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a b s t r a c t

Purpose: Mechanical chest compression devices, such as the AutoPulse®, have been developed to over-
come problems associated with manual CPR (M-CPR). Animal and human studies have shown that
AutoPulse CPR improves hemodynamic parameters over M-CPR. However, human studies conducted
in the prehospital setting have conflicting results as to the AutoPulse’s efficacy in improving survival.
The Circulation Improving Resuscitation Care (CIRC) Trial is designed to evaluate the effectiveness of
integrated AutoPulse-CPR (iA-CPR) (i.e., M-CPR followed by AutoPulse®-CPR) in a randomized controlled
trial that addresses methodological issues that may have influenced the results of previous studies.
Methods: This paper describes the methodology of the CIRC trial.
Results: Unlike previous trials the CIRC trial studies iA-CPR where emphasis is placed on reducing “hands-
off” time. The trial has six unique features: (1) training of all EMS providers in a standardized deployment
strategy that reduces hands-off time and continuous monitoring for protocol compliance. (2) A pre-trial
simulation study of provider compliance with the trial protocol. (3) Three distinct study phases (in-
field training, run-in, and statistical inclusion) to minimize the Hawthorne effect and other biases. (4)
Monitoring of the CPR process using either transthoracic impedance or accelerometer data. (5) Random-
ization at the subject level after the decision to resuscitate is made to reduce selection bias. (6) Use of
the Group Sequential Double Triangular Test with sufficient power to determine superiority, inferiority,
or equivalence.
Conclusion: This unique, large, multicenter study comparing the effectiveness of iA-CPR to M-CPR will
contribute to the science of the treatment of out-of-hospital cardiac arrest as well as to the design of
future trials.

© 2010 Elsevier Ireland Ltd. All rights reserved.

! A Spanish translated version of the abstract of this article appears as Appendix in the online version at doi:10.1016/j.resuscitation.2010.11.013.
!! NCT00597207.
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1. Introduction

Manual-CPR (M-CPR) is the standard for providing cardiac and
cerebral perfusion during cardiac arrest, but M-CPR is not provided
consistently.1,2 Significant decreases in the quality of M-CPR have
been seen after 1 min,3 most likely because of the physical chal-
lenges associated with M-CPR.

Mechanical chest compression devices have been developed to
overcome problems associated with M-CPR and improve blood
flow and oxygen delivery to vital organs.4 There is limited evi-
dence regarding the efficacy of these devices.5,6 The AutoPulse®

(ZOLL Medical Corporation, Chelmsford, MA) is a battery operated
mechanical chest compression device employing a load distribut-
ing band (LDB) (Fig. 1). Animal and human studies have shown
that AutoPulse®-CPR improves hemodynamic parameters over M-
CPR7–9, but prehospital studies have generated conflicting results.
Three retrospective studies found significant improvement in
outcome with AutoPulse®-CPR as compared to M-CPR.10–12 A ran-
domized, controlled trial was terminated early when no difference
was found in survival to four hours, and survival and cerebral per-
formance at hospital discharge were worse with AutoPulse®-CPR.13

However, potential problems with the methodology of this trial
have been identified.14–16

The Circulation Improving Resuscitation Care (CIRC) Trial is
designed to evaluate the effectiveness and safety of integrated
AutoPulse® CPR (iA-CPR) (i.e., M-CPR followed by AutoPulse®-CPR)
in a randomized controlled trial addressing methodological issues
that may have influenced the results of previous studies. The unique
features of the trial include: (1) training of all EMS providers in
a standardized deployment strategy that reduces hands-off time
and continuous monitoring for protocol compliance. (2) A pre-trial
simulation study of provider compliance with the trial protocol.

Fig. 1. The AutoPulse® consists of a short backboard with a motorized, micropro-
cessor controlled, rotating shaft that is connected to a load distributing band placed
over the chest to generate consistent chest compressions. The band is repeatedly
tightened around the chest and loosened as the device operates. When the band
is tightened, it reduces the anterior–posterior chest diameter by 20%. Unlike other
mechanical compression devices, the Autopulse not only employs sternal, but also
thoracic pump mechanisms.

