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Abstract

Myocarditis is an inflammatory disease of the myocardium with numerous different etiologies, the vast majority of which are
infectious in origin. Patients afflicted with myocarditis can have variable presentations from flu-like symptoms to cardiogenic
shock and sudden death, thus making the diagnosis difficult. The purpose of this study is the development of an algorithm
for early identification and management of myocarditis based on a review of the published data and available literature. To
validate the efficacy of this algorithm, a retrospective chart review of all the patient’s presenting symptoms and diagnostic
workup, treatment, and clinical progression was performed and applied to the algorithm to investigate whether they could
be diagnosed at the time of presentation. Retrospective chart review was performed and all the patient’s diagnosed with
myocarditis between the years 2009 and 2017 were included in the study. 12 patients were identified on chart review and
the algorithm was found to be 100% accurate at identifying all myocarditis patients at presentation by using the symptom
identification.
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Introduction

The presentation of acute myocarditis is variable, degenera-
tion into florid right heart failure or life threating arrhythmia
can occur within hours of presentation. The purpose of this
paper is a review of the published data and development of
a treatment algorithm based on an available literature. To
test the algorithm, we have performed a retrospective case
review of our patients to assess presentation/treatment/clini-
cal progression against the proposed algorithm.
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Methods

DCH electronic medical records were searched by decision
support for diagnosis code of myocarditis from 2009 to 2017
and returned 599 records. Records were reviewed and 12
cases were found to be consistent with clinical diagnosis of
myocarditis. Epidemiologic, demographic, clinical course,
laboratories, treatments, and outcomes were recorded by ret-
rospective chart review. The DCH institutional review board
approved this retrospective chart review. Review of the lit-
erature was conducted via Pubmed, Clinical Key, and Ovid
MEDLINE for articles on myocarditis symptoms, presenta-
tion, laboratories, imaging, diagnosis, treatment, and man-
agement. Articles were included if they included pediatric
patients or discussed pediatric management. Articles exclu-
sively with adult patients were excluded unless there was
a lack of pediatric information on the topic. These articles
were reviewed and a myocarditis protocol was derived. The
12 identified patients from DCH were then used to retrospec-
tively validate the protocol.


http://crossmark.crossref.org/dialog/?doi=10.1007/s00246-019-02258-1&domain=pdf

Pediatric Cardiology (2020) 41:316-326

317

Presentation of Patient with Suspected
Myocarditis

Acute myocarditis is a serious pediatric problem, with
high mortality rates, debilitating sequelae such as chronic
dilated cardiomyopathy, no globally accepted treatment
or protocol, and under recognition. It presents a clini-
cal management problem [1, 2] Freedman et al. in 2007,
and Soonsswang cite a mortality rate of 25% in children
and up to 75% in infants when secondary to Coxsackie
B virus [3-5]. Durani et al. reported in their pediatric
patients with myocarditis that 83% were not diagnosed at
the first visit to a clinician and required two or more clini-
cian examinations before myocarditis was suspected [6].
Importantly, evidence of myocarditis has been found on
16-20% of sudden infant death syndrome (SIDS) autop-
sies and a cause of sudden cardiac death in 17% of ado-
lescents [2]. In the Freedman et al. retrospective study
of 31 pediatric patients, the most commonly presenting
symptoms were respiratory (32%), cardiac (29%), hypop-
erfusion (22%), and gastrointestinal (6%) [3]. All children
who presented with chest pain were > 10 years of age with
statistical difference reported in presenting symptoms for
age (p=0.003). Rady and Zekri also report that the most
common presenting symptom was respiratory (62.5%) in
their prospective cohort of 63 children in the PICU [7].
Durani et al. had 60% of their cohort of 62 children present
with tachypnea, hepatomegaly (50%), respiratory distress
(47%), tever (36%), and abnormal lung exam (34%) [6].
In addition, in Banka et al. multi-institutional analysis of
pediatric myocarditis, 74% presented with chest pain, 42%
viral symptoms, and 32% shortness of breath [8]. Infants
more commonly than older patients can present in ful-
minant myocarditis, a distinct myocarditis presentation
characterized by onset of cardiogenic shock in less than
3 days [9, 10].

When Chong et al. conducted a case control study with
children who were correctly diagnosed with myocarditis
compared with those who were later found to be initially
misdiagnosed, they reported five potentially discriminat-
ing factors: respiratory distress on examination (OR 21.3;
95% CI 2.63-172.41), poor perfusion (OR 11.0; 95% CI
3.67-32.89), hypotension (OR 12.6; 95% CI 3.32-48.08)
any ECG abnormality (OR 43.8; 95% CI 2.49-770.31),
or cardiomegaly, pulmonary congestion, or pleural effu-
sion on chest radiograph (OR 5.5; 95% CI 1.93-15.3) [11].
If > 3 of the five factors were present, there was a positive
likelihood ratio of 13 (95% CI 3.31-51.06) and negative
likelihood ratio of 0.35 (95% CI 0.22-0.55) for diagnosis
of myocarditis [11]. While these have not been validated,
these symptoms should raise the suspicion for further
myocarditis evaluation in patients who present with them.

Dallas Criteria

The gold standard histological criteria, the Dallas Criteria,
was published in 1987, defining myocarditis as a process
characterized by an inflammatory infiltrate of the myocar-
dium with necrosis and/or degeneration of adjacent myo-
cytes not typical of the ischemic damage associated with
coronary artery disease.

