
Myocardial Dysfunction in Pediatric Septic Shock

Shashi Raj, MD1, James S. Killinger, MD1, Jennifer A. Gonzalez, RDCS2, and Leo Lopez, MD, FASE2

Objective To evaluate the prevalence and significance of myocardial dysfunction in children with septic shock.
Studydesign Thirty patientswith septic shockwere evaluated by transthoracic echocardiographywithin 24 hours
of admission to a pediatric critical care unit. Transthoracic echocardiography evaluation included left ventricular
(LV) size and function, mitral valve inflow velocities in early and late diastole, mitral valve annular velocities in systole
and early and late diastole, and LV myocardial performance index. LV systolic dysfunction was defined as an ejec-
tion fraction or shortening fraction z-score <�2, and LV diastolic dysfunction was defined as a mitral valve inflow
velocity/annular velocity in early diastole ratio z-score >2. Secondary outcomes included troponin I concentration,
acute kidney injury, and 28-day mechanical ventilation–free duration.
ResultsMortality for the 30 patients (mean age, 9.5 � 7 years) was 7%. The prevalence of LV systolic and/or dia-
stolic dysfunction was 53% (16 of 30). Eleven patients (37%) had systolic dysfunction, 10 (33%) had diastolic
dysfunction, and 5 (17%) had both. Systolic and/or diastolic dysfunction was significantly associated with troponin
I level (P = .007) and acute kidney injury (P = .02), but not with ventilation-free duration (P = .12). Kaplan-Meier
analyses for pediatric critical care unit and hospital length of stay identified no differences between patients with
and those without myocardial dysfunction.
Conclusion Myocardial dysfunction occurs frequently in children with septic shock but might not affect hospital
length of stay. (J Pediatr 2014;164:72-7).

S
eptic shock is defined as sepsis with cardiovascular organ dysfunction or sepsis-induced hypotension that persists
despite adequate fluid resuscitation.1 Important components of the clinical progression from systemic inflammation
to death in these patients are circulatory instability and myocardial dysfunction. Mortality is higher in adults with septic

shock and myocardial dysfunction compared with those without myocardial dysfunction.2,3 Recent studies of septic shock,
mostly in adults, have used echocardiography to evaluate myocardial function in both systole and diastole.4-6 Unlike adults
in septic shock, who are more likely to have vasomotor dysfunction and to require vasopressor therapy, children in septic shock
frequently respond to both inotropic and vasodilating agents, suggesting that myocardial dysfunction may play a more signif-
icant role in children than in adults.3

Quantitative assessment of myocardial function in pediatric septic shock can be quite challenging, given the confound-
ing effects of loading conditions and rapid heart rates on functional indices. Studies in children with septic shock have
shown reversible impairment of left ventricular (LV) contractility, an inverse correlation of ejection fraction (EF) and
fractional shortening with admission troponin I concentration, and myocardial wall motion abnormalities.7-9 Although
mortality from septic shock has declined significantly since the advent of goal-directed therapy, there remains a paucity
of comprehensive data on myocardial function in children, especially during the early phase when acoustic interference
from the lungs during mechanical ventilation often precludes accurate echocardiographic quantification of myocardial
function.

In this prospective cohort study, we examined the prevalence and pattern of LV systolic and diastolic dysfunction in pediatric
septic shock. In addition, we used several measures of clinical status in the pediatric critical care unit (PCCU) to evaluate the
association between echocardiographic functional measures and morbidity in children with septic shock, including the Pedi-
atric Logistic Organ Dysfunction (PELOD) score, which has been used previously to quantify multiorgan dysfunction in the
PCCU setting.10
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Methods

