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Objectives: Semiautomated external defibrillators (AEDs) should be considered as a means to facilitate inhospital early defibrillation (IHED) in areas where advanced life support
rescuers are not readily available. In this study, we aimed to develop a checklist and a measurement protocol to evaluate and compare AEDs by assessing factors that may affect IHED.
Methods: A dlinical and technical comparison of six AEDs was performed. Technical specifications were analyzed, while an emergency team evaluated ergonomics and
appropriateness for IHED at Bambino Gesd Children’s Hospital. A measurement protocol was implemented, which aimed to assess the ability of defibrillators to recognize shockable
and nonshockable rhythms, accuracy of delivered energy, and charging time.

Results: Designs of AEDs differed in several features which influence their appropriateness for IHED. Some units showed poor ergonomics and instructions /feedback for
cardiopulmonary resuscifation. Differences between defibrillators in recognizing shockable and nonshockable rhythms emerged for polymorphic ventricular tachycardia waveforms
and when the frequency and amplitude of input signals varied. Tests for accuracy revealed poor performances at low and high impedance levels for most AEDs. Notably, differences
greater than 20 seconds were found in the time from power-on to “ready for discharge.”

Conclusions: The approach we used to assess AEDs allowed us to evaluate their appropriateness with respect to the organizational context, to measure their parameters, and to
compare models. Results showed that ergonomics and /or performances (timing and accuracy) could be improved in each device.
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Sudden cardiac arrest (SCA) is a leading cause of death, with
approximately 350,000—700,000 individuals per year affected in
Europe (1). Defibrillation is a key link in the “chain of survival”
and chances of survival are closely related to the time that
elapses from collapse to the delivery of an effective shock (2).
Cardiopulmonary resuscitation (CPR) plus defibrillation within
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3 to 5 minutes of collapse can result in survival rates of 49-75
percent; while CPR alone cannot convert ventricular fibrillation
(VF) to a normal sinus rhythm, and each minute of delay in
defibrillation reduces the chance of survival to discharge by
10-12 percent (1;3).

Improvements in the survival rate were obtained in prehos-
pital and in-hospital settings where an organization for emer-
gency SCA support, including early defibrillation, was imple-
mented (4-6). Incidence of SCAs in hospitals is high, due to the
medical conditions of patients and a large number of staff and
visitors. A common result of the epidemiological studies con-
cerning in-hospital SCAs is that the rate of survival to hospital
discharge is low for patients who had an arrest in general wards,
where more time may be needed for rescuers equipped with a
defibrillator to reach the victim (7-9). To facilitate in-hospital
early defibrillation (IHED), and improve this outcome, a
defibrillator should be immediately available to the first-
responders to a SCA (4;10;11).

Improvements in the design of defibrillators have led to
the availability of fully automated and semiautomated external
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defibrillators (often collectively referred to as AEDs) (12).
These devices allow trained nonprofessionals to respond to
emergencies effectively (1;3;13;14). AEDs should be consid-
ered as a means to facilitate early defibrillation within hospitals,
especially in areas where advanced life support (ALS) rescuers
are not readily available (2;15;16). While considering the use
of AEDs within a hospital, it should be taken into account
that manual defibrillators are most likely more appropriate than
AEDs when rescuers with ALS experience are supposed to be
present. Manual units allow cardiac rhythm to be analyzed more
quickly, with shorter interruptions of CPR chest compressions
(13;17). Furthermore, they allow physicians to diagnose and
treat a wider range of arrhythmias. However, some AEDs in-
clude manual capabilities and may be used for immediate rescue
by first-responding staff, and manually operated when the ALS
team reaches the victim.

Our aim was to develop a checklist and a measurement
protocol to evaluate AEDs, by taking into account the features
that could affect the response to SCAs occurring in areas of a
hospital where ALS trained personnel may not be immediately
available. This approach was used to evaluate a representative
set of AEDs from a clinical/ergonomic and technical point of
view. However, it was beyond the scope of the present study to
address all of the demands for an effective IHED plan.

MATERIALS AND STUDY DESIGN

Literature Review

PubMed and ISI Web of Knowledge databases were searched for
pertinent articles by using different combination of the follow-
ing keywords: automatic/automated; characteristics; compari-
son; defibrillator/defibrillation; evaluation; external; guideline;
in-hospital. For instance, the following search string can be used:
(((external[Title/Abstract]) AND defibrillat*[Title/Abstract])
AND automat*[Title/Abstract]) AND (in-hospital[Title/
Abstract] OR comparison[Title/Abstract] OR evaluation
[Title/Abstract] OR guideline[Title/Abstract] OR character-
istics). Approximately 250 abstracts were analyzed, leading
to a deeper, full text, analysis of approximately 110 articles.
Eventually, almost 70 articles have been taken into account in
the development of the present study.

