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Abstract
Aim—During adult cardiac arrest, rescuers frequently provide ventilations at rates exceeding
those recommended by the American Heart Association (AHA). Excessive ventilation is
associated with worse clinical outcome after adult cardiac arrest. This study is the first to
characterize ventilation rate adherence to AHA guidelines during in-hospital pediatric cardiac
arrest resuscitation.

Patients and methods—We prospectively enrolled children and adolescents (≥8 years of age)
who suffered a cardiac arrest in a pediatric intensive care unit (PICU) or emergency department
(ED) of a tertiary-care pediatric hospital. Ventilation rate (breaths per minute [bpm]) was
monitored via changes in chest wall impedance (CWI) recorded by defibrillator electrode pads
during cardiopulmonary resuscitation (CPR).

Results—Twenty-four CPR events were enrolled yielding 588 thirty-second CPR epochs. The
proportion of CPR epochs with ventilation rates exceeding AHA guidelines (>10 bpm) was 63%
(CI95 59–67%), significantly higher than our a priori hypothesis of 30% (p < 0.01). The proportion
of CPR epochs with ventilation rates exceeding 20 bpm was 20% (CI95 17–23). After controlling
for location of arrest and initial event rhythm, resuscitations that occurred on nights/weekends
were 3.6 times (CI95: 1.6–7.9, p < 0.01) more likely to have a ventilation rate exceeding AHA
guidelines.

Conclusions—During in-hospital pediatric cardiac arrest, rescuers frequently provide artificial
ventilations at rates in excess of AHA guidelines, with twenty percent of CPR time having
ventilation rates double that recommended. Excessive ventilation was particularly common during
CPR events that occurred on nights/weekends.

✰A Spanish translated version of the summary of this article appears as Appendix in the final online version at doi:10.1016/
j.resuscitation.2011.03.020.
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1. Introduction
Thousands of children suffer a cardiac arrest event each year.1,2 Unfortunately, only
between 3 and 17% of pediatric victims of cardiac arrest survive the event with favorable
neurological outcome,3–5 with higher survival seen with in-hospital arrest. Given that
survival after pediatric cardiac arrest can be improved, it is unfortunate that previous
investigations have established that during both adult and pediatric resuscitation attempts,
care frequently does not achieve recommended quality targets.6–9 In addition to non-
compliance with national guidelines for chest compression (CC) rate, CC depth, and no flow
time, rescuers are known to ventilate adult victims of cardiac arrest with rates in excess of
those recommended by the American Heart Association (AHA).7,10,11 To our knowledge,
ventilation rates delivered during pediatric cardiac arrest remains unknown.

While controlled ventilation (i.e., limited ventilation to maximize hemodynamics during the
low flow state of cardiopulmonary resuscitation) is important during adult resuscitation, the
question remains as to whether the same would apply during pediatric cardiac arrest. As
pediatric arrests are often the consequence of tissue hypoxia due to respiratory failure,12,13

increasing ventilation in an attempt to reverse any physiologic derangements (e.g.,
hypoxemia) prior to arrest is appropriate. However, once cardiac arrest ensues (i.e., the heart
stops beating and there is no blood flow), excessive ventilation during cardiopulmonary
resuscitation (CPR) decreases venous return and coronary perfusion pressure leading to
lower survival rates in animal models.10 As a result, the AHA recommends that pediatric
cardiac arrest victims with an advanced airway receive rescue breaths at a rate of 8–10
breaths per minute (bpm) to improve the chance of successful resuscitation regardless of
etiology.12 In response to resuscitation science highlighting the importance of this controlled
ventilation during CPR, mechanisms to monitor ventilation rate have been developed.14

Changes in chest wall impedance (CWI) recorded by defibrillator pads can be used to
monitor ventilation rates during active CPR.15,16

Our group previously reported the quality of CCs delivered during 20 pediatric in-hospital
cardiac arrests and found that trained in-hospital providers frequently perform CCs that do
not meet AHA guidelines (non-compliance rates ~30%).8 Given that defibrillator pads were
applied in only a small number of events (i.e., had CWI measured), we were unable to report
on ventilation quality at that time and it is thus the primary objective of this investigation.
Based on our previous findings of non-compliance rates of ~30% for other pediatric CPR
quality variables, we hypothesized that there would be an approximate 30% incidence of
excessive ventilation (>10 bpm) during pediatric CPR events. Additionally, we
acknowledged that in the pediatric pre-arrest state, many children require increased
respiratory support as a means to prevent cardiac arrest. Therefore, we also hypothesized
that the initial moments of pediatric cardiac arrest would suffer from higher ventilation rates
as providers transition from a ventilation strategy to prevent arrest to one that increases the
chance of successful resuscitation by maximizing CPR hemodynamics.