(3) Three distinct study phases (in-field training, run-in, and sta-
tistical inclusion) to minimize the Hawthorne effect and other
biases. (4) Monitoring of the CPR process using either transthoracic
impedance or accelerometer data. (5) Randomization at the subject
level after the decision to resuscitate is made to reduce selection
bias. (6) Use of the Group Sequential Double Triangular Test with
sufficient power to determine superiority, inferiority, or equiva-
lence. The objective of this paper is to describe the methodology of
the CIRC trial, which is unique and has not been previously pub-
lished. We believe future prehospital studies may replicate many
aspects of the design.

2. Objectives and setting

The primary objective of the CIRC trial is to compare iA-CPR and
M-CPR to determine superiority, inferiority, or equivalence in sur-
vival to hospital discharge. The secondary objectives are to compare
iA-CPR to M-CPR in terms of sustained return of spontaneous cir-
culation (ROSC), survival to 24 h, and neurologic status at hospital
discharge.

Study sites (Tables 1 and 2) were selected to represent a variety
of EMS system types. Sites were required to have a quality assur-
ance process for M-CPR including the ability to collect defibrillator
files, and response times (time from emergency call received to
scene arrival) less than 10 min 80% of the time.

3. Ethics and safety

This trial operates under exception from informed consent for
emergency research as outlined in Food and Drug Administration
regulation 21 CFR 50.24 and applicable laws of The Netherlands and
Austria. The study was reviewed and approved by the Institutional
Review Board (IRB) or ethics committee of record for the lead EMS
agency at each study site. Ethics approval was also sought from the
IRB or its equivalent at each facility likely to receive out-of-hospital
cardiac arrest (OHCA) patients from a participating agency.

Subjects will be enrolled without prior consent. Families of
patients who do not survive to hospital admission will be notified
of the enrollment. Subjects who survive to hospital admission or
their families will be notified of enrollment and asked to consent
to continued participation. If consent is refused no additional data
will be collected except for primary outcome.

An independent Data Safety Monitoring Board (DSMB) monitors
the overall conduct and integrity of the trial. The DSMB plans to
meet after 750 patients are enrolled and then every two months
to determine if pre-defined stopping criteria are met and to review
adverse events. Adverse Events will be collected during the run-in
and statistical inclusion phases.

4. Protocol compliance and reduction of hands-off time

A standardized 4-h training program was developed focusing
on reducing hands-off time. All levels of EMS providers who might
enroll patients participate in the training. New responders hired
during the trial will receive the same training.

Training includes Good Clinical Practice Guidelines,17 CIRC trial
protocol, and refresher training in guideline compliant M-CPR.
Providers are trained in and practice the “pit crew” model of
resuscitation.18 This minimizes interruptions of M-CPR by assign-
ing providers to specific duties based on their position next to a
patient. Integrating M-CPR with AutoPulse® CPR, using assigned
roles, and a standardized deployment method are intended to
reduce hands-off time, especially during device deployment, which
was identified as a problem in a previous study.13
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Table 2
Description of the CIRC trial.

Participating hospitals 54
IRB’s and Ethics Committees that reviewed the trial 37
Master trainers 17
Site trainers 100
Site coordinators and research assistants 32
EMT’s and first responders trained during the initial training 3300
Paramedics trained during the initial training 1900
Physicians trained during the initial training 80

Providers practice each component of the protocol including
randomization. Simulation training is conducted for both arms of
the trial with an emphasis on the study’s inclusion and exclusion
criteria, role assignment, and guideline compliant M-CPR. The only
variation on the American Heart Association 2005 Guidelines is that
resuscitation is conducted in 3 min cycles.