This prospective cohort study, approved by the Institutional
Review Board of Montefiore Medical Center, was conducted
in the PCCU of The Children’s Hospital at Montefiore be-
tween July 2011 and September 2012. Fluid-refractory septic
shock was defined as shock persisting despite $60 mL/kg of
fluid resuscitation (when appropriate) using the American
College of Critical Care Medicine’s definition, and standard
noninvasive and invasive monitoring and laboratory testing
techniques were used in all patients.1 Patients aged 1 month
to 21 years with suspected sepsis and fluid-refractory shock
were eligible for study participation on admission to the
PCCU after informed consent was obtained. Exclusion
criteria included primary conditions associated with myocar-
dial ischemia or cell injury (eg, myocarditis, cardiomyopa-
thy), cardiothoracic surgery or trauma within the previous
14 days, pregnancy, Kawasaki disease, congenital heart dis-
ease, and cardiopulmonary resuscitation (cardioversion and
defibrillation) within the previous 14 days. All patients who
met the inclusion criteria and who did not have any exclusion
criteria were enrolled regardless of race, ethnicity, sex, or
socioeconomic status.

Overall morbidity in the setting of septic shock was evalu-
ated using the PELOD scores at the time of admission and
daily during the entire PCCU stay; 28-day mechanical venti-
lation–free duration; pediatric Risk, Injury, Failure, Loss, and
End-Stage Kidney Disease (pRIFLE) score to assess acute
kidney injury11; troponin I level; and PCCU and hospital
length of stay.

Transthoracic echocardiography (TTE) was performed
with the Philips IE33 system (Philips, Andover, Massachu-
setts) in all eligible patients within 24 hours of admission
for septic shock or within 24 hours of development of septic
shock during hospitalization. All TTE studies included
2-dimensional and M-mode echocardiography, as well as
blood flow and tissue Doppler analysis. Images were stored
digitally for offline review and analysis. Evaluation of systolic
function included measures of LV size and function as well as
tissue Doppler evaluation of medial and lateral mitral valve
annular velocities in systole (�s) and mitral valve annular ac-
celeration during isovolumic contraction (IVA). Evaluation
of LV diastolic function included mitral valve inflow veloc-
ities by blood flow Doppler analysis in early (E) and late
(A) diastole and mitral valve annular velocities by tissue
Doppler analysis in early (�e) and late (�a) diastole. The LV
myocardial performance index (MPI) for assessing combined
systolic and diastolic function was calculated as the sum of
isovolumic contraction and relaxation times divided by ejec-
tion time as assessed by tissue Doppler evaluation.

LV systolic dysfunction was defined as an EF or shortening
fraction z-score <�2. LV diastolic dysfunction was defined as
a mitral valve medial E/�e z-score or lateral E/�e z-score >2.
Myocardial dysfunction was considered present when the pa-
tient had LV systolic dysfunction, LV diastolic dysfunction,
or both. Optimization techniques for imaging as well as
morphometric and Doppler evaluation were used as
described previously.12 All Doppler measurements were aver-
aged over 3 consecutive cardiac cycles to account for respira-
tory variation, especially because most of the patients were
supported with mechanical ventilation. One patient treated
with high-frequency oscillatory ventilation had poor echo-
cardiographic windows, and TTE was performed on the
day after the onset of septic shock when he was changed to
conventional mechanical ventilation.
All offline measurements were performed independently

by 2 investigators under the supervision of the Medical Di-
rector of the Pediatric Echocardiography Laboratory at The
Children’s Hospital at Montefiore who were blinded to the
clinical data and management for each patient. Interobserver
variability was assessed as the percent variance of individual
variables from the mean of 2 measurements. Statistical ana-
lyses were performed using SPSS version 17.0 (SPSS Inc,
Chicago, Illinois). Descriptive analysis was applied for demo-
graphic and clinical variables, such as age, sex, and source of
sepsis. All variables were evaluated for normality and equal
variance. To account for the effects of body size and age, all
TTE data were expressed as z-scores based on available
normal values in children.13 The median and IQR of normal
values from resting children were used for the analysis of
IVA.14 The association between mitral valve �s and MPI in
the setting of systolic and diastolic dysfunction was analyzed
using the Pearson c2 test or Fisher exact test. For data
showing a non-Gaussian distribution, comparisons were
made using the Mann-Whitney U test, with a significance
level of P = .05 (2-tailed). Correlations between myocardial
dysfunction and secondary outcome measures were calcu-
lated using the 2-tailed Spearman coefficient for nonpara-
metric correlations. Multiple binary logistic regression was
used to calculate the effect of multiple predictor variables
(eg, PELOD, pRIFLE) on the dichotomous outcome of pres-
ence or absence of myocardial dysfunction. Kaplan-Meier
analysis was used to evaluate the influence of myocardial
dysfunction on time-to-event data, including 28-day PCCU
stay and 60-day hospital stay.
Results

