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defibrillator (AED); in automated external defibrillators (AEDs) have been tested against pediatric patient rhythms
(patients <8 years old) using adult ECG algorithm criteria. However these adult algorithms
may fail to detect non-shockable pediatric tachycardias because they do not account for the
difference in the rates of normal sinus rhythm and typical tachyarrhythmias in childhood.
Methods: This study was designed to define shockable and non-shockable rhythm detection cri-
teria specific to pediatric patients to create a pediatric rhythm database of annotated rhythms,
to develop a pediatric-based AED rhythm analysis algorithm, and to test the algorithm’s accu-
racy. Pediatric rhythm detection criteria were defined for coarse ventricular fibrillation, rapid
ventricular tachycardia, and non-shockable rhythms, including pediatric supraventricular tachy-
cardia. Pediatric rhythms were collected as sustained, classifiable, rhythms >9s in length, and
were annotated by pediatric electrophysiologists as clinically shockable or non-shockable based
on pediatric criteria. Rhythms were placed into a pediatric rhythm database; each rhythm was
converted to digitally accessible, public-domain, MIT rhythm data format. The database was
used to evaluate a pediatric-based AED rhythm analysis algorithm.
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Results: Electrocardiographic rhythms from 198 children were recorded. There were 120 shock-
able rhythms from 49 patients (sensitivity; coarse ventricular fibrillation: 42 rhythms, 100%; rapid
ventricular tachycardia: 78 rhythms, 94%), for combined sensitivity of 96.0% (115/120). There
were 585 non-shockable rhythms from 155 patients (specificity normal sinus: 208 rhythms, 100%;
asystole: 29 rhythms, 100%; supraventricular tachycardia: 161 rhythms, 99%; other arrhythmias:
187 rhythms, 100%), for combined specificity of 99.7% (583/585). Overall accuracy for shockable
and non-shockable rhythms was 99.0% (702/709).

Conclusions: New pediatric rhythm detection criteria were defined and analysis based on
these criteria demonstrated both high sensitivity (coarse ventricular fibrillation, rapid ven-
tricular tachycardia) and high specificity (non-shockable rhythms, including supraventricular
tachycardia). A pediatric-based AED can detect shockable rhythms correctly, making it safe and

exceptionally effective for children.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Introduction

Automated external defibrillators (AEDs) are available in
increasing numbers and are recommended for use by
first responders, emergency medical personnel, hospi-
tal personnel and the trained lay public."? They are
replacing manual defibrillators in some emergency med-
ical settings such as hospitals and urgent care clinics.?
The need to modify the equipment to permit safe
use during pediatric cardiac arrest has been supported
by an increased awareness of ventricular arrhythmias
in children during both out-of-hospital and in-hospital
arrest.*~7 Safe use in children has required attenuation
of the energy dose and validation that the rhythm algo-
rithm has high sensitivity and specificity for pediatric
rhythms.®

Electrocardiographic (ECG) rhythm analysis algorithms
from two AEDs have been evaluated using pediatric patient
rhythms (patients <8 years old).>'° The tested algorithms
were originally designed using adult ECG detection criteria.
The specificity and sensitivity for these two manufacturers
was high for both non-shockable rhythms and ventricular
fibrillation. However both were below the American Heart
Association’s recommendation for specificity for ventricular
tachycardia." Algorithms using adult thresholds for detec-
tion of shockable pediatric tachycardia have resulted in
decreased accuracy. Adult algorithms may fail to identify
non-shockable pediatric tachycardias correctly because they
do not account for the difference in the wide spectrum of
normal heart rates, QRS morphologies and tachyarrhyth-
mias seen in children. Additionally, the rhythms were
collected using the proprietary software of the individual
manufacturers, limiting usefulness for testing other man-
ufacturers’ algorithms. A pediatric rhythm database that
can be used to test future algorithms has not been devel-
oped.

The objectives of this study were to define shockable
and non-shockable rhythm detection criteria specific
for pediatric patients, to develop a pediatric-based AED
rhythm algorithm for use in ZOLL AEDs, and determine the
accuracy of this algorithm. This pediatric rhythm database
of annotated rhythms could be used to test future device
algorithms.

Methods

Definition of pediatric rhythms

Pediatric rhythm detection criteria were defined for coarse
ventricular fibrillation, rapid ventricular tachycardia, and
non-shockable rhythms, including pediatric supraventricu-
lar tachycardia. Definitions of rhythms were established by
consensus five pediatric electrophysiologists (DA, WS, AB,
IL, MD) and are presented in Table 1.

