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ORIGINAL RESEARCH

Targeted Delivery of Electrical Shocks
and Epinephrine, Guided by Ventricular
Fibrillation Amplitude Spectral Area,
Reduces Electrical and Adrenergic
Myocardial Burden, Improving Survival in
Swine

Salvatore R. Aiello "=/, MS; Jenna B. Mendelson, BS; Alvin Baetiong, MS; Jeejabai Radhakrishnan, PhD;
Raul J. Gazmuri “*/, MD, PhD

BACKGROUND: We previously reported that resuscitation delivering electrical shocks guided by real-time ventricular fibrillation
amplitude spectral area (AMSA) enabled return of spontaneous circulation (ROSC) with fewer shocks, resulting in less myo-
cardial dysfunction. We now hypothesized that AMSA could also guide delivery of epinephrine, expecting further outcome
improvement consequent to less electrical and adrenergic burdens.

METHODS AND RESULTS: A swine model of ventricular fibrillation was used to compare after 10 minutes of untreated ventricular
fibrillation a guidelines-driven (n=8) resuscitation protocol, delivering shocks every 2 minutes and epinephrine every 4 min-
utes, with an AMSA-driven shocks (n=8) protocol, delivering epinephrine every 4 minutes, and with an AMSA-driven shocks
and epinephrine (ADSE; n=8) protocol. For guidelines-driven, AMSA-driven shocks, and ADSE protocols, the time to ROSC
(mean+SD) was 569+164, 410+111, and 400+80 seconds (P=0.045); the number of shocks (mean+SD) was 5+2, 3«1, and
3+2 (P=0.024) with ADSE fewer than guidelines-driven (P=0.03); and the doses of epinephrine (median [interquartile range])
were 2.0 (1.3-3.0), 1.0 (1.0-2.8), and 1.0 (0.3-3.0) (P=0.419). The ROSC rate was similar, yet survival after ROSC favored
AMSA-driven protocols (guidelines-driven, 3/6; AMSA-driven shocks, 6/6; and ADSE, 7/7; P=0.019 by log-rank test). Left ven-
tricular function and survival after ROSC correlated inversely with electrical burden (ie, cumulative unsuccessful shocks, J/kg;
P=0.020 and P=0.046) and adrenergic burden (ie, total epinephrine doses, mg/kg; P=0.042 and P=0.002).

CONCLUSIONS: Despite similar ROSC rates achieved with all 3 protocols, AMSA-driven shocks and ADSE resulted in less
postresuscitation myocardial dysfunction and better survival, attributed to attaining ROSC with less electrical and adrenergic
myocardial burdens.
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arrest leads to rapid development of myocar- (VF). In this setting, successful return of spontaneous

Cessation of coronary blood flow after cardiac  cardiac arrest is precipitated by ventricular fibrillation
dial ischemia, which is particularly intense when circulation (ROSC) requires the delivery of electrical
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CLINICAL PERSPECTIVE
What Is New?

Currently, the decision to deliver electrical
shocks and epinephrine during resuscitation
from ventricular fibrillation is based on a time-
fixed guidelines-driven algorithm.

e We developed an algorithm based on real-time
analysis of the ventricular fibrillation waveform
amplitude spectral area to decide when to de-
liver an electrical shock and when not to deliver
epinephrine to achieve successful resuscitation.

e The amplitude spectral area—driven delivery of
electrical shocks and epinephrine, compared
with the guidelines-driven protocol, reduced the
electrical burden (ie, cumulative number of inef-
fective shocks) and adrenergic burden (ie, total
number of epinephrine doses given), resulting
in less postresuscitation myocardial dysfunction
and better short-term survival.

What Are the Clinical Implications?

e The studies, conducted in a translationally rel-
evant animal model of ventricular fibrillation,
showed the potential clinical feasibility of using
real-time amplitude spectral area—driven algo-
rithms to guide more targeted delivery of electri-
cal shocks and epinephrine during resuscitation
from ventricular fibrillation.

e The electrical and adrenergic burdens appeared
not to compromise the return of spontaneous
circulation but to compromise postresuscitation
myocardial function and survival, consistent
with recent clinical observations.

e The approach for real-time amplitude spec-
tral area analysis, using the ventilation pauses
during initial resuscitation efforts without an
advance airway to obviate the need to filter
compression artifacts, could also facilitate the
clinical translation of the findings.

