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Abstract

During paediatric cardiopulmonary resuscitation (CPR), patients may transition between pulseless electrical activity (PEA), asystole, ventricular fibrillation/
tachycardia (VF/VT), and return of spontaneous circulation (ROSC). The aim of this study was to quantify the dynamic characteristics of this process.
Methods: ECG recordings were collected in patients who received CPR at the Children’s Hospital of Philadelphia (CHOP) between 2006 and 2013.
Transitions between PEA (including bradycardia with poor perfusion), VF/VT, asystole, and ROSC were quantified by applying a multi-state statistical
model with competing risks, and by smoothing the Nelson-Aalen estimator of cumulative hazard.

Results: Seventy-four episodes of cardiac arrest were included. Median age of patients was 15 years [IQR 11-17], 50% were female and 62% had a
respiratory aetiology of arrest. Presenting cardiac arrest rhythms were PEA (60%), VF/VT (24%) and asystole (16%). A temporary surge of PEA was
observed between 10 and 15min due to a doubling of the transition rate from ROSC to PEA (i.e. ‘re-arrests’). The prevalence of sustained ROSC
reached an asymptotic value of 30% at 20 min. Simulation suggests that doubling the transition rate from PEA to ROSC and halving the relapse rate
might increase the prevalence of sustained ROSC to 50%.

Conclusion: Children and adolescents who received CPR were prone to re-arrest between 10 and 15 min after start of CPR efforts. If the rate of PEA to
ROSC transition could be increased and the rate of re-arrests reduced, the overall survival rate may improve.
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Introduction

A paediatric patient in cardiac arrest will receive numerous medical
interventions in an effort to bring the child back to life. Depending on
age, comorbidity and the underlying cause of arrest, these
interventions may impose several cardiac rhythm changes and
hopefully the return of spontaneous circulation (ROSC). During
resuscitation, the patient may occupy and transition between four
possible clinical states: pulseless electrical activity (PEA), asystole,
ventricular fibrillation /—tachycardia (VF/VT) or ROSC." In addition,
the term ‘bradycardia with poor perfusion’ in paediatric patients refers
to insufficient perfusion due to a very low heart rate, a pre-arrest
physiologic state that is also treated with CPR.?®

We have previously demonstrated that there is great variability in
how adult patients with cardiac arrest respond to resuscitation efforts
with respect to transitions between these clinical states."* In a
randomized study, intravenous adrenaline (epinephrine) increased
the rate of transitions from PEA to ROSC, from PEA to VF/VT and from
ROSC to VF/VT in patients with initial PEA, compared to patients that
did not receive adrenaline.® It is reasonable to assume that the
underlying cause of arrest may influence such transitions as well. In
children, the aetiology may be more diverse than among adults, in
whom coronary artery disease and cardiac failure dominates.®
Quantifying the transition rates between clinical states is a way of
describing the overall response to paediatric CPR, and may provide
further insight into the pathophysiology of cardiac arrest in paediatric
patients. In order to assess the course of clinical state transitions in
cardiac arrest for research purposes, it is required that a defibrillator is
attached to the patient and that the ECG and CPR delivery recordings
are downloaded after the event.” In a study that assessed the
relationship between survival and the quality of cardiopulmonary
resuscitation (CPR), one of few such datasets containing defibrillator
files in paediatric cardiac arrest was systematically collected.®

The main aim of this study was to analyse how paediatric patients
responded to CPR and defibrillation with respect to transitions
between PEA, VF/VT, asystole and ROSC during resuscitation.

Material and methods
Study setting and population

The Children’s Hospital of Philadelphia (CHOP) is a tertiary care
hospital with 516 inpatient beds. Paediatric patients > 1 years of age
with cardiac arrest in the Emergency Department (ED) or Intensive
Care Unit (ICU), between October 2006 and September 2013, were
previously included in a study of compression depth and survival.® The
Institutional Review Board (IRB) at CHOP assessed that further IRB
oversight was not required for the data analysis performed in the
current study (IRB 16-012813). The study was approved by the
Regional Ethics Committee in northern Norway (REK N-2016/712).

Data collection and -handling

Quantitative CPR data was collected and recorded with HeartStart MRx-
defibrillators with the Q-CPR option (Phillips Medical Systems, Andover,
Massachusetts, USA). Defibrillator files were downloaded within 24 h
after each event. The software Q-CPR Review (Version2.1.0.0, Laerdal
Medical, Stavanger, Norway) was used to facilitate the initial extraction.

