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Abstract

Aim: Spectral Flux (SF), which is based on common algorithms in the audio processing field, was applied to quantitatively analyze ECG signals to
optimize the timing of defibrillation. With the aim of proving the performance in optimizing the timing of defibrillation, SF was compared with Ampli-
tude Spectrum Area (AMSA) in a porcine model of ventricular fibrillation (VF) in a retrospective analysis experiment.

Methods: A total of 56 male domestic pigs, weighing 40 + 5 kg, were induced to undergo VF. Animals were then left untreated for 10 min, and after
6 min of cardiopulmonary resuscitation (CPR) defibrillation was performed. The respective SF and AMSA values were calculated every minute dur-
ing VF and CPR. Comparisons were made through receiver operating characteristic (ROC) curves, one-way analyses of variance (one-way ANO-
VA), and scatterplots for the successful initial defibrillation sample (positive samples, Group R) and the failed initial defibrillation sample (negative
samples, Group N) to illustrate the performance in optimizing the timing of defibrillation for the AMSA and SF methods.

Result: Values of SF and AMSA gradually decreased during the 10 min VF period and increased in during the 6 min CPR period. The scatterplots
showed that both metrics had the ability to distinguish positive and negative samples (p < .001). Meanwhile, ROC curves showed that SF (area under
the curve, AUC = 0.798, p < .001) had the same ability as AMSA (AUC = 0.737, p < .001) to predict the successful defibrillation (Z=1.35, p=0.177).
Moreover, when comparing the values for AMSA and SF between the successful initial defibrillation samples (Group R) and the failed initial defib-
rillation samples (Group N), the results showed that the values of both AMSA and SF in Group R were significantly higher than those in Group N
(p < .001).

Conclusion: In the present study, SF method had the same ability as AMSA to predict successful defibrillation with significantly higher values in
cases of successful defibrillation than the instances in which defibrillation failed. Additionally, SF method might be more stable than AMSA for filtering
out the higher frequency interference signals due to the narrower frequency range and had higher specificity and predictive accuracy than AMSA. So
SF method had high clinical potential to optimize the timing of defibrillation. Nevertheless, further animal and clinical studies are still needed to con-
firm the effectiveness and practicality of SF as a predictive module for defibrillators in clinical practice.
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of VF.>* However, the failure of defibrillation might result in post-

Introduction resuscitation myocardial dysfunction and failure of resuscitation,””
therefore, optimizing defibrillation timing is very significant to improve

Out-of-hospital cardiac arrests (OHCA), of which 19.5% are caused the performance of electrical shocks.

by ventricular fibrillation (VF), are a leading cause of death in the Uni- Previous investigations used coronary perfusion pressure (CPP),

ted States.'* According to the guidance of the American Heart Asso-  VF wavelet amplitude and median frequency to optimize the timing

ciation (AHA), electrical defibrillation is the best treatment after attack of the electrical shock.”> However, CPP is difficult to apply in
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out-of-hospital settings due to the invasive measurements.>® Heitor
et al. had proposed use of the Amplitude Spectrum Area (AMSA),
which was defined as the sum of the products of each frequency
and its corresponding amplitude in the frequency domain.® Besides
that, there are various other methods based on the time domain or
frequency domain.*>® Nevertheless, due to the wide frequency
range, some other interference factors like electromyogram will be
involved in their calculation which led to low accuracy, no analysis
methods had been widely used in clinical practice up until now.%°

Recently, Some researchers found that either improved methods
and algorithms, or combined methods that were used to analyze the
ECG signal during VF, could increase the prediction accuracy, sen-
sitivity and specificity, such as Spectral Centroid (SC), Spectral
Energy (SE) and Optimal Amplitude Spectrum Area (Opt-
AMSA)."%'5 Spectral Flux (SF) is a new, more stable algorithm from
the audio processing field that uses the Euclidean distance between
two spectra to measure the spectral shape variation.'? In this algo-
rithm SF measures the rate of change of spectral content of the
ECG signal.'® Furthermore, as the special feature of SF, the cap-
tured frequency range of 10-30 Hz (AMSA 4-48 Hz) will effectively
filter out the higher frequency interference signals, such as elec-
tromyogram and so on.