Semiautomated External Defibrillators

An AED is a device that, once activated by the operator, uses
voice-synthesized instructions and/or video prompts to: guide
the rescuer, analyze the electrocardiogram (ECG) obtained from
disposable adhesive electrodes placed on the patient’s chest sur-
face, notify the rescuer whether a shockable cardiac rhythm is
detected, and charge to treat the patient. Semiautomated units
require an operator to activate the discharge. Six models of
semiautomated defibrillators were tested at Bambino Gesu Chil-
dren’s Hospital. Informed consent to the publication of test re-
sults was gathered from all of the suppliers.
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Analysis of Technical Specifications

Specifications were gathered from the technical datasheets.
AEDs have a variety of capabilities and features, which
were grouped into six categories: general features, electrodes,
power supply, display, recording capabilities, and instruc-
tions/messages/alarms (Table 1).

Assessment of Ergonomics and Appropriateness

Ergonomics and appropriateness were evaluated by a resusci-
tation team composed by an anesthesiologist (certified PALS
provider) and by four nurses (certified BLS providers). A
general questionnaire, which focused on features that should
be included in AEDs for IHED, was submitted to the team
members at the beginning of the study (Supplementary Ta-
ble 1, which can be viewed online at http://dx.doi.org/10.1017/
S0266462313000652). Ergonomics was assessed by using both
user questionnaires and usability tests (18). The team mem-
bers were preliminary trained in the use of each AED model
by a product specialist; afterward, they answered the er-
gonomics/usability questionnaire on model-specific character-
istics (Supplementary Table 2, which can be viewed online at
http://dx.doi.org/10.1017/S0266462313000652); finally, a for-
mal usability test was performed. The assessment referred to
IHED in nonintensive care areas of Bambino Gesu Children’s
Hospital.

Measurement Protocol

To test performances of the AEDs, a measurement protocol,
based on current technical standards and guidelines, was im-
plemented (19-21). The measurements are aimed at assessing
the ability of defibrillators to correctly recognize shockable and
nonshockable rhythms, the accuracy of delivered energy, and
the charging time (Supplementary Table 3, which can be viewed
online at http://dx.doi.org/10.1017/S0266462313000652). The
testing equipment consisted of calibrated Impulse 7000DP De-
fibrillator Analyzer (firmware version 2.03) and Impulse 7010
Selectable Defibrillator Load (Fluke Biomedical, Cleveland,
OH). As both measurement instruments were calibrated, mea-
surements were not repeated, thus no statistical analysis of data
was performed. Tests on AEDs were repeated only when they
yielded out of range results or were failed. Time measurements
were taken with a stopwatch, and were performed indepen-
dently by two operators. The protocol was implemented in
the Fluke’s Ansur Software (version 2.8.3) to automate mea-
surements. The experimental setup is shown in Supplementary
Figure 1, which can be viewed online at http://dx.doi.org/10.
1017/S0266462313000652.

Tests for Rhythm Recognition. AEDs use an algorithm to interpret car-
diac electrical signals and determine whether the patient is ex-
periencing a life-threatening arrhythmia or not. Devices were
tested against their ability to recognize 1 mV ECG rhythms sim-
ulated by the defibrillator analyzer. The following nonshockable
rhythms were tested: normal sinus, pair of premature ventricular
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Table 1. Technical specifications.

Physio-Control Inc./

CU Medical Systems

IO0LL Medical Corp. ~ Philips Medical Systems ~ SCHILLER Medical SAS Defibtech LLC Medtronic Inc. Inc./ Progetti s.r.l.
Model AED Plus HeartStart FRx Fred easy Lifeline AED Lifepak 1000 Rescue 1
GENERAL Size (Ixhxd, cm) 24 x 14 x 29 22 x 6 x 18 23 x7x122 30 x7x22 9 x 23 x 28 31 x 10 x 25
FEATURES  Weight (kg) 3.1 1.6 15 2 3.2 28
Waveform Impedance compensated  Impedance compensated  Impedance compensated  Impedance compensated  Impedance compensated  Impedance compensated
biphasic rectilinear biphasic fruncated biphasic pulsed biphasic fruncated biphasic fruncated biphasic truncated
exponential truncated exponential ~ exponential exponential exponential
Energy sequences for 120-150-200 150-150-150 150-150-150 150-150-150 150-175-200-225- 150-150-150
adults (J) 250-275-300-
325-360
=3 (1
Energy sequences for ~ 50-70-85 50-50-50 (2) 50-50-50 50-50-50 37.5-43.75-50— 50-50-50
paediatric patients (J) 56.25—62.5—
68.75-75-81.25—
90
(1)
Configurable energy Software update required ~ Software update required ~ Software update required  Software update required  From technical menu No
sequences
Initiation of thythm Auto Auto Auto or manual (3) Auto Auto and manual Auto
analysis
Manual mode No No Optional No Optional No
Time before automatic 30 30 20 30 15 15
disarming (s)
Freq. of selfffests (days) 17 (4) 1 7(5) 1-7-30 ] 1-7-30