All channels including ECG, impedance and compression depth signal
data were further processed applying the software MATLAB R2016b
(The Mathworks, Natick, MA, USA), and visualized in a customized
graphical userinterface (GUI) developed by two study investigators (TE,
Ul). Other study investigators (TN, ES) assessed and classified the
ECG-rhythm recorded by the defibrillators attached during resuscita-
tion. The compression depth channel and the impedance (when depth
was not available) were used to detect chest compressions, and to
identify pauses in chest compressions in order to assess the ECG
rhythm undisturbed by compression artefacts.® Rhythms were further
confirmed by inspecting the ECG in the customized GUI during
compressions, after a CPR artefact filter was applied.'®""

The patients were classified along the time axis to be either in
VF/T, PEA, asystole or ROSC. The annotation process has been
described in previous publications."* Some patients were classified
by the resuscitation team to have ‘bradycardia with poor perfusion’
as the presenting rhythm treated with CPR. Physiologic data that
could help assess the degree of circulatory failure were not
systematically registered by the defibrillators (e.g. arterial wave-
form, end-tidal CO2), and these patients were therefore classified as
having PEA to simplify analysis. ROSC was suspected in patients
with prolonged pauses in chest compressions (>1min) and clinical
documentation suggesting ROSC. Patients who obtained ROSC
during resuscitation but later had a relapse to another clinical state
before end of efforts were classified with temporary ROSC (tROSC).
At the end of resuscitation efforts, the patients were classified with
sustained ROSC (sROSC) or as having been declared dead. The
underlying cause of arrest, broadly categorized as respiratory or
non-respiratory, was determined by the clinical team involved and
recorded in an Utstein style template.

Statistical analysis

Statistical analyses and the visualization of the distribution and
development of clinical states over time were performed with the
software R (version 3.5.0, R Development Core Team, Vienna,
Austria), with the additional packages ‘mvna’,’msm’, ‘flexsurv’ and
‘TraMineR’."#'®

The observed time between the different state transitions (time-to-
event) were analysed applying a multi-state model, which is a
generalization of the commonly used survival models to more than two
states.'” For instance, a patient may transition from PEA to either VF/
VT, ROSC, or asystole."* A multi-state model allows patients to move
between several clinical states while taking such ‘competing risks’ into
account.

We used two statistical measures commonly applied in multistate
models to describe the dynamic nature of the process. First, the
Nelson-Aalen estimator of the cumulative hazard of specific state
transitions (i.e. events) over time.'® Second, and of direct interest, is
the instantaneous hazard rate of transitioning from one state to
another, corresponding to the derivative of the Nelson-Aalen
estimator. Continuous hazard rates for all relevant transitions were
estimated using smoothing splines implemented in the R-package
‘flexsurv’.’®'® This approach was chosen instead of demonstrating
constant transition rates, as constant rates make biologically less
sense with respect to the deteriorating physiologic state over time in
patients receiving CPR. To illustrate their interpretation and impor-
tance, we undertook a simple simulation of the hypothetical effect of
doubling the beneficial transition rate from PEA to ROSC and halving
the less beneficial rate of relapse from ROSC to PEA. Summary data
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are presented as medians with interquartile range (IQR) or range, as
appropriate.

Results

There were 89 episodes of cardiac arrest occurring in 78 individual
patients included in the original study. Among these, 74 of the
episodes for 65 individual patients had a recording of the ECG and
impedance signal with sufficient quality to be included in the current
analysis. Five patients had two episodes and two patients had three
episodes of cardiac arrest. Fifty percent of the patients were female.
Median age was 14.7 years (IQR 10.4-17.0), with range 21 months to
23 years. Median weight was 45kg (IQR 31-58kg). A respiratory
aetiology was considered the main cause of arrest in 46 of the
episodes (62%). PEA was the most frequent presenting cardiac arrest
rhythm (38%) followed by VF/VT (24%), pulseless bradycardia (22%),
and asystole (16%). The observed numbers of state transitions during
resuscitation are presented in Table 1. There were 231 state
transitions with a median of two per episode (IQR 1-4, range 1-23).
Transitions to and from PEA were the most frequent.

A high-resolution picture of the changing prevalence of clinical
states over time is demonstrated in Fig. 1. The prevalence of VF/VT
decreased rapidly while PEA dominated. There was a “surge” of PEA
between 10 and 15min, due to a temporary increase in the rate of
relapse from temporary ROSC to PEA. There was no net recruitment
of sustained ROSC past 30min of resuscitation efforts. The
prevalence of clinical states stratified on the initial rhythm is
demonstrated in Supplementary Fig. S 1.

