronary artery territories, suggesting

Table 4. Myocardial Function in Cases With MIS-C With or Without Microangiopathic Features

LV systolic function
GLS (%) 14 15.6 4.2 15 14.6 2.5 0.448
GLS rate (s™) 14 0.77 0.25 15 0.77 0.18 0.940
Global circumferential strain (%) 14 16.4 4.5 15 15.6 5.9 0.697
RV systolic function
RV free wall longitudinal strain (%) 12 20.3 6.5 14 177 5.0 0.269
LV diastolic function
Left atrial strain (%) 14 23.8 101 15 23.7 6.3 0.988
Longitudinal early diastolic strain rate (s™) 14 0.77 0.34 15 0.81 0.21 0.685

Student t test was used to compare mean strain parameters between cases with multisystem inflammatory syndrome in children who met criteria for

thrombotic microangiopathy (TMA) and those who did not. GLS indicates global longitudinal strain; LV, left ventricular; and RV, right ventricular.
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Figure 4. No significant association between vasoactive-inotropic dose and left ventricular

function.

Global longitudinal strain (GLS) did not correlate with severity of shock, quantified using the vasoactive-
inotropic score (VIS). VIS represents requirements for vasoactive-inotropic support at time of

echocardiography.

coronary ischemia is unlikely a main contributing fac-
tor. In addition, no evidence of coronary ischemia by
ECG changes supports our speculation.

Similarly, myocarditis from viral or cell-mediated
tissue injury is often focal, as evidenced by regional
hypokinesis in magnetic resonance imaging-confirmed
myocarditis in adults with COVID-19,%” and rare, patchy
histopathologic evidence of myocarditis in adults who
succumbed to COVID-19.%8 Therefore, although we did
not directly test this hypothesis, our findings suggest
the pathophysiology of MIS-C cardiac involvement
likely differs from acute COVID-19 myocarditis.

Severity of Shock and Cardiac Function

Although proinflammatory cytokines such as IL-6 and
IL-8 are known to mediate distributive shock, cardiac
dysfunction did not appear to be secondary to distrib-
utive shock alone. Most cases with MIS-C likely expe-
rienced mixed shock as suggested by the choices of
vasoactive and inotropic agents. VIS is a simple formula
that has been used in the critical care setting, to ob-
jectively quantify the degree of hemodynamic support
being provided to the patient in shock. Unlike pediat-
ric sepsis, in which cardiac dysfunction is associated
with higher VIS and illness severity,3 our study did not
demonstrate a similar relationship between VIS and
myocardial deformation, and significant LV dysfunction
was present despite low VIS. This may be due to con-
comitant vasodilatory and cardiogenic shock and the
practice of targeting vasoactive support to blood pres-
sure targets rather than to cardiac function. Although
characterizing type of shock was outside of the scope
of this work, given the number of patients newly initiated
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on milrinone after the first echocardiogram, it is likely
that VIS at time of echocardiography mainly captured
the vasoplegic component of shock, before concomi-
tant cardiogenic shock was quantified by echocardi-
ography. Furthermore, although [3-adrenergic agents
could in fact worsen cardiac contractility at high doses
via 3-adrenergic receptor overstimulation,*® we did not
observe a negative impact of higher VIS on function.
Intensivists should be aware that cardiac function is
frequently abnormal, which should affect the choice
of pharmacologic agents and encourage early, serial
echocardiographic assessments. A careful assess-
ment of cardiac function should also be performed
before administering high volume loads, particularly
because MIS-C affects older children who need larger
volumes of intravenous immunoglobulin.

Microangiopathy and Cardiac Function

Although there have been concerns about the poten-
tial consequences of the microangiopathic physiology
of MIS-C, we observed no clear relationship between
cardiac dysfunction and markers of microvascular in-
jury. This is consistent with other causes of TMA, in
which overt LV dysfunction is uncommon.*' There was
also no evidence of pulmonary hypertension to sug-
gest clinically significant pulmonary vascular disease.
However, RVFWS was the only parameter associated
with sC5b-9 and had the largest mean difference
by TMA status, albeit not statistically significant.
Interestingly, a greater skew toward IL-8 was strongly
associated with impaired RV strain. IL-8 is known as an
important mediator of microvascular ischemia in TMA,
via neutrophil activation, initiation of the complement

11
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Figure 5. Skewed cytokine responses as a proposed mechanism of cardiac dysfunction.

Use of echocardiographic strain analysis to evaluate cardiac function in multisystem inflammatory syndrome in children (MIS-C)
suggests that cytokine responses skewed toward IL-6 and IL-8 may predispose to cardiac dysfunction (by the blue and orange radar
diagram). IFNy indicates interferon gamma; IL, interleukin; and TNFa, tumor necrosis factor alpha.

cascade, and subsequent microthrombi.*? Qur find-
ings do not exclude microvascular injury as a contrib-
uting factor. Therefore, complete reversibility of cardiac
dysfunction will need to be assessed carefully during
follow-up.