‘o 1 10y
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Table 1. Continued.

Physio-Control Inc./

(U Medical Systems

I0LL Medical Corp. ~ Philips Medical Systems ~ SCHILLER Medical SAS Defibtech LLC Medtronic Inc. Inc./ Progetti s.r.l.
Model AED Plus HeartStart FRx Fred easy Lifeline AED Lifepak 1000 Rescue 1
ELECTRODES ~ Pre-connection Yes Yes (6) Yes (6) Yes Yes (6) No
Paediatric electrodes Yes No (7) Yes Yes Yes Yes (7)
Different colours for No (8) - No (8) Yes No (8) No (8)
cables of ad /paed
electr.
Conductive area (m?, ~ 56/24 80,/NA 78/28 103/50 115/52 100/34
ad/paed)
Shelf life (years) 5 (ad); 2 (paed) 2 2 2 2 1.5
POWER SUPPLY  Batteries Disposable, 123A Disposable, Li-Mn02 Disposable, Li-Mn02 Disposable, Li-Min02 Disposable, Li-Mn0?2 Rechargeable, NiMH
L-Mn02 (No. = 10) Optional rechargeable ~ Secondary Li-Mn02 External disposable
NiCd battery battery for AED status Li-Mn02 battery
indicator
Shelfife (years) 5 4 5 50r7(9) 5 NA
No. of discharges at the 300 200 180 125 0r 300 (9) 440 (at 200 J) 200
max energy level
Max no. of consecutive 100 NA 20 6 30 NA
discharges following
first low battery
message
DISPLAY Size (mm) 66 x 33 NA 100 x 37 NA 120 x 89 83 x 60
ECG Optional NA Optional NA Optional Yes
Hearth rate No NA No NA Optional Yes
Delivered energy No NA No NA No Yes

Apnys anyDIDAWO) Y :SIOJDjjU14aP PAIDLIOINDILLAS
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Table 1. Confinued.

Physio-Control Inc./

CU Medical Systems

IO0LL Medical Corp. ~ Philips Medical Systems ~ SCHILLER Medical SAS Defibtech LLC Medtronic Inc. Inc./ Progetti s.r.l.
Model AED Plus HeartStart FRx Fred easy Lifeline AED Lifepak 1000 Rescue 1
RECORDING Data storage Internal memory (7h ~ Intemal memory (15" Removable SD card (30 Infernal memory Internal memory (40" Internal memory (12 h
ECG, 20" audio) ECG) ECG, 30" audio) Removable card (upto  ECG) ECG) Removable card
12hECG, upto 1 h (42hECGor Th
audio) (10) audio)
Audio recording Configurable No Yes Optional No Optional
INSTRUCTIONS/ Connection of electrodes AV, V AV AV, V APV AV, V AV, V
MESSAGES/  Type of connected AV, V AV v No No No
ALARMS (11) electrodes (ad/paed)
Rhythm analysis phase AV, V AV AV, V AV, V AV, V AV, AP,V
Results of thythm AV, V AV, V AV, V AV AV, V AV, V
analysis
Ready for discharge AV, AP,V AV, AP AV, V AV, V AV, AP,V AV, AP,V
Shock delivered AV, V AV No AV V AV, V
No. of delivered shocks ~ V No v AV v V
(PR instructions AV, V AV, metr. AV, V AV AV, V AV, metr, V
(PR countdown No No No AV V No
(PR feedback V(12), AP (metr.) No No No No No
Time elapsed since Yes No Yes No Yes Yes
power-on
Battery status bar No No Yes No Yes Yes
(1) Configurable 3-shocks sequences
(2) Configurable number of shocks
(3) Configurable by the manufacturer
(4) Configurable
(5) 1 with rechargeable battery
(6) Only adult electrodes
(7) Paediatric adapter required
(8) Connectors only
(9) Depending on model
(10) Depending on model
(11) AP = audio prompt or alarm, AV = audio vocal message, V = visual message or alarm
(12) Bar graph for compression depth

