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BACKGROUND: Amplitude spectral area (AMSA) predicts termination of fibrillation (TOF) with return of spontaneous circulation
(ROSC) and survival in adults but has not been studied in pediatric cardiac arrest. We characterized AMSA during pediatric
cardiac arrest from a Pediatric Resuscitation Quality Collaborative and hypothesized that AMSA would be associated with
TOF and ROSC.

METHODS AND RESULTS: Children aged <18 years with cardiac arrest and ventricular fibrillation were studied. AMSA was calcu-
lated for 2 seconds before shock and averaged for each subject (AMSA-avg). TOF was defined as termination of ventricular
fibrillation 10 seconds after defibrillation to any non-ventricular fibrillation rhythm. ROSC was defined as >20 minutes without
chest compressions. Univariate and multivariable logistic regression analyses controlling for weight, current, and illiness cat-
egory were performed. Primary end points were TOF and ROSC. Secondary end points were 24-hour survival and survival
to discharge. Between 2015 and 2019, 50 children from 14 hospitals with 111 shocks were identified. In univariate analyses
AMSA was not associated with TOF and AMS-Aavg was not associated with ROSC. Multivariable logistic regression showed
no association between AMSA and TOF but controlling for defibrillation average current and illness category, there was a trend
to significant association between AMSA-avg and ROSC (odds ratio, 1.10 [1.00-1.22] £=0.058). There was no significant as-
sociation between AMSA-avg and 24-hour survival or survival to hospital discharge.

CONCLUSIONS: In pediatric patients, AMSA was not associated with TOF, whereas AMSA-avg had a trend to significance for
association in ROSC, but not 24-hour survival or survival to hospital discharge.

REGISTRATION: URL: https:/www:.clinicaltrials.gov; Unique identifier: NCT02708134.
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ore than 5000 children experience a non-
Mtraumatic pediatric  out-of-hospital cardiac
arrest (OHCA) each year' and nearly 8000 chil-
dren in the United States receive in-hospital cardiopul-

monary resuscitation (CPR) each year,? with a rate of
2% to 6% in pediatric intensive care settings.>* Most

of these children do not survive to hospital discharge.®
Although survival to hospital discharge after pediatric
in-hospital cardiac arrest (IHCA) has improved over
the last 25 years from 9% to 13.7%57 to 35% (78.1%
with a favorable neurological outcome),® the variabil-
ity in survival rates suggests potential opportunities
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CLINICAL PERSPECTIVE

What Is New?

e Unlike adult cardiac arrest studies where am-
plitude spectral area (AMSA) may predict out-
comes of cardiopulmonary arrest, we found no
association in pediatric ventricular fibrillation
arrest between AMSA and termination of ven-
tricular fibrillation.

e Similar to adult out-of-hospital cardiac arrest
trials, we found a trend towards significance
between AMSA-average and return of sponta-
neous circulation in pediatric patients.

e Unlike adult cardiac arrest studies, we found no
association between AMSA-average and sur-
vival outcomes in pediatric ventricular fibrillation
arrest.

What Are the Clinical Implications?

e Factors specific to pediatric in-hospital cardiac
arrest are vastly different from adult out-of-
hospital cardiac arrest and may partially explain
why we saw no robust association between
AMSA and termination of ventricular fibrillation.

e Children are more likely to suffer in-hospital
cardiac arrest that is witnessed and monitored,
while adults are more likely to experience a sud-
den cardiac arrest that is out-of-hospital, and
more often related to coronary artery disease,
unwitnessed, and unmonitored which may ex-
plain differences in adult and pediatric AMSA
findings.

e Further study in pediatrics on much larger pop-
ulations in each of the age categories (infant,
child, adolescent) are needed, and will need
to be analyzed in subgroups of children with
congenital/acquired heart disease versus those
without heart disease.

Nonstandard Abbreviations and Acronyms

AMSA amplitude spectral area

AMSA-avg AMSA-average

IHCA in-hospital cardiac arrest

OHCA out-of-hospital cardiac arrest

pediRES-Q The Pediatric Resuscitation
Quality Collaborative

TOF termination of fibrillation

for improvement.>'° Ventricular fibrillation (VF) and
pulseless ventricular tachycardia (pVT) are among the
most common causes of cardiac arrest in adults but
are much less common causes of cardiac arrest in
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children. In children, cardiac arrests are more typically
the consequence of progressive respiratory failure or
shock, with electrocardiographic asystole or pulseless
electrical activity, rather than primary arrhythmogenic
events. A 2006 multicenter registry report identified
VF or pVT in 27% of patients with IHCA."" Shockable
rhythms must be immediately treated with electric
shock(s) and high-quality CPR.% Although defibrilla-
tors are widely used and evidence-based guidelines
exist for adults, defibrillation in children is based on
limited evidence and unanswered questions still per-
sist about the optimal treatment of pediatric shockable
rhythms.12-15