Rhythm collection and annotation

Pediatric rhythms were collected retrospectively from the
electrophysiologic catheterization libraries at the partici-
pating institutions. Rhythms were obtained and recorded
during intracardiac evaluation and testing of children <8
years with clinical arrhythmias. Rhythms were recorded with
standard ECG electrodes. Acquisition software included the
EP MEDSystem™, Prucka Cardiolab 400™ and Draeger™.
Lead Il was the preferred lead but if Lead Il was not avail-
able, V5 was chosen. Electronically acquired and stored
rhythms >9s in length were converted to digitally acces-
sible, public-domain, MIT rhythm data format with sampling
rate of 250 samples/s and 12 bit resolution where the scaling
was 4.9 nV/bit.

The rhythms were printed and distributed to three pedi-
atric electrophysiologists (DA, WS, AB) who were blinded
to institutional source and original interpretation of the
rhythm. The cardiologists assumed that the patient was
<8 years of age and was unresponsive. The rhythms were
annotated by the cardiologists as clinically shockable, non-
shockable, or intermediate based on the previously agreed
pediatric criteria. Specific rhythm diagnoses were assigned
to the strips based on interpretations from the three pedi-
atric electrophysiologists. Disagreements were resolved by
consensus.

Performance statistics for both the pediatric and adult
algorithms were generated by running the ZOLL Advisory
Algorithm against the rhythm strips, then comparing the
results against the cardiologist assigned rhythm diagnosis.
The sensitivity and specificity of the rhythms was calcu-



170

D.L. Atkins et al.

Table 1  Pediatric rhythm definitions

Shockable rhythm definitions
Ventricular fibrillation

Rapid ventricular tachycardia

Non-shockable rhythm definitions
Normal sinus rhythm

Supraventricular tachycardia (ABN)

Supraventricular and ventricular rhythms (ABN)

Idioventricular rhythms (ABN)

Asystole
Intermediate rhythm definitions
Fine ventricular fibrillation

Intermediate ventricular rhythms

Uncoordinated ventricular depolarizations. Minimum of five complexes
with an average >0.2 mVpp during a 3 s window

Absence of P waves. Rate >200 beats per minute (bpm) (R—R interval
<300ms). QRS complex width >160 ms. Includes monomorphic or
polymorphic ventricular tachycardia, and ventricular flutter. Minimal (or
no) isoelectric activity

Complexes are sinus in origin. Does not satisfy the criteria of
supraventricular arrhythmias

Complexes show supraventricular origin. Rate >180bpm. QRS duration
<120 ms. R—R interval variability <20%

Supraventricular arrhythmias that do not qualify as NSR or
supraventricular tachycardia with or without AV block and
bundle-branch block. Includes atrial fibrillation, atrial flutter, junctional
and sinus rhythm, arrhythmias with premature atrial junctional, or
ventricular complexes. Complex width <160 ms

Ventricular complexes only, no supraventricular complexes.
Monomorphic or polymorphic. Rate <100 bpm. At least one complex
>0.3mVpp

Absence of consistent electrical activity of at least 0.1 mVpp amplitude

Uncoordinated ventricular depolarizations with a minimum of five
complexes with an average >0.1 mVpp and <0.2 mVpp

QRS duration >160ms. Absence of P waves, or AV dissociation if P waves
present, ventricular complexes only. Rate <200 bpm and >100 bpm (the
idioventricular rate). Includes monomorphic and polymorphic

ventricular tachycardia

Abbreviations: mVpp, millivolts peak to peak; ABN, abnormal rhythms.

lated and compared to the recommendations developed by
the American Heart Association for arrhythmia algorithm
analysis."

Results

Electrocardiographic rhythms from 198 children were
recorded. Thirty-one subjects were <1 year of age. Non-
shockable rhythms were recorded from 155 patients and
shockable rhythms were recorded from 49 patients: some
patients had both non-shockable and shockable rhythms.
A total of 749 separate, 9s rhythm strips were analyzed
and classified. There were 585 non-shockable rhythms of
which 208 were normal sinus rhythm (heart rate range
53—184 beats per minute, mean 110bpm), 348 were abnor-
mal rhythms and 29 were asystole. Abnormal rhythms

included all supraventricular arrhythmias, premature ven-
tricular complexes and idioventricular rhythms. Within the
abnormal rhythms, there were 161 tracings of supraven-
tricular tachycardia with heart rate range of 151—302 bpm.
There were 44 tracings classified as intermediate rhythms,
and are not classified as either shockable or non-shockable.
These were ventricular tachycardias that did not satisfy the
shockable criteria. One hundred and twenty rhythms were
shockable ventricular tachycardia or fibrillation.