‘o 1 10y
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complexes, coarse and fine atrial fibrillation, atrial flutter, atrial
tachycardia, supraventricular tachycardia, asystole, first-degree,
second-degree (type I and type II), and third-degree blocks. The
shockable arrhythmia waveforms tested were: coarse (CVF) and
fine (FVF) ventricular fibrillation, and five types of polymorphic
ventricular tachycardia (PVT). Input waveforms in the range of
120-300 bpm (with 5 bpm steps) were used to test the minimum
defibrillation frequency for monomorphic ventricular tachycar-
dia (MVT). The sensitivity of rhythm recognition with respect
to the amplitude of ECG was tested by varying the amplitude
of CVF and FVF input signals (with 0.05 mV steps in the range
0.05-0.45 mV and 0.5 mV steps in the range 0.5-5.0 mV), and
measuring the minimum shocked amplitude.

Tests for Accuracy of Delivered Fnergy. AEDs were tested on impedance
loads in the 25—175 2 range (with 25-S2 steps) to ensure that the
correct amount of current was delivered when the impedance
between electrodes was varied (16). For each combination of
energy level and impedance, accuracy was evaluated by com-
paring the measured delivered energy with the corresponding
rated value, that is, the value specified by the manufacturer for
that specific energy-load combination (where rated values were
not provided by the manufacturers, the selected energy level
was considered as the reference value). To detect the initial
deliverable energy, the “shock” button was pressed as soon as
indicated by the device. Tests were repeated with a 50-2 load,
pressing the “shock” button within 2 seconds before the au-
tomatic disarming to measure the residual deliverable energy
(22). The most common energy levels for pediatric and adult
defibrillation were chosen for these latter tests (50 J and 150 J,
respectively).

Tests for Charging Time. A set of characteristic times were measured.
The start time (ST) was measured as the time interval from
power-on (with electrodes connected both to the defibrillator
and to the load) to notification of the start of rhythm analysis.
The analysis time (AT) was defined as the time interval from no-
tification of the start of thythm analysis to indication of rhythm
recognition (or equivalent message). Measurements with shock-
able and nonshockable 1 mV input rhythms were averaged to
test the AT. The charge time (CT) was defined as the time in-
terval from the indication of rhythm identification to the “ready
for discharge” condition. CT was measured for every energy
level of each AED. The time from the initial power switch-on to
the “ready for discharge” condition (SRT) was therefore deter-
mined as ST+AT+CT. Similarly, the time from the notification
of rhythm analysis start to the “ready for discharge” condition
(ART) was calculated as AT4CT.

RESULTS

Analysis of Technical Specifications

Features and technical parameters of AEDs are shown in Table 1
(note that other releases of the models tested, with slightly differ-
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ent specifications, may exist). The devices tested in this study
were satisfactorily light (1.5-3.2 kg); however, differences in
size were more relevant, with ZOLL AED Plus (>9,000 cm?)
being the largest model and Philips HeartStart FRx (<2,400
cm?) the smallest model. All of the AEDs featured an impedance
compensated biphasic waveform, which was rectilinear for AED
Plus, pulsed truncated exponential for SCHILLER Fred easy,
and truncated exponential for the remaining devices. Energy
delivery sequences for adults and pediatric patients were fixed-
level for most defibrillators (HeartStart FRx, Fred easy, De-
fibtech Lifeline AED, and CU Medical Systems/Progetti Rescue
1), escalating for AED Plus, and configurable as fixed-level or
escalating for Physio-Control/Medtronic LIFEPAK 1000. The
initiation of rhythm analysis was automatic in all devices except
for LIFEPAK 1000, which also allowed the rescuer to start the
analysis at any time by pressing a button, and for SCHILLER
Fred easy, which can be configured by the manufacturer for
automatic or manual initiation. Fred easy and LIFEPAK 1000
were also the only two models that, optionally, allowed for man-
ual mode. However, in the SCHILLER defibrillator, the manual
mode could only be activated during certain phases of rescue
and, to prevent inadvertent activation, two buttons (including
the “shut-down” button) must be simultaneously pressed twice.
Daily self-tests can be performed by all the devices. All AEDs
provided electrodes for adults and pediatric patients, except for
Philips HeartStart FRx, which requires a pediatric adapter to
be connected in cases of pediatric patient defibrillation. ZOLL
AED Plus and Defibtech Lifeline AED allowed the preconnec-
tion of both types of electrodes to the AED, while the other
models could only be prearmed with electrodes for adults, ex-
cluding Rescue 1 which does not allow preconnection of any
electrode. The shelf-life of electrodes for devices are 2 years;
with the exception of Rescue 1 (shelf-life of 18 months), and
the electrodes for adults of AED Plus (shelf-life of 5 years).
Most AEDs were equipped with a single disposable internal
battery; however different solutions have been implemented for
power supply. AED Plus was powered by ten disposable batter-
ies, while Rescue 1 was equipped with a rechargeable battery
and Lifeline AED had a secondary battery dedicated to the de-
vice status indicator. The shelf life of batteries ranged from 1
to 7 years. Philips HeartStart FRx and Defibtech Lifeline AED
did not feature any display, while the remaining models could
display ECG. This latter feature is usually optional, while it is
standard in Rescue 1 (together with values of heart rate and de-
livered energy). Finally, all devices allowed for ECG recording,
but there were differences in the support for data storage (inter-
nal and/or removable memory), availability of audio recording
(only in AED Plus, Fred easy, Lifeline AED, and Rescue 1) and
length of recording both for ECG and audio.