Thirty patients were eligible for inclusion into the study
(Figure 1; available at www.jpeds.com). The demographic
and clinical characteristics of the study cohort are
presented in Table I. The mean patient age was 9.5 � 7
years (range, 1 month to 21 years); 6 patients were aged <1
year and 24 were aged >1 year. Two of the 30 patients died
(6.7%).
Positive bacterial cultures from blood, urine, trachea, and/

or other soft tissues were documented within the first 72
hours of admission in 22 patients (73%). In these 22 patients
with septic shock and a positive bacterial source, methicillin-
resistant Staphylococcus aureus (n = 6) andKlebsiella pneumo-
niae (n = 5) were the most common organisms detected.
Other organisms identified included Pseudomonas aeruginosa
73
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Table I. Demographic and clinical characteristics of the
study patients

Characteristic Value

Age <1 y, n (%) 6 (20)
Age >1 y, n (%) 24 (80)
Males:females, n 15:15
Ethnicity, n
Multiracial 10
Unknown 8
African American 7
Caucasian 5

Primary diagnosis of septic shock, n 30
Previously healthy before admission, n (%) 9 (30)
Chronic illness, n (%) 21 (70)
Hospital mortality, n (%) 2 (6.7)
PCCU length of stay, d, mean � SD 14 � 10
Hospital length of stay, d, mean � SD 29 � 19
Source of sepsis, n (%)
Bloodstream infection 15 (50)
Urosepsis 2 (6)
Tracheitis 1 (3)
Soft tissue infection 2 (6)
Pharyngitis/toxic shock syndrome 2 (6)
Culture negative 8 (27)
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(n = 2), methicillin-sensitive S aureus (n = 1), Acinetobacter
baumannii (n = 1), Escherichia coli (n = 1), group A (n =
1) and group B (n = 1) streptococci, Citrobacter freundii (n
= 1), andMycoplasma pneumoniae (n = 1). Streptococcal an-
tigen was isolated from the throat in 2 patients with toxic
shock syndrome. There was no significant difference in the
prevalence of systolic dysfunction (P = .34) and/or diastolic
dysfunction (P = .24) between patients with and those
without a positive bacterial source; however, patients with
septic shock and methicillin-resistant S aureus bacteremia
demonstrated a trend toward systolic dysfunction compared
with culture-negative patients (P = .14; OR, 8; 95% CI, 0.58-
110). Twenty-two patients (73%) required mechanical venti-
lation, and 2 patients (7%) underwent renal replacement
Table II. Morbidity patterns of the study patients

Variable Patients with m

Admission PELOD score, median (IQR) 13
PCCU PELOD score, median (IQR) 14
Mechanical ventilation, n
28-day mechanical ventilation–free duration, days, median (IQR) 18
P:F, mm Hg.%�1, median (IQR) 202
Days of vasoactive medication use, median (IQR) 2
Vasoactive inotropic medications, n
Dopamine
Norepinephrine
Epinephrine
Vasopressin
Milrinone

Troponin I, ng$mL�1, median (IQR) 0.1
Lactate, mmol$L�1, median (IQR) 3.6
Acute kidney injury at 24 hr, n
pRIFLE Scr
pRIFLE U