Early defibrillation in conjunction with chest com-
pressions can allow for return of spontaneous circu-
lation (ROSC) after cardiac arrest with a shockable
rhythm.'®'” Timing of defibrillation in relationship to
chest compressions, however, is a subject of major
interest because it is difficult to determine the pri-
ority of CPR interventions (ie, defibrillation first or
chest compressions first)." For shockable rhythms
the current American Heart Association Pediatric
Advanced Life Support Guidelines recommend im-
mediate defibrillation with an initial dose of 2 to 4 J/
kg of monophasic or biphasic energy for defibril-
lation, but for ease of teaching, an initial dose of
2 J/kg may be considered. For refractory VF/pVT,
it is recommended to increase the dose to 4 J/kg
and for subsequent energy levels a dose of 4 J/kg
may be reasonable and higher energy levels may
be considered, though not to exceed 10 J/kg or the
adult maximum dose.®>'® Subsequent defibrillations
for refractory VF/pVT are recommended to be at-
tempted on a time-based protocol (ie, after every
2-minute cycle of chest compressions) without any
evaluation of the pathophysiological pattern of the
arrested myocardium over time.'®=22 Thus, the cur-
rent time-based defibrillation algorithm may lead to
futile defibrillation attempts and unnecessary chest
compression interruptions, potentially worsening
outcome.

Features of the ECG waveform during VF, such as
frequency and amplitude-related information, may help
identify when the myocardium can be successfully
defibrillated and ultimately lead to a perfusing rhythm
sooner.232* Amplitude spectral area (AMSA) describes
the amplitude-weighted mean frequency and reflects
the summed product of VF frequency and signal
amplitude. AMSA has been shown to correlate with
coronary perfusion pressure during chest compres-
sions®>2% and with myocardial energy phosphate con-
centrations.?” Furthermore, AMSA has been shown to
predict defibrillation success and ROSC in both ani-
mal?®282% and adult cardiac arrest studies,?3°-% as
well as survival to hospital discharge.®® In contrast,
there have been no studies investigating AMSA and
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defibrillation success for shockable rhythms in pedi-
atric cardiac arrest to date. Therefore, we sought to
characterize defibrillation outcomes and AMSA values
during pediatric cardiac arrest from a pediatric resus-
citation quality (pediRES-Q) collaborative consortium.
The goal was to test the hypothesis that AMSA is asso-
ciated with termination of fibrillation (TOF) and ROSC.
We also investigated the association of AMSA-average
(AMSA-avg) values with 24-hour survival and survival
to hospital discharge.

METHODS

Design and Setting

The data that support the findings of this study are
available from the corresponding author (T.T.R.) upon
reasonable request. This was a convenience sample
of data collected from the pediRES-Q Collaborative
(ClinicalTrials.gov: NCT02708134). The pediRES-
Q Collaborative is a large, multi-center international
pediatric resuscitation quality improvement network
(Appendix). The study was approved by local institu-
tional review boards (United States) or research eth-
ics boards (Europe and Canada) and met criteria for
a waiver of consent per code of Federal Regulations
45 CFR 46.116(d) and 45 CFR 46.408(a) https:/www.
hhs.gov/ohrp/regulations-and-policy/regulations/45-
cfr-46/index.html—46.116. An additional Data Use
Agreement was obtained per local institutional regu-
lations. Strict compliance with the Health Insurance
Portability and Accountability Act to ensure patient
confidentiality was maintained at all times.

Population

This study includes patients with cardiac arrest from
hospitals participating in the pediRES-Q collabora-
tive. A convenience sample of cardiac arrest events
(that were entered in the collaborative database) in
children aged <18 years with cardiac arrest and VF,
and those who had complete CPR quality metric data
captured from the bedside defibrillator (ZOLL R-Series,
Chelmsford, MA) were studied. Only the index (initial)
cardiac arrest event was analyzed per patient. Events
with defibrillation attributable to ventricular tachycar-
dia, inappropriate shocks (ie, sinus rhythm, supraven-
tricular tachycardia, conduction block, asystole, paced
rhythm), ECG noise or drift, and unavailable AMSA val-
ues were excluded.

ECG Analyses

Electronic waveform data were recorded from the de-
fibrillator pads to the monitor/defibrillator at a sampling
rate of 250 samples/s, then downloaded and analyzed
with customized software (Matlab Mathworks, Natick,
MA) in accordance with previous studies.?* Briefly, the
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ECG signals were filtered (2 Hz high pass, 48 Hz low
pass) to remove noise. AMSA was then computed
as the sum of products of individual frequencies and
their amplitude, where Ai represents the amplitude at
the ith frequency, Fi.?* The analysis was performed on
a 512-point window (=2 seconds of ECG signal at a
sample rate of 250 Hz); a Tukey window was used to
reduce edge effects.?* In a majority of cases (98/111
shocks), the AMSA analysis was performed on the
ECG signal =2.5 seconds before shock, only if there
was no CPR artifact in the ECG signal. However, if a
CPR-related noise was present immediately before the
shock, then the ECG record was scanned temporally
for up to 1 minute before the defibrillation shock to find
a 2-second ECG signal free of CPR artifact which was
closest to the shock reference point to calculate the
AMSA value (13/111 shocks).