Limitations

Because of the limited sample size of pretreatment
samples, we were not powered to detect weak associ-
ations or mean differences in strain <2.0. However, we
were powered to detect what we would consider to be
clinically significant differences. As the study was retro-
spective, echocardiographic protocols and the timing
of sample collection were not prospectively standard-
ized. Moreover, pretreatment cytokine panels were not
available in all patients. It is also important to note that
there may be local immune responses that are not re-
flected by circulating plasma cytokines. In particular, IL-
13 was not elevated despite the importance of anakinra
(IL-1 receptor antagonist) as an empiric drug therapy in
COVID-19 and other hyperinflammatory syndromes.
This may be related to intrinsic difficulties detecting
IL-18 because of its short plasma half-life, the relative
importance of IL-1(3 versus IL-1a signaling, or secretion
locally into tissues, and therefore our results do not
preclude an important role of IL-1 family cytokines. We
were unable to compare myocardial function in MIS-C
versus severe COVID-19, as nearly all children admit-
ted with COVID-19 had chronic cardiopulmonary con-
ditions. Lastly, the cross-sectional design limits causal
inference and is hypothesis generating, and therefore
longitudinal studies are currently underway.

CONCLUSIONS

Using an interdisciplinary approach, this study pro-
vides insights into the pathophysiology of cardiac dys-
function in a novel hyperinflammatory condition. The
unique aspects of the immune response in MIS-C
that differ from other cytokine storm syndromes may
help to explain why cardiac dysfunction is so frequent
and severe in MIS-C. In addition, our study provides a
framework for identifying heterogeneity in the cytokine
responses among children with MIS-C and its associa-
tion with clinical cardiac presentation. Therefore, the
clinical applicability of proinflammatory cytokine pan-
els extends beyond support for the diagnosis of MIS-C
to defining subpopulations of MIS-C patients with a
greater risk for severe cardiac inflammation, which may

J Am Heart Assoc. 2021;10:e021428. DOI: 10.1161/JAHA.121.021428

require more frequent or prolonged cardiac monitor-
ing. Our findings emphasize the importance of consid-
ering the relative skew of immune activation—not just
the height of the cytokine response—in understanding
immune mechanisms of myocardial injury and refining
the prevailing paradigm about the cytokine “storm.”
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SUPPLEMENTAL MATERIAL



SD = standard deviation; GLS = LV global longitudinal strain; GLSR = LV global longitudinal strain rate;
GCS = LV global circumferential strain; RVFWS = RV free wall peak longitudinal strain; EDSR. = LV end-

diastolic longitudinal strain rate; LAS = left atrial strain



Table S1. Left ventricular wall-motion abnormalities are diffusely distributed in MIS-C.

Wall motion score index p-value*
Global LV, median [IQ]] 1.58 [1.31-1.97]
LV segments 0.18
Basal 1.67 [1.50-2.00]

Mid-cavity 1.67[1.12-2.00]

Apical 1.50[1.25-2.00]
Coronary artery territories 0.53
LAD 1.75[1.29-2.00]
RCA 1.60 [1.30-2.00]
LCX 1.60 [1.20-2.00]

Left ventricular (LV) segmental and regional wall motion analyzed according to the 17-segment
model in N=43 MIS-C cases. The wall motion score index can range from 1 (normal

thickening/excursion) to 5 (aneurysmal). *Kruskal-Wallis test.

IQl = interquartile interval; LAD = left anterior descending; RCA = right coronary artery; LCX =

left circumflex artery



Table S2. Relationship between absolute levels of plasma cytokines and myocardial deformation.

GLS GCS RVFWS LAS
N r p-value r p-value r p-value r p-value
In(IFNY) 28 -0.05 0.814 -0.01 0.978 0.25 0.236 -0.06 0.759
In(IL-10) 28 0.09 0.659 -0.06 0.778 0.20 0.341 -0.05 0.809
In(IL-6) 28 -0.19 0.320 -0.16 0.423 0.14  0.499 -0.26  0.183
In(IL-8) 28 -0.36 0.061 -0.23  0.247 -0.14 0.519 -0.32  0.098
In(TNFo) 28 -0.16 0.413 -0.19 0.338 -0.01 0.974 -0.25 0.202

Pearson correlation coefficients (r) testing the association between strain parameters and log-
transformed absolute values of individual plasma cytokine levels among MIS-C cases with pre-

treatment samples (N=28)

GLS = LV global longitudinal strain; GCS = LV global circumferential strain; RVFWS = RV free wall

longitudinal strain; LAS = left atrial strain

No estimates met criteria for statistical significance based on the Benjamini-Hochberg critical value for

each strain parameter.