2. Patients and methods
2.1. Protocol and consent

The primary objective of this prospective observational study is to quantitatively evaluate
the frequency of ventilations delivered during in-hospital pediatric cardiac arrest. The study
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protocol including consent procedures was approved by the institutional review board at The
Children's Hospital of Philadelphia. Data collection procedures were completed in
compliance with the guidelines of the Health Insurance Portability and Accountability Act to
ensure subject confidentiality. Written consent was obtained from all participating health
care providers.

In our institution, responders to a cardiac arrest event include an intensive care (IC) or
emergency medicine (EM) attending physician, IC or EM fellow physician, pediatric
resident, critical care nurse, and a critical care respiratory therapist. The composition of the
resuscitation team remains consistent at night and over the weekend. During a cardiac arrest
event, it is our routine practice to disconnect an already intubated patient from the
mechanical ventilator. Ventilations are typically provided manually by either the respiratory
therapist or fellow physician.

2.2. Quantitative feedback system
The Heartstart MRx defibrillator with Q-CPR technology used in this investigation was
jointly designed by Philips Healthcare (Andover, MA) and the Laerdal Medical Corporation
(Stavanger, Norway) and is currently approved by the US Food and Drug Administration for
patients ≥8 years of age. Data on CWI (Ohms) was obtained with self-adhesive defibrillator
pads (HeartStart Pad, M3718A – Adult Radiotransparent Multifunction Electrode Pads,
Philips Medical Systems, Seattle, WA) and continuously recorded and measured via the
Philips HeartStart MRx/Q-CPR biphasic monitor/defibrillator (Philips Medical Systems,
Andover, MA). As all patients weighed greater than 10 kg, adult pads were selected for all
patients and were placed in standard anterior-apical position.

Changes in CWI measurements are used to obtain ventilation data, allowing the calculation
of a ventilation rate in bpm. The accuracy of these methods has been validated in laboratory
studies and used in previous adult investigations.7,9,17 As we have previously
demonstrated,18 defibrillator software does have limitations in identifying lower tidal
volume ventilations. Given this limitation, in our institution, it is the responsibility of the
code leader to determine if the rate of artificial ventilations is appropriate. Providers were
instructed to disregard any defibrillator-generated audio prompts to increase ventilation
frequency. This recommendation was reinforced through our previously reported on-going
daily CPR quality training program.19 In short, during each resuscitation event, the code
leader, not the defibrillator software, was used to monitor and coach ventilation rate. No
alteration was made to the standard of care. If the code leader perceived the ventilator
frequency to be too fast or too slow, the provider delivering ventilations was coached to
decrease or increase the ventilation rate.

2.3. Subject enrollment
Cardiac arrest events requiring CCs occurring in children ≥8 years of age in the pediatric
intensive care unit (PICU) or the emergency department (ED) of a children's hospital were
screened for inclusion in the study. Our 45-bed PICU consists of both medical and surgical
patients. Cardiac surgical patients are cared for in a separate cardiac ICU and these patients
were not included in our study. Only those CPR events where defibrillation pads were
applied during the resuscitation (i.e., had CWI measured) were enrolled. Any ventilation
data obtained prior to the initiation of CCs (pre-arrest) were excluded from the analysis.