Nonstandard Abbreviations and Acronyms

ADS AMSA-driven shocks

ADSE AMSA-driven shocks and epinephrine
AMSA amplitude spectral area

GD guidelines-driven

PEA pulseless electrical activity

ROSC return of spontaneous circulation

shocks to a myocardium that is energetically prepared
to be successfully defibrillated and resume effective
contractile activity. To this end, when an electrical
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shock is not immediately available, cardiopulmonary
resuscitation (CPR) is required to generate enough
coronary blood flow to reestablish the required myo-
cardial conditions for successful defibrillation. Because
conventional CPR is typically unable to generate >25%
of the normal coronary blood flow,'~® delivery of a va-
sopressor agent promoting peripheral vasoconstriction
to centrally distribute systemic blood flow and increase
the aortic pressure driving coronary blood flow is
often necessary. Epinephrine is the currently recom-
mended vasopressor agent for CPR.* Epinephrine
promotes peripheral vasoconstriction by acting on a,-
adrenoreceptors and a,-adrenoceptors.® However,
epinephrine also stimulates [3,-adrenoceptors in the
myocardium, an effect that increases the myocardial
energy demand, intensifying the imbalance between
myocardial oxygen demand and myocardial oxygen
delivery,® leading to worse postresuscitation myocardial
dysfunction.” In the recent PARAMEDIC-2 (Prehospital
Assessment of the Role of Adrenaline: Measuring the
Effectiveness of Drug Administration in Cardiac Arrest)
randomized clinical trial, epinephrine increased ROSC
by 3-fold but worsened postresuscitation outcome,
resulting in a similar rate of survival with good neu-
rological function at day 30 as in the group that was
resuscitated without administration of epinephrine,
consistent with the adverse effects of epinephrine (that
manifested postresuscitation) negating its favorable
initial resuscitation effects.?2 The same study noted
that at the time of hospital discharge, severe neuro-
logic impairment was observed more often in the epi-
nephrine group compared with placebo. Consistent
with a detrimental neurologic effect of epinephrine, a
retrospective cohort study found, after adjusting for
confounders, a dose-dependent adverse effect of epi-
nephrine on neurologic outcomes at 3 months post-
resuscitation.® In a preclinical swine study of VF and
resuscitation with the use of epinephrine, concurrent
administration of the (3,-blocker esmolol resulted in
better neurologic function and decreased histological
brain injury at 96 hours postresuscitation.’® Similarly,
administration of prazosin and propranolol to block a;
and [3 effects of epinephrine during cardiac resusci-
tation resulted in improved neurological function after
72 hours postresuscitation." Accordingly, these stud-
ies suggest that epinephrine during cardiac arrest may
not only have a postresuscitation detrimental effect on
the heart but also on the brain.

Thus, assessing real-time the metabolic state of the
myocardium during VF could help guide with greater
precision the delivery of resuscitation interventions.
Analysis of the VF waveform determining in the fre-
quency domain its amplitude spectral area (AMSA)'2'6
has been shown to reflect the energy state of the myo-
cardium and serve to identify myocardial “readiness”
for successful defibrillation.’®'617 AMSA is affected by
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coronary blood flow with progressive increase during
CPR and especially when robust coronary blood flow
is maintained. We recently developed an AMSA-driven
defibrillation protocol and showed in a swine model of
VF to be more effective than the current guidelines-
driven protocol.”® The AMSA-driven protocol required
fewer shocks to achieve ROSC with successful sur-
vival at 240 minutes, a benefit that we attribute to a
lower myocardial “shock burden” during the resusci-
tation effort.

In a post hoc analysis of this work,'® we observed
that epinephrine increased AMSA and facilitated myo-
cardial readiness for successful resuscitation. We
now hypothesized that real-time monitoring of AMSA
during CPR could also serve to target the administra-
tion of epinephrine to when there is a need to increase
myocardial readiness for successful defibrillation by
increasing myocardial perfusion based on the AMSA
level and its predicted trajectory during the resuscita-
tion effort.