In his 2006 critique, Baughman details sampling error,
variation in expert interpretation among pathologists, vari-
ance with other markers of viral infection and immune
activation in the myocardium, in addition to variance with
treatment outcomes as evidence that the Dallas Criteria are
lacking in diagnostic value and are outdated for myocarditis
diagnosis [12]. Despite this, EMB in pediatric patients is
still commonly performed in conjunction with viral PCR
on myocardial tissue in many cases of unexplained dilated
cardiomyopathy [13].

Cardiac MRI

CMR should be used in patients with current or persisting
symptoms, evidence for significant myocardial injury, and
suspected viral etiology. Evidence for significant myocar-
dial injury includes new ECG findings, elevated troponin, or
ventricular dysfunction. ECG, blood pressure, breathing, and
oxygen saturation should be monitored during the imaging
study. A cardiac resuscitation-trained physician should be
available with ECHO machine, defibrillator, resuscitation
drugs, and equipment ready [14].

Banka et al. published the largest pediatric CMR study
analyzing 143 children up to 16 years of age, retrospectively,
from 13 institutions [8]. Among the centers, there was vari-
ability in CMR tissue characterization, but CMR abnormali-
ties were identified most commonly with late gadolinium
enhancement 81%, T2-weighted imaging 74%, early gado-
linium enhancement 55%, and first-pass contrast perfusion
8%. Of the 143 children in the study who underwent CMR,
117, or 82%, were interpreted as positive for myocarditis,
13% as negative, and 5% as equivocal, with the authors
reporting a sensitivity of 82%. The study showed that CMR
has high sensitivity for diagnosing myocarditis in pediatric
patients when compared to EMB and is a much less invasive
procedure [8].

Diagnostic criteria based on CMR in conjunction with
clinical suspicion has been proposed and primarily relies
on the presence 2 out of 3 of “regional or global myocar-
dial ST increase I T2-weighted images, increased global
myocardial early gadolinium enhancement ration between
myocardium and skeletal muscle in gadolinium-enhanced
T1-weighted images and the presence of at least one focal
lesion with non-ischemic regional distribution in late
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IR-prepared gadolinium-enhanced T1-weighted images”
in addition to clinical symptoms concerning for acute
myocarditis [14].

Endomyocardial Biopsy

Unpublished data on a large number of pediatric patients
presented by Dr. Franziska Degener from the German Multi-
center Registry (MYKKE) at the ESC Working group for
Myocardial and Pericardial Diseases (A Coruna 2019) sug-
gest that endomyocardial biopsy (EMBX) may still play a
role in early viral identification and thus effect treatment.
Their data suggest a high number of positive viral PCR and
culture positive biopsy specimens, many with limited cell
edema and poor correlation of viral positivity and early car-
diac MRI findings. This high viral positivity favored early
use of IVIG empirically by many senior European cardi-
ologists attending this meeting. No double-blinded study is
underway regarding the MRI/EMBX or IVIG correlation,
but their data collection is prospective and descriptive. The
German data will deserve much scrutiny when it comes to
publication to see how it affects the clinical management
and whether EMBX in children should be return to common
practice. The current best strategy for noninvasive evaluation
is cardiac MRI with serial echocardiography.

Laboratory and Imaging Investigations/
Clinical Suspicion

CXR and EKG

Freedman et al. concluded from their retrospective study
that CXR alone was an insufficient screening test and all
pediatric patients suspected of having myocarditis should
undergo ECG [3]. ECG in this study was 93% sensitive,
while CXR was 55% sensitive. The most common finding
on CXR was cardiomegaly. The most common findings on
ECG were ST or T wave abnormalities and axis deviations.
Durani et al. reported cardiomegaly on CXR in 63% of their
patients, while 100% had ECG changes [6]. Rady and Zekri
reported a prospective cohort study of 63 critically ill chil-
dren in the PICU [7]. They showed a statistically significant
difference of cardiomegaly on CXR and elevated cardiac
enzymes when compared to PICU patients without myocar-
ditis. Vigneswaran et al. in their initial EKG results for 10
of their 17 patients showed results as follows: T-wave inver-
sion as the most common finding, followed by ST segment
elevation, prolonged PR interval, ST segment depression, Q
waves, and low-voltage QRS complexes [15]. All 4 patients
with ST segment elevation died.
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ECHO

Echocardiogram is the initial imaging technique besides
CXR that should be done in patients who raise clinical
suspicion of myocarditis. Overall, global left ventricular
or biventricular dysfunction can be seen, a dilated cardio-
myopathy, or reduced LVEF [2, 9]. Additional abnormalities
such as significant regurgitation of the mitral and tricuspid
valves and atrial enlargement can be observed [2]. However,
the diagnostic value of echocardiography is limited by the
fact that many patients with less severe myocarditis have a
normal echocardiogram and the highly variable echocardio-
graphic findings lack specificity [14].

Fulminant myocarditis has a distinct onset of illness with
severe hemodynamic compromise compared to acute myo-
carditis as well as a greater chance of progressing towards
dilated cardiomyopathy.

