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Introduction

Ischemic heart disease is a leading cause of death in the world and many people die
prematurely from sudden cardiac arrest. It is estimated that 40–46,0000 people in
the USA and 700,000 people in Europe experience sudden cardiac arrest each year
[1]. Cardiopulmonary resuscitation (CPR) is the attempt to restore spontaneous cir-
culation by performing chest compressions with or without ventilations [2]. Early
and effective CPR, prompt defibrillation, early advanced life support, and post-
resuscitation care are key components in the ‘Chain of Survival’ [3]. Standardized
resuscitation guidelines and training courses in CPR and advanced life support have
been developed in order to improve outcomes from cardiac arrest. These have been
implemented through most of Europe, the USA and many other developed coun-
tries. Despite this, observational studies report that the quality of CPR in both the
out-of-hospital and in-hospital setting is often poor and that survival rates remain
low despite significant advances in the science of resuscitation [4–6]. Technological
advances mean that it is now possible to measure the quality of CPR during actual
resuscitation attempts. Feedback techniques for both individuals and teams are now
being developed to improve the quality of CPR during both training and actual
resuscitation attempts.

The Importance of Quality CPR

Studies from the early 1990s were among the first to start to make the link between
the quality of CPR and patient outcome. Wik and colleagues observed that the qual-
ity of CPR by bystanders was associated with outcome [4]. Good quality CPR was
defined in this study as the presence of a palpable pulse upon arrival of the para-
medic. The investigators found improved survival to hospital discharge rates among
patients who received good quality bystander CPR (23 % survival) as opposed to
poor quality CPR (1 % survival) or no CPR (6 % survival) prior to the arrival of the
emergency medical service (EMS). Similar findings were also observed at the same
time by Gallagher et al. [5] and Van Hoeyweghen et al. [6] in 2071 and 3306 consec-
utive out-of-hospital cardiac arrests in New York and Belgium, respectively.

Chest Compressions

Effective chest compressions are essential to promote forward blood flow and main-
tain heart and brain perfusion. However, even optimal chest compressions only
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deliver 20–25 % of normal organ blood flow [7]. Chest compression depth, rate, and
interruptions in chest compressions have been shown to have a direct influence on
patient outcome [7, 8].

Animal studies show a linear relationship between chest compression depth and
coronary perfusion pressure and that the ‘effectiveness’ of CPR is sensitive to small
changes in compression depth [9, 10]. These findings were confirmed in humans in
the late 1980s by Ornato et al. who demonstrated a linear relationship between com-
pression force delivered by a Thumper™ device and systolic blood pressure and end-
tidal CO2 [11]. Based on these data the International Liaison Committee for Resusci-
tation recommended that chest compression depth should be between 40–50 mm in
adults [12]. This corresponds to approximately 20 % of the anteroposterior diameter
of an adult chest [13].

Recent studies have shown that chest compression depth does influence patient
survival. Using an accelerometer device placed on the chest to measure sternal
movement, Edelson et al. [7] found an association between chest compression depth
and the probability of shock success in a mixed population of in- and out-of-hospi-
tal patients in ventricular fibrillation. A higher mean compression depth during the
30 seconds of CPR preceding a defibrillation attempt was associated with an
increased chance of shock success (adjusted odds ratio 1.99 for every 5 mm increase;
95 % confidence interval 1.08–3.66). In this study, all five patients with a mean com-
pression depth of 50 mm had successful defibrillation. Using the same device, Kra-
mer-Johansen et al. [8] showed in a logistic regression analysis of 208 out-of-hospi-
tal resuscitation attempts that an increase in compression depth was associated with
a better chance of admission to hospital alive (odds ratio 1.05 (95 % CI; 1.01, 1.09)
per mm increase in compression depth).

The International Liaison Committee for Resuscitation recommends that chest
compressions are performed at a rate of 100 per minute. Animal models of cardiac
arrest [14–16] show a constant stroke volume and improved hemodynamics by
increasing compression rate up to 130 to 150/min, with the duty cycle maintained at
50 % (time in compression versus decompression). Abella et al. examined chest
compressions in 97 in-hospital resuscitation attempts and found a greater return of
spontaneous circulation in patients receiving chest compressions at rates above 87
per minute compared to those with a compression rate below 72 per minute (75 %
versus 43 %) [17].