2.4. Review of ventilation data
A Windows®-based software program, Q-CPR Review (Version 2.1.0.0, Laerdal Medical,
Stavanger, Norway) was used for the initial detection of ventilation events. Although this
software has the capability to interpret CWI data and identify ventilation events, previous
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investigations have established concern that software analysis may fail to detect all
ventilation events.17 As such, each CPR event was manually reviewed by one author (AM)
and these resulting ventilation rates were reported as our gold standard (Fig. 1). As a
measure of manual review reliability, a random convenience sample of 5 (21%) CPR events
was reviewed independently by a second author (AO). Concordance between reviewers was
analyzed by kappa statistic.20

2.5. Outcome variables/data analysis
In accordance with previous CPR quality investigations, all CPR events were subdivided
into thirty-second (30 s) epochs.6,7 For ease of data analysis, all CPR epochs lasting less
than 30 s were excluded from analysis. After this exclusion, the ventilation rate in breaths
per minute was determined for each CPR epoch. Ventilation rates of CPR epochs were
grouped for analysis as follows: (1) the first 5 min of each CPR event; (2) the remainder of
the CPR event; and (3) the total duration of the CPR event (i.e., first 5 min plus the
remainder of the event). Our primary outcome variable was the proportion of CPR time with
excessive ventilation. Excessive ventilation was defined in the following manner: (1) a
ventilation rate > 10 bpm (AHA-defined)12; and (2) a ventilation rate > 20 bpm. The latter
was chosen as a meaningful clinical hemodynamic threshold (i.e., while a ventilation rate of
12 bpm exceeds AHA guidelines, the clinical effect is probably negligible; whereas rates
exceeding 20 bpm likely have detrimental hemodynamic consequences for the cardiac arrest
victim.10,21) Our primary hypothesis was that 30% of CPR epochs will have excessive
ventilation using the AHA definition (>10 bpm).

In a secondary analysis, multivariable modeling using generalized estimating equations to
adjust for within-event correlation between CPR epochs was used to evaluate the association
of excessive ventilation with the following a priori clinical variables: (1) time of event: adult
survival from in-hospital cardiac arrest is worse during nights and weekends as compared to
weekdays22; (2) location of event: The Children's Hospital of Philadelphia has an on-going
daily CPR quality training program19 primarily concentrated in the PICU; and (3) rhythm: in
the pre-arrest state, bradycardia may be responsive to escalated respiratory support,
consequently, after progression to a no-flow state (i.e., cardiac arrest) and the initiation of
CPR, rescuers may continue with what would then be considered excessive ventilation. In an
exploratory analysis, ventilation rates between events with return of spontaneous circulation
(ROSC) and those without ROSC were compared using Wilcoxon ranksum. Categorical
variables were compared using a χ2-test. P values less than 0.05 were considered
significant. Statistical analysis was completed using the Stata-IC 10.0 statistical package
(Stata Corp, College Station, TX).

3. Results
Between October 2006 and June 2009, quantitative CPR data was collected on 44
consecutive cardiac arrest events. CWI data were collected from 26 of the 44 events where
defibrillator pads were applied. All subjects had an advanced airway in place at the time of
cardiac arrest. Twenty-four of these events (92%) provided interpretable CWI waveforms
and were included in ventilation quality assessment. Ventilation data recorded prior to the
onset of CC (pre-arrest) were excluded. In total, 305 min of CPR (concurrent administration
of CC and ventilations) were available for analysis. Events were further subdivided into 30 s
CPR epochs (n = 621). 33 CPR epochs lasting less than 30 s were excluded, providing 588
analyzable CPR epochs. Please see Table 1 for the demographic data of enrolled patients.
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3.1. Primary outcome variable: proportion of CPR with excessive ventilation (Fig. 2)
The proportion of CPR epochs with ventilation rates exceeding AHA guidelines (>10 bpm)
during CPR was 63% (CI95 59–67%), significantly higher than our a priori hypothesis of
30% (p < 0.01). The proportion of CPR epochs with a ventilation rate exceeding 20 bpm
was 20% (CI95 17–23%).

There was no difference between ventilation rates or proportion of CPR time with
ventilation rates >10 bpm or >20 bpm between the first 5 min of the resuscitation compared
to the remainder of the event (Table 2).

3.2. Excessive ventilation: clinical associations
After controlling for location of arrest and initial event rhythm, CPR epochs that occurred on
nights/weekends were 3.6 times (CI95: 1.6–7.9, p < 0.01) more likely to have a ventilation
rate in excess of 10 bpm and more than 5.5 times (1.3–23.8, p < 0.03) more likely to exceed
20 bpm. There was no significant difference between median event ventilation rates where
ROSC was attained (median 11.1 bpm (IQR 6.6–28.0)) vs. those events where ROSC was
not attained (median 12.8 bpm (IQR 8.1–19.1); p = 0.92).