Felker et al. suggested based on their study to determine
the use of echocardiography as a means of differentiating
acute and fulminant myocarditis that patients with fulmi-
nant myocarditis presented with near normal LV diastolic
dimensions but increased septal thickness at presentation,
while those with acute myocarditis had increased diastolic
dimensions but normal septal thickness. They proposed that
based on this study fulminant and acute myocarditis had dis-
tinct echocardiographic features [16]. This lends credibility
toward utilizing echocardiography not only for diagnostic
purposes, but also as a prognostic tool to predict acute hemo-
dynamic compromise.

Troponin | Versus Troponin T

The diagnostic workup in any patient with a suspected
diagnosis of myocarditis involves obtaining serum cardiac
biomarkers including troponin testing. On literature review
there have been no standardized large-scale reviews or stud-
ies looking at the superior sensitivity of troponin I over tro-
ponin T or vice versa with regards to sensitivity or specific-
ity for the diagnosis of myocarditis.

Smith et al. in their study as part of the multicenter myo-
carditis treatment trial (mean age, 42.0 years + 13.8 standard
deviation) found that although the sensitivity of troponin I
elevation for the entire group was low (34%), it did have a
high specificity (89%) [17].

Conversely with regards to Troponin T and its diagnostic
capabilities for myocarditis, Lauer et al. in their study of
80 patients (mean age group of 49 + 14 years, ranging from
12 to 85 years old) with suspected myocarditis, found that
35% of patients had elevated troponin levels, the research-
ers concluded that the use of troponin T for the detection of
myocarditis had a specificity of 94%, a sensitivity of 53%, a
positive predictive value of 93%, and a negative predictive
value of 56% [18].
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It is also important to note that the test sensitivity of tro-
ponin T is also largely dependent on the cut off value being
used.

Eisenberg et al. reported in a retrospective cohort study of
221 patients, a cardiac troponin T level of less than 0.01 ng/
mL could exclude myocarditis in children without pre-exist-
ing heart disease [19].

Overall, Troponin T or I is an essential laboratory test to
obtain in the work-up for myocarditis in the pediatric patient.
Elevated values support the diagnosis of myocarditis, while
a value of <0.01 ng/mL does not support the diagnosis in
previously healthy patients.

Additional Labs

Freedman et al. also found that aspartate aminotransferase
(AST) measurement may be a useful laboratory adjunct,
reporting sensitivity of 85% of their myocarditis patients
with median AST value of 66 U/L in their definitive group
and 116 U/L in their probable group [3]. Interestingly, there
was no associated increase in alanine aminotransferase
(ALT) level. This finding has not been reported in other
studies, prior to their data. The elevation in liver enzymes
could be attributed to right heart failure and/or known liver
enzyme elevation in certain viral and bacterial illness, such
as EBV or rickettsia infection. However, what cannot be
accounted for is the elevation in only AST.

Other testing that adds supportive evidence for myocardi-
tis, if elevated, includes: complete blood count, erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), and
brain natriuretic peptide (BNP) [19].

Infectious Diseases and Virology

Viral myocarditis is the most common etiology in children,
dominated by enteroviral species, such as Coxsackie virus
in addition to other viruses such as Adenovirus. While myo-
carditis usually occurs sporadically, epidemics caused by
coxsackie virus have been reported. During a 1965 European
coxsackie B virus epidemic, 5% to 12% of patients had car-
diac manifestations [2].

There are many other causes of myocarditis including
infectious, allergen related, autoantigens such as associated
with Kawasaki’s disease or Wegener’s granulomatosis, and
toxic such as poisoning with heavy metals and medications
such as cyclophosphamide and radiation therapy [19].

EMB PCR on myocardial samples has increased viral
identification in those pediatric patients who were deter-
mined to be stable enough to undergo EMB. In the Freed-
man et al.’s study, five patients in the study underwent
EMB where Parvovirus B19 was identified in two biopsies
and Enterovirus and Coxsackie B identified in one biopsy
each [3]. The utility of EMB with positive viral PCR on

myocardium is limited by the invasive procedure of EMB,
leading many to use less invasive ways to peripherally
detected viruses. However, EMB can help delineate non-
infectious causes leading to myocarditis.

Treatment

Initial measures of myocarditis treatment include bed rest
to decrease oxygen consumption, salt and fluid restriction,
supplemental oxygen, and correction of any identified ane-
mia [4, 20].

IVIG

Reviewing the literature, several studies are available that do
not support administration of IVIG. Drucker et al. reported
a prospective trial of 21 pediatric patients receiving 2 mg/
kg IVIG. They report the IVIG group achieving normal left
ventricular function during the first year after presentation
with a (p-value=0.03) [21]. They reported a higher sur-
vival in IVIG-treated patients of 84% versus 60% in those
not receiving IVIG, but there was no statistical significance
found (p=0.69). Though Drucker et al. reported promising
improvement, these results have not been reproduced. Klug-
man et al. identified a retrospective cohort of 216 myocar-
ditis patients, 0.05% of the discharged patient’s over a year
from 35 academic children’s hospitals [22]. 82% were diag-
nosed as idiopathic and 3% bacterial or viral. Those given
IVIG were overall 45.4%. 46.2% in the survival group and
35.3% in the group that died. However, IVIG was shown
to not impact survival (p =0.67). When analyzing patients
with extreme severity scores, in cases where IVIG was
more likely to be used, IVIG still did not impact mortal-
ity (p=0.22). Similarly, Kim et al. after conducting a retro-
spective analysis of 33 children treated with IVIG or IVIG
in addition to steroids, for clinical myocarditis, found no
difference in 1-year survival or recovery of left ventricular
function [23].