In the animal and clinical studies, It has been demonstrated that
higher AMSA values are associated with higher shock success and
ROSC and resulted in less post-resuscitation myocardial dysfunction
and better survival with epinephrine administration. AMSA was pro-
posed as a tool to guide defibrillation in adults, because AMSA
may predict if defibrillation could terminate VF with concurrent
ROSC.""""° Therefore, in the present study, we sought to retrospec-
tively analyze the extent of changes in ECG signals as quantified by
SF, compared with AMSA, in order to propose a reliable threshold to
predict the timing of defibrillation.

Methods

In this retrospective study, a total of 56 male domestic pigs weighing
40 + 5 kg were included. All the animals were from the previous
mature VF induced cardiac arrest porcine model protocols which
were approved by the Institutional Animal Care and Use Committee
of Tang Wanchun laboratories of emergency and critical care medi-
cine, Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
Guangzhou, China®®?' and received humane care in compliance
with the Guidance Suggestions for the Care and Use of Laboratory
Animals, formulated by the Ministry of Science and Technology of
the People’s Republic of China. Animals were maintained on labora-
tory chow and housed in a specific pathogen-free room at a constant
temperature (20—22 °C) with 10 h of light and 14 h of dark exposure.
During the experiment, all animals were given sedation and
analgesic treatment to alleviate pain. All animal experiments were
performed in accordance with the ARRIVE guidelines.

Animal preparation

The animals were fasted overnight, while remaining free to drink
water. Ketamine (20 mg/kg) was first injected into the animals by
intramuscular injection for anesthesia. This was followed by injection
of sodium pentobarbital (30 mg/kg) into the cardiovascular system.
We injected the animals with an added dose of sodium pentobarbital
(8 mg/kg) if necessary, or at intervals of about 1 hour, to retain anes-
thesia in case animals awakened or showed restlessness. With the

assistance of a VELA ventilator (CareFusion California, USA), we
provided a tidal volume of 10 mL/kg, a peak flow below 40 L/min
and 0.21 Fjp, to animals by a cuffed endotracheal tube which was
introduced into the trachea. A BeneView T5 patient monitor (Mindray,
Shenzhen, China) was used to measure the end-tidal carbon dioxide
pressure (ETCO,) and the ETCO, was maintained between 35 and
45 mmHg. With the assistance of a cooling/warm blanket (HGT-
200Il, Hokai, Zhuhai, China), the animals’ body temperatures were
retained at 37.5 + 0.5 °C during the entire experiment.

For the measurement of aortic pressure (AP) and collection of
blood samples, a 7F pentalumen thermodilution-tip catheter (Abbott
Critical Care 41216; North Chicago, IL) was advanced from the right
femoral artery into the thoracic aorta. For the measurements of right
atrial pressure (RAP), core blood temperature (T.), and venous
blood samples, another 7F pentalumen thermodilution-tip catheter
was advanced from the right femoral vein and directed into the pul-
monary artery. For inducing ventricular fibrillation (VF), a 5F pacing
catheter (EP Technologies Inc; Mountain View, CA) was advanced
from the right external jugular vein into the right ventricle. Hard gel
defibrillation pads (stat-padz, Zoll Medical Corporation, Chelmsford,
MA, USA) were applied with an anterior to lateral placement. An
accelerometer-base handheld CPR device (CPR-D-padz, Zoll Medi-
cal Corporation, Chelmsford, MA, USA) was positioned on the sur-
face of each pig’s sternum and underneath the rescuer's hands
during chest compressions. The positions of all catheters were con-
firmed by characteristic pressure morphology and with fluoroscopy, if
necessary. The piston of the compressor was positioned in the mid-
line at the level of the fifth interspace. To measure the ECG signal,
three adhesive electrodes were applied to the shaved skin of the
right upper and left upper-and-lower limbs.

Experimental procedures

Before using 2 mA alternating current to induce VF through the pac-
ing catheter, we measured the baseline (BL) signal for fifteen min-
utes in the right ventricular endocardium. After inducing the VF,
mechanical ventilation was discontinued. Before the resuscitation
procedure commenced, in order to avoid injury to the heart, the pac-
ing catheter was removed. After 10 consecutive minutes of untreated
VF, the two-person CPR for basic life support that was recom-
mended by the 2015 AHA guidelines were initiated by two
researchers.?> Chest compression was maintained for 6 minutes.
After two minutes of CPR, the animals were injected with epinephrine
at a dose of 20 pg/kg. In order to terminate the VF, a single 120 J
biphasic shock (M-Series, Zoll, Chelmsford, USA) was applied
(Fig. 1A).