Assessment of Ergonomics and Appropriateness

The emergency team members expressed their subjective judg-
ments in a general questionnaire on features that should be
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included in AEDs for IHED (Supplementary Table 1) and in
model-specific questionnaires (Supplementary Table 2). With
regard to the assessment of features for IHED, manual mode
defibrillation and manual start of rthythm analysis were consid-
ered not advisable. Similarly, the team members answered that
the presence of a monitor was not required, and displaying ECG
was not advisable. They preferred to have different electrodes
for defibrillation of adult and pediatric patients rather than con-
necting an adapter when the pediatric mode is required. Finally,
availability of instructions for defibrillation and instructions,
and feedback, for CPR were regarded as highly relevant fea-
tures that should be provided both in audible and visual format.

Regarding the assessment of model-specific characteristics,
waveforms and sequences of energy levels were judged accept-
able for all devices. According to the results of questionnaires
and usability tests, ease of use and handiness were also evaluated
positively for all models. The overall suitability of ZOLL AED
Plus, SCHILLER Fred easy, and Physio-Control LIFEPAK 1000
were rated positively for all types of rescuers. HeartStart FRx
and Lifeline AED were rated acceptable for their suitability
for members of a resuscitation team and positively for other
rescuers. Rescue 1 was rated acceptable with regard to its suit-
ability to all types of rescuers. However, specific ergonomic
aspects affected single units. Rescuers reported that in AED
Plus, the identification of the “shock” button by rescuers that
have not been previously adequately trained may not be imme-
diate, due to the presence of icons and LEDs representing the
phases of the rescue chain. When the Fred easy defibrillator
was turned on, a few seconds were required before the respon-
der could be reassured about the correct switch-on. Moreover, if
this model is operated in manual mode (which requires a com-
plex maneuver, as described above), the “shut-down” button
must be pushed to start the rthythm analysis. According to the
rescuers that participated in this study, these aspects may result
in a delayed defibrillation in cases where the AED is operated
by inexperienced or inadequately trained first-responders. Elec-
trodes were judged positively, except for HeartStart FRx and
Rescue 1 that were rated only as acceptable because they re-
quire rescuers to mount an adapter for pediatric defibrillation
(a solution considered inappropriate in a children’s hospital).
Models that allow the operator to preconnect electrodes for both
adults and pediatric patients were preferred. For AED models
featuring a display, rescuers judged the display size and the vis-
ibility of waveforms, parameters, and messages positively. All
models can provide both audio and visual prompts and alarms
(Table 1; devices without a display feature LEDs and/or have
labels placed on their case). In cases where an AED is turned on
with electrodes disconnected, the device prompts for electrode
connection. Nevertheless, only three models (ZOLL AED Plus,
Philips HeartStart Frx, and SCHILLER Fred easy) inform the
operator about the type of electrodes connected. For the other
devices, the responder can recognize the type of electrodes by
the color code of the cable (Lifeline AED), or of the cable
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connector. Finally, CPR instructions are provided by all AEDs.
Three models (HeartStart FRx, Rescue 1 and, optionally, Fred
easy) feature a self-paced metronome for CPR rate, while two
other models (Lifeline AED and LIFEPAK 1000) have a CPR
countdown. ZOLL AED Plus is the only device featuring a CPR
feedback, with a metronome for CPR rate and a bar graph for
CPR compression feedback (only available with electrodes for
adult patients). Rescuers judged Philips HeartStart FRx as the
AED with the most detailed CPR instructions. Depending on
the model, additional information is given by the AED, such as
the number of delivered shocks, time elapsed since power-on,
and battery status. Ultimately, additional messages are given
during the phases of rescue (rhythm analysis phase, end/results
of rhythm analysis, ready for discharge condition, confirmation
of shock delivery).