To complete training, providers must pass a 30 question writ-
ten test and a practical skills assessment. Those scoring below 80%
are required to attend remedial training and repeat testing until
they achieve a passing score. Re-training is planned for every six
months and all providers must maintain the resuscitation certifi-
cations required in their community.

Sites are monitored throughout the trial to ensure continued
protocol compliance including high quality CPR in both arms with
minimal hands-off time. For each subject, electronic defibrilla-
tor records with ECG and impedance or accelerometer data are
acquired. These files are independently analyzed by reviewers
who are blinded to the subject’s outcome. Initial rhythm, shocks
delivered, AutoPulse® deployment details, and CPR quality are doc-
umented and stored in the trial database for each subject. This
includes a minute-by-minute analysis of seconds without com-
pressions, number of ventilations and compressions, end tidal
carbon dioxide, and oxygen saturation. A site-by-site aggregate
compliance report will be periodically created and reviewed by
the Steering Committee. Only aggregated site specific data will be
shown to EMS providers. This process will not provide individual
feedback to EMS providers. However, all sites will conduct their
own reviews as part of their regular quality assurance program,
which includes individual provider feedback.

5. Simulation study prior to start of trial

Prior to the statistical inclusion phase a simulation study was
conducted to determine if the protocol was performed similarly
by EMS providers in both arms.19 This identified issues to address
during provider re-training, such as variation in hands-off interval.

6. Reduction of the Hawthorne effect and other biases

To reduce the potential for biases such as the Hawthorne
Effect,20 the CIRC trial has three distinct phases. After all providers
complete initial training, a site enters the in-field training phase
where all non-traumatic OHCA patients are treated with the
AutoPulse® but not enrolled in the trial. Sites are monitored for pro-
tocol compliance through their quality assurance program. Prior to
transitioning to the next study phase, sites are required to demon-
strate compliance with the study protocol. The trial’s executive
committee will review compliance data and determine when a site
can transition to the “run-in” phase.

During the “run-in” phase, providers randomize eligible patients
and all study data are collected, but not included in the statistical
analysis. This allows sites to practice study procedures. The site
then moves into the “statistical inclusion” phase. Data collected
during this phase is used in the statistical analysis. If at any time
during the trial a site is not in compliance with the protocol, the
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DSMB is informed. Based on the DSMB’s recommendations, the
executive committee can put the site back into the run-in or in-field
training phase, or remove it from the trial.

7. Subject selection and randomization focused on
reducing selection bias

Subjects are eligible for enrollment if they are aged 18 years
or older, have an OHCA of presumed cardiac etiology, and resus-
citation is attempted by a participating EMS provider. Subjects
are excluded if they appear to have a non-cardiac etiology arrest,
are pregnant, have Do Not Attempt to Resuscitate (DNAR) orders,
appear to be too big for the AutoPulse®, are a prisoner or ward of the
state, have a prior application of any mechanical chest compression
device, or if the randomizing EMS unit arrives more than 16 min
after the initial emergency call. Determination of these exclusion
criteria is left to the best estimation of the EMS providers except
for prolonged response time, which is determined after a patient
is enrolled. Responders are trained not to delay treatment in an
attempt to determine these criteria. In some cases, exclusion crite-
ria are determined after subject enrollment and the subject’s data
is retrospectively excluded from the trial. The only exception is the
exclusion for size; no patient can be retrospectively excluded for
being too large as this may result in selection bias since it is more
likely to be identified in the iA-CPR arm. The frequency of retrospec-
tive exclusions is reviewed regularly by the Steering Committee and
DSMB.

EMS providers carry the AutoPulse® to the patient’s side for
every call that is likely to be an OHCA. Upon arrival a responder
confirms OHCA and initiates M-CPR. Another responder turns on
the defibrillator, cuts open the patient’s clothing, and applies defib-
rillator pads. A sealed randomization card affixed to the AutoPulse®

is then opened. Subjects are allocated to treatment arms in a 1:1
ratio, using randomized permuted blocks stratified by site.