A 2015 Cochrane Review compared transplant-free sur-
vival of adults and children with presumed viral myocar-
ditis treated with IVIG versus control without IVIG treat-
ment [24]. The study also observed if a group of patients
with presumed viral myocarditis could be identified as
most likely to benefit from IVIG. The pediatric study that
Cochrane Review included was conducted in India and had
enrolled 83 children from 2 months to 12 years old with
suspected viral encephalitis and associated myocarditis; note
this is commonly associated with Enterovirus 71 infection.
They received 400 mg/kg of IVIG for 5 consecutive days.
Virus isolation was limited to a rise in Coxsackie B1 titers
in 7 children and Enterovirus detection in 8 stool cultures.
Those treated with IVIG had 7.39 (95% CI 0.91to 59.86)
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increase in odds ratio of event-free survival than those
who were not treated. The LVEF at discharge was 49.5% in
the treated group and 35.9% in the placebo group with a p
value =0.001. There was high bias identified in this study,
in addition to extrapolation of data to those with isolated
myocarditis not associated with encephalitis. It was con-
cluded that IVIG for presumed viral myocarditis should not
be included as part of routine practice until higher-quality
studies demonstrate benefit. Other adult studies also do not
support IVIG administration [25]. In summary, there are no
prospective randomized controlled trials that support IVIG
administration in the pediatric population.

Anti-Viral Treatments

Pleconaril is an anti-viral drug that prevents Enterovirus,
such as Coxsackie virus, from infecting target cells [20].
A randomized, double blind, placebo-controlled trial of
Pleconaril by Abzug et al. enrolled 61 neonates at 15 days of
life or less from June 1999 to December 2010 [26]. Survival
probability over 2 months was higher in the treatment group
with p=0.02 and after adjustment for duration of symptoms
prior to enrollment p =0.057. Cumulative survival prob-
ability in the treatment group continued to exceed placebo
group over 18 months with p=0.07 and p=0.23 between the
Enteroviral group, but the result was not statistically signifi-
cant. The study did show time to negativity of oropharynx,
rectal, urine, and serum cultures for Enterovirus occurred
faster, 4 days versus 7 days with p=0.08. Overall, Pleconaril
has not been shown to significantly improve survival when
administered in Enteroviral myocarditis cases.

HIV, CMV, and HSV should be treated with already
established antiviral therapies.

Immunosuppressant Therapy

Focusing on immunomodulation, the second phase in
the proposed triphasic understanding of myocarditis,
the myocarditis treatment trial randomized 111 adult
patients with the histopathological diagnosis of myocar-
ditis and LVEF <45% to receive conventional therapy
alone or combined with 24-week regimen of prednisone
with cyclosporine or prednisone with azathioprine [27].
Overall, LVEF improved in all groups from 25 to 34% at
28 weeks with p= <0.001, but without statistical differ-
ence between the groups of patients. There was also no
significant difference in survival between the two groups,
p=0.96. The study concluded the results did not support
routine treatment of myocarditis with immunosuppressive
drugs. Additionally, ventricular function improved regard-
less of whether patients received immunosuppressive ther-
apy. Immune response was also considered in the trial by
measuring cardiac IgG antibodies, anti-skeletal-muscle
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IgG antibodies, general IgG antibody titer, Helper T cell
count < 30%, increased white cell count, and increased lev-
els of natural killer cells and macrophages. These all were
associated with differing positive factors, such as higher
LVEF, and when adjusted for clinical characteristics still
remained significant, p = <0.05. However, none of the
immunologic variables on outcome were evaluated and
were not significantly associated with measures of cardiac
performance for the whole group.

Hia et al. conducted a systematic review from 1984
to 2003, where nine pediatric population studies were
reviewed: one randomized controlled trial, one case control
trial, one prospective non-controlled trial, and four retro-
spective studies [28]. These studies included the immuno-
suppressive agents: Prednisone, IVIG, cyclosporine, azathio-
prine, interferon-alpha, and Orthoclone OKT®3. Though an
increased odds ratio with immunosuppression was reported
as 2.7 (95%, CI 0.59-14.21) in the case—control trial and ran-
domized control trial, there was no statistical significance.
Hia et al. cite that several of the studies showed improve-
ment in outcome when an adjunctive immunosuppressant
was added to prednisolone, but only one study showed an
increased odds ratio of 0.09 (95% CI 0.01-0.52) when pred-
nisolone plus another adjunctive immunosuppressant was
used.

Gagliardi, Bevilacqua et al. published in 2004 a study that
followed 114 pediatric patients who underwent EMB and
were consistent with acute myocarditis or borderline myo-
carditis [29]. They were then treated with cyclosporine and
prednisone in addition to conventional treatment. 13-year
transplant-free survival and assessment of left ventricular
function were then assessed. Event-free survival for both
groups was 96% at one year and 83% at 13 years. Complete
cardiac recovery in both groups combined was 70%. There
was additional non-inflammatory group that was only treated
with conventional therapy. Researchers included this third
group in their overall survival rate of 65%. They compared
this to a known survival rate of 44% and found a statisti-
cally significant comparison with p=0.004. There was no
control group for this study. Overall, studies by Hia et al. and
Gagliardi et al. show mixed results [28, 29]. Gagliardi et al.
improvements in survival rate have not been reproduced.
There are consistent results showing improvement in LVEF
after corticosteroid treatment [29].