3.3. Software review vs. manual event review
Given the insensitivity of the defibrillator software to detect ventilation events,18 we
manually reviewed all CWI data. Prior to manual review, we utilized defibrillator software
to review CWI data and determine the ventilation rate. There was a statistically significant
difference between calculated ventilation rates by review method: software review median
10.1 bpm (IQR: 4.8–12.6) vs. manual review median 12.5 bpm (IQR 7.8–20.6); p = 0.03.

3.4. Reliability of manual event review
There was 80% agreement between reviewers in the random subset of events selected for
reliability analysis (>10 bpm, kappa = 0.62; >20 bpm, kappa = 0.55). It should be noted that
the results of the kappa statistic vary according to the prevalence of the finding. Because the
incidence of excessive ventilation was high, this may result in a low kappa statistic, and
thus, a lower reliability of measurement.

4. Discussion
This study establishes the incidence of excessive ventilation in older children and
adolescents during pediatric in-hospital cardiac arrest. In the pre-arrest state, rescuers may
appropriately increase the respiratory support provided to pediatric patients. However, after
a no-flow state occurs, ventilations should be limited to maximize coronary perfusion.10

Despite rescuer training and oversight by code leaders, providers at our institution frequently
ventilated cardiac arrest patients with rates in excess of those recommended by AHA
guidelines. Excessive ventilation was present at both the beginning and for the duration of
resuscitation attempts. Moreover, 20% of CPR time had a ventilation rate >20 bpm, a rate
that is double that recommended by the AHA. In short, excessive ventilation was common
in our resuscitation attempts. While the clinical significance of excessive ventilations during
CPR remains unclear, animal models of cardiac arrest suggest that an increased ventilation
rate is associated with decreased survival.10 While determining the clinical significance of
excessive ventilation during CPR remains a question to be answered, the primary aim of this
study was to quantify deviation from AHA guidelines for ventilation rate during CPR.

During CPR, cardiac output is reduced to less than 25% of normal, leading to a decreased
ventilation requirement during CPR. Porcine models of cardiac arrest using ventilation rates
similar to those identified in human studies demonstrate that an increased ventilation rate
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leads to increased mean intra-thoracic pressure, and consequently, a decreased coronary
perfusion pressure.21,23 In animal models, these physiological derangements are associated
with a statistically significant decreased rate of survival.21,23

Adult studies of in-hospital cardiac arrest have documented decreased survival when events
occur at night or on the weekend.22 Likewise, adult studies have shown that patients with
intracerebral hemorrhage and pulmonary embolism admitted on the weekend have an
increased rate of mortality as compared to those admitted during the week.24,25 In our group
of patients, there was a statistically significant association with excessive ventilation and the
time of event, with excessive ventilation being more likely to occur at night and on the
weekends. While our study is underpowered to determine if there is a decreased rate of
ROSC at night or on the weekends, the association remains interesting. With further
investigation, it may become clear that quality improvement efforts should be targeted to
include all time periods of hospital staffing.26

Now that excessive ventilation has been documented during pediatric resuscitation, efforts
should be directed towards reduction of the ventilation rate in future events. In adult models,
the use of automated feedback during CPR has resulted in a reduction in excessive
ventilation rates.27 However, it is troubling that we observed such a high rate of excessive
ventilation even when rescuers were assisted by defibrillator automated feedback. As an
alternative, the use of a formal post-event CPR debriefing program can lead to a reduction in
the ventilation rate seen during adult resuscitation attempts.28 It appears that similar targeted
training programs would be desirable in pediatric institutions.

Defibrillator pads attached to the chest can monitor changes in CWI and thereby monitor the
rate of ventilation.15 With the use of defibrillator pads during CPR, this method of
ventilation monitoring seems practical, though not without technical challenge. Similar to
adult studies, we noted noise within the CWI tracing (possibly from CCs or patient
movement) and small impedance changes (possibly from low tidal volume ventilation).17 As
a result, as seen in Fig. 1, software algorithms may fail to detect ventilation events.
Supporting previous studies,17 we found a statistically significant difference between
manual and software calculated ventilation rates.