If the subject is randomized to receive iA-CPR, the AutoPulse® is
immediately placed under the subject, the load distributing band is
placed over the subject, and AutoPulse® compressions are initiated.
If the subject is randomized to the control arm, M-CPR is contin-
ued. Randomization is at the subject level and occurs only after a
decision to resuscitate has been made and M-CPR is initiated. This
is intended to reduce potential selection bias compared with tri-
als which use cluster randomization, because prior knowledge of
study arm assignment can influence the decision to resuscitate.

8. Outcome measurement

Study staff review prehospital and hospital documentation
to determine outcome. For subjects who survive to hospital
admission, outcome data is also collected through direct subject
interaction. Survival to hospital discharge is defined as discharge
home or to a long-term care or rehabilitation center. Sustained
ROSC is defined as admission to the emergency department or
Intensive Care Unit (ICU) with a palpable pulse and measurable
blood pressure. Survival to 24 h is defined as alive 24 h after the
initial emergency call.

Each patient who survives to hospital discharge is evaluated
prior to hospital discharge using two neurological deficit scoring
instruments, the modified Rankin Scale (mRS) and the Cerebral
Performance Category (CPC).21,22 Neurological assessments are
conducted by trained members of the study staff. Every effort is
made to obtain mRS scores prior to subject discharge through direct
interaction. However, if the patient is discharged before the mRS
can be determined it is assigned based on medical record review,
since there is no interaction with subjects after hospital discharge.

9. Powered to test for superiority or equivalence

The Group Sequential Double Triangular (GSDT) Test23 will be
used to accommodate interim analyses of the trial data. This statis-
tical design has been used in previous clinical trials,24–27 and differs
from conventional fixed-sample size designs because it is based on
a series of interim analyses and continues until predefined stop-
ping rules are met, allowing for the use of the smallest sample size
possible.

The GSDT Test will be used to analyze the primary outcome,
survival to hospital discharge, collected during the “statistical
inclusion” phase. The trial is designed to have a two-sided signif-
icance level of 5% and a power of 97.5% to detect a log-odds ratio
of 0.37 (odds ratio of 1.44) which is equivalent to increasing a 9%
survival rate in the M-CPR arm to 12.5% in the iA-CPR arm.

At each interim analysis, test statistics Z (efficient score for the
log-odds ratio) and V (Fisher’s observed information for the log-
odds ratio) are calculated and plotted (Fig. 2). If arm A is superior to
arm B, the sample path defined by the plot of Z against V will rise.
If the upper boundary is crossed during any of the interim analy-
ses the trial is stopped and arm A is declared significantly superior
to arm B. If the lower boundary is crossed the trial is stopped
and arm A is declared significantly inferior to arm B. If the outer
right dotted boundary is crossed, arm A is declared equivalent to
arm B.

The high power (97.5%) allows a conclusion to be drawn
regarding superiority, equivalence, or inferiority. If equivalence is
declared, the 95% confidence interval for the log-odds ratio will
lie entirely within the interval ("0.37, 0.37). Unlike a fixed sam-
ple design, the sequential design has a variable sample size that is
dependent on the trial’s actual survival rates. The required sample
size is expected to lie between 2500 and 4000, but may be higher
or lower since the trial is stopped as soon as a conclusion can be
reached. This allows for the smallest sample size possible to be
enrolled, compared to a typical fixed sample size design which must
continue until the calculated sample size is reached or it is stopped
for futility. The largest that the point estimate of the log-odds ratio
can be without the upper boundary being crossed is 0.184. This is
equivalent to increasing a 9% survival rate to 10.6%. The least that
the point estimate of the log-odds ratio can be without the lower
boundary being crossed is "0.184. This is equivalent to reducing a
9% survival rate to 7.6%.

Once a stopping boundary has been crossed and a conclu-
sion reached, a final analysis to compare iA-CPR with M-CPR will
be performed, adjusting for the interim analyses. Subjects under
observation when the study is stopped will be followed until death
or hospital discharge and included in the final analysis. Data col-
lected during the run-in phase of the trial will be used to identify
the covariates that will be used in the interim and final analyses.
All analyses are conducted based on a modified intention-to-treat
population.