The smoothed hazard rates for transitions between PEA, ROSC,
VF/VT and asystole are demonstrated in Fig. 2. The corresponding
plots of the Nelson-Aalen estimators are demonstrated in Supple-
mentary Fig. S2. For three of the specific transitions, constant rates

Table 1 - The distribution of 231 clinical state
transitions during the first 45 min of CPR in

74 episodes of paediatric cardiac arrest. Rows
indicate from and columns indicate to which states
the transitions took place.

Transitions from Transitions to

ROSC PEA VF/NT Asystole Death Total

ROSC - 23 6 0 0 29
PEA 52 - 22 16 24 114
VFNT 6 32 - 9 4 51
Asystole 0 15 5 - 17 37

were reported instead of smoothed rates due to the low number of
observations. There was an initial high transition rate from PEA to
ROSC. In patients with initial VF/VT, transitions to ROSC and to PEA
both represent successful defibrillations; the latter rate peaked early
and then declined. The rate of re-arrests, i.e. transitions from ROSC to
PEA, peaked in intensity at about 12 min.

The hazard rate roughly corresponds to the one-minute
probability of transition from one state to another when hazard
rates are low. For instance, from inspection of the curve one can see
that a patient with ROSC at 5 min has a probability of 12% to relapse
into PEA in the following one minute (hazard rate starting at 0.12). At
about 12 min into resuscitation, the hazard rate had risen to about
0.23, implying a higher probability of relapse. These transitions and
the corresponding rate estimates describe the basic response to
resuscitation. One may better understand their interpretation and
importance by exploring how different values for key transition rates
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Fig. 1 - Plot of the prevalence of state occupation with time in paediatric patients with in-hospital cardiac arrest
receiving CPR (n = 74). The proportion of patients at any time occupying the different states can be read of the y-axis.
Sust.ROSC — sustained return of spontaneous circulation (light green); Temp.ROSC — temporary ROSC (green); PEA —
pulseless electrical activity (yellow); VF/VT — ventricular fibrillation or —tachycardia (red) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2 - Plot of hazard rates for state transitions between the clinical states of ROSC, PEA, VF/VT and asystole (blue
lines) with associated 95% confidence intervals (grey lines). For transitions with very few observations, only constant
(average) rates could be estimated. Rows indicate from and columns indicated to which state the state transitions
took place. An additional dotted blue line shows the corresponding average (constant) rates. No transitions between
ROSC and asystole were observed. ROSC — return of spontaneous circulation; PEA — pulseless electrical activity; VF/
VT — ventricular fibrillation or —tachycardia (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

can change patient outcome. Fig. 3A demonstrates the simulated
expected prevalence of clinical states over time using (for simplicity)
the time-constant transition rates found in the study. The model
captures most of the essential features of the current observed
process in Fig. 1. In Fig. 3B, the results of doubling the PEA to
ROSC transition rate from 0.06 to 0.12, and halving the ROSC to
PEA relapse rate from 0.12 to 0.06 is demonstrated. In this
simulated case, the prevalence of sustained ROSC at 30 min would
rise substantially, from 28% to approximately 50%.

Discussion

This is, to our knowledge, the first study to describe and quantify the
dynamic features of physiologic responses to CPR and defibrillation in
children and adolescents during in-hospital cardiac arrest. We
observed several important clinical features of resuscitation in these
age groups, both with respect to the state prevalence and with respect
to the rate of state transitions with time.
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Fig. 3 - Plot of state prevalence based on the time-constant hazard rates found in the study is demonstrated in panel a). The
results of a simulated increase in the PEA to ROSC transition rate and halving of ROSC to PEA transition rate is
demonstrated in panel b). Sust.ROSC — sustained return of spontaneous circulation (light green); Temp.ROSC —temporary
ROSC (green); PEA — pulseless electrical activity (yellow); VF/VT - ventricular fibrillation or -tachycardia (red) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

After the first 5-7 min of resuscitation efforts, nearly one in four
patients had obtained ROSC. Quantitatively, we observed that the
rates of re-arrest from ROSC to PEA peaked in intensity shortly after
10 min. Thus, the resuscitation team should be aware of the possible
risk of losing ROSC when this is first obtained; and focus on preserving
sufficient circulation of blood by optimizing ventilation, the use of
inotropic drugs/vasopressors and fluid treatment —depending on the
physiologic state of the patient and the most probable aetiology of
arrest. The early recognition of a reversible cause of arrest has been
demonstrated to be associated with better survival in adult in-hospital
arrest.° An adult study of out-of-hospital cardiac arrest (OHCA) found
that re-arrests were more common among patients with initial VF/VT.
However, the low number of patients in our cohort does not justify
further comparisons based on the initial rhythm.?'