There are several limitations to this study. First, as discussed above, there was variable
quality to the CWI tracings. Additionally, we are lacking data on the quality of defibrillation
pad attachment and the exact position of defibrillation pad attachment. However, all pads
were placed in the anterior-apical position, limiting some of the variability in pad placement.
Standard practice at our institution is to disconnect the patient from the mechanical
ventilator during CPR and proceed with manual ventilation. However, we do not have data
to confirm that this is the case for all data in our study. It is possible, though unlikely, that
the observed excessive ventilation rates may have been delivered by a mechanical ventilator.
Regardless of mode of delivery, the patient was excessively ventilated during the CPR.
While our goal was to characterize the presence of excessive ventilation during pediatric
CPR, we do not have a gold standard for this measurement. Although we attempted to
evaluate concordance among event reviewers, we lack a precise mechanism to determine the
true ventilation rate. In the future, alternative mechanisms to monitor the ventilation rate,
such as capnography (End-tidal CO2) or airway pressure14,29 will be utilized. Alternatively,
additional information about our existing data set could be gleaned from review of either
audio or video transcripts.

We report on ventilation frequency performed with Q-CPR technology assistance and after
the initiation of a bedside CPR retraining program.19,30 Ventilation quality without the
assistance of automated feedback, or in an environment not primed to train and focus
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attention on the quality of CPR, was not assessed. Under the circumstances of intense
training and attention to CPR quality, excessive ventilation still occurred. Our results are in
accordance with adult units focusing on CPR quality, whose documented ventilation rate
was greater than 20 bpm for approximately 60% of CPR duration.7 In addition, we should
emphasize that we analyzed only ventilation rate. In future studies we hope to further
characterize ventilation rate by describing inflation rate and tidal volume of rescue breath
ventilations. While we have demonstrated an excessive rate of ventilation in this study, it is
probable that a measure combining ventilation rate, tidal volume, and mean airway pressure
is more important in determining resuscitation quality and/or outcome.

5. Conclusion
During pediatric cardiac arrest, rescuers provide artificial ventilations at rates in excess of
those recommended by the AHA (>10 bpm) with 20 percent of CPR time exceeding 20
bpm. Further, rates of ventilation were higher during resuscitations that occurred during
nights and weekends. Future studies should be directed at accurately monitoring the
frequency of ventilations delivered during pediatric CPR, training frontline providers to
concentrate on this component of high quality CPR.
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Fig. 1.
CWI tracing. *Ventilation events identified by manual review. †Ventilation events detected
via software review and labeled as “Vent detect”.
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Fig. 2.
The proportion of CPR time with excessive ventilation (30 s epochs) with a ventilation rate
>10 bpm (dark gray) and > 20 bpm (light gray). CPR time is reported as the first 5 min of
the CPR event and the complete CPR event.
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Table 1

Patient demographics.

Age [mean (sd) years] 15.1 ± 4.1

Gender [n (%) male] 12(50)

Time of day
a
 [n (%) nights/weekends] 12(50)

Initial rhythm
b
 [n (%)]

 PEA/Asystole 9(38)

 Bradycardia 5(21)

 VT/VF 7(29)

 Unknown 3(13)

Location [n (%) PICU] 16(67)

PEA – Pulseless Electrical Activity, VT – Ventricular Tachycardia, VF – Ventricular Fibrillation.

a
11:00 pm to 6:59 am Monday through Thursday nights and Friday 11:00 pm through 6:59 am Monday.

b
Percentages not equal to 100% due to rounding.
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Table 2

Comparison of ventilation rates and proportion of CPR time with a ventilation rate >10 bpm and >20 bpm
between the first 5 min of the resuscitation compared to the remainder of the event.

First five Remainder p

Rate [(bpm; mean (sd))] 14.8 ± 10.7 16.0 ± 11.5 0.28

>10 bpm[%(Cl95)] 59 (51–66) 65 (60–69) 0.18

>20bpm[%(Cl95)] 17 (12–23) 21 (17–25) 0.30
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