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Abstract

Aim—Amplitude Spectrum Area (AMSA) and Median Slope (MS) are ventricular fibrillation
(VF) waveform measures that predict defibrillation shock success. Cardiopulmonary resuscitation
(CPR) obscures electrocardiograms and must be paused for analysis. Studies suggest waveform
measures better predict subsequent shock success when combined with prior shock success. We
determined whether this relationship applies during CPR.

Methods—AMSA and MS were calculated from 5-second pre-shock segments with and without
CPR, and compared to logistic models combining each measure with prior return of organized
rhythm (ROR).

Results—VF segments from 692 patients were analyzed during CPR before 1372 shocks and
without CPR before 1283 shocks. Combining waveform measures with prior ROR increased areas
under receiver operating characteristic curves for AMSA/MS with CPR (0.66/0.68 to 0.73/0.74,
p<0.001) and without CPR (0.71/0.72 to 0.76/0.76, p<0.001).

Conclusions—Prior ROR improves prediction of shock success during CPR, and may enable
waveform measure calculation without chest compression pauses.
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Introduction

Methods

Sudden cardiac arrest caused by ventricular fibrillation (VF) is a major cause of death in the
US.1 Defibrillation and cardiopulmonary resuscitation (CPR) are the definitive treatments
for VF. However some shocks may fail to terminate VF, result in an organized rhythm, or
produce return of spontaneous circulation.2:3 Moreover, shocks require cessation of CPR for
rhythm analysis and shock delivery, a circumstance adversely associated with the likelihood
of resuscitation.#~5 Ideally, shocks could be timed to achieve optimal likelihood of
resuscitation while limiting interruption in CPR.

Quantitative measures of the VVF electrocardiogram (ECG) are dynamic over the course of
resuscitation’ and predict shock success,® and thus have the potential to serve as real-time
prognostic markers to guide therapy and shock timing. For instance, if a shock is likely to be
unsuccessful due to prolonged VF, temporarily delaying shock and continuing CPR may
improve outcome.%19 However, chest compressions obscure the ECG, requiring a pause in
CPR for accurate waveform measure calculation.11-15 A next-step strategy to predict shock
outcome combines VF waveform measures with other features of the ECG to improve
performance during CPR.

Research has suggested that prior rhythm and perfusion state are associated with subsequent
likelihood of return of spontaneous circulation following shock,1 and that this information
in combination with waveform measures may improve prediction of shock success.1’
However, this relationship has not been tested during CPR, challenging real-world
implementation of such a strategy. If a combination algorithm could more accurately predict
shock success during CPR, then shock delivery might be timed based on a real-time
prognostic likelihood calculated during continuous CPR.14:15

We sought to assess the predictive characteristics of two representative waveform measures,
and to evaluate whether combining waveform measures with prior shock outcome improves
prediction of shock success both with and without CPR.

Study design, population, and setting

The study was a retrospective cohort investigation of adult out-of-hospital cardiac arrest
patients presenting with an initial rhythm of VF in King County, WA, from 2005-2014.
Because the study in part evaluated the role of the ECG response to the prior shock, the
primary study cohort was restricted to those who required at least two shocks. Cases were
excluded if the defibrillator model did not record chest impedance, a public access
defibrillator was used to deliver a shock prior to Emergency Medical Services (EMS) arrival,
defibrillator data was missing or corrupted, or a 5-s VF ECG segment was not available
before any of the first three subsequent shocks following initial shock. The study was
approved by the Investigational Review Board at the University of Washington Human
Subjects Division.

J Electrocardiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coultetal.

Page 3

The EMS system in King County is comprised of two tiers. The first tier consists of
firefighter emergency medical technicians equipped with automated external defibrillators.
The second tier consists of paramedics trained in advanced cardiac life support, ECG rhythm
identification, and manual defibrillation. Resuscitation by EMS agencies in King County
follows American Heart Association guidelines.18

Data collection and data definitions

Cardiac arrest cases were collected using the Utstein template.1® ECGs from MRXx
defibrillators (Philips Healthcare, Bothell, WA) were recorded at a sample rate of 250 Hz,
and ECGs from Lifepak 12 and Lifepak 15 defibrillators (Physio-Control, Redmond, WA)
were recorded at 125 Hz and resampled to 250 Hz. For each patient, one 5-s VF ECG
segment was collected with CPR and one segment was collected without CPR prior to the
first three subsequent shocks following initial shock, when available. Presence of chest
compressions was determined through manual review of the chest impedance signal (Figure
1). Presence of VF during CPR was verified during adjacent pauses in CPR and adjudicated
by physician review if necessary.