Although nearly 25% of the paediatric patients had an initial
rhythm of VF/VT, the proportion of patient being in VF/VT at any
time point after 5-7 minutes of CPR was quite low (<5%). Few
patients with initial asystole or PEA developed secondary VF/VT.
Samson et al. found a lower proportion of patients with initial VF/
VT (10%) in a larger cohort of patients with paediatric cardiac
arrest, but the median age was lower (4 years) in their study.?? In
Samson'’s study, the proportion of VF/VT at any time was 37% in
children >8 years of age. Thus, the high proportion of adolescents
in our cohort may explain the higher proportion of initial VF/VT
observed. Some patients were >18 years of age, as they received
continuous follow-up at CHOP beyond the paediatric period for
medical reasons.

We found an asymptotic prevalence of sustained ROSC of 30% at
45min after start of CPR. In a previous study of in-hospital adult
cardiac arrest using similar methodology, the proportion of patients
with ROSC at 45 min was 45%.* In a study of 64,399 adult patients with
in-hospital cardiac arrest, Goldberger and co-workers found the
asymptotic prevalence of sustained ROSC at one hour to be 48.5%.2°

For patients with initial asystole, nearly 80% were still in asystole
after 8-9min of CPR efforts. This suggests that frequent rhythm

assessments of paediatric patients with initial asystole are less
important in the initial phase of resuscitation, similar to adults.?*

The patients were included over a 7-year period (2006-2013) and
the 24-h survival was much lower in the first part of the study (< 20%)
compared to the last part of the study (60-80 %).® During the same
period, compliance with the American Heart Association (AHA)
compression depth recommendation increased from less than 20% to
nearly 80%. The institution implemented and studied an intensive
post-cardiac arrest debriefing program during our data collection
period, which may have contribute to both the improved CPR quality
and outcomes.?® The increased quality of CPR observed in the study
period may have affected several of the transitions observed in this
material. We have not investigated any possible relationship between
the state transitions and CPR quality, nor with other time-dependent
factors or patient covariates. Such an analysis has so far only been
done in adults with OHCA.?® We believe it is particularly useful to
investigate which factors favour the PEA to ROSC transition and the
ROSC to PEA transition. If suitable interventions could respectively
double and halve these transitions rates, one would expect a doubling
of the prevalence of sustained ROSC at an earlier time, which may
result in better long-term outcomes.

Limitations

A major limitation in our study is that the definition of ROSC was based
on the assumption that prolonged periods of pauses in chest
compression pauses was due to ROSC, along with clinical
documentation suggesting that the patient had experienced ROSC.
Ideally, continuous measurements of end-tidal CO, and/or arterial
pressure would more accurately identify ROSC, but these types of
measurements were not available in our study. The applied
methodology necessitates that a defibrillator is attached to the patient
during resuscitation efforts. Any periods of CPR given (and rhythm
changes experienced) before the defibrillator was attached was not
possible to observe. Rhythm assessments were made during pauses



50

RESUSCITATION 135 (2019) 45-50

in chest compression to avoid compression artefacts disturbing the
ECG signal. Thus, state transition may have occurred during periods
of chest compression and may have influenced the precision with
respect to the timing of the state transitions. Study investigators (TN,
ES) made the annotations retrospectively with limited access to the
clinical information in the patient records, partly due to IRB
regulations. We based the classification of sustained ROSC or death
at end of efforts on the available clinical documentation. The overall
low number of patients included limited the amount of data available,
specifically for transitions that were more infrequent in the dataset
(e.g. ROSC to VF/VT). This limits the generalizability of the findings.
Finally, the estimates of continuous hazard rates in time intervals
where there were relatively few observations may not be robust.
However, they provide more information than assuming merely time-
constant average rates.

Conclusion

A quantification of the physiologic response to CPR and
defibrillation in children and adolescents with in-hospital cardiac
arrest has been described in this study. Paediatric patients were
prone to re-arrest between 10 and 20 min after start of CPR efforts.
Simulation demonstrated that higher rates of early ROSC along
with lower rates of re-arrests could improve the overall survival
rate substantially.
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