10. Discussion

The CIRC trial is the first prehospital OHCA trial to address
several important methodological issues that were potentially
problematic in previous studies. The 2005 American Heart Asso-
ciation Guidelines emphasize the importance of minimizing
interruptions in chest compressions.5 A concern with a trial that
compares AutoPulse®-CPR to M-CPR is that the time to first chest
compression would be delayed in the AutoPulse®-CPR arm while
the device was being applied. This would likely result in a bias
between the two study arms since the subjects in the M-CPR group
would have a shorter time to first compression. The CIRC trial cor-
rects for this by comparing M-CPR to integrated AutoPulse® CPR.
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Fig. 2. Graph illustrating the Double Triangular Test. In this example interim analyses are performed after each additional 250 subjects have enrolled in the trial. The calculated
(Z, V) pair is plotted and compared against the adjusted stopping boundary to determine whether the trial should be stopped or continued. The trial is stopped if a stopping
boundary is crossed.

This means that the time to first compression should be approxi-
mately equal in the two study arms.

The CIRC trial also emphasizes the importance of good CPR
in both study arms. Employing a “pit crew” approach, providing
standardized training, and continuous monitoring of protocol com-
pliance is intended to reduce the hands-off interval and ensure
consistent treatment for all enrolled subjects.

The simulation study was conducted to investigate provider
compliance with the trial protocol and quality of CPR before start-
ing the statistical inclusion phase.19 However, it is important to
note that although providers are initially trained to deploy the
AutoPulse® rapidly and with minimal interruptions of chest com-
pressions, the actual use is dictated by varying circumstances
encountered by EMS providers, making the CIRC study an effec-
tiveness trial.

The three phases in the CIRC trial are intended to reduce bias that
may be introduced by either the Hawthorne effect or the effect of
introducing a new technology. Each site will complete an in-field
training phase and a run-in phase prior to contributing any patient
data in the statistical inclusion phase. This will reduce bias and
ensure that any difference between the two arms is related to the
study intervention.

In the CIRC trial the CPR process is monitored and reviewed for
all cases (i.e., both arms of the trial). Previous studies could/did not
systematically evaluate the quality of manual CPR (e.g., compres-
sion and ventilation rates). These data offer important insights for
the interpretation of study outcomes and allow for the quality of
CPR to be monitored and maintained during the study.

Cost and the inconvenience of always carrying the AutoPulse®

were key reasons for cluster randomization in the previous ran-
domized trial.13 The CIRC trial requires randomization at the
patient level after the decision to resuscitate the patient is made. In
practice, this means that the AutoPulse® is carried to each potential
OHCA patient, and a randomization envelope is opened only after
the decision to start M-CPR. With cluster randomization, crews may
act differently if they know beforehand which randomization arm
they will follow. Their decision to start CPR may be influenced by
the study arm that has been assigned. Randomization at the patient
level after rescuers have committed to resuscitate and have initi-
ated M-CPR is likely to reduce selection bias.

The CIRC trial is designed and sufficiently powered to show
true statistical equivalence, avoiding the risk of being stopped for
futility, as well as standard superiority or inferiority while limiting
enrollment to the minimum necessary. This avoids the risk of con-
ducting an extensive trial that does not provide a significant clinical
outcome. If iA-CPR is clinically equivalent with regard to the pri-
mary outcome compared to M-CPR, there are demonstrable and
justifiable advantages with regard to patient extraction and trans-
port, provider safety in moving ambulances,28,29 and its potential
for use during acute coronary interventions in unstable patients.4

11. Conclusion

The CIRC trial is designed to test the effectiveness of iA-CPR
compared to M-CPR in OHCA. The trial has six unique features.
This large, multicenter study will contribute to the science of the
treatment of OHCA as well as the design of future trials.
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