Interruptions in Chest Compressions

Interruptions in chest compressions (also referred to as no-flow time or hands-off
time) are common during resuscitation [18, 19]. Whilst some interruptions are nec-
essary such as during defibrillation or pulse/rhythm checks, many of the interrup-
tions observed in practice are avoidable. Two specific contributors to no-flow time
are the period between cessation of chest compression prior to a defibrillation shock
(known as the pre-shock pause) and the time following the shock to resumption of
chest compression (post-shock pause) [8]. Prolonged pre- and post-shock pauses are
associated with a reduced chance of successful defibrillation.

Yu et al. were one of first groups to demonstrate the adverse effects of prolonged
pre-shock pauses [20]. Using a porcine model of prolonged (7 min) ventricular
fibrillation the effect of increasing pre-shock pauses on return of spontaneous circu-
lation rates and post resuscitation hemodynamic function was evaluated. The dura-
tions of pre-shock pauses were modeled on the time taken for commercially avail-
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able automated external defibrillators to analyze the rhythm, charge the capacitor,
and deliver a shock (range 10 to 19.5 seconds). The study showed that return of
spontaneous circulation rates were significantly higher in animals treated with mini-
mal (3 second) pre-shock pause as opposed to those treated with a 15 or 20 second
pre-shock pause (100 % survival versus 20 % and 0 % respectively). Prolonged pre-
shock pauses were associated with more marked myocardial dysfunction in the 24
hours after return of spontaneous circulation.

Two physiological explanations have been suggested for how interruptions in
chest compressions reduce shock success. The traditional explanation is that inter-
ruptions in chest compressions reduce coronary perfusion pressure [20], which
decreases the probability of return of spontaneous circulation after attempted defi-
brillation [21]. Alternatively, Chamberlain et al. suggest that chest compressions
empty the right ventricle and thus reduce ventricular interaction in the arrested
heart. Reducing ventricular interaction will increase left ventricular volume and
hence myocyte stretch. Therefore, when defibrillation takes place and coordinated
electrical activity is restored, the heart is able to generate an effective contraction
[22].

The findings by Yu et al. [20] were subsequently confirmed in observational stud-
ies in humans which showed that an increase in the duration of the pre-shock pause
was associated with a reduction in the likelihood of shock success. Eftestol et al.
used ventricular fibrillation waveform prediction models on electrocardiogram
(EKG) outputs from humans in cardiac arrest to show that increasing pre-shock
pauses (as brief as 5 seconds) were associated with a 50 % relative reduction in the
calculated probability of return of spontaneous circulation [23]. Edelson et al. dem-
onstrated that first shock success (defined as removal of ventricular fibrillation for
at least 5 seconds following defibrillation) was associated with shorter pre-shock
pauses (adjusted odds ratio of 1.86 for every 5 second decrease in pre-shock pause)
[7]. Berg and colleagues used a pig model of prolonged ventricular fibrillation to
show that a delay in resuming chest compressions after defibrillation was associated
with reduced return of spontaneous circulation and neurologically intact survival at
48 hours [24]. These data provide a clear rationale for reducing the duration of pre-
shock and post-shock pauses.

Ventilation Rate and Hyperventilation

Resuscitation guidelines in 2005 recommended a ventilation rate of 8–10 breaths
per minute during CPR [2]. In practice, most rescuers ventilate at much higher rates
leading to hyperventilation and hypocarbia [25]. Ventilations can interrupt chest
compression and reduce vital organ perfusion. Positive pressure ventilation
increases intrathoracic pressure and decreases venous return to the heart, rendering
CPR less effective. Aufderheide et al. [26] reproduced ventilation rates seen in an
observational study during actual resuscitation attempts in a pig model of ventricu-
lar fibrillation cardiac arrest. The study showed that an excessive ventilation rate
(30/min) increased intrathoracic pressure, reduced coronary perfusion pressure and
lowered survival compared to a slower ventilation rate (12/min). The addition of
supplemental CO2 to the inspired gas in the hyperventilation group to correct for
hypocarbia failed to correct these harmful effects. This implies that raised intratho-
racic pressure is the predominant harmful mechanism when high ventilation rates
are used during CPR.
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The Quality of CPR is often Sub-optimal during Clinical Resuscitation
Attempts