Measurement Protocol

Rhythm Recognition. Overall, the AEDs performed well when the
selected shockable and nonshockable waveforms were given as
input signals. However, only ZOLL AED Plus, SCHILLER Fred
easy and Progetti Rescue 1 correctly recognized all of the five
PVT waveforms as shockable rhythms. Furthermore, when the
frequency of 1 mV MVT input waveforms was varied, differ-
ences between models were observed in the minimum frequency
at which the rhythm was identified as shockable. Lifeline AED
and LIFEPAK 1000 discharged at frequencies lower than 150
bpm, while HeartStart FRx and Fred easy needed frequencies
higher than 200 bpm to deliver a shock. Regarding the recog-
nition of shockable rhythms (CVF and FVF) while varying the
amplitude of input signals, large differences were found in the
minimum shocked amplitude, with Physio-Control LIFEPAK
1000 (that can recognize 0.05 mV CVFs and 0.15 mV FVF as
shockable) being the most sensitive device and HeartStart FRx
the least sensitive (0.5 mV and 1.0 mV, respectively). Finally,
all units were able to defibrillate when the maximum amplitude
(5 mV) input signals were used.

Accuracy of Delivered Energy. To assess accuracy, delivered energy was
measured for each combination of impedance and available
energy levels. The difference between measured energy and
the corresponding rated value should not exceed £15 percent
(20;21). The ZOLL AED Plus defibrillator fell in this range in
41 of 42 measurements performed, with 18 percent difference
at 200 J/125 Q2. Both HeartStart FRx and Fred easy performed
within the £15 percent range in all twelve measurements; how-
ever, these models could not deliver shocks, both in adults and
in pediatric configuration, when they were tested with 25-Q
loads. In fourteen measurements, the Lifeline AED defibrillator
consistently fell within the £15 percent limit, except for a 34
percent difference at 50 J/25 Q. Physio-Control LIFEPAK 1000,
in 126 measurements, consistently fell within the range. In ten
measurements performed, Rescue 1 failed to fall in the 15
percent interval when the 50 J/25 € combination was set; when
the 50 J energy level was selected, this model failed to deliver
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Figure 1. Accuracy of delivered energy for 50 J (A) and 150 J (B) energy levels, while varying the load in the range 25-175 €2 (with 25-€2 steps). For each combination of energy level and impedance, accuracy
was evaluated by comparing the measured delivered energy with the corresponding rated value. To detect the initial deliverable energy, the “shock” button was pressed as soon as indicated by the device. (C) Difference
between energy delivered to a 50-2 load before automatic disarming and rated energy value af the 50 J and 150 J energy levels.

shocks with loads >125 €2, while it did not discharge with a
175 Q load when the 150 J level was chosen. Figure 1 shows
measurement results for 50 J (A) and 150 J (B) energy levels.
Finally, delivered energy before automatic disarming was mea-
sured with a 50-$2 load at the 50 J and 150 J energy levels. All
devices fulfilled the criterion that a fully charged unit should
not lose more than 15 percent of the initial deliverable energy
before automatically disarming (Figure 1C) (22).

Charging Time. Remarkable differences were found between the
tested AEDs when timing was analyzed. ST varied from a mini-
mum of 4.1 seconds for Defibtech Lifeline AED, to a maximum
of 11.7 seconds for AED Plus (Figures 2A and 2B). Regarding
the AT, Physio-Control LIFEPAK 1000 (with an average of 6.7
s) was faster than other defibrillators in recognizing shockable
rhythms. For half of the AEDs, no noteworthy difference was
found between AT when a shockable rhythm was given as an
input rather than when a nonshockable input was presented (Fig-
ure 2C). However, in cases of nonshockable rhythms, longer ATs
were recorded for Lifeline AED (+3.4 s) and Fred easy (44.8
s). Conversely, longer ATs were required for shockable rhythms
with the HeartStart FRx model (+6.1 s), because the charg-
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ing phase could not be distinguished from the rhythm analysis
phase. Figures 2A and 2B show CTs for 50 J and 150 J, which
were chosen as reference energy levels to compare CTs of dif-
ferent devices for pediatric and adult defibrillation, respectively.
For the Philips AED, CT measured the time interval from the
notification of the start of rhythm analysis to the “ready for
discharge” condition. For both energy levels, the longest CTs
were recorded with AED Plus, while SCHILLER Fred easy
performed best at 50 J and Physio-Control LIFEPAK 1000 at
150 J. LIFEPAK 1000, differently from all other devices, had
shorter CT at the 150 J energy level than at 50 J. Notably, rele-
vant differences were found for SRT ( = ST+AT+CT), with the
shortest values obtained with the Philips HeartStart FRx AED
(16.6 and 17.8 s for 50 J and 150 J, respectively) and the longest
SRTs recorded with AED Plus (36.7 and 39.4 s). Similar results
were found in regard to ART (= AT+CT).

DISCUSSION

Epidemiological studies have shown that the rate of survival
to hospital discharge for patients who suffered SCA in gen-
eral wards is low (7-9). Programs based on CPR plus early
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Figure 2. Start Time (ST), analysis time (AT), and charge fime (CT) for 50 J (A) and 150 J (B) energy levels: the time from the initial power switch-on to the “ready for discharge” condition (SRT) is ST-HAT-+(T,
while the time from the nofification of rhythm analysis start fo the “ready for discharge” condition (ART) is AT4-CT. Average analysis fime for 1 mV shockable and non-shockable thythms (C). " For the HeartStart FRx, the
charging phase could not be distinguished from the thythm analysis phase. Therefore, when shockable rhythms were presented, AT and CT were measured together as the time inferval from the nofification of the start of

thythm analysis to the “ready for discharge” condition.

Table 2. Summary of checklists for evaluating AEDs.

Analysis of technical specifications
Assessment of ergonomics and appropriateness

< Collect features and technical parameters of each AED model included in the evaluation as shown in Table 1.
< Use the general questionnaire provided in Supplementary Table 1 to assess features that should be included in AEDs for

IHED, depending on the specific organizational confext where they will be used.
< Use the model-specific questionnaire provided in Supplementary Table 2 to assess characteristics of AED models. Use
collected technical specifications as a tool to help the evaluation.

Measurement of performances

< Optionally, to verify performances, tests for thythm recognition, accuracy of delivered energy, and charging time can be

performed, based on the checklist provided in Supplementary Table 3. These measures can be useful to verify
performances, but they are time consuming and can only be performed in case the testing equipment is available.

defibrillation with AEDs can improve the survival rate (23) and
AEDs should be considered as a means to facilitate IHED in
areas where ALS rescuers are not immediately available (2;16).
A previous study (24) measured and compared the time to first
shock and the influence on basic life support of voice prompts
given by commercially available AEDs. Other authors com-
pared waveforms, energy and current delivery of both manual
and automated defibrillators (25-28). Our study provides a clin-
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ical and technological comparison of six AEDs, based on the
analysis of technical specifications and the assessment of er-
gonomics and appropriateness for IHED, and on performance
tests. The tools used in this research, summarized in Table 2 and
provided as supplementary tables, might be used as a checklist
to evaluate AEDs.