A 2015 Cochrane review assessed the efficacy of corti-
costeroids in 2 pediatric and 6 adult randomized controlled
trials of 719 patients, of which 200 were pediatric patients
[30]. The study concluded that corticosteroid treatment did
not significantly reduce the death rate or death rate com-
bined with heart transplant. However, at 1-3 months fol-
low-up there was significant differences in left ventricular
systolic function with a 7% increase in LVEF. Addition-
ally, reduced serum levels of creatine kinase, CK-MB, and
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alpha-hydroxybutyrate dehydrogenase were significantly
associated with corticosteroid treatment.

There are consistent results showing improvement in
LVEF after corticosteroid treatment, however, not in survival
rate when looking at the current literature for immunomodu-
lation therapy.

Management

ICU Admission

Due to myocarditis’s variable presentation with the ability
to worsen quickly, intensive care unit verses general inpa-
tient floor admission can be a difficult decision. Vigneswaran
et al. concluded from their study of Parvovirus B19 posi-
tive myocarditis cases, that children presenting in fulminant
myocarditis, EKG with ST segment changes (especially ST
elevation), history of a short prodromal illness (< 48 h),
or those in severe heart failure have worse outcomes [15].
Bergmann et al.’s ER algorithm for the management of myo-
carditis and pericarditis have all myocarditis patient’s going
to PICU and does not consider floor admission for these
patients [9]. However, not all myocarditis patients require
PICU admission. Klugman et al. stratified patients based
on a severity score as minor, moderate, major, and extreme
[21]. Myocarditis patients with a severity score of major or
extreme were 53.2% and those admitted to the ICU were
53.7% of the studies participants overall. The study found
the only statistically significant variable between those
who survived or died was the severity of the presentation
(p= <0.0001), and supports more severe patients being
admitted to the PICU. Of those who died, 41.2% had a sever-
ity score of major and 58.8% were extreme. Length of stay
was 14.4 days and mortality rate was 7.8%.

Arrhythmias

Arrhythmias are a common sequela and/or manifestation of
myocarditis. They may sometimes be the only manifestation
of myocarditis and both tachyarrhythmias and bradyarrhyth-
mias are a significant cause for concern as contributors to
sudden cardiac death in these patients.

Anderson et al. investigated the usefulness of arrhythmias
as predictors of death and resource utilization in children
with myocarditis. In their review of 2041 pediatric patients
with myocarditis, the incidence of tachyarrhythmias was
reported in 11.5% and bradyarrhythmias in 1.1% of the sub-
jects, with an overall mortality of 8.7%.

The investigators also performed a multivariable analysis
taking into account the gender, age of admission, and pres-
ence of underlying anatomic defects among other variables

and found that tachyarrhythmias were associated with a 2.3
times increase in odds of mortality [31].

On review of literature a paucity of data to be found
regarding the length of monitoring for patients with arrhyth-
mias after myocarditis, instead the various studies focus on
the incidence and timeline of arrhythmias after myocarditis
that may be used to provide guidance regarding the follow-
up management for such patients. While Gao et al. dem-
onstrated the ANF dysfunction that led to arrhythmogenic
potential decreased over time it is crucial to note that given
that multiple factors lead to electrical membrane potential
alteration as demonstrated by Klein et al. [32, 33]. The time-
line of monitoring would depend on the degree of the vari-
ous triggering factors for arrhythmia that have developed in
the case of the individual patient afflicted with myocardi-
tis. Higher alterations in ventricular dynamic parameters,
ANF dysfunction, and/or structural/vascular changes would
require closer spaced and longer follow up to monitor for the
development of arrhythmias.

Miyake et al. performed a 14-year retrospective review
of patients <21 years of age that were hospitalized with
myocarditis. The study reported that arrhythmias occurred
in 45% of the patients. The study also demonstrated that
arrhythmias in the subacute stage were associated with pro-
ceeding ST wave changes [34].

Based on current literature review there is evidence that
ECG changes may be used in identification of the onset of
subacute arrhythmia as well as follow-up post-discharge to
monitor for the recurrence. Given the documented associa-
tion of arrhythmias in particular tachyarrhythmia on litera-
ture review with increased mortality, consideration should
be given to closer monitoring in the PICU for patients who
develop these ECG changes with underlying suspicion of
myocarditis [31].

Maron et al. in their task force recommendations, looked
at various cardiac conditions in relation to considerations for
athletes. With regards to myocarditis, the recommendations
emphasized that athletes with “probable or definite evidence
of myocarditis should be withdrawn from all competitive
sports and undergo a prudent convalescent period of about
6 months following the onset of clinical manifestations.”
Athletes were able to return to training after this time period
had elapsed provided that there was echocardiograph and/
or radionuclide studies proven return of cardiac dimensions,
LV function and wall motion to baseline, holter, and exercise
testing proven absence of clinically relevant arrhythmias as
well as normalization of serum inflammatory/heart failure
markers and 12 lead EKG [35].

lonotropes, Beta Blockers, and Diuretics

Tonotropes and diuretics comprise a mainstay for the treat-
ment of myocarditis as indicated per heart failure protocols.
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The current recommendations for patients with pediatric
myocarditis continue to place emphasis on supportive man-
agement. The treatment for heart failure should proceed as
per the guidelines endorsed by the American Heart Asso-
ciation the American College of cardiology and the heart
failure Society of America [36-38].