A number of prospective observational studies have demonstrated that the quality
of CPR during in-hospital and out-of--hospital resuscitation attempts is frequently
sub-optimal. Abella et al. [18] studied 67 patients who suffered in hospital cardiac
arrests and analyzed parameters of CPR quality. Chest compression rates were too
slow (< 90/min) 28.1 % of the time and 37.4 % of chest compressions were of inade-
quate depth (< 38 mm). Ventilation rates were excessive nearly two thirds of the
time. Chest compressions were only performed for 76 % of the resuscitation
attempts [18]. The findings were similar in the study by Wik et al. of 176 out-of-hos-
pital resuscitation attempts [19]. In this study, chest compressions were not given
during 48 % (95 % CI, 45–51 %) of the resuscitation attempts. Chest compression
depth averaged 34 mm (95 % CI, 33–35 mm) with 72 % of compressions below
38 mm [19]. Poor quality CPR is not limited to clinical resuscitation attempts. In an
observational study of clinicians under direct supervision during advanced resusci-
tation simulation training, we found that chest compressions were almost always too
shallow (97 %) and no compressions were performed for 37 % of the resuscitation
attempts [27].

Losert et al. reported that it is possible to perform high quality CPR with a moti-
vated and experienced team [28]. Data from 80 patients with non-traumatic cardiac
arrest admitted to the emergency department showed that the highly trained emer-
gency department staff performed good quality chest compressions (rate 96/min)
with only 7 % of chest compressions being too shallow and that no-flow durations
(without chest compressions) were similarly low (12.7 %). However, there was scope
for improvement as 32 % of patients were hyperventilated.

Technologies introduced to facilitate early defibrillation such as the automated
external defibrillator (AED or shock advisory defibrillator) may not be achieving
their full potential due to the delays imposed by the device between cessation of
chest compression and shock delivery. Pauses ranging from 5.2 to 28.4 seconds [29]
have been reported during which the defibrillators analyzed the underlying heart
rhythm and charged the capacitor in preparation for shock delivery. A direct com-
parison between AEDs and manual defibrillation showed that the pre- and post-
shock pauses were longer in patients receiving shocks from AEDs than from manual
defibrillators (22 vs 15 s and 20 vs 9 s, respectively). However, 26 % of shocks given
via the manual defibrillator were given inappropriately (when the adjudication panel
defined the rhythm as non-shockable) compared to only 6 % in the AED group [30].

Strategies for Improving the Quality of CPR

Real-time Feedback during CPR Training and Actual Resuscitation

Subjective evaluation of resuscitation performance by CPR instructors is limited by
the difficulty of assessing the adequacy of performance by observation alone, particu-
larly the adequacy of ventilation and chest compression [31]. Audio (e.g., metronome
for compression rate or audible click when adequate compression depth is achieved)
and visual feedback (e.g., lights illuminating when adequate compression depth is
achieved) have been incorporated into resuscitation training manikins for a number
of years. The use of these devices during training has a positive effect on both initial
skill acquisition and retention of skills several weeks after initial training [32].

558 J. Yeung, J. Soar, and G.D. Perkins

XIII



More sophisticated devices have been developed recently that convert objective mea-
sures of CPR performance (e.g., compression depth) into spoken instructions on
how performance can be improved (e.g., shallow chest compressions prompt the
instruction “press a little harder”). The audible instructions can be combined with
visual displays to further enhance performance. Wik et al. showed that the use of
one of these devices during basic life support training improved the proportion of
correctly performed compressions from a mean of 33 to 77 % and correct inflations
from a mean of 9 to 58 % [33]. The improved performance was maintained both 6
and 12 months after initial training [34, 35]. Sutton et al. also found similar
improvements in skill acquisition in providers of pediatric basic life support using
this technology compared to one-on-one instructor led training. In addition to bet-
ter CPR parameters, volunteers also had lower error rates in chest compressions and
ventilations, resulting in higher pass rates in skills testing [36].