The animals were regarded as exhibiting return of spontaneous
circulation (ROSC) if they had a mean aortic pressure of over than
50 mmHg that persisted for an interval of 5 min or more. If the ani-
mals achieved ROSC, mechanical ventilation was initiated with
100% oxygen and continued for thirty minutes. For the following thirty
minutes the oxygen was reduced to 50%; it was further reduced to
21% thereafter. All of the animals were monitored for the first
2 hours.

General measurements

A data acquisition system based on Windaq hardware/software
(Datag, Akron, USA) was used to continuously record the hemody-
namic data. The CPP was computed by a digital system through
the differences between diastolic arterial pressure and the contem-
poraneous right atrium pressure.
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Fig. 1 - (A) Experimental timeline. Baseline, baseline measurements; VF, ventricular fibrillation; CPR,
cardiopulmonary resuscitation; EPl, administration of epinephrine; Shock, defibrillation. (B) A flowchart of the

procedure for calculating SF.

SF and AMSA methods

We retrospectively analyzed the ECG signals and the success rate of
the first defibrillation in 56 animals. The MATLAB 2015a Signal Pro-
cessing Toolbox was used to carry out the analyses. The one-
second waveforms from ECG lead Il before the initial defibrillation
were analyzed for each sample of data, and the results of the defib-
rillation were assessed. A 4-48 Hz band-pass filter was used to
remove low-frequency noise caused by chest compression and
high-frequency interference from the power-line interference and
electromyography. Thereafter the one-second time segments were
transformed from the time domain to the frequency domain with a
Fast Fourier Transform (FFT).

AMSA and SF were calculated by the following equations.

AMSA =Y "A;-F;

{ Ai - Ai—n d
se(n, py = VW = AD

L

In these formulae A; is the amplitude corresponding to the fre-
quency F; and L denotes the length of the dataset; the values n
and S represent the time interval between two peaks. If § =2, SF
stands for Euclidean distance. Therefore in the present work  was
set to the typical value =2 and n was set to the typical value
n=1. AMSA used a frequency range of 4-48 Hz for calculation
while SF used a frequency range of 10-30 Hz. Figs. 1B and 2
showed the process of calculating SF.

Statistical analyses

One-way ANOVA and scatterplots were used to analyze the differ-
ences between the successful initial defibrillation sample (Group R)
and the failed initial defibrillation sample (Group N) for the AMSA
and SF methods. The values were presented as “mean + standard
deviation” and 95% confidence interval (Cl). We plotted the receiver

operating characteristic (ROC) curves of both methods for the result
of initial defibrillation and compared their area under the curve (AUC)
values with a Z-test. In the Confusion Matrix (Table 2), TP represents
the number of samples whose true value is positive and the model
classifies them as positive (True-Positive). FP represents the num-
ber of samples with negative true values and positive model classifi-
cation (False-Positive). TN represents the number of samples whose
true value is negative and the model classifies them as negative
(True-Negative). FN represents the number of samples where the
true value is positive and the model is classified as negative
(False-Negative). True Positive Rate (TPR) represents sensitivity,
TPR = TP / TP + FN. True Negative Rate (TNR) represents speci-
ficity, TNR = TN/ TN + FP. Accuracy = TP + TN/ TP + TN + FP +
FN. For all statistical analyses, a value of p < .05 was considered to
be statistically significant.

Results

A total of 27 pigs were successful ROSC by the first defibrillation,
while 29 pigs were unsuccessful ROSC. The success ratio for the ini-
tial defibrillation was therefore 48%. The values of SF and AMSA
subsequently gradually decreased over time during the 10 min period
of untreated VF, while they increased during the 6 min period of
chest compression (Fig. 3).

Furthermore, the ROC curves showed that the AUC for SF
(0.798, p < .001, Fig. 4A) was higher than the AUC for AMSA
(0.737, p < .001, Fig. 4A); meanwhile, the comparison of the diag-
nosed efficiency between them indicated no statistically significant
difference (Z = 1.35, p = 0.177, Fig. 4A). The AMSA method with a
cut-off value of 8.94 yielded a sensitivity of 100.00% and a specificity
of 48.39%, while the positive predictive value (PPV) was 61.36%, the
negative predictive value (NPV) was 100.00%, and the accuracy was
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Fig. 2 - The calculation process for the SF method. (A) A one-second VF signal in the time domain was transformed to
the frequency domain. (B) The amplitude of the calculated frequency range (10-30 Hz) for SF was selected, and the
obtained amplitude data were divided into two frames according to requirements. (C) A diagram of SF calculation.
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Fig. 4 - Analysis of correlation between SF and ASMA. (A) ROC curves for the SF and AMSA methods; p=0.177 SF vs
ASMA. (B) Scatterplot of SF against AMSA data; p < 0.001 SF vs ASMA.