While no randomized controlled trials could be found
on literature review to assess the efficacy of one particular
inotropic agent over another with regards to the management
and treatment of pediatric myocarditis, Klugman et al. in
their multi-institutional analysis to look at pediatric patients
hospitalized with myocarditis found that of the 216 children
in the review were given milrinone or epinephrine in 45%
and 35% of the patients respectively [22].

Follow Up

It should be noted that on the literature review there is no
consensus found regarding what the frequency or standard-
ized duration of follow-up for pediatric patients admitted
with myocarditis should be. This is likely resultant from the
fact that there are various etiologies that can cause myocar-
ditis and the spectrum of the illness is wide in terms of the
degree of heart failure to the arrhythmogenic potential for
each particular patient. What is clear however is that these
patients should be followed closely outpatient especially if
there are any signs of significant residual congestive heart
failure present. Based on the general pathophysiology of the
disease on literature review, it can be argued that patient
should at the very least be reevaluated within 5 days by
their primary care pediatrician to monitor the volume sta-
tus, symptoms, medication regimen and side effects. Follow
up with the cardiologist should be within the first 2 weeks
of this discharge to monitor for any arising side effects of
newly started medications, as well as continued response to
these medications clinically. Follow up after 2 weeks with
a cardiologist should be decided on the spectrum of the
disease and would be dependent on the residual presence
of congestive heart failure, concerned for the development
of arrhythmias, hospital course, and monitoring of medica-
tions. Recovery of cardiac function after myocarditis tends
to be gradual and although most children will ultimately
have complete or partial recovery of LV function a subset
of patients develop chronic dilated myocarditis. We recom-
mend long-term follow-up with the cardiologist to monitor
hemodynamics until full recovery.

Retrospective Validation of Pediatric Myocarditis
Algorithm (Fig. 1)

Twelve patients aged 16 days—17 years old were identified at

Driscoll Children’s Hospital between 2009 and 2017. Seven
children were males and five were females. Patients were ill

@ Springer

for a mean of 4 days +5.2 days prior to admission. 41.7%
saw a medical professional at least one time prior to seeking
emergency department (ED) care. Two patients saw a medi-
cal professional three separate times prior to presenting to
the ED. 33.3% were on one or more antibiotic/antiviral prior
to seeking tertiary care where the diagnosis of myocarditis
was made. 91.7% of patients had at least one respiratory or
cardiovascular-related complaint. The only one who did not
was < 1 month old. She instead presented with diarrhea and
fever. The youngest patient presenting with chest pain was
7.5 years old. The most common presenting symptom was
any cardiovascular symptom: tachycardia, chest pain, ortho-
pnea, or hypoperfusion. All patients retrospectively would
have been identified as at risk for myocarditis if using the
protocol (Table 1).

On CXR, 75% of DCH patients had cardiomegaly, the
most common abnormality identified. Pleural effusions were
identified on 41.7% and perihilar congestion 8.3%. This
supports that cardiomegaly alone on CXR is not a sensitive
screening test as the studies above suggest. 90.9% of patients
had abnormal ECG on admission. 63.6% with non-specific
T wave abnormalities, 54.5% with non-specific ST segment
changes, and 18.2% with diffuse ST elevations which are
similar to Vigneswaran and Freedman. This supports the
need for obtaining both CXR and EKG in the evaluation
of myocarditis. 91.7% of our patients had abnormal ECHO
findings. Mean LVEF 32% +0.17, min 11.9%-max 64%
(normal EF considered 56-78%). Two patients had normal
ejection fractions. Mean fractional shortening 19% +0.10,
min 5.2%-max 35.4% (normal fractional shortening con-
sidered 28-44%). Two patients had normal fractional
shortening.

Cardiac biomarkers were all elevated on admission for
the DCH myocarditis patient population. All patients had

Table 1 Presenting symptoms for myocarditis

Symptoms Patient number= %
Respiratory (any) 6/12=50%
Cough 4/12=33%
Shortness of breath 4/12=3%
Tachypnea 7/12=58%
Cardiovascular (Any) 8/12=66%
Tachycardia 7/12=58%
Chest pain 5/12=41%
Orthopnea 2/12=16%
Hypoperfusion 7/12=58%
Gastrointestinal 7/12=58%
Vomiting 5/12=41%
Diarrhea 4/12=33%
Fever 5/12=41%
Hepatomegaly 3/12=25%
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Myocarditis symptoms identified in clinic or the Emergency Department

Fever/prodromal illness with:

- Cardiovascular Symptoms: Poor perfusion and hypotension, chest pain, shortness of breath or tachypnea, shock

- Gastrointestinal Symptoms: nausea, vomiting, diarrhea or abdominal pain

- Neurological symptoms: lethargy, weakness, altered mental status, syncope

- Neonates may present with nonspecific signs such as fever, irritability, poor intake, color change, apnea. Presenting symptoms
may have significant overlap with symptoms of sepsis. Myo-pericardial disease should be inciuded within the differential
diagnosis.