Technological advances have allowed the integration of performance feedback
into portable devices which can be used during actual resuscitation attempts. Fig-

ure 1 shows an example of two such devices where feedback from an accelerometer
placed on the victim’s chest (to measure compression parameters) and transthoracic
impedance measurements (to detect ventilation) are used to provide audio and
visual feedback on performance during actual resuscitation attempts.

Fig. 1. Examples of commercially available cardiopulmonary resuscitation (CPR) feedback devices. The small
rectangular box (accelerometer) is placed on the patient’s sternum and used to measure sternal movement
and compression rate. Changes in transthoracic impedance or end-tidal CO2 are used to monitor ventilation
rates. Displays on the defibrillator monitor provide visual feedback on compression +/- ventilation perfor-
mance. The visual feedback may be supplemented by audible prompts such as “compress the chest
deeper”.
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The impact of introducing this technology into clinical practice has been evaluated
in three prospective before-after cohort studies. Kramer-Johansen et al. [8] reported
improved CPR quality with real time automated feedback in pre-hospital cardiac
arrests when the technology was introduced across three European ambulance ser-
vices. Resuscitation attempts after introduction of the device had significantly
greater compression depth (38 versus 34 mm), percentage of correct compression
depth (53 versus 24 %) and compression rate (109 versus 121/min). The importance
of introducing the technology in a coordinated and structured manner with sup-
porting education and training was highlighted when the same team introduced it
into a fourth ambulance service [37]. On this occasion the feedback technology
failed to lead to any improvement in CPR quality. This was ascribed to a lack of sup-
porting infrastructure and training for those using the device. A similarly disap-
pointing result was found when the device was introduced into a hospital based
resuscitation system. Despite showing less variation in CPR quality measures
between resuscitation attempts in the feedback group there were no significant dif-
ferences in the quality of CPR after the introduction of the feedback technology [38].

The use of these devices is not without potential limitations. The accuracy of the
devices for measuring chest compression depth may be influenced by the surface the
victim is positioned on. If the victim is situated on a compressible surface such as a
bed and mattress then most devices are unable to take account of the degree of com-
pression of the underlying mattress. Thus compressions registering on the device as
being of adequate depth may in fact still be too shallow due to a failure to compen-
sate for additional compression of the mattress [39]. We investigated this phenome-
non using a commercially available accelerometer device and found that CPR guided
by the feedback device led to significant under compression of the chest as 35–40 %
of the total compression depth measured was attributable to compression of the
underlying mattress [40]. Using a backboard to increase the stiffness of the bed/mat-
tress had little effect on improving compression depth in this model. Other potential
limitations to feedback devices include increased mechanical work required to per-
form chest compressions [41] and the potential for injury to rescuers associated
with moving parts in certain devices [42]. To date, no randomized controlled clinical
trials have been conducted to investigate the clinical benefits or otherwise of these
devices, so the clinical impact of introducing these technologies remains to be deter-
mined.

Post-event Debriefing

The use of post event debriefing in simulator based training has been shown to sig-
nificantly improve team performance [43] and is widely used by the military and in
aviation for improving future performance particularly in the context of rare or
stressful events. Participation as a member of a cardiac arrest team can be a stressful
and challenging experience. Junior doctors have reported feeling un-prepared and
concerned about managing cardiac arrest and have called for more feedback on
their performance [44]. In addition to potentially being able to improve the quality
of CPR, post-event debriefing may have a part to play in reducing stress amongst
members of the resuscitation team.

Dine et al. investigated a strategy of post-event debriefing among nurses during
advanced resuscitation training [45]. Following a simulated cardiac arrest, partici-
pants received a 5-min structured program of post-arrest debriefing in which the
participants were shown the actual transcript of their own CPR efforts and briefly
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counseled on how to improve their CPR to comply with consensus resuscitation
guidelines. Post-event debriefing in this format led to significant improvements in
the quality of CPR. These improvements were further augmented when real-time
audiovisual feedback was available during the resuscitation attempt. The combina-
tion of feedback and debriefing improved compression rate compliance from 45 to
84 % (p = 0.001) and doubled the number of compressions of adequate rate and
depth (29 versus 64 %, p = 0.005).

Post-event debriefing of medical residents after in-hospital resuscitation attempts
was studied in a before-after cohort study by investigators from the University of
Chicago [46]. A unique debriefing program (Resuscitation with Actual Performance
Integrated Debriefing, RAPID) was introduced to allow discussion of cases during a
45 minute session each week. Cardiac arrest data transcripts detailing the quality of
CPR, EKG traces, and problems with specific resuscitation attempts were converted
into presentation slides. These were used to provide feedback on performance and
to reinforce the scientific evidence behind resuscitation techniques. Compared to the
historical control group (who received real time audiovisual feedback on CPR per-
formance only) the RAPID cohort delivered improved ventilation rates (13 vs 18/
min, p < 0.001) and increased compression depth (50 vs 44 mm, p = 0.001) com-
pared with the control group. Knowledge about resuscitation among the members of
the cardiac arrest team also improved significantly. There were also improved
patient outcomes (increase in return of spontaneous circulation rate from 44.6 to
59.4 %, p = 0.03). This is the best real patient study to date supporting the use of
debriefings for resuscitation teams. The study used a historical control group and
spanned the change in resuscitation guidelines in 2005. This is a potential confound-
ing factor as the new guidelines emphasized the importance of CPR quality and of
minimizing interruptions in chest compression.

Future Developments in Technology

Remote guidance and feedback to lay rescuers who witness a collapse may be possi-
ble with new mobile cellular phone technology in the future. In a manikin study,
untrained individuals given audiovisual prompts sent by an ambulance dispatch
center to a cellular phone were more likely to deliver chest compressions than those
who received telephone instructions alone [47]. The use of new video phones to
guide and provide feedback during a resuscitation attempt is also being studied.

Strategies to reduce the pre-shock pause imposed by AEDs are also being investi-
gated. These may include reducing the number of voice prompts, pre-charging the
capacitor during CPR, and new diagnostic algorithms to reduce the time taken for
rhythm analysis. Filtering technology to remove the artefacts created by CPR has
also now been developed. This would allow rhythm analysis to take place during on-
going CPR. This approach was investigated using a databank of EKG traces from 229
patients in cardiac arrest [48]. The algorithm was able to identify a shockable
rhythm with a sensitivity of 93 % and a specificity of 89 %, yielding a positive pre-
dictive value of 91 %. A non-shockable rhythm was identified with a sensitivity of
89 %, a specificity of 93 %, and a positive predictive value of 91 % during uninter-
rupted chest compression.

Utilization of signals frequently collected by defibrillators, such as transthoracic
impedance and EKG signals, may also play a role in providing feedback on the qual-
ity of CPR. Transthoracic impedance measurements through defibrillator pads are
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already used in some defibrillators to monitor ventilation rate. In an experimental
study in humans, investigators found that monitoring transthoracic impedance
could also reliably detect esophageal intubation [49]. Analysis of the EKG signal,
particularly the characteristics of the ventricular fibrillation waveform is able to
predict the likelihood of shock success. Using this technology Li et al. were able to
differentiate between good and poor quality CPR in a pig model of cardiac arrest
[50]. The development of these and related technologies is likely to play an increas-
ing role in providing feedback to aid the delivery of optimal CPR to patients in the
future.

Conclusion

Good quality CPR improves survival from cardiac arrest. Numerous studies show
that the quality of CPR is poor during training and real resuscitation attempts. Feed-
back devices that measure CPR quality during actual skill performance and provide
prompts to correct any deficiencies can improve skill performance. Feedback
devices may reduce rescuer fatigue and improve willingness to perform CPR in lay
people. Real time audio feedback during CPR has been called ‘The Guardian Angel
of CPR’ [51]. It has also been suggested that audio feedback on AEDs will enable ‘the
untrained layperson to become the next critical care practitioner’ [52]. There is
good evidence to support the regular use of feedback devices during training and
whenever available in cardiac arrest situations. The use of feedback devices during
actual CPR followed by a post-event briefing may further improve skill performance
during subsequent resuscitation attempts.
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