71.43% (Table 1). For the SF method with a cut-off value of
10.21 x 102 the sensitivity and specificity were 88.89% and
58.62%, while PPV, NPV and accuracy were respectively 66.67%,
85.00% and 73.21% (Table 1). Additionally, the scatterplot depicting
the correlation between SF and ASMA (Fig. 4B) showed that SF was
correlation with AMSA (p < .001 SF vs ASMA).

We also compared the values of AMSA and SF between Group R
and Group N. The results showed that the mean AMSA values of
Group R were 16.07 + 5.07 mV-Hz (Cl: 14.06-18.07 mV-Hz) and
the mean Group N values were 10.98 + 4.54 mV-Hz (Cl: 9.25—-12.
71 mV-Hz). The AMSA values in Group R were higher than those
in Group N (p < .001, Fig. 5A). Meanwhile, the mean values of SF
were 17.14 4+ 7.10 x 102 mV (Cl: 14.33-19.95 x 102 mV) for Group
Rand 9.6 + 5.87 x 102 mV (Cl: 7.38-11.85 x 102 mV) for Group N.
The mean values of SF in Group R were also higher than those in
Group N (p < .001, Fig. 5B).

Discussion

In this study, we found that the values of SF and AMSA maintained
the same trend during the 10 min period of untreated VF and the

6 min period of chest compression. In addition, the analysis of the
ROC curves indicated that the SF method had the same ability as
AMSA to predict successful defibrillation, and the scatterplot demon-
strated that the metrics of the SF method were correlated to the
AMSA. Furthermore, we found that the values from AMSA and SF
were significantly higher in cases of successful defibrillation than
the instances in which defibrillation failed. Finally, the specificity
and predictive accuracy of SF (58.62% and 73.21%) were higher
than those of AMSA (48.39% and 71.43%).

A number of studies indicated that higher AMSA reflects higher
myocardial energy and higher probability of successful defibrilla-
tion.>'* Recently, two animal studies found that AMSA driven-
shock resulted in less post-resuscitation myocardial dysfunction
and better survival, attributed to attaining ROSC with less electrical
and adrenergic myocardial burdens.’”?® Additionally, other clinical
studies demonstrated that AMSA values are associated with the
probability of low-energy shock success so that they could guide
energy optimization in shockable cardiac arrest patients, thus
increasing ROSC achievement in the out-of-hospital cardiac
arrest.?*?> In our study we retrospectively studied the AMSA
method. The AMSA method is a weighted sum of the effective
frequency components of the ECG signal, and a value that could

Table 1 - Performance of predictions from AMSA and SF with different cut-off value selection criteria.

Method Criterion Cut-off Sensitivity  Specificity Positive Negative Accuracy
value (%) (%) predictive  predictive (%)
value (%) value (%)
AMSA Yuden Index 8.94 (mV-Hz) 100 48.39 61.36 100 71.43
Maximum of Sensitivity 12.65 (mV-Hz) 77.78 62.07 71.05 75.00 69.64
Specificity
Minimum of distance to corner 12.65 (mV-Hz) 77.78 62.07 71.05 75.00 69.64
SF Yuden Index 10.21 (x1072 88.89 58.62 66.67 85.00 73.21
mV)
Maximum of Sensitivity 10.21 (x1072 88.89 58.62 66.67 85.00 73.21
Specificity mV)
Minimum of distance to corner 10.21 (x1072 88.89 58.62 66.67 85.00 73.21

mV)
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Table 2 - Confusion matrix.

Confusion Matrix True Value

Positive

Positive TP (True-Positive)
Negative FN (False-
Negative)

Negative

FP (False-Positive)
TN (True-Negative)

Prediction

indirectly reflect the degree of activity of the heart. The results of the
initial defibrillation timing were basically consistent with previous
studies, which validated the effectiveness of the AMSA method.