Quantitative waveform measures

We computed the Amplitude Spectrum Area (AMSA)29-21 and Median Slope (MS)16:22 as
representative frequency-domain and time-domain quantitative waveform measures. Prior to
waveform measure calculation, ECG segments were filtered with a 4™"-order Butterworth
filter from 4-30 Hz to reduce chest compression artifact and high-frequency noise. AMSA
was calculated from 1-26 Hz23 as AMSA:ZijZNiZ (Xom - fn) where X01 eoes Xy ooy
X2 are the one-sided Discrete Fourier Transform magnitudes calculated from ECG
voltages xg, ..., Xn ..., Xy - 1 Sampled at rate £. The frequency values £, (in Hz) are defined
in terms of the frequency index m and input length A, such that 7,, = mfy/N. Likewise, MS
was calculated as MS = (median X1 — X, - f) for n=0, ..., N- 2.

Shock success

Shock success was defined as return of organized rhythm (ROR) with at least two QRS
complexes in a 5-s interval within two minutes following shock (Figure 1).24 Each shock
was also annotated with a dichotomous variable, Prior ROR, indicating whether the prior
shock was successful. To provide an estimate of inter-rater reliability, a second reviewer
annotated ROR for a random subset of 20% of patients in the study group. Shocks with
indeterminate ROR or Prior ROR were excluded.

Data analysis

We characterized cases according to inclusion in the primary study cohort using descriptive
statistics. Patients in the study group were randomly divided into 30% training and 70% test
groups. ECG segments were sorted based on training and test patient group and presence of
CPR. Using the training segments, we developed logistic models to predict ROR: the first
model type used a waveform measure alone (AMSA or MS) and the second used a
waveform measure combined with Prior ROR. For instance, for AMSA combined with Prior
ROR, the probability P of successful shock was calculated as ARORIAMSA, Prior ROR) =
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1/(1+exp[-(Bo + Br - AMSA + B - Prior ROR)]). The g parameters for both model types
were trained with and without CPR separately. Waveform measure variables were log-
transformed prior to use. Model performance was evaluated on test data.

Area under the receiver operating characteristic curve (AUC) was used to assess model
performance for prediction of shock success. AUC values for receiver operating
characteristic curves were compared using Delong’s method.25:26 \Waveform measure
medians were compared using a two-sided Wilcoxon rank-sum test. The Pearson phi
coefficient was used to evaluate association of shock outcomes between adjacent shocks.
Cohen’s kappa was used to estimate inter-rater reliability.

As a supplementary analysis to examine whether training dataset size or patient allocation to
training or test groups affected results, AUCs were also estimated using 10-fold cross-
validation across all data.2”~29

MATLAB 2016b (The Mathworks, Natick, MA, USA) and R 3.0.2 (R Foundation for
Statistical Computing, Vienna, Austria) were used for statistical and signal analysis.

During the study period, there were 1434 primary VF patients who received more than one
shock and were eligible for inclusion in the study (Figure 2). Of eligible patients, 742 (52%)
were excluded, most commonly due to absence of defibrillator data or treatment with a
device that did not record chest impedance. After exclusions, there were 692 (48%) patients
included in the final study group. Demographic characteristics of included and excluded
patients were similar (Table 1). Of the 692 patients included in the study group, 208 (30%)
were randomly assigned to the training group and 484 (70%) to the test group.

VF segments were collected during CPR prior to 1372 subsequent shocks and without CPR
prior to 1283 shocks. Of all VF segments collected, there were 418/399 segments with/
without CPR from patients in the training group, and 954/884 segments with/without CPR
from patients in the test group.

Return of organized rhythm

ROR occurred after 801 (58%) of segments with CPR and 750 (58%) of segments without
CPR. When stratified by shock number, the first, second, and third subsequent shocks all had
similar rates of ROR. There was significant association between ROR from adjacent shocks
(¢=0.36, p<0.001). Inter-rater reliability of ROR annotation between two reviewers,
estimated from a random subset of 292 shocks from 138 patients, was high (K [95% CI] =
0.85[0.78-0.91)).

Waveform measures

Median AMSA was 6.27 [IQR 4.03, 8.51] mV-Hz during CPR and 5.02 [IQR 3.06, 6.99]
mV-Hz without CPR (p<0.001 for difference). Median MS was 3.51 [IQR 2.17, 4.86] mV/s
during CPR and 2.80 [IQR 1.56, 4.05] mV/s without CPR (p<0.001 for difference). Median
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AMSA and MS were significantly higher before successful shocks compared to
unsuccessful shocks both with and without CPR (p<0.001 for differences) (Supplementary
Appendix A).