We therefore conducted experiments in a swine
model of electrically induced VF and conventional
CPR, comparing a guidelines-driven (GD) resuscita-
tion protocol, delivering 30 compressions followed by
2 ventilations, shocks every 2 minutes, and epineph-
rine every 4 minutes with the first at 240 seconds of
chest compressions; an AMSA-driven shocks (ADS)
protocol, delivering shocks based on a previously de-
veloped AMSA algorithm while delivering epinephrine
according to guidelines; and an AMSA-driven shocks
and epinephrine (ADSE) protocol, delivering shocks
and epinephrine based on an AMSA algorithm.

METHODS

The study was approved by the Institutional Animal Care
and Use Committee at Rosalind Franklin University of
Medicine and Science (protocol No. 20-09) and was
conducted according to institutional guidelines. In
these experiments, there was a fourth group in which
animals treated with the ADSE protocol also received
a sodium-glucose co-transporter 2 inhibitor. This was
an exploratory group and was not included in the pre-
sent report. The data that support the findings of this
study are available from the corresponding author on
reasonable request.

Study Design
Three groups of 8 pigs each were block randomized to 1
of 3 resuscitation protocols in 4 blocks of 6 experiments
each (with each block including each protocol twice).
The assignment was revealed only after completion of
the surgical preparation and before induction of VF.

A 30:2 compression/ventilation ratio was used for
all experiments. One “CPR cycle” corresponded to 5
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30:2 compressions-to-ventilation sequences, and the
entire resuscitation effort lasted a maximum of 8 CPR
cycles (ie, 16 minutes). The decision to deliver a shock
and to deliver epinephrine differed according to the
specific protocol described below. For shock deliv-
ery in all groups, the defibrillator was charged during
the chest compression phase preceding the pause
in which the shock was to be delivered, aborting the
shock if VF was no longer present immediately before
the advised shock delivery. If a nonshockable rhythm
developed, chest compression was continued until the
mean aortic pressure was >25 mm Hg or 16 minutes of
chest compression had been completed.

GD Protocol

Electrical shocks were delivered on the basis of the
American Heart Association 2015 guidelines. The al-
gorithm calls for rhythm analysis between CPR cycles
of 2-minute duration and delivery of an electrical shock
if VF is present. The first shock was delivered at the
end of the first cycle (ie, at 120 seconds). Chest com-
pression was resumed, assessing the electrical and
mechanical activity of the heart at the subsequent
pause. Epinephrine in a dose of 1 mg was delivered
every 4 minutes, according to same CPR guidelines.

ADS Protocol

Electrical shocks were delivered according to a pre-
viously developed 4-criterion AMSA algorithm.'® This
algorithm advised shock delivery when AMSA >15 mV-
Hz (AMSA threshold), when AMSA increases by at
least 30% the preceding AMSA value (AMSA A), when
the duration of CPR exceeds a time previously deter-
mined on the basis of the pre-CPR AMSA value (time
threshold), or after 360 seconds of CPR without having
met other shock advisory criteria (time maximum). The
shock was delivered at the pause following the shock
advisory (ie, 18 seconds later), allowing for charging of
the defibrillator without interruption of chest compres-
sions. Failure of the shock to achieve ROSC resulted
in the shock advisory algorithm to be reset, starting at
the pause following the delivered shock. Epinephrine
was delivered every 4 minutes, according to current
CPR guidelines.