Acute kidney injury during PCCU stay, n
pRIFLE SCr
pRIFLE U

P:F, ratio of partial pressure of oxygen in arterial blood to fractional oxygen content of inspired gas
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therapy. Data on secondary outcomes (including PELOD
and pRIFLE scores and mechanical ventilation–free dura-
tion) are summarized in Table II. Vasoactive and inotropic
medications used in patients with septic shock in the
PCCU included dopamine, epinephrine, norepinephrine,
vasopressin, and milrinone; 12 patients (40%) required 2
or more of these medications.
Systolic measurements were available in all 30 patients,

whereas diastolic measurements were available in only 28.
Fusion of mitral valve E and A waves with blood flow
Doppler interrogation occurred in 6 patients (20%). The
overall prevalence of myocardial dysfunction (systolic and/
or diastolic dysfunction) was 53% (16 of 30; 95% CI, 34%-
72%), including 37% (n = 11) with systolic dysfunction,
33% (n = 10) with diastolic dysfunction, and 17% (n = 5)
with both systolic and diastolic dysfunction. Fourteen pa-
tients (47%) had normal myocardial function. The hemody-
namic and echocardiographic characteristics of the patients
with and those without myocardial dysfunction are summa-
rized in Table III. Systolic dysfunction was significantly
associated with mitral valve lateral �s z-score <�2 (P =
.005), mitral valve IVA (P = .05), and MPI z-score >2 (P =
.03). There was no association between diastolic
dysfunction and MPI (P = .28). The median troponin I
level was normal (<0.1 ng/mL), although an elevated
troponin I level ($0.1 ng/mL) was present in 10 patients
(33%) and was significantly associated with myocardial
dysfunction (P = .04; area under the receiver operating
characteristic curve = 0.78) (Figure 2; available at www.
jpeds.com). Kaplan-Meier survival analysis of 28-day
PCCU length of stay (Figure 3; available at www.jpeds.
com) and 60-day hospital length of stay (Figure 4)
demonstrated no differences between patients with and
those without myocardial dysfunction. Myocardial
dysfunction was significantly associated with pRIFLE score
(P = .02), but not with 28-day mechanical ventilation–free
yocardial dysfunction Patients without myocardial dysfunction P value

(11-24) 13 (12-22) .77
(11-32) 14 (12-22) .68
13 9 .42

(2-21) 21 (12-28) .12
(108-419) 336 (167-456) .12
(1-4) 2 (1-3) .36

11 8
8 5
7 2
5 0
2 1

(0.02-0.2) 0.01 (0.01-0.0.04) .007
(1.6-5.5) 2 (0.9-5.8) .29

14 7 .04
4 2 .68

16 9 .02
2 4 .38

; pRIFLE SCr, pRIFLE for serum creatinine; pRIFLE U, pRIFLE for urine output.
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Table III. Hemodynamic and echocardiographic characteristics of the study patients

Variable Patients with myocardial dysfunction Patients without myocardial dysfunction P value

Heart rate, beats$min�1 164 � 26 157 � 27 .49
Arterial systolic blood pressure, mm Hg 72 � 15 74 � 14 .59
EF z-score �2.6 � 2.1 0.5 � 1.4 .00
Shortening fraction z-score �2.4 � 3.1 0.3 � 1.4 .02
Mitral valve medial �s wave z-score �0.6 � 1.3 0.8 � 2.2 .06
Mitral valve lateral �s wave z-score �0.9 � 1.3 0.1 � 1 .07
Septal IVA, msec�2, median (IQR) 1.77 (1.38-1.87) 1.31 (1.24-1.67) .05
MPI z-score 1.3 � 1.6 0.8 � 0.7 .30
Mitral valve E/A z-score �0.7 � 0.6 �0.3 � 1 .18
Mitral valve medial E/�e z-score 2.2 � 1.7 0.8 � 0.7 .007
Mitral valve lateral E/�e z-score 2.2 � 1.9 0.7 � 0.9 .01
Mitral valve A wave z-score �2.5 � 0.9 �1.7 � 0.9 .06

All values are mean � SD unless specified otherwise.
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duration (P = .12). The interobserver variance was higher for
MPI, E:A, and IVA compared with that for mitral valve
medial �s, mitral valve lateral �s, mitral valve medial E:�e, and
mitral valve lateral E:�e (Table IV; available at www.jpeds.
com).