Analysis of the datasheets revealed several differences be-
tween devices. The emergency team members recruited for this
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study expressed no preference for any of the energy delivery
protocols. The optimal biphasic waveform, energy levels, and
shock sequence are unknown; the recommendations are based
on a consensus, while there is no evidence to support either
a fixed or escalating energy protocol (2). Designs differ as to
whether manual defibrillation capabilities are included or not.
Although AEDs with these functionalities are often used in
noncritical areas within hospitals instead of the more expensive
manual defibrillators, the resuscitation team members judged
manual mode defibrillation and manual start of rhythm analy-
sis as not indicated. Indeed, AEDs with manual mode should
provide an easy switch between modalities, clearly inform the
operator which mode is active, and protect against inadvertent
activation of the manual mode. Otherwise, this feature could
impair activation of the analysis and delivery of a shock, which
should be easy when using an AED (24). Furthermore, a poten-
tial drawback of units providing manual start of rhythm analysis
is that shock delivery can be delayed if the operator forgets to
press the “analyze” button promptly. The rescuers of Bambino
Gesu Children’s Hospital preferred units with electrodes for
both adult and pediatric patients, rather than with an adapter
for the pediatric mode. Moreover, they appreciated defibrilla-
tors that allow prearming in both adult and pediatric modalities,
because configuration of AEDs for adults is suitable for use in
children older than 8 years, while for children between 1 and 8
years the pediatric mode should be used to limit the delivered
energy (1;16). The operators also considered the presence of a
monitor not required, and the display of ECG waveforms as not
advisable. This judgment was based on two reasons: first, most
first-responders would not be trained in rthythm recognition and
qualified to interpret ECG; and second, the monitor could dis-
tract the operators and may cause them to question the analysis
program, thus hesitating to deliver a shock. AEDs should allow
for recording data and events from the time the unit is switched
on until it is turned off. However, differences were also found
in the recording capabilities of AEDs, and some models do
not allow for audio recording. Modality of presentation of in-
structions for defibrillation, and availability of instructions and
feedback for CPR are highly relevant features for improving the
response to SCA. From this point of view, instructions placarded
on the units, voice prompting, indicators, and text messages dif-
fered markedly between defibrillators. Finally, all models can
provide daily self-checks of their operating condition, thus lim-
iting inspections to a visual check of the AED status indicator.
In conclusion, although all units were sufficiently easy to oper-
ate, the ergonomics of most models could be further improved;
specific aspects affecting some of the tested devices may delay
defibrillation in cases where the AED is operated by inexpe-
rienced bystanders. However, the results of both the general
questionnaire and the model-specific questionnaire for assess-
ment of ergonomics and appropriateness might highly depend
on factors such as the training and skills of first-responders, pro-
cedures, distribution of manual defibrillators within the health-
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care facility, and categories of potential victims of SCAs. All
of these aspects may influence the choice of the most appropri-
ate AED. Besides the technical features analyzed above, other
elements should be evaluated before purchasing the devices.
An important factor is standardization. Indeed, standardization
of AEDs within a hospital can facilitate operator training and
ALS trained emergency team members who may have to follow
different protocols depending on which AED is in use. Finally,
the shelf-life of batteries and electrodes can remarkably influ-
ence the total cost of ownership, and this should be taken into
account when comparing the purchase cost of AEDs.

The measures included in the laboratory protocol allowed
the comparison of additional performance parameters. AEDs
have already been tested against libraries of recorded cardiac
rhythms in trials in both adults and children (29;30). In the
present study, differences between defibrillators in recogniz-
ing shockable and nonshockable rhythms emerged when PVT
waveforms were given as input by a defibrillator tester. Fur-
thermore, performance differences were found when the fre-
quency of MVT input waveforms and the amplitude of CVF
and FVF input signals were varied. Transthoracic impedance
can vary considerably, and all of the defibrillators tested mea-
sured impedance between the electrodes and adjusted energy
delivery accordingly. To test their accuracy, delivered energy
was measured for all combinations of impedance and energy
levels. These tests revealed that most units have poor perfor-
mance at low and high impedance levels (2;25). Finally, when
timing was tested, remarkable differences were found between
the AEDs, regarding, more specifically, the time for initial au-
totest, analysis time, and charge time. Importantly, differences
greater than 20 seconds were found for the time from the initial
power switch-on to the “ready for discharge” condition. These
results suggest that, to minimize interruptions to chest com-
pressions during rhythm analysis, and given the correlation of
outcome with the time interval between collapse and defibrilla-
tion, timing should be further improved in most AEDs (2).

One of the limitations of our study was that no simulation
on manikins was performed by the operators (24). Moreover,
because the evaluation of appropriateness was specifically re-
stricted to Bambino Gesu Children’s Hospital, results cannot be
immediately extended to other healthcare facilities. In addition,
further performance parameters, including peak current values,
could be part of an assessment protocol for AEDs. Finally, con-
nectivity of AEDs to the hospital LAN/WLAN, and its effects
on IHED and the “chain of survival,” were outside of the scope
of this study.

CONCLUSIONS

The goal of this research was to develop an assessment protocol
for AEDs used in areas of a hospital where ALS trained person-
nel may not be available. We also aimed at performing an evalua-
tion of commercially available AEDs from a clinical/ergonomic
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point of view and by measuring their technical performances. A
checklist for evaluating devices was provided (Table 2). Results
of this assessment show that either ergonomics and/or perfor-
mances (particularly timing and accuracy) of each defibrillator
model may be improved, while the choice of the most appropri-
ate defibrillator should depend on the organizational context in
which it is intended to be used. A comprehensive Health Tech-
nology Assessment report on this issue is needed, including
ethical, legal and organizational implications.

SUPPLEMENTARY MATERIAL

Supplementary Table 1-3 and Supplementary Figure 1 can be
found at: http://dx.doi.org/10.1017/S0266462313000652
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