In all logistic models, waveform measures and Prior ROR were associated with a successful
shock (Table 2). Predictive performance was significantly improved when Prior ROR was
added to either waveform measure, regardless of whether CPR was ongoing (Table 3). For
example, during CPR, AUC for AMSA alone was 0.66 [95% CI 0.63-0.70], while AUC for
AMSA with Prior RORwas 0.73 [95% CI 0.70-0.76]. The increase in AUC due to Prior
ROR varied across individual shocks and CPR state (Figure 3). For instance, during CPR,
inclusion of Prior ROR increased the AMSA AUC by 0.04 for shock 2, 0.07 for shock 3, and
0.15 for shock 4 over that of AMSA alone (Supplementary Appendix B). Results using 10-
fold cross-validation were similar (Supplementary Appendix C).

Discussion

In this investigation of out-of-hospital arrest, we confirmed that two representative VF
waveform measures, AMSA and MS, predict shock outcome as determined by return of
rhythm on the ECG. We observed that the measures retain some prognostic capability during
CPR but AUC is reduced compared to CPR-free analysis. Moreover, in novel investigation,
we demonstrated that inclusion of previous shock outcome improves waveform measures
during CPR and offsets the reduction in waveform measure performance caused by CPR
artifact. Combining information from waveform measures and the resuscitation history thus
offers a step forward towards achieving near-continuous CPR while guiding treatment and
its timing.

Ideally cardiac arrest treatment would be tailored to match individual pathophysiology in
order to achieve the greatest likelihood of resuscitation.3% Shocks that are less likely to result
in ROR could be temporarily postponed to allow additional perfusion with CPR (or other
interim treatments) that might enhance subsequent shock success.8-10 Conversely, shocks
more certain to result in ROR could be administered immediately. Such an approach would
not necessarily delay receipt of an immediate shock, since rhythm analysis (to determine
whether the rhythm is shockable or non-shockable) and prognostic assessment could both be
performed concurrently. However, current protocol uses a uniform approach that delivers
shocks using fixed timing based on information available at predetermined 2-minute
intervals.1> Outcomes might be improved if care could be guided by real-time physiologic
measures throughout the course of resuscitation, especially if these measures incorporated
accumulating information about patient-specific response to therapy. The approach is largely
untested in human resuscitation, but such “patient-specific” resuscitation is supported by the
results of experimental research,31:32

Multiple prior studies have highlighted the ability of waveform measures to predict shock
outcome, i.e. return of rhythm or survival.8 However these studies require CPR-free ECG
epochs in order to calculate quantitative waveform measures. Such interruptions undermine
the goals of continuous circulatory support during resuscitation.1® Given this understanding,
we previously evaluated the prognostic ability of waveform measures using ever-shorter
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CPR-free segments, and found that measures retain comparable prediction even as the CPR-
free segment length approaches <1 second.24 Nonetheless, even these brief interruptions are
logistically challenging to coordinate, and would not support continuous VF waveform
assessment during CPR.

Hence we evaluated the prognostic characteristics of two well-characterized waveform
measures — A MSA and MS - during uninterrupted CPR. As part of the investigation, we
applied a bandpass filter to improve the usability of the ECG waveform (Supplementary
Appendix D). The fundamental frequency of chest compressions is approximately 2 Hz,
while VF frequencies are primarily between 3-8 Hz.33 However, harmonics and higher-
frequency CPR artifact lie within the spectral range of the VVF signal, such that removal via
filtering cannot be easily accomplished without degrading the VF signal itself.15 Waveform
measures therefore cannot be calculated optimally during CPR even after filtering the ECG.
11-13,34 gince AMSA is computed from the product of each frequency and its magnitude,
and MS computes the pointwise derivative, both measures increasingly emphasize higher-
frequency content. Consequently, AMSA and MS may still be relatively better-suited to
evaluate VF during chest compressions as they inherently ignore some CPR artifact. In our
investigation, AMSA and MS did indeed predict ROR after shock during CPR, though the
AUC was significantly less compared to CPR-free analysis (Supplementary Appendix D).

We sought to evaluate whether additional information might be combined with quantitative
waveform measures to increase prognostic accuracy during CPR. Research has suggested
that prior rhythm is associated with subsequent likelihood of return of spontaneous
circulation following shock, and that this information may improve prediction when
combined with waveform measures calculated during CPR-free epochs.16:17 However little
is known about whether ROR from prior shock would improve prediction when combined
with waveform measures calculated during CPR. We observed that Prior ROR was
associated with the response to a subsequent shock. Moreover, Prior ROR in combination
with waveform measures significantly increased AUC for prognosis regardless of whether
CPR artifact was present. Additionally the increase in AUC by incorporating Prior ROR was
greater as shock sequence progressed, suggesting that patient response to shock may be
increasingly related to previous shock response over the course of resuscitation.

In this study we demonstrated that when prior shock outcome is known, it can be leveraged
to improve waveform measure prognostic ability during CPR. Clinical benefit of a
prognostic algorithm able to assess VF viability during CPR would be contingent on ability
to also classify ECG rhythms (i.e. detect VF) during CPR. Unfortunately, current protocol
for rhythm analysis still requires a pause in chest compressions for rhythm classification.1®
In recent experimental work, however, we demonstrated the possibility of real-time rhythm
classification during CPR by incorporating ECG history over time.3® This finding further
highlights the value of integrating information accumulated over the course of resuscitation
to improve accuracy during CPR. By including historical information from the ECG,
patient-specific treatment guided by a real-time prognostic algorithm concurrent with real-
time rhythm classification may be possible without interruption of chest compressions.
Further efforts to develop such a prognostic algorithm would involve improving individual
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waveform measures as well as refining methods to integrate continuous readings (rather than
using a limited number of isolated segments) to increase prognostic accuracy.

In summary, the AUC that resulted from the combination of waveform measures with prior
shock success during CPR was improved over the AUC of waveform measures alone.
Waveform measures during CPR combined with Prior ROR also exceeded the predictive
capability of CPR-free waveform measures alone. These results support — at least in concept
— that historical ECG information in addition to analysis of isolated segments can overcome
some of the prognostic challenges introduced by CPR artifact, and in turn may enable
guided resuscitation with continuous CPR.

Limitations

We used waveform measures as well as ROR from prior shock to develop a prognostic
model that could predict subsequent ROR. This method incorporates previous shock success
and thus would not apply to prediction of initial shock outcome. Overall predictive
performance was modest, thus limiting potential clinical application of the specific measures
used. The study group restriction to subsequent shocks may also have affected results due to
exclusion of patients resuscitated with a single shock; for instance, waveform measure AUC
values in this study were less compared to a previous investigation of initial shocks.2*

We used ROR as a shock-specific electrical outcome. ROR had excellent inter-reviewer
reliability in the current study, but since ROR includes non-perfusing organized rhythms, its
utility as a surrogate clinical outcome may be limited. Other definitions of shock success
such as return of spontaneous circulation could also serve as a shock-specific outcome and
may produce different results. Each shock was treated as an independent sample for training
and test, though multiple clips from the same patient were included in the study. This
approach may produce correlation among ECG segments, although only a maximum of
three subsequent shocks were collected from a single patient.

The study included ECG segments from multiple defibrillator models with different filtering
bandwidths. This heterogeneity underscores the generalizability of the findings across
different hardware platforms, but due to waveform measure relationship to high frequency
content, may cause variation in waveform measure magnitude between devices and may
reduce combined AUC. The study was retrospective and so did not actually incorporate ROR
status or waveform measures in real-time, and results therefore may not be indicative of
prospective investigation.

Conclusion

AMSA and MS retained shock-specific prognostic value when generated during CPR, and
their predictive ability was improved by incorporating outcome from the prior shock. Future
efforts may continue to refine and evaluate how historical ECG information predicts
outcome and may potentially guide patient-specific care.
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Highlights

. Ventricular fibrillation waveform measures predict defibrillation shock
outcome.

. CPR artifact obscures the ECG and reduces waveform measure accuracy.

. Outcomes (i.e., return of organized rhythm) of repeated shocks are correlated.

. Waveform measures during CPR improve if combined with prior shock
outcome.

. Measures during CPR combined with prior outcome match measures alone
without CPR.
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Figure 1. ECG examples
(a) VF ECG obscured during CPR is visible once compressions cease, with compressions

confirmed by chest impedance. (b) AMSA and MS calculated from 5 seconds of CPR-free
VF are high preceding a successful shock. Shock success is confirmed by return of
organized rhythm in the ECG. (c) AMSA and MS calculated from 5 seconds of CPR-free
VF are low preceding an unsuccessful shock. Impedance signals are shifted vertically for
visibility. (AMSA = Amplitude Spectrum Area; CPR = Cardiopulmonary Resuscitation;
ECG = Electrocardiogram; MS = Median Slope; VF = Ventricular Fibrillation.)

J Electrocardiol. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coult et al.
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Primary VF Patients 2005-2014
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Excluded Patients
(N=742)

Defibrillator model does not
record impedance (N=286)
No defibrillator data, or files
corrupted/missing (N=323)
5-s VF pads or impedance
leads unavailable (N=1186)
Indeterminate return of
rhythm after shock (N=17)

\ 4

Eligible Patients
(N=1434)

e Primary VF with >1 shock

Study Group Patients
(N=692)

A 4

\ 4
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Training Patients
(N=208)

418 subsequent shocks with CPR
399 subsequent shocks without CPR

Test Patients
(N=484)

e 954 subsequent shocks with CPR

e 884 subsequent shocks without CPR

Figure 2. Study cohort and exclusions
(CPR = Cardiopulmonary Resuscitation; VF = Ventricular Fibrillation.)
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Figure 3. AUC values for prediction of ROR on test data
AUC values with 95% confidence intervals for predicting shock success are shown for all

subsequent shocks using (a) AMSA with CPR, (b) AMSA without CPR, (c) MS with CPR,
and (d) MS without CPR. AUC values are presented for all subsequent shocks combined and
also by individual shock number. AUC values are significantly higher for waveform
measures in combination with Prior ROR versus waveform measures alone. Improvement in
AUC due to inclusion of Prior ROR is greater as shock sequence progresses. (AMSA =
Amplitude Spectrum Area; AUC = Area under the Receiver Operating Characteristic Curve;
CPR = Cardiopulmonary Resuscitation; MS = Median Slope; ROR = Return of Organized
Rhythm.)
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Patient Characteristics

Table 1

Page 15

Demographics are shown for all primary VF cases in the 2005-2014 study period, for eligible cases with >1
shock, for excluded cases, and for study group cases. (CPR = Cardiopulmonary Resuscitation; EMS =
Emergency Medical Services; IQR = Interquartile Range; ROSC = Return of Spontaneous Circulation; VF =

Ventricular Fibrillation.)

Primary VF cases

Eligible cases with

Excluded cases (N=742)

Study group cases

2005-2014 (N=1927) >1 shock (N=1434) (N=692)
Female, n(%) 454(23.6) 333(23.2) 168(22.6) 165(23.8)
Age, median (IQR) 62(52, 73) 62(52, 73) 63(52, 73) 61(52, 73)
Cardiac etiology, n(%) 1742(90.4) 1314(91.6) 672(90.6) 642(92.8)
Location, n(%)
Home 1208(62.7) 908(63.3) 455(61.3) 453(65.5)
Public 627(32.5) 467(32.6) 248(33.4) 219(31.6)
Nursing Home 92(4.8) 59(4.1) 39(5.3) 20(2.9)
Avrrest before EMS arrival, n(%) 1713(88.9) 1300(90.7) 645(86.9) 655(94.7)
Witnessed, n(%) 1482(76.9) 1110(77.4) 576(77.6) 534(77.2)
Bystander CPR, n(%) 1249(64.8) 939(65.5) 477(64.3) 462(66.8)
EMS Response time (minutes), median
(IQR) 5(4, 6.6) 5(4, 6.9) 5(4,7) 5(4, 6.2)
Total shocks, median (IQR) 3(1, 6) 4(3,7) 4(3,6) 5@3,7)
ROSC, n(%) 1281(66.5) 891(62.1) 456(61.5) 435(62.9)
Died in Field 498(25.8) 405(28.2) 210(28.3) 195(28.2)
Admit to hospital 1254(65.1) 876(61.1) 439(59.2) 437(63.2)
Survive to hospital discharge, n(%) 818(42.4) 550(38.4) 276(37.2) 274(39.6)
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Table 3
AUC:s for logistic model performance on test data

AUC values for prediction of shock success on N = 484 test patients (954 shocks with CPR, 884 shocks
without CPR) are significantly higher for Prior ROR combined with waveform measures versus waveform
measures alone. Differences may not sum due to rounding. (AMSA = Amplitude Spectrum Area; AUC = Area
under the Receiver Operating Characteristic Curve; Cl = Confidence Interval; CPR = Cardiopulmonary
Resuscitation; MS = Median Slope.)

Logistic Model

AUC [95% CI] with CPR

AUC [95% CI] without CPR

AMSA only

0.66 [0.63-0.70]

0.71[0.67-0.74]

AMSA + Prior ROR

0.73 [0.70-0.76]

0.76 [0.72-0.79]

(Change)

*

0.07 [0.04-0.10]

*

0.04 [0.02-0.07]

MS only

0.68 [0.64-0.71]

0.71 [0.68-0.75]

MS + Prior ROR

0.74 [0.71-0.77]

0.76 [0.72-0.79]

(Change)

*

0.06 [0.04-0.09]

*

0.05 [0.03-0.07]

*
p<0.001 for change
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