SF is an acoustic method that represents an important type of
method for analyzing features in the frequency domain, and is able to
measure changes from one spectrum to another spectrum.'?'62° |t
can measure the spectral change between two successive frames
and was computed as the squared difference between the normalized
magnitudes of the spectra of the two successive short-term windows,
so we are able to use SF to measure the rate of change in the spectral
content of the ECG signal with time.'®2” On the other hand, the calcu-
lated results from the SF method were in the range [0, M], where M
denotes the maximum value of spectral amplitude of ECG signals.
Lower values of SF indicated that the amplitude spectrum had hardly
change or the amplitude was small, while the higher values demon-
strated the larger change in the amplitude spectrum,’® that demon-
strated that SF method was more stable. Moreover, the frequency
range of SF (10-30 Hz) compared to AMSA (448 Hz), SF could avoid
the interference by the higher frequency, especially the electromyogram
from heart. This feature of SF made the prediction timing of defibrillation
more precise. Herein SF was calculated in our study to analyze the
ECG signals during the VF period in the porcine model of cardiac arrest.

According to the analysis of the data, via comparing our study’s
results from the AMSA and SF methods, we found that the SF values
were similar to the AMSA values which were both decreased during
the 10 min VF period, and then increased during the 6 min chest
compression period. Similarly, the scatterplots and ROC curves
showed that the ability of the SF method to predict the timing of defib-
rillation was as good as that of the AMSA method, in particular, the
AUC for SF was larger than the AUC for AMSA, and the two metrics
were correlated.

A AMSA
40 +
35 o p<0.001
J 30 -
> 25 -
E = .
< 20 - -
(2] g o
N B
. oo &
5 - ode
0 T T
Group R Group N

When considering the balance between the sensitivity and speci-
ficity of the SF method, different choices of cut-off criterion would
lead to different cut-off values, thus hence sensitivities and specifici-
ties.?® The confusion matrix corresponding to the optimal threshold
point on the ROC curve will be the basis for calculating indicators
such as sensitivity, specificity, and accuracy. So the point on the
ROC curve corresponds to the optimal threshold point based on
the Youden index. In our study, we selected the optimal cut-off value
with an amplitude threshold by the Youden index method; another
two we selected the cut-off value as the point on the ROC curve
where the sensitivity was closest to specificity and the cut-off value
as the point on the curve that was closest to the upper-left cor-
ner.2°-33 We found that the cut-off value, sensitivity, specificity and
accuracy by all three criteria were coincidentally equal
(10.21 x 1072, 88.89%, 58.62% and 73.21%). Performances of pre-
dictions including PPV and NPV with different cut-off value selection
criteria are shown in Table 1.

In addition, it could be seen from Fig. 5 that SF had the same effect
as AMSA in predicting defibrillation, so SF can be regarded as a
method that is supplementary or alternative to AMSA in order to
improve the outcome and survival following VF-related cardiac arrest.

Inevitably, some limitations were existed in this study. Firstly, in
order to avoid the interference to the performance of the predictors
caused by chest compression, all the waveforms of VF in our study
did not include the chest compression period. Secondly, justonly 1 s
ECG records before defibrillation were used, the closer the ECG
before defibrillation was, the more it truly reflected the energy of
the myocardium which was important for successful defibrillation
and resuscitation. Besides, current animal and clinical studies
proved that 1 s ECG segments could achieved the possibility of an
AHA compliant shock decision, as well as improved the success of
defibrillation and the OHCA survival.'***% For the future work,
we plan to validate the effect of SF under other data lengths. Finally,
this paper was retrospective study and the predictive performance of
the algorithms had not been validated in clinical applications, nor ver-
ified in human trials. We expect to collect more samples, to model
the methodologies and extract the diagnostic features by deep learn-
ing methods, artificial intelligence and big database, in order to inte-
grate SF method into real defibrillators and bring it into perspective
human trials and clinical applications.

0.5
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Fig. 5 - Scatterplots of values for the SF and AMSA methods in Group R and Group N. (A) Comparison of AMSA values
between Group R and Group N (p < 0.001). (B) Comparison of SF values between Group R and Group N (p < 0.001).
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Conclusions

In the present study, SF method had the same ability as AMSA to pre-
dict successful defibrillation with significantly higher values in cases of
successful defibrillation than the instances in which defibrillation failed.
Additionally, SF method might be more stable than AMSA for filtering
out the higher frequency interference signals due to the narrower fre-
quency range and had higher specificity and predictive accuracy than
AMSA. So SF method had high clinical potential to optimize the timing
of defibrillation. Nevertheless, further animal and clinical studies are
still needed to confirm the effectiveness and practicality of SF as a pre-
dictive module for defibrillators in clinical practice.
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