Discussion

Myocardial dysfunction in severe sepsis and septic shock is
well recognized but incompletely understood. Septic patients
with persistent hypotension after adequate fluid resuscitation
may have a low, normal, or high cardiac output state.3 Mea-
surements of cardiac output and performance are paramount
when caring for children with septic shock, especially those
with catecholamine-resistant septic shock.1 In a study of chil-
dren with septic shock, Ceneviva et al3 demonstrated the het-
Figure 4. Kaplan-Meier plot of hospital stay and myocardial
dysfunction in pediatric septic shock.

Myocardial Dysfunction in Pediatric Septic Shock
erogeneous hemodynamic states of cardiac output and
systemic vascular resistance and their evolution over time
in relation to inotropic and vasopressor therapy. The choice
of inotropic agents (eg, epinephrine, dopamine) and/or vaso-
active agents (eg, norepinephrine, vasopressin) to support
cardiovascular function in pediatric septic shock is guided
by the assessment of warm or cold shock states in relation
to blood pressure, although vasoactive therapy (eg, norepi-
nephrine) remains the first-line treatment in adult septic
shock.15

The 6.7% mortality rate in our septic shock cohort is
consistent with the literature.1,15 Overall morbidity as re-
flected by the PELOD score and the need for mechanical
ventilation did not differ between the patients with and those
without myocardial dysfunction; however, this result may be
confounded by our relatively small sample size.
Elevated cardiac troponin I level, although a fairly sen-

sitive and specific marker of myocardial cell injury, is
seen in several disease states, such as septic shock and
renal insufficency, in the absence of coronary artery dis-
ease.16 In a large prospective randomized study of adult
patients with septic shock, elevated troponin I level was
not associated with increased mortality, but its prognostic
role in predicting the severity of illness in septic shock was
unclear given the variation in assay technique and
timing.17 Our finding of an elevated troponin I level in
33% of our patients with septic shock concurs with previ-
ous reports.5,8

Acute kidney injury in septic shock is not well under-
stood but is thought to result from hemodynamic factors
(eg, hypoperfusion), as well as several nonhemodynamic
factors (eg, microvascular thrombosis, apoptosis), and is
associated with high morbidity in the pediatric popula-
tion.18 Our finding of acute kidney injury in 70% of our
patients at 24 hours is also consistent with the reported
incidence of acute kidney injury in children with sepsis
and septic shock.19 Cardiorenal syndrome, defined as
concomitant renal and cardiovascular dysfunction, is a
well described but poorly understood phenomenon in sep-
tic shock.20 In the present study, the incidence of acute kid-
ney injury was significantly higher in the patients with
myocardial dysfunction.
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A recent study of neonates with sepsis (n = 20) used tissue
Doppler analysis to evaluate myocardial dysfunction,
although systolic dysfunction and diastolic dysfunction
were not defined.21 A large prospective study of adults with
septic shock foundmyocardial dysfunction in 64%, including
LV diastolic dysfunction in 37%, LV systolic dysfunction in
27%, and right ventricular (RV) dysfunction in 31%,6

compared with the 53% prevalence of myocardial dysfunc-
tion in our pediatric cohort.

In an effort to account for the effects of body size on mea-
sures of ventricular function, we used z-scores based on a
normal population of children across the range of body sizes
encountered in pediatric practice. Following standard prac-
tice, we defined LV systolic dysfunction as an EF z-score or
fractional shortening z-score <�2. We also used nongeomet-
ric measures of systolic function through blood flow and tis-
sue Doppler analyses, understanding that the variable loading
conditions and increased heart rate frequently seen in septic
shock have a significant effect on all of these measures. As ex-
pected, systolic tissue Doppler indices (�s and IVA) correlated
with the geometric measures; however, the addition of non-
geometric measures did not improve the ability to detect LV
systolic dysfunction. Interestingly, a recent study reported
isolated LV systolic dysfunction in only 8% of adults with
septic shock,6 significantly lower than the 20% rate of isolated
LV systolic dysfunction seen in our cohort.

The importance of LV diastolic function, especially in the
setting of a dynamic cardiovascular response to fluid resusci-
tation in the early phase of septic shock, cannot be overem-
phasized. Even though there is no standard definition of
LV diastolic dysfunction in children, the velocity ratio of
blood flow Doppler-derived mitral valve inflow E wave to
the tissue Doppler-derived mitral valve �e wave (E:�e) has
been used to estimate LV filling pressures in adults.22,23 Pulse
wave Doppler-derived variables (such as the E:A) represent
flow toward the transducer rather than true flow across the
mitral valve. An abnormal E:A (ie, E:A z-score >2) usually re-
flects significant diastolic dysfunction and is usually preceded
by an abnormal mitral valve E:�e, and thus is less useful in the
scenario of pediatric septic shock. Despite its limitations in
discerning ventricular vs myocardial diastolic dysfunction,
E:�e is considered a reasonable surrogate for diastolic func-
tion, and thus we defined LV diastolic dysfunction as either
a medial or lateral annular mitral valve E:�e z-score >2.24

Although E:�e has been shown to independently predict mor-
tality in adults with septic shock,5,24 our study population
likely is too small to allow an evaluation of this relationship.
Our finding of isolated diastolic dysfunction in 16% of our
patients with septic shock does highlight the role of echocar-
diography in detecting this problem, particularly in terms of
predicting LV filling pressures in these patients. Echocardio-
graphic evaluation of myocardial function, especially in crit-
ically ill children, is user-dependent, and we observed
substantial interobserver variability in several echocardio-
graphic measures; however, this was similar to the variability
in echocardiographic measures recently reported in a large
study involving 8 pediatric clinical centers.25
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The present study has some limitations. First, we did not
assess the potential direct and indirect interactions between
diastolic dysfunction and mechanical ventilation in children
with septic shock. Second, we did not assess RV function in
our patients, particularly in terms of its role in the relationship
between venous capacitance and systemic vascular resistance.
However, RV dysfunction in septic shock has not been evalu-
ated in children, especially as it relates to factors such as me-
chanical ventilation, pulmonary vascular resistance,
hypoxemia, and medications.6 Tricuspid annular plane sys-
tolic excursion is a measure of RV systolic function that corre-
lates well with EF in adults and may be useful in children in
future studies. Third, systolic and diastolic function may be
associated not only with septic shock, but also with other dis-
ease states, such as pulmonary disease requiring mechanical
ventilation, with its consequent effects on cardiac loading con-
ditions. In other words, the role of cardiopulmonary interac-
tions in these patients cannot be overemphasized. Finally,
although our data suggest a tendency toward longer hospital
length of stay in patients with septic shock and myocardial
dysfunction, our sample size of 30 patients may be insufficient
to allowdetection of significant differences among the patients
with regard to secondary outcomes, such as mechanical venti-
lation, or an association of myocardial dysfunction with spe-
cific bacterial organisms, such asmethicillin-resistant S aureus.
The clinical utility of the echocardiographic findings in

children with septic shock and their potential implications
for the choice of vasoactive inotropic medications have not
yet been evaluated. Considering the heterogeneous patho-
physiology and etiology of sepsis in children, we still do not
fully understand the relationship between hemodynamics
and the child’s clinical status and course of sepsis; echocardio-
graphic evaluation of myocardial dysfunction provides only a
“snapshot” assessment at the time of the study. n
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Table IV. Interobserver variability in
echocardiographic parameters

Parameter

Variability, %

Mean ± SD Range

Mitral valve medial �s wave 1.9 � 5.9 0-29
Mitral valve lateral �s wave 2.9 � 9 0-40
Mitral valve IVA 24.7 � 18.2 0-81
MPI 9.8 � 6.3 1.6-24
Mitral valve E:A 14.1 � 13.5 0-30
Mitral valve medial E:�e 1.4 � 4.1 0-17
Mitral valve lateral E:�e 0.5 � 2.4 0-12

Figure 1. Profile of patient enrollment for septic shock.
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Figure 2. Receiver operating characteristic curve comparing
troponin I level and myocardial dysfunction in pediatric septic
shock.

Figure 3. Kaplan-Meier plot of PCCU length of stay and
myocardial dysfunction in pediatric septic shock.
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