The sensitivity and specificity for each category of shock-
able or non-shockable rhythms are shown in Tables 2 and 3.
There were 120 shockable rhythms from 49 patients for
combined sensitivity of 96.7% (115/120); there were 585
non-shockable rhythms from 155 patients for combined
specificity of 99.5% (583/585); overall accuracy for shock-
able and non-shockable rhythms was 99.0% (702/709). The
90% one-sided lower confidence limits of the pediatric algo-

Table 2  Sensitivity of pediatric and adult algorithms for shockable rhythms

Rhythm classification n Sensitivity One-sided confidence AHA performance
intervals goal
Ventricular fibrillation 42 Pediatric 100% 93.1% >90%
Adult 97.6% 89.2%
Rapid ventricular tachycardia 78 Pediatric 94.9% 88.7% >75%
Adult 98.7% 94.1%
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Table 3  Specificity of pediatric and adult algorithm for non-shockable rhythms

Rhythm classification n Specificity One-sided confidence AHA performance
intervals goal
Normal sinus rhythm 208 Pediatric 100% 98.6% >99%
Adult 99.0% 97%
Supraventricular rhythms 348 Pediatric 99.6% 99.14% >95%
Adult 87.1% 83.7%
Asystole 29 Pediatric 100% 90.19% 100%
Adult 100% 90.2%
Fine ventricular fibrillation 0 NA NA Report only
Other ventricular tachycardia 44 Pediatric 84.1% 72.19% Report only
Adult 54.6% 41.1%
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Figure 1  Non-shockable pediatric rhythms with significantly different rate characteristics compared to adult rhythms. Panel A
shows supraventricular tachycardia with a heart rate of 300 bpm. Panel B shows ventricular tachycardia with a heart rate of 190 bpm.

rithm exceeded the goals recommended by the AHA in every
category: the sample sizes, sensitivity, and specificity. The
adult algorithm had high specificity and sensitivity but did
not perform as well as the pediatric algorithm and was below
the AHA standards for coarse ventricular fibrillation and

asystole.

Figures 1 and 2 show representative tracings of rhythm
disorders with characteristics different from comparable
adult rhythms. Supraventricular tachycardia rates are frequ-
ently >250 bpm, however, they are non-shockable rhythms.

There were 14 tracings in which the physician diagnosis
differed from the AED advisory. Four tracings were classi-
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Figure 2  Typical shockable pediatric rhythms; shockable rates continue to remain higher than comparable adult rhythms. Panel

A shows ventricular tachycardia and Panel B ventricular fibrillation.
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fied by the electrophysiologists as ventricular tachycardia
and shockable, but the QRS duration was just below the
algorithm’s criteria for a shockable rhythm. Three tracings
were annotated as abnormal and non-shockable but were
wide complex tachycardias with rates just inside the shock-
able criteria. The final seven tracings were classified as
non-shockable ventricular tachycardia by the electrophys-
iologists due to the 200 beat per minute rate limitation.
The AED algorithm determined the heart rate to lie on the
200 bpm rate boundary and therefore advised these seven
tracings as shockable.

Discussion

Ventricular tachycardia and fibrillation are uncommon
rhythms as a cause of pediatric cardiac arrest. However,
their presence has been increasingly recognized in both in-
hospital and out-of-hospital cardiac arrest.*® The use of
AEDs in children has increased since their original devel-
opment. Equipment modifications have been developed to
promote safe and accurate use.®'%12-'4 AED use is now rec-
ommended for use in children <8 years.®'> Providers are
strongly encouraged to use the pediatric modifications and
to confirm that the algorithm accurately identifies pedi-
atric rhythms.® To date, the algorithms from two other
manufacturers have been demonstrated to have accu-
rate sensitivity and specificity for pediatric rhythms.%0
Our study now provides the data for a specific pediatric
algorithm which performs better than the adult algo-
rithm.

Need for pediatric validation

The need for pediatric validation is based on the recog-
nized higher heart rates, differing frequencies of rhythm
abnormalities and differences of the QRS complexes with
age. Children have higher heart rates compared to adults
and this difference is greatest in the youngest children.
Supraventricular tachycardia occurs commonly in children
and the heart rates often exceed 250bpm. Normal val-
ues for QRS duration are <0.09 ms in children <12 years of
age.'® Thus an algorithm based solely on rate could misiden-
tify supraventricular tachycardia as a shockable rhythm and
under identify ventricular tachycardia in which the QRS
width is less than the adult values. Differences in both rate
and conduction of ventricular fibrillation between children
and adults have been identified.’

Our data demonstrate that an adult algorithm may not
perform as well as one specifically designed to identify pedi-
atric rhythms. Although the adult algorithm had both high
sensitivity and specificity, the values were slightly below
the AHA recommended values. In particular, the lower sen-
sitivity of abnormal non-shockable rhythms might promote
an inappropriate shock in a child with a supraventricular
rhythm. This pediatric algorithm is present in all the ZOLL
AEDs shipped by ZOLL since the April 2004. The earlier mod-
els can be upgraded to contain the pediatric algorithm. The
pediatric algorithm is automatically used if the pediatric
pads are attached. If the adult pads are used for a child, the
device will operate in the adult mode with non-attenuated
dosing. Even though the risk of an inappropriate shock is low,

it is preferable to use the pediatric pads in a child <8 years,
as recommended by the AHA.

Need for pediatric defibrillation

Although pediatric defibrillation is an uncommon event dur-
ing pediatric cardiac arrest, accounting for 10—20% in both
in hospital and out-of-hospital cardiac arrests,*® survival
and neurological outcome appears to be better if ventric-
ular fibrillation is quickly recognized and treated. AEDs can
identify and treat a shockable rhythm quickly. This may be
particularly important in pediatric arrest for both expe-
rienced and inexperienced providers who frequently are
unaware that ventricular fibrillation does indeed occur in
young patients. If an AED is applied to all patients rou-
tinely in cardiac arrest, then identification of ventricular
fibrillation is not dependent on a provider making a clinical
judgment about the likelihood of ventricular fibrillation.

Recognition and detection of ventricular fibrillation may
be associated with the frequency with which bystander CPR
is performed,*®':'® in that locations which report high
rates of bystander CPR also report higher frequencies of ven-
tricular fibrillation and successful resuscitation. Even though
most children suffer a cardiac arrest in the home and with
family members in attendance, the frequency of CPR is no
higher in children than in adults in public settings. As pedi-
atric equipment is placed in locations where children are
located, it is incumbent upon the healthcare providers to
teach both CPR and use of the AED.

Differences between physician interpretation and
shock advisory

The differences in interpretation between the physician
diagnosis and the algorithm advisory were all at the decision
boundaries of the algorithm. Skilled physician annotators
can see that the waveform is ventricular tachycardia from
subtle characteristics in the signal, e.g., lack of P waves
and morphology shape. The algorithm typically cannot mea-
sure these characteristics and must make decisions based
on the more obvious and/or quantitatively measurable char-
acteristics. Also, the machine must make a shock decision
in real-time. There were a number of records where the
annotators had to discuss what would be the correct anno-
tation based on repeated looks at the waveform. After much
discussion and multiple views of the record, a consensus
was achieved. The AED must make the same decision in
6—9s. The current state of real-time signal processing can-
not embed this level of knowledge into the system. During
algorithm development, the thresholds are set based on
clinical data to achieve a careful balance between the sen-
sitivity and specificity of the system. Thus, it is expected
that there will be an error rate. The error rate within the
pediatric algorithm is well within accepted rates.

Limitations

Accuracy of the rhythm identification algorithm has been
performed from in-hospital settings with patients in
the intensive care units or the cardiac catheterization
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laboratory.”'"® Most arrest rhythms were obtained from
patients with short duration ventricular fibrillation or from
digitized tracings. We also used tracings recorded with stan-
dard ECG electrodes rather than defibrillation pads. Thus
artifacts that may exist in out-of-hospital cardiac arrest
related to the recording characteristics of the pads were not
present. Although ECG electrode placement is standardized,
which may not be the situation with emergency application
of defibrillation pads, pad position does not appear to affect
the algorithm accuracy.'® Additionally, recordings from ECG
electrodes has been used previously to validate pediatric
arrest rhythms.?

Tracings with fine ventricular fibrillation were not present
in the rhythm strips that were analyzed. Fine ventricu-
lar fibrillation typically results from prolonged ventricular
fibrillation, which will not occur in the catheterization
laboratory. This has been a shortcoming of the pediatric
studies where the tracings are obtained from hospitalized
patients.® ' No specificity/sensitivity standards were estab-
lished by the AHA recommendations for evaluating algorithm
accuracy.™

Field assessment of rhythm identification during out-of-
hospital cardiac arrest has been verified only in a small case
series.'?1319 Although a prospective trial would be ideal, the
difficulties of obtaining these data are significant. A prospec-
tive trial to assess cardiac arrest rhythms in children <8 years
during cardiac catheterization or electrophysiological study
is not feasible as the estimate to acquire sufficient tracings
is >10 years.?°

Summary

New pediatric rhythm detection criteria were defined, and
analysis based on these criteria demonstrated both high
sensitivity (coarse ventricular fibrillation, rapid ventricular
tachycardia) and high specificity (non-shockable rhythms,
including supraventricular tachycardia). A pediatric-based
AED can detect shockable rhythms correctly, making it safe
and exceptionally effective for children.
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