Suspicion for myocarditis and initial diagnostic evaluation

- 12 lead EKG: findings may include T wave inversion, ST segment elevation or depression, prolonged PR interval, Q waves, low
voltage QRS complexes, non specific T wave and ST segment changes

- Chest X-ray: Cardiomegaly is commonly associated with myocarditis, pleural eftusions, peri-hilar congestion may be present or
it may be normal

- Echocardiogram: global left ventricular or bi-ventricular dystunction, dilated cardiomyopathy, reduced LVEF, significant
regurgitation of the mitral and tricuspid valves or atrial enlargement may be observed. May be normal

- Troponin testing: elevated levels support diagnosis of myocarditis, use a cut off value of 0.0Ing/mL

- Lab work: CBC, CMP: elevated AST with normal ALT correlates with myocarditis), ESR, CRP, BNP, Respiratory Viral Panel

- Recommend early cardiology consultation and placing on cardiac monitoring

Patient placement after initial workup

- Patients who display any signs of fulminant myocarditis such as short < 48 hours prodrome illness or echocardiographic
Sfindings suggestive of fulminant myocarditis, Reduced LVEF, ST elevation, Arrhythmias on cardiac monitoring, signs of
hemodynamic instability or tested positive for Parvovirus on RVPCR should be immediately transterred to the intensive care unit.
- For patients who do not meet the above criteria, and are deemed otherwise stable in conjunction with a cardiac consultation may
be monitored closely on the floor with full cardiac monitoring for observation and or further management.

Management in the PICU

Cardiac monitors with ECG monitoring, Cardiology consultation , Continue echocardiographic monitoring
Diagnosis:

Consider Cardiac MRI

Consider EBM testing with viral PCR if patient is not improving.
Infectious Work-up:

Consider RVPCR

Consider Rickettsia Panel when history of fever, headache, and rash
Consider Parvovirus B19, Enterovirus, Adenovirus, EBV, & CMV PCR
Consider HIV/Lyme disease testing

Review immunization status, especially MMRV

Review TB exposure risk and consider placing PPD and drawing IGRA

Treatment:

No IVIG

Consider steroids usage for severe impairment of LVEF

Cardiac medications and Ionotropic support per the ICU team

Arrhythmia Monitoring

Mechanical Ventilation

Cardiac Transplant Criteria to be followed if deemed necessary based on heart failure

Fig. 1 Management algorithm for myocarditis
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troponin I level >0.01 ng/mL. The lowest reported troponin
I was 0.04 ng/mL. Extrapolating Soonsgwang and Eisen-
berg’s studies using troponin T to troponin I, Soonsgwang
et al. criteria of troponin 7<0.052 ng/mL, would have
excluded one of our patients, but Eisenberg et al. lower cut-
off of <0.01 ng/mL would have included them [5, 19]. Based
on this comparison of these two studies and our own patient
results, it appears that using a lower troponin T cut-off value
at 0.01 ng/mL would help achieve a greater sensitivity with-
out a significant compromise on the specificity of troponin
T testing and perhaps should be held as the standard in tro-
ponin testing for suspected myocarditis. Surprisingly, the
findings of Freedman et al., mean AST elevation with nor-
mal mean ALT, were replicated in our patients (Table 2) [3].
No significant mean leukocytosis or cell differential abnor-
mality was identified. Patients were relatively normocytic at
presentation and without electrolyte aberrances.

Overall infectious disease investigation yielded poor
results for isolation of an infectious agent. 50% (6/12), of
patients had viral cultures taken from the nasopharnyx and
rectum for Enterovirus and/or Adenovirus without any of
them isolating a virus. 16.7% had titers drawn: one titer was
positive for Cocksackie B1, B2, B3, B6 and the other for
Cocksackie B2, B4, B6, and Echovirus 4, 7, 11, 30. No con-
valescent titers were drawn. Both had viral RNA by multi-
plex respiratory pathogen panel (BioFire®) rhinovirus/enter-
ovirus nasopharyngeal swabs positive. Serology was done in

Table 2 Laboratory mean values for myocarditis patients

Percentage Mean, standard elevation
CRP 1.9+3.0 mg/dL
ESR 0.3+0.4 mm/hr
CK-MB 47.3+43.3 ng/mL

Troponinlon admission

Troponinlpeak

8.8+11.0 ng/mL
9.8+11.5 ng/mL

Pro-BNP on admission
Pro-BNP peak

24,110.5+31,296.96 pg/mL
25,004.5+31,200.3 pg/mL

White blood cell count 11.444.78x 10°/mcL
Hemoglobin 12.7+2.7 g/dL
Hematocrit 37.9+6.7%
Segmented neutrophil 66.3+18.5%

Band count 29+2.8%
Lymphocyte 22.8+18.3%

Platelet 265.9+109. 5% 10*/mcL
AST 59.9+46.4 U/L

ALT 59.9+46.4 U/L
Potassium 4.2 +46.4 mmol/L
Calcium 8.7+0.6 mg/dL

CRP C-Reactive Protien, Pro-BNP Pro B-type natriuretic peptide,
CK-MB Creatine kinase-muscle/brian, AST Aspartate aminotrans-

ferase, ALT Glutamic-pyruvic transaminase

@ Springer

three cases. One case was identified as Mycoplasma IgM+-.
No other serology was identified in the other two cases. 75%
had positive nasopharyngeal PCR swabs (BioFire®). Eight
had nasopharyngeal swabs+ for Rhinovirus/Enterovirus.
One had positive respiratory syncytial virus swab. One
had history of recent influenza A infection in addition to
Rhino/Enterovirus nasopharyngeal swab positive. 41.7%
patients had PCR from the blood drawn and all were nega-
tive: CMV (2), Parvovirus B19 (2), EBV (2), HHV6 (1),
West Nile CSF (1), HSV (1), Enterovirus (1). All patients
were fully immunized. Only one patient was screened for TB
by PPD which was 0 mm of induration. Findings in these
patients support the inutility of obtaining viral cultures and
titers. Viral serum PCR also did not identify any etiologies,
though there are more promising in the reviewed studies,
without carrying the risk of EMB. All patients were assessed
for immunization status and were all fully immunized.

58.3% of DCH patients developed an arrhythmia with
mean time to develop an arrhythmia from reported symptom
onset was 6 days +7.1. Average time to develop an arrhyth-
mia from admission was 1.7 days + 1.7 days. Three patients
developed ventricular tachycardia with one decompensating
into ventricular fibrillation. One patient developed supraven-
tricular tachycardia, two patients developed sinus bradycar-
dia, and one with bradycardia and complete AV block. Two
of the patients who were initially admitted to the floor and
transferred to PICU for acute decompensation were due to
development of ventricular tachycardia: One patient had
acute onset of symptoms that day with tachycardia and mild
cardiomegaly on CXR. One patient had > 48 h of illness, no
ST elevation on ECG, but did have signs of heart failure with
hepatomegaly, hypotension, tachycardia, and tachypnea with
admission diagnosis of dehydration. The other patient who
required floor to PICU transfer was due to hypernatremia
of 160 mmol/L, but he had history of acute prodromal ill-
ness <48 h. Overall the protocol would have placed three
patients in the PICU when they were originally on the floor
and placed patients at decreased risk of morbidity/mortality.
The rest of the patients though sent to PICU at the discretion
of the admitting physicians, would also be sent to PICU if
following the protocol due to either unstable vitals or had
history of <48 h prodromal illness, arrhythmia, or support-
ive signs of fulminant myocarditis on admission.

In our patient group, 75% required one or more inotrope
medication. 66.7% were intubated and mechanically ven-
tilated; mean 3.7 days of ventilation +4.11. One patient
required ECMO for 13 days after developing ventricular
tachycardia. Patients spent a mean time in ICU 8 days +6.7
and mean days on the floor prior to discharge 4.3 +8.4. Total
mean time hospitalized was 12 days + 14.5. Mean EF at dis-
charge 53% +17.2, min 20.1%-max 69%. 4 patients had
EF <55% at discharge, 6 had EF >55% at discharge, and 2
were transferred to different facility prior to convalescence.
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83.3% of patients received IVIG and 25% received ster-
oids at some time during their illness. Of the 6 patients that
regained normal LVEF by discharge, two patients received
IVIG and steroids. Three received IVIG and no steroids,
and one did not receive either IVIG or steroids. Of the four
patients who did not recover their LVEF by discharge, three
received IVIG and one did not, and none of the four received
steroids. No patients died.

Conclusion

Our 12-patient retrospective validation of the Driscoll
Children’s Hospital Pediatric Myocarditis Algorithm was
supported by 100% accuracy of identifying all myocarditis
patients at presentation by using the symptom identification.
All patients would have been admitted to PICU based on
admitting criteria in the algorithm due to either: short <48-h
prodromal illness, arrhythmia, heart failure, or unstable vital
signs including three patients who were originally placed
on the general pediatric floor and later transferred to the
PICU. All patients would be identified if minimum of CXR,
EKG, Troponin with minimum cut-off value of <0.01 ng/
mL were completed in the ED. Though no definitive infec-
tious etiology was found for any of the patients, utilizing
the infectious disease tests on the protocol did away with
unnecessary testing and suggests, based on literature review,
higher yield tests, most of which were not done consistently
on all patients undergoing work-up. Given that the major-
ity of our patients received IVIG, a substantial comparison
in the outcomes of LVEF recovery could not be made by
comparing IVIG receiving and non-IVIG receiving patients.
However, based on our literature review there is no strong
evidence for administering IVIG. Based on the literature
review, we recommend the use of cardiac MRI as a less
invasive tool for diagnosis of myocarditis and reserving the
use of endomyocardial biopsy for those cases where the lack
of clinical improvement raises suspicion for an unusual non-
infectious etiology. This protocol is a derivative of literature
review and attempts to standardize myocarditis patient care
on presentation and admission. Because the degree and pro-
gression of the myocarditis is difficult to predict, suspicion
must remain high for a fulminant course until several clinical
data points can be obtained. It would be prudent to assume a
severe course and have the patient in a center where adjunct
support with LVAD or ECMO can be given along with full
support of a skilled pediatric intensive care unit. The authors
of this paper hope that the algorithm presented is a useful
and adaptable tool to assist the clinicians in initial manage-
ment of this challenging disease.

A means to validate the protocol through a retrospective
analysis at a singular institution has been made in this study
however ideally it requires prospective validation. Aspects

of further validation would include a larger group of patients
in a multi-centered trial to not only assess the ability of the
algorithm to identify and triage clinical cases suspicious
for myocarditis but also to further delineate the differences
in outcome between patients who received steroids at the
time of diagnosis, patients who received IVIG, patients who
received both therapies and patients who received neither.
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