ADSE Delivery

Electrical shocks were delivered according to the ADS
protocol. For epinephrine delivery, we developed an
algorithm based on the probability of shock success
120 seconds ahead of an AMSA measurement, esti-
mated on the basis of data from a previous study using
the same animal model and resuscitation protocol.'®
In the previous study, AMSA gradually increased dur-
ing CPR, with the current AMSA value influenced by



Aiello et al

the pre-CPR AMSA, duration of CPR, and preceding
coronary perfusion pressure averaged from the begin-
ning of CPR, with the latter having the greatest influ-
ence on the current AMSA.'® In addition, the average
AMSA associated with shock success and ROSC was
(mean+SD) 13.8+2.4 mV-Hz. Accordingly, we devel-
oped an AMSA-based epinephrine advisory criterion
by continuously determining, using linear regression,
the rate of AMSA change (ie, slope) of last 5 AMSA
values (ie, during the preceding 120 seconds) and pro-
jecting the expected AMSA value 120 seconds ahead,
according to:

Projected AMSA in 120 seconds (mV-Hz) = Current AMSA
(mV-Hz) + AMSA slope (mV-Hz/s)x 120 seconds

Reducing Electrical and Adrenergic Burden

Starting at 240 seconds, epinephrine was given if
the projected AMSA value was <11.4 mV-Hz, corre-
sponding to 1 SD below the average AMSA associated
with successful defibrillation (ie, 13.8 mV-Hz minus
2.4 mV-Hz) (Figure 1A). Epinephrine was held if the
projected AMSA value was >11.4 mV-Hz (Figure 1B).
Epinephrine would continue to be held until the AMSA
value decreased below the 11.4 mV-Hz threshold
(Figure 1C). In addition, a minimum interval of 240 sec-
onds was set for any additional dose of epinephrine.
If epinephrine had not been advised by 360 seconds
and the animal remained in VF, epinephrine was de-
livered at the 360-second pause period (Figure 1D).
Epinephrine was delivered at the start of chest com-
pressions immediately following the pause period. If

A
18- Projected AMSA Threshold Not Met 18? Projected AMSA Threshold Met
] Epinephrine ] Epinephrine
<161 1 Advised 167 Not Advised
T 14-_| Shock Success 14-_| Shock Success
E {13.8+2.4mV-Hz 17113.8+2.4 mV-Hz
< 2] 11.4 mV-Hz 121 L 114 mvnz
N 10 10+
= | ]
< g 1st Epi Check 81 1st Epi Check
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D
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Figure 1. Shown are examples of the algorithm used to advise epinephrine (Epi) delivery based on the projected amplitude

spectral area (AMSA) value 120 seconds ahead.

The current and the 4 trailing AMSA values were entered in the regression equation used for the projection. Black circles represent
actual AMSA values, and white circles represent the projected AMSA value 120 seconds ahead of the current AMSA value. If the
projected AMSA was >11.4 mV-Hz, Epi was not advised (red lines). If the projected AMSA was <11.4 mV-Hz, Epi was advised (green
lines). A, AMSA projected to be <11.4 mV-Hz after the first “Epi Check” at 240 seconds, prompting Epi delivery immediately on
resumption of chest compressions. B, AMSA projected to be >11.4 mV-Hz, advising against Epi delivery after the first “Epi-Check”.
C, AMSA projected to be >11.4 mV-Hz in 4 consecutive “Epi Checks,” advising against Epi, as shown by red discontinued lines, until
the projection drops below the 11.4 mV-Hz, advising Epi delivery. D, Despite repeated advisories against Epi, Epi was delivered after
meeting the time threshold at 360 seconds.
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Figure 2. Swine model of electrically induced ventricular
fibrillation (VF) with resuscitation attempted by conventional
cardiopulmonary resuscitation using a mechanical piston
device and bag-valve ventilation through an endotracheal
tube with delivery of 100% oxygen.

DEFIB indicates defibrillator; and P;CO,, end-tidal Pco,.

a shock and epinephrine delivery were advised at the
same pause period, the shock was delivered first and
epinephrine only if the shock failed to result in an orga-
nized rhythm.

If a nonshockable rhythm was observed during a
compression pause, the following approach was taken
to advise the delivery of epinephrine: (1) if <240 sec-
onds of chest compressions had elapsed, epinephrine
would be delivered at 240 seconds; (2) if >240 seconds
of chest compressions had elapsed and no previous
epinephrine had been delivered or >240 seconds had

Table 1. Baseline Characteristics

Reducing Electrical and Adrenergic Burden

. elapsed from previous epinephrine, epinephrine would
ELFI;?:?rwgDE TT‘:’:"F?:% be delivered at the next pause; (3) if >240 seconds of
(to induce VF)  (100/min) chest compressions had.elapsed Ibut <240. seoorjds
had elapsed from a previously delivered epinephrine,
$ epinephrine would be delivered 240 seconds after the
previous epinephrine. This approach was continued
until VF resumed and the projected AMSA algorithm

guided subsequent delivery of epinephrine.