In addition to calculating AMSA for each shock,
AMSA was also averaged over all shocks within a sub-
ject to calculate AMSA-avg, as per a previous study.3?
The average of AMSA was chosen to allow for an
overall representation of the VF waveform as AMSA
values can vary over time.®3 The post-shock defibrilla-
tion outcome was also analyzed, and assigned binary
values of 0 or 1, depending upon the presence of VF
or TOF, respectively. Three independent investigators
(TT.R., D.L.A., SV.P) reviewed all Zoll defibrillator files
and confirmed VF and TOF. TOF was defined as ter-
mination of VF 10 seconds after defibrillation to any
rhythm other than VF. ROSC was defined as >20
minutes without chest compressions; ROC-ECMO
was defined as the return of circulation by means of
ECMO. Delta AMSA (dAMSA) was also calculated in
patients with at least 2 shocks and was defined as
AMSA at the second shock (AMSA,)—AMSA at the
first shock (AMSA,). Prior adult studies have shown
in the early phase of VF OHCA, both a high AMSA
and an increase in AMSA (JAMSA) indicated a high
likelihood of a successful defibrillation.®*%° Figure 1
shows an ECG example during VF, with accompany-
ing AMSA calculations and the CPR artifact signals.
The AMSA value for the VF signal 2.5 seconds before
shock was calculated to be 18.37 mV-Hz in this case.
A prior adult OHCA study that calculated AMSA using
the same ECG analyses methods used in our work,
found that AMSA threshold for all defibrillation suc-
cess was 15.5 mV-Hz.%6

The CPR artifact is seen to be absent before
shock, and only present for a few seconds post-
shock. Defibrillation outcome was seen to be 1 (TOF),
at 10 seconds post-shock. Finally, we also recorded
all-shock parameters associated with each defibrilla-
tion as shown for this case; these included the shock
energy selected on the defibrillator (70 J), the actual
energy delivered (85.3 J), the current delivered (11.9 A),
and the trans-thoracic impedance (78 Q).
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Figure 1. Shock 1 parameters.

AMSA indicates amplitude spectral area; and CPR, cardiopulmonary resuscitation.

Data Collection

A data collection form with 100 data elements
was created which aligns with the American Heart
Association’s Get with the Guidelines-Resuscitation
cardiopulmonary arrest patient management tool
(http://www.heart.org/idc/groups/heart-public/@priva
te/@wcm/@hcm/@gwtg/documents/downloadable/
ucm_457481.pdf). Data on each resuscitation event
were collected by a site investigator or research staff.
Research staff at each site designated to perform
data entry were required to complete a 1-hour training
session by the Data Coordinating Center (Children’s
Hospital of Philadelphia) consisting of a 1-on-1 live we-
binar before database access. Data were entered into
and managed using Research Electronic Data Capture
electronic data capture tools coordinated and hosted
at The Children’s Hospital of Philadelphia under an
agreement with the software’s development consor-
tium, led by Vanderbilt University. Finally, once entered,
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each event record went through a manual review by
the Data Coordinating Center to be approved and
added to the data set.

Statistical Analysis

Demographic characteristics and clinical data are
summarized using descriptive statistics. Median and
interquartile ranges (IQR) were used for reporting
continuous variables since AMSA was not normally
distributed. Count and percentage were used for
categorical variables. Univariate associations were
evaluated between TOF and AMSA at all shocks, and
between AMSA-avg value and survival outcomes
(ROSC, 24-hour survival and survival to discharge) by
using simple logistic regressions. Primary end points
were TOF and ROSC. Secondary end points were
24-hour survival and survival to hospital discharge.
Then multivariable logistic regression models were
used to assess the association between AMSA-avg
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and ROSC/survival outcomes after adjusting for aver-
age defibrillation current and iliness category (cardiac
versus noncardiac). Generalized estimating equations
method with an exchangeable working correlation
structure was used in the all-shock regression analysis
to account for the multiple shocks within same patient.
Sensitivity analysis of the 98 shocks where the AMSA
analysis was performed on the ECG signal =2.5 sec-
onds before shock was also calculated. Lastly, an ROC
curve analysis using AMSA-avg to predict ROSC was
performed. Sensitivity, specificity, positive predictive
value, and negative predictive value were calculated
and reported. Data analyses were performed using
Excel and the statistical packages SAS version 9.4
(SAS Institute, Inc., Cary, NC).

RESULTS

Between October 2015 and November 2019, there
were 125 children who received 331 shocks from the
pediRES-Q database. Seventy-five children with 220
shocks were excluded. A total of 111 shocks for VF
were analyzed for AMSA in 50 children from 14 hos-
pitals (Figure 2). A breakdown revealed that of the 111
shocks, 39 were shock 1, 21 shock 2, 17 shock 3, 12
shock 4, 7 shock 5, 3 Shock 6, 3 shock 7, 1 shock
8, 2 shock 9, 2 shock 10, 1 shock 11, 1 shock 13, 1
shock 14, and 1 shock 15. IHCA occurred in 47 chil-
dren and OHCA in 3 children. The patient and resus-
citation characteristics of the subjects is depicted in
Table 1. The median age was 3.7 years [IQR, 0.6-13.1],
median weight 16.3 kg [IQR, 6.9-37.2], with 46% male
and 73% with a cardiac illness category. Sixty-four per-
cent of the events had an immediate cause of arrhyth-
mia, 78% of the IHCA events occurred in an intensive
care unit or emergency room, and 52% were on con-
tinuous vasoactive infusions. We analyzed 111 shocks
with a median number of defibrillations of 1.0 [IQR,
1.0-3.0], median defibrillation energy dose of 3.27 J/
kg [IQR, 2.65-5.01], median defibrillation current of
0.64 A/kg [IQR, 0.38-0.96], median AMSA of 12.21
[IQR, 7.17-17.93], and median AMSA-avg of 14.6 [IQR,
8.6—19.2]. TOF was achieved in 72 defibrillations (65%),
ROSC in 31 (62%), ROC-ECMO in 11 (22%), 24-hour
survival in 40 (80%), and survival to hospital discharge
in 28 (56%). Of the 26 children who survived to hospi-
tal discharge, 15 (58%) had favorable neurologic out-
come (Pediatric Cerebral Performance Category=1-2).
Table 2 depicts univariate predictors of resuscitation
outcome and Table 3 multivariate predictors of out-
come. Controlling for average defibrillation current and
illness category, there was a trend toward significant
association between AMSA-avg and ROSC (odds ratio
[OR], 1.10 [1.00-1.22]; P=0.058). Additionally, defibrilla-
tion average current was also significantly associated

J Am Heart Assoc. 2021;10:e020353. DOI: 10.1161/JAHA.120.020353

AMSA in Pediatric Cardiac Arrest

with ROSC (OR, 1.13 [1.01-1.26]; P=0.03). There was
no significant association between AMSA-avg and 24-
hour survival or survival to hospital discharge.

No statistically significant differences in AMSA-avg
were noted between ROSC and ROC-ECMO groups
(Figure 3A). Similarly, no differences were found for
median AMSA between patients with TOF and those
without TOF when comparing all individual shocks
(Figure 3B). Figure 3C depicts the ROC analysis for
AMSA-avg. For ROSC, the area under the curve was
0.61. For a sensitivity of 77% to predict ROSC, the
AMSA-avg threshold was 9.7 mV-Hz, giving a speci-
ficity of 53%, a positive predictive value of 73%, and a
negative predictive value of 59%.

Figure 4 depicts the change in AMSA (dAMSA) for
consecutive shocks during the VF event. Analyses
were done for both the first and second shocks as well
as consecutive shocks at any time during the VF event.
Delta AMSA was calculated by subtracting AMSA
shock, from AMSA shock; (consecutive shocks, may
or may not be first and second shocks). There were no
statistically significant differences in dAMSA between
patients who achieved TOF versus those who did not
achieve TOF in either first or second shock analysis
or analysis at any time during the VF event. We also
calculated the trans-thoracic impedance for all VF
shock;, and found this to be 75 Q (IQR, 54-84) with
the distribution of values across the 39 subjects noted
in Figure S1.

Finally, we performed a sensitivity analysis remov-
ing the 13/111 shocks where the AMSA value was cal-
culated for up to 1-minute to find a 2-second window
free of any artifact, and which was closest to the shock
reference point. This sensitivity analysis resulted in no
change from our overall findings.

DISCUSSION

To our knowledge, this is the first study to report on
AMSA and defibrillation success for VF pediatric car-
diac arrest. Our results show that there is no associa-
tion between AMSA and TOF in pediatric VF arrest;
this is unlike adult VF cardiac arrest where AMSA is
predictive for shock success in both the first as well
as subsequent shocks.?>2434 We did, however, find a
trend towards significance between AMSA-avg and
ROSC in pediatric patients, which is similar to adult
OHCA trials.®3-36 Additionally, we found no association
between AMSA-avg and 24-hour survival or survival to
hospital discharge, which is in contrast to findings from
adult OHCA VF studies.3-%6

AMSA has been shown to predict successful de-
fibrillation in animals and muiltiple adult OHCA stud-
ies,?420.34-88 \ith AMSA values significantly greater
in successful defibrillation (defined as restoration of a
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Pediatric Cardiac Arrest with
Defibrillation
(N = 125 children with 331 shocks)

v

Defibrillation for VF
(N =50 children with 111 shocks)

Termination of Fibrillation
72/111 (65%)

ROSC 31/50 (62%)
ROSC with ECMO 11/50 (22%)

24-hour Survival 40/50 (80%)

Survival to Discharge 26/50 (52%)

Shocks Excluded:

148 Organized rhythm

26 Paced rhythm

12 Noisy ECG/drift

16 Asystole

18 VF but inadequate AMSA
(N =75 children 220 shocks)

Figure 2. Patient selection cohort.

AMSA indicates amplitude spectral area; ECMO, extracorporeal membrane oxygenation; ROC-
ECMO, return of circulation by means of ECMO (extracorporeal membrane oxygenation); ROSC,
return of spontaneous circulation; and VF, ventricular fibrillation.

perfusing rhythm) compared with unsuccessful de-
fibrillation. For example, in analyzing 2447 shocks from
1050 patients in a derivation database (median age,
69.5 years), Ristagno et. al. found that AMSA was sig-
nificantly higher in a successful defibrillation shock com-
pared with a failed one (13«5 versus 6.8+3.5 mV-Hz,
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mean+SD), and area under the curve-ROC for de-
fibrilation success was 0.86.3% The predictive ability
for AMSA has been demonstrated in both initial de-
fibrillation attempts as well as subsequent defibrilla-
tion attempts in adults with OHCA VF.?* In our current
analysis for pediatric VF cardiac arrest, we found no
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Table 1. Patient and Resuscitation Characteristics of Trial
Subjects (n=50)
Age, y 3.7 [0.6-13.1]
Weight, kg 16.3 [6.9-37.2]
Women 27 (54)
liness category
Cardiac, medical or surgical 35 (73)
Noncardiac, medical or surgical 13 (27)
Location of arrest
Cardiac ICU 13 (26)
Neonatal ICU 1@
Pediatric ICU 22 (44)
Emergency department 3 (6)
Other 8 (16)
QOut-of-hospital 3 (6)
Preexisting conditions at time arrest
Cardiac malformation 27 (54)
Noncardiac malformation 7 (14)
Metabolic/electrolyte abnormality 8 (16)
Renal insufficiency 8 (16)
Respiratory insufficiency 24 (48)
Hypotension 14 (28)
Congestive heart failure 15 (30)
Interventions in place at time arrest
Arterial catheter 19 (38)
Continuous vasoactive agent 26 (52)
Continuous anti-arrhythmic 6 (12)
ECG 31 (62)
Pulse oximeter 37 (74)
Supplemental oxygen 26 (52)
Vascular access 41 (82)
Mechanical ventilation 23 (46)
Immediate cause of arrest
Arrhythmia 32 (64)
Hypotension/hypoperfusion 8 (16)
Hypoxia/respiratory insufficiency 10 (20)
Pharmacologic interventions
Epinephrine 44 (88)
Sodium bicarbonate 21 (42)
Calcium chloride/gluconate 29 (58)
Lidocaine 11 (22)
Atropine 6(12)
Magnesium sulfate 14 (28)
No. defibrillation attempts 1[1-8]
Initial rhythm
Pulseless 38 (76)
Pulse then pulseless 5 (10)
Unknown 7 (14)
Initial pulseless rhythm
Asystole 48
(Continued)
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Table 1. Continued

PEA 10 (20)

VF 16 (32)

pvT 16 (32)

Unknown 4(8)
Defibrillation dose, J/kg 3.27 [2.65-5.01]
Defibrillation current, A/kg 0.64 [0.38-0.96]
AMSA, mV-Hz 12.21 [7.17-17.93]
AMSA-average, mV-Hz 14.6 [8.6-19.2]
Total number of shocks 111
E-CPR 18 (36)
Daytime (07:00-22:59) 36 (72)
Epinephrine doses

1 dose 8(16)

2-4 doses 10 (20)

>5 doses 26 (52)
Duration CPR

<15 min 14 (28)

15-30 min 13 (26)

>30 min 20 (40)

Unknown 3 (6)
CC metrics*

CC rate, CC/min 119 (112-125)

CC depth, cm 3.9 (2.7-5.8)

CC fraction 84% (76%-91%)
Outcomes

TOF 72 (65)

ROSC 31 (62)

ROC-ECMO 11 (22)

24-h survival 40 (80)

Survival to hospital discharge 28 (56)
Hospital discharge PCPC score

Normal 8 (31)

Mild disability 7(27)

Moderate disability 6 (23)

Severe disability 1)

Coma/vegetative state 0(0)

Brain death 0(0)

Unknown 4 (15)

Values are mean+SD, %, median [interquartile range], or n (%), unless
otherwise noted. AMSA indicates amplitude spectral area; CC, chest
compressions; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal
membrane  oxygenation; E-CPR, extracorporeal cardiopulmonary
resuscitation; ICU, intensive care unit; PCPC, pediatric cerebral performance
category; PEA, pulseless electrical activity; pVT, pulseless ventricular
tachycardia; ROC-ECMO, return of circulation by the means of ECMO
(extracorporeal membrane oxygenation); ROSC, return of spontaneous
circulation; TOF, termination of fibrillation; and VF, ventricular fibrillation.

*n=38 with chest compression metric data.

association between AMSA and TOF, defined as any
rhythm other than VF, for either initial defibrillation at-
tempts or subsequent defibrillation attempts. Although
not statistically significant, the median values of AMSA
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Table 2. Univariate Predictors of Resuscitation Outcome

AMSA in Pediatric Cardiac Arrest

Variable TOF

ROSC

24-h Survival Survival to Discharge

AMSA-shock,

P Value 0.55

OR (95% Cl), per 1.04 (0.92-1.16)
mV-Hz

AMSA-all shocks

P Value 0.28

OR (95% Cl), per 1.05 (0.97-1.13)
mV-Hz

AMSA-average

P Value 0.19

0.72 0.16

OR (95% Cl), per
mV-Hz

1.06 (0.97-1.15)

1.02 (0.93-1.12) 1.06 (0.98-1.15)

AMSA indicates amplitude spectral area; OR, odds ratio; ROSC, return of spontaneous circulation; and TOF, termination of fibrillation.

in our pediatric cohort did tend to be higher for those
associated with TOF (13.4 mV-Hz) compared with
those that did not (8.2 mV-Hz), similar to the findings
in adults. It is difficult to compare the values for AMSA
between adults and children, since we report median,
whereas adult studies report mean values; further un-
derlying cardiac electrophysiology/ECG may be very
different in adult versus pediatric patients. Additionally,
most of our cases were IHCA in a critical care loca-
tion which were likely attended to almost immediately,
whereas in patients with OHCA the median emergency
medical services arrival time was ~8 minutes.®®

Our definition for TOF, namely any rhythm other than
VF meeting criteria for successful defibrillation, was
unlike adult studies which have chosen to use com-
plex criteria to determine a “successful defibrillation
outcome” or “return of a potentially perusing rhythm”,
which was dependent upon a return of an organized
rhythm with heart rate=40 beats/min commencing
within 60 seconds post-shock.?* When we looked at
post-shock rhythms in our analyses, we noticed there
was usually immediate resumption of CPR post-shock
secondary to Pediatric Advanced Life Support guide-
line adherence. Further, because of the continuing
CPR, it was also not clear if spontaneous return of
perfusion had resumed, even if the VF had terminated.
We, therefore, reasoned that it would be simpler to
try and annotate the rhythm close to the post-shock
phase, ie, at 10 seconds, which is most directly related
to defibrillation outcome. The return of perfusion on the
other hand might be more complex, and also related to
the underlying etiology of VF, which is different in adults
(ischemia) compared with children.

An additional factor we considered as potentially in-
fluencing AMSA and TOF is the median trans-thoracic
impedance of children, which was 75 Q in our study.
Conversely, in adults during OHCA this value has been
reported to be 99 (13940; s, it is likely that kids may have
slightly lower trans-thoracic impedances. Explanations
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for this difference in adults and children are likely similar
to the reason Hunt et al*' found no significant associa-
tion for time elapsed from loss of pulse to first defibril-
lation attempt and survival to hospital discharge in a
large pediatric IHCA study, which contradicted that the
time to first defibrillation attempt for VF/pVT is associ-
ated with survival in large animal laboratory models,*
adult OHCA,*3 adult IHCA,** and recent pediatric OHCA
data.*® Factors specific to pediatric IHCA are vastly dif-
ferent from adult OHCA and may partially explain why
we saw no robust association between AMSA and TOF.
First, 78% of our cardiac arrests occurred in an intensive
care unit or emergency room, 82% had vascular access,
and the highly monitored status, rapid recognition with
nearly immediate CPR, and perfusion of myocardium
may attenuate the effects of AMSA on TOF. Second,
three quarters of our patients were critically ill, illustrated
by the high prearrest rates of hypotension and/or va-
sopressor administration (68%), respiratory insufficiency
(52%), and mechanical ventilation (46%). Finally, the wide
age range in our pediatric study consisting of infants,
children, and adolescents, as well as the fact most
children with VT/VF have an underlying cardiac pathol-
ogy (underlying congenital heart disease and/or post-
cardiac surgery) are likely contributing to why we did
not see the same results with AMSA that adult studies
have seen. To draw any meaningful conclusions, much
larger populations in each of the age categories (infant,
child, adolescent) are needed, and we will need to sep-
arate the analysis of children with heart disease versus
those without heart disease. These factors differentiate
children from adults, who experience a sudden cardiac
arrest that is more likely to be out of hospital, and more
often related to coronary artery disease, unwitnessed,
and unmonitored.

Animal studies have demonstrated that an AMSA-
driven approach, compared with guidelines-driven
protocols, were more effective and reduced the shock
burden (ie, cumulative number of ineffective shocks)
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Table 3. Multivariate Predictors of Resuscitation Outcome

AMSA in Pediatric Cardiac Arrest

Variable

TOF

ROSC

24-h Survival

Survival to Discharge

AMSA shock,

P Value

0.49

OR (95% ClI), per
mV-Hz

1.04 (0.93-1.18)

Defibrillation current, Amp

P Value

0.85

OR (95% Cl)

1.01 (0.90-1.14)

Noncardiac vs cardiac

P Value

0.48

OR (95% Cl)

0.52 (0.10-2.93)

AMSA-all shocks

P Value

0.36

OR (95% ClI), per
mV-Hz

1.04 (0.96-1.14)

Defibrillation current, Amp

P Value

0.92

OR (95% Cl)

1.00 (0.93, 1.06)

Noncardiac vs cardiac

P Value

0.33

OR (95% Cl)

0.55 (0.17-1.83)

AMSA-average

P Value

0.06

0.61

0.22

OR (95% ClI), per
mV-Hz

1.10 (1.00-1.22)

1.03 (0.92-1.14)

1.06 (0.97-1.16)

Defibrillation average current, Amp

P Value

0.03

0.50

0.25

OR (95% Cl)

113 (1.01-1.26)

1.04 (0.93-1.16)

0.95 (0.87-1.04)

Noncardiac vs cardiac

P Value

0.39

0.61

0.09

OR (95% Cl)

0.54 (0.13-2.20)

0.67 (0.14-3.22)

0.30 (0.08-1.21)

AMSA indicates amplitude spectral area; OR, odds ratio; ROSC, return of spontaneous circulation; and TOF, termination of fibrillation.

resulting in less post-resuscitation myocardial dysfunc-
tion and better short-term survival. This has provided
support for translational studies in sudden cardiac arrest
investigating whether AMSA—driven defibrillation pro-
tocols—by timing the defibrillation effort to myocardial
readiness for successful defibrillation—could be more
effective than time-fixed guidelines-driven protocols
resulting in less shock burden, less post-resuscitation
myocardial dysfunction, and better survival.*® As such,
there is a current adult multi-center, randomized, con-
trolled study in patients with OHCA underway in Europe
to test the hypothesis that real time AMSA analysis
during CPR (AMSA-guided CPR) may predict the suc-
cess of defibrillation and optimize the timing of defibril-
lation delivery compared with a standard-CPR group.*

With respect to secondary outcomes, we did find
a trend toward significance between AMSA-avg and
ROSC, which is similar to an adult witnessed OHCA
VF study in which AMSA-avg was associated with
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pre-hospital ROSC, hospital admission, and hospital
discharge.®3 A follow-up to that study by Indik and col-
leagues evaluated adult VF OHCA and also found that
AMSA-avg was highly associated not only with survival
to hospital discharge, but also survival with good neu-
rologic outcome.®” Additionally, these authors were
able to demonstrate that AMSA-avg could predict re-
suscitation outcome independent of chest compres-
sion quality. Unlike these adult reports we found no
association between AMSA-avg and 24-hour survival
or survival to hospital discharge, nor did we find an
association of changes in AMSA (dAMSA) and TOF
for the initial shock or subsequent shocks. Because
of small numbers and potential additional confound-
ing factors (eg, diverse underlying etiologies and con-
ditions, quality of CPR delivered) and small numbers
of patients, we were not surprised and did not power
the study to find associations of AMSA with 24-hour
survival or hospital discharge. Factors that could be
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important to consider include the population subgroup
(children), setting (IHCA for the most part), etiology of
cardiac arrest in children being different than adults, or
simply a small sample size.
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Figure 3. Comparison of AMSA and AMSA-avg in patients
with ROSC and TOF compared with those without ROSC and
TOF.

A, Patients with ROSC had a median AMSA-avg of 14.7 mV-Hz
compared with 9.7 mV-Hz in patients without ROSC (P=0.19). B,
Patients with TOF had a median AMSA of 13.4 V-Hz compared
with 8.2 V-Hz in patients who did not have TOF (P=0.42). C, For
AMSA-avg in ROSC, the area under the curve was 0.61. For a
sensitivity of 77% to predict ROSC, the AMSA-avg threshold was
9.7 mV-Hz, giving a specificity of 53%, a positive predictive value
of 73%, and a negative predictive value of 59%. AMSA indicates
amplitude spectral area; AMSA-avg, amplitude spectral area-
average; ROC, receiver operator curve; ROSC, return of
spontaneous circulation; and TOF, termination of fibrillation.

Limitations

We recognize important limitations of this study. First,
the study was retrospective and is of a small sample
size; nevertheless, even obtaining this data set (50
patients, 111 shocks) has taken 4 years, indicating
the challenge of collecting sufficient data in a reason-
able timeframe for pediatric cardiac arrest. We have
grouped together all pediatric patients, although the
cardiac electrophysiology/ECG and thus, VF charac-
teristics might vary with age as well. Analyses were
restricted to patients with analyzable VF data and
known shock outcome. Given the known and not
fully avoidable limitations of all retrospective studies,
to minimize biases and to improve accuracy of our
data, all VF cases with a defibrillation attempt were
included in the study, and computation of VF param-
eters was performed by one of the co-authors (S.V.P.)
who was unaware of clinical outcomes, which were
adjudicated concurrently by 2 experienced physi-
cians (T.T.R., D.L.A)) on the basis of a predefined cri-
terion for defibrillation outcome. Second, AMSA was
calculated only during the pre-defibrillation hands-off
time and not in real time during chest compressions.
A majority of AMSA calculations (=88% or 98/111
shocks) were made on ECG strips within 2.5 sec-
onds before shock. For 13 shocks, we had to go
back in time to get a CPR artifact-free ECG signal,
the average of the time durations for when AMSA
was calculated for these 13 shocks before the shock
was 16.5+13.18 seconds (mean+SD). This was done
because the number of analyzable shocks/patients
were small, so we attempted to get additional data.
Sensitivity analysis removing these 13 shocks re-
vealed no differences in our results. The definition
of defibrillation success used was TOF defined as
any rhythm other than VF and included asystole and
pulseless electrical activity because while they may
be considered successful termination of VF, they are
not associated with ROSC. Finally, we did not ana-
lyze the role of well performed chest compressions,
drug therapy during resuscitation, and their effects
upon the waveform and resuscitation outcome, or
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Figure 4. Delta AMSA (dAMSA) in patients with and without TOF.

A, The dAMSA in 14 patients with >2 shocks (11 TOF, 3 no TOF) calculated by subtracting
AMSA shock, from AMSA shock,. Area under the curve for JAMSA is 0.61 and area under the
curve for AMSA shock;, is 0.56. B, dJAMSA in 22 patients with >2 shocks (16 TOF, 6 without
TOF) calculated by subtracting AMSA shock, from AMSA shock, (consecutive shocks, may or
may not be first and second shocks). area under the curve for dAMSA is 0.51 and area under
the curve for AMSA at shock, is 0.72. The odds ratio of shock success was 1.16 for every
1 mV-Hz increase in AMSA value at first shock (P=0.14). AMSA indicates amplitude spectral

area; and TOF, termination of fibrillation.

consider post-resuscitation interventions, such as
therapeutic hypothermia.

CONCLUSIONS

In this population, the first to date (to our knowledge),
of largely in-hospital pediatric cardiac arrest with ven-
tricular fibrillation, AMSA-avg had a trend to signifi-
cance with ROSC, but not TOF or survival outcomes at
24 hours or hospital discharge. Future pediatric stud-
ies should investigate whether the VF waveform AMSA
can add an independent predictive value in a larger
cohort of pediatric patients suffering cardiac arrest
with shockable rhythms, in addition to other important

J Am Heart Assoc. 2021;10:e020353. DOI: 10.1161/JAHA.120.020353

determinants such as chest compression rate, depth,
chest compression fraction, and release velocity.
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Appendix S1. The pediRES-Q Collaborative Investigators: Kamal Abulebda, Riley Hospital for Children,
Indianapolis, IN, US; Diane Atkins, University of lowa Stead Family Children's Hospital, lowa City, IA, US; Shilpa
Balikai, University of lowa Stead Family Children's Hospital, lowa City, IA, US; Marc Berg, Lucile Packard Children's
Hospital, Palo Alto, CA, US; Robert Berg, The Children’s Hospital of Philadelphia, Philadelphia, PA, US; Utpal
Bhalala, Children’s Hospital of San Antonio, San Antonio, TX, US; Matthew S. Braga, Dartmouth-Hitchcock
Medical Center, Lebanon, NH, US; Corinne Buysse, Erasmus MC-Sophia Children’s Hospital, Rotterdam, NL;
Corrado Cecchetti, Ospedale Pediatrico Bambino Gesl, Rome, IT; Adam Cheng, Alberta Children's Hospital,
Calgary, AB, CA; Andrea Christoff, Children’s Hospital at Westmead, Sydney, NSW; Kelly Corbett, Dartmouth-
Hitchcock Medical Center, Lebanon, NH, US; Allan DeCaen, Stollery Children's Hospital, Edmonton, AB, CA; Gabry
delong, Erasmus MC-Sophia Children’s Hospital, Rotterdam, NL; Jimena del Castillo, Hospital Maternoinfantil
Gregorio Marafion, Madrid, ES; Maya Dewan, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, US;
Aaron Donoghue, The Children’s Hospital of Philadelphia, Philadelphia, PA, US; Jordan Duval-Arnould, Johns
Hopkins University School of Medicine, Baltimore, MD, US; Ivie Esangbedo, UT Southwestern Dallas Children’s
Medical Center, Dallas, TX, US; Michael Flaherty, Massachusetts General Hospital, Boston, MA, US; Stuart Friess,
St. Louis Children’s Hospital, St. Louis, MO, US; Sandeep Gangadharan, Mount Sinai Kravis Children’s Hospital,
New York, NY, US; Orsola Gawronski, Ospedale Pediatrico Bambino Gestl, Rome, IT; Jonathan Gilleland, Alberta
Children's Hospital, Calgary, AB, CA; Heather Griffis, Healthcare Analytics Unit, The Children’s Hospital of
Philadelphia, Philadelphia, PA, US; Richard Hanna, The Children’s Hospital of Philadelphia, Philadelphia, PA, US;
Helen Harvey, Rady Children’s Hospital, San Diego, CA, US; llana Harwayne-Gidansky, Stony Brook Hospital,
Stony Brook, NY, US; Sarah Haskell, University of lowa Stead Family Children's Hospital, lowa City, IA, US; Jennifer
Hayes, Children’s Hospital of Orange County, Los Angeles, CA, US; Kiran Heber, Children’s Healthcare of Atlanta,
Atlanta, GA, US; Betsy Hunt, Johns Hopkins University School of Medicine, Baltimore, MD, US; Takanari lkeyama,
Aichi Children's Health and Medical Center, Obu, Aichi, JP; Priti Jani, The University of Chicago Medicine Comer
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Philadelphia, PA, US; Aarhus University Hospital, Aarhus, DK; Tara Lemoine, Valley Children’s Hospital, Madera,
CA, US; Tensing Maa, Nationwide Children’s Hospital, Columbus, OH, US; Dori-Ann Martin, Alberta Children's
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Figure S1. The distribution of defibrillation current (Ohms) for the first shock (shockai)

among the 39 subjects with defibrillation for VF (ventricular fibrillation).
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