\DEFIB PADS B Software Applications

VENTRICLE ECG (Leads L, Il and ll)  , Jorp A custom-developed LabVIEW application, previ-
PULMONARY ously developed by us, was used for data acquisition
ARTERY/CO (eg, pressures, cardiac output, ECG, and capnogra-

phy) and for real-time analysis of AMSA and advisory
algorithms using the ECG signal obtained during the
last 4 seconds of the mechanical chest compression
pauses (to obviate compression artifacts), also con-
trolled by LabVIEW. The details for real-time AMSA
calculation and shock advisory criteria had been
previously reported.'® In brief, each AMSA value was
calculated from a 2.1-second VF segment (encom-
passing 525 data points at the sample rate of 250 Hz)
and 475 sequential iterations over the 4-second inter-
val, shifting 1 data point forward after each iteration
and using the lowest of the 475 AMSA calculations
for the advisory algorithms. This approach success-
fully guided shock delivery in our previous study.'®
The shock and epinephrine advisory criteria were
delivered through voice cues to the researchers, ena-
bling charging the defibrillator and readying the epi-
nephrine injection.

Treatment group
AMSA-driven shocks and

Characteristic Guidelines driven AMSA-driven shocks epinephrine P value
Preparation time, min 71 (61-79) 71 (63-87) 84 (66-110) 0.218
Weight, kg 37.3+1.9 37.7+0.6 37.5+1.6 0.884
Core temperature, °C 38.6+0.5 38.4+0.36 38.3+0.70 0.540
Heart rate, min™ 84+9 85+15 9117 0.589
Cardiac index, L/min-m~2 3.50+1.00 3.54+0.51 3.60+0.74 0.956
Left ventricular stroke work index, cJ 27.6 (31.5-41.4) 29.0 (24.9-35.3) 28.0 (25.6-32.9) 0.424
Mean aortic pressure, mm Hg 68+11 70+8 705 0.909
Respiratory rate, min~' 27+2 28+3 27+2 0.752
P¢CO,, mm Hg 37+2 381 37+3 0.747
pH, aorta, unit 7.44+0.04 7.46+0.03 7.47+0.02 0171
Lactate, aorta, mmol/L 1.78+0.76 1.562+0.49 1.08+0.30 0.056
Po,, aorta, mm Hg 143+21 164+20 146416 0.095
Pco,, aorta, mm Hg 42+3 40+4 41+3 0.203
HCO,-, aorta, mmol/L 28+3 28+2 29+2 0.659

Baseline measurements were obtained 5 minutes before inducing ventricular fibrillation. Differences among groups were analyzed by 1-way ANOVA using the
Holm-Sidak test for pairwise comparisons if the data were normally distributed; otherwise, the Kruskal-Wallis test on ranks with Tukey test for pairwise comparisons
was used, correspondingly showing means+SD or median (quartile 1—quartile 3). AMSA indicates amplitude spectral area; and P,CO,, end-tidal Pco,.
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A
‘VF Induction
100
] ADSE =7/8
80+ ADS = 6/8
SR e e e T
60 - '""""":
X1 LT
40- b
20

B
JRrosce ADSE = 7/7
I ADS = 6/6
] ! GD=3/6

Log-rank test, p=0.019

Minutes

20 50 80 110 140 170 200 230 260 0

30 60 90 120 150 180 210 240
Minutes

Figure 3. Kaplan-Meier survival curves analyzed from the time ventricular fibrillation (VF) was
induced in all 24 animals (A) and from the time return of spontaneous circulation (ROSC) was
achieved in 19 animals (B), comparing the 3 resuscitation protocols: guidelines-driven (GD),
amplitude spectral area (AMSA)-driven shocks (ADS), and AMSA-driven shocks and epinephrine

(ADSE).

Failure to achieve ROSC resulted in every instance from persistent VF. The overall P value, calculated

using the log-rank test, is shown in the graph.

Animal Preparation

Male domestic pigs (weight, 34.4-39.6 kg) were fasted
overnight and sedated with ketamine (30 mg/kg in-
tramuscular) and anesthetized with propofol (2 mg/kg
through an ear vein). The trachea was intubated with a
size 7.5 orotracheal tube and positive pressure ventilation
was initiated with 50% oxygen using a volume-controlled
ventilator set to deliver 10 mL/kg per breath. The res-
piratory rate will be adjusted to attain an end-tidal Pco,
between 35 and 45 mm Hg. Anesthesia was titrated to
effect using isoflurane (1.5% to 4.0%). The animal was
then instrumented, as previously described, to assess
hemodynamic and metabolic function (Figure 2).'8

VF and Resuscitation Protocol

VF was induced by delivering an alternating current
(1-10 mA) to the right ventricular endocardium and left
untreated without ventilation for 10 minutes to simu-
late a common episode of out-of-hospital sudden
cardiac arrest with delayed initiation of resuscitation.
At the end of untreated VF, resuscitation was started,
as previously described.”® Briefly, chest compres-
sions were delivered using a mechanical compressor
(Michigan Thumper) factory programmed to deliver
100 compressions per minute. To simulate the early
30:2 compression-to-ventilation sequence before an
advanced airway is secured, we retrofitted the com-
pressor with a computer-controlled device that actu-
ated on its on-off switch, pausing every 18 seconds

J Am Heart Assoc. 2021;10:e023956. DOI: 10.1161/JAHA.121.023956

(ie, after delivering 30 compressions) for 6 seconds to
manually deliver 2 ventilations with 100% oxygen using
a 350-mL self-inflating pediatric bag. Epinephrine (1-
mg bolus) was delivered through the right atrial port of
the pulmonary artery catheter and flushed with 10 mL
of 0.9% NaCl. During VF and the resuscitation ef-
forts, the ECG for rhythm analysis and AMSA calcula-
tion was captured from chest pads (pedi-padz; ZOLL
Medical Corporation). For electrical defibrillation, recti-
linear biphasic 200-J electrical shocks were delivered
through the chest pads using an E Series Zoll defi-
brillator (ZOLL Medical Corporation) during ventilation
pauses, according to the 3 protocols described above.
Ventilations were held during shock delivery. Chest
compressions were immediately resumed if VF per-
sisted, or the mean arterial pressure was <25 mm Hg
immediately after the shock. If an electrically organ-
ized rhythm was recognized with a mean aortic pres-
sure >25 mm Hg, chest compressions were held to
determine whether ROSC had occurred; otherwise,
chest compressions were resumed. Animals that
achieved ROSC received 0.9% NaCl (30 mL/kg) at the
maximum pump rate (999 mL/h) and were monitored
for up to 240 minutes, euthanizing those that survived
by delivering a right atrial bolus of KCI (150 mg/kg).

Measurements

Pressures were measured through fluid-filled sys-
tems. Thermodilution cardiac output was measured in
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duplicate after 10-mL bolus injection of 0.9% NaCl into
the right atrium (Edwards Lifesciences Vigilance model,
Irvine, CA) and normalized to body surface area using
the Kelley equation (body surface area [m?]=0.073-body
weight?? [kg]).?° The coronary perfusion pressure dur-
ing CPR was calculated as the difference between the
aortic and right atrial pressures at the end of the interval
between compressions. Blood samples collected from
the aorta and pulmonary artery were processed on
site for pH, Po,, Pco,, hemoglobin, base excess, and
lactate using a cartridge-based device (OPTI CCA-TS
Blood Gas and Electrolyte Analyzer; OPTI Medical
Systems, Roswell, GA) and for common hemoglobin
types (oxyhemoglobin, methemoglobin, carboxyhemo-
globin, and reduced hemoglobin) using a co-oximeter
(AVOXimeter 4000; A-VOX Systems Inc, San Antonio,
TX). Pertinent indexes of cardiovascular and metabolic
function were derived from these primary measure-
ments, as previously described.?":22

Outcomes
The immediate outcome after each shock was de-
termined at the subsequent ventilation pause or

Reducing Electrical and Adrenergic Burden

A B
Electrical Burden (J/kg) Adrenergic Burden (mg/kg)
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Figure 4. Graphs depicting the 3 resuscitation protocols:
guidelines-driven (GD), amplitude spectral area (AMSA)-driven
shocks (ADS), and AMSA-driven shocks and epinephrine
(ADSE), showing: the time to deliver the first shock (A);
number of electrical shocks delivered during cardiopulmonary
resuscitation (CPR) (*P=0.030 vs GD) (B); number of epinephrine
doses (C); and duration of CPR in animals that achieved return
of spontaneous circulation (ROSC) (D).

Differences among groups were analyzed by 1-way ANOVA
using the Holm-Sidak test for pairwise comparisons if the data
were normally distributed; otherwise, the Kruskal-Wallis test
on ranks with Tukey test for pairwise comparisons was used,
correspondingly showing means+SD with data shown in bar
graphs or median (quartilel-quartile 3) with data shown in box
plots. The P value for the overall test is shown in the graph.
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Figure 5. Graphs arranged according to the resuscitation
protocol, guidelines-driven (GD), amplitude spectral area
(AMSA)-driven shocks (ADS), and AMSA-driven shocks and
epinephrine (ADSE), showing electrical burden calculated as
described in the text (A) and adrenergic burden calculated
as described in the text (B).

Differences among groups were analyzed by 1-way ANOVA
using the Holm-Sidak test for pairwise comparisons if the data
were normally distributed; otherwise, the Kruskal-Wallis test
on ranks with Tukey test for pairwise comparisons was used,
correspondingly showing means+SD with data shown in bar
graphs or median (quartile 1—quartile 3) with data shown in box
plots. The P value for the overall test is shown in the graph.

equivalent time if compressions were not resumed
(ie, 18 seconds after the shock) and classified as
follows: (1) ROSC, return of spontaneous circula-
tion with a mean aortic pressure >40 mm Hg last-
ing >5 minutes; (2) persistency of VF; and (3) PEA,
pulseless electrical activity defined as an organized
electrical cardiac activity with a mean aortic pres-
sure <25 mm Hg. Recurrent VF was defined as any
episode of VF occurring after ROSC. Each episode
of recurrent VF was treated by delivering up to 10
consecutive electrical shocks without intervening ad-
ditional chest compressions.

Electric burden was defined as the cumulative
energy of shocks delivered during CPR that failed to
achieve immediate ROSC, according to: electric bur-
den (J/kg)=J/kgxno-ROSC shocks (n), where no-ROSC
denotes the number of shocks that resulted in either
pulseless electrical activity or persistent VF. Successful
resuscitation was defined as achieving ROSC lasting
>5 minutes; and survival as remaining hemodynami-
cally viable at 240 minutes postresuscitation.

Adrenergic burden was defined as the cumulative
doses of epinephrine administered during CPR, ac-
cording to: epinephrine burden (mg/kg)=epinephrine
(mg/kg)xepinephrine doses (n).

Statistical Analysis

Continuous time-invariant dependent variables (CPR
duration, doses of epinephrine, and number of electri-
cal shocks) were analyzed by 1-way ANOVA using the
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Figure 6. Graphs showing the relationship between electrical burden and adrenergic burden with
240-minute survival and postresuscitation left ventricular stroke work index (LVSWI) identifying
the resuscitation protocol that each animal received: guidelines-driven (white symbols), amplitude
spectral area (AMSA)-driven shocks (gray symbols), and AMSA-driven shocks and epinephrine
(black symbols).

A, Linear regression between electrical burden and survival time after return of spontaneous circulation
(ROSC). B, Linear regression between adrenergic burden and survival time after ROSC. C, Linear
regression between electrical burden and LVSWI averaged across the entire postresuscitation interval.
D, Linear regression between adrenergic burden and LVSWI averaged across the entire postresuscitation

interval. All graphs show the corresponding 95% ClI for the regression analysis.

Holm-Sidak test for pairwise comparisons if the data
were normally distributed or by the Kruskal-Wallis test
on ranks using the Tukey test for pairwise compari-
sons if the data were not normally distributed (ie, failing
the Shapiro-Wilk and/or the equal variance test), cor-
respondingly reporting means+SD or median with the
interquartile range. Kaplan-Meier survival curves were
analyzed by log-rank test using the Holm-Sidak test for
pairwise comparisons. Linear regression was used to
analyze the relationship between electrical burden and
adrenergic burden on survival time after ROSC and left
ventricular stroke work index, reporting correlation co-
efficients as r value (SigmaPlot 12.5; Systat Software,
Inc).

Sample sizes of 8 pigs per group were deemed ad-
equate to detect statistically significant differences at an
a level of 0.05 and power of 0.80 for the main effects
based on similar studies by us using swine models of
cardiac arrest.'®2324 The data were reported in the text
as mean+SD, or median with the corresponding first and
third quartiles. A 2-tailed P<0.05 was considered statis-
tically significant.
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RESULTS

Baseline
At baseline, there were no statistically significant differ-
ences between groups (Table).

Amplitude Spectral Area

There were no differences in AMSA (mV-Hz) between
groups after 15 seconds of untreated VF (GD, 19.1+1.8;
ADS, 16.8+1.2; and ADSE, 17.7+1.0; P=0.422) and after
10 minutes of untreated VF (immediately before start-
ing CPR) (GD, 10.4 [8.9-13.4]; ADS, 9.6 [7.9-12.0]; and
ADSE, 10.8 [8.3-13.2]; P=0.0.677), showing that the
myocardial metabolic state before starting CPR was
comparable among groups.

Survival
Kaplan-Meier curves were analyzed from the time VF
was induced in all 24 animals and from the time ROSC
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occurred in 19 animals. From VF induction, the ADS
and ADSE groups had high survival compared with
the GD group, but the differences were not statistically
significant (Figure 3A). Yet, the survival analysis limited
to the animals that achieved ROSC showed a statis-
tically significantly higher survival for ADS and ADSE
(P=0.019) (Figure 3B).

Resuscitation Effort

The GD group had the shortest time to first shock de-
livery, followed by ADSE, and then ADS but without
achieving statistical significance (P=0.129) (Figure 4A).
In most instances, the first shock failed to terminate
VF except in 1 animal in the ADS group in which the
shock resulted in PEA and another instance in the
ADSE group in which the shock resulted in ROSC.
Subsequent shocks resulted in 3 instances of PEA in 3
animals in the GD group (all eventually achieving ROSC
and surviving 3, 114, and 240 minutes), no additional
instances of PEA in the ADS group, and 3 additional in-
stances of PEA in the ADSE group (1 animal had 2 sep-
arate instances of PEA without achieving ROSC and 2
animals had 1 instance of PEA, eventually achieving
ROSC and surviving 240 minutes). At the end of the
resuscitation effort (ie, 16 minutes), 6 animals failed to
achieved ROSC consequent to persistent VF (GD=2,
ADS=2, and ADSE=1), as shown in Figure 3A.

Overall, the ADS and ADSE groups had fewer shocks
delivered compared with the GD group (P=0.024), with
pairwise statistical significance between the ADSE
group and the GD group (P=0.030) and nearly achiev-
ing significance between the ADS groups and the GD
group (P=0.068) (Figure 4B). The GD group had the
highest doses of epinephrine delivered, followed by the
ADS groups, and then ADSE group nearly achieving
statistical significance (P=0.068) (Figure 4C). The time
to ROSC was shorter in the ADS and ADSE groups
compared with the GD group, achieving statistical sig-
nificance (P=0.045) (Figure 4D).

Recurrence of VF postresuscitation occurred only
in the AMSA-driven groups, with 2 animals in the ADS
group requiring 2 and 4 shocks, respectively, and 3 in
the ADSE group requiring 1, 1, and 2 shocks, respec-
tively. Each of these 5 animals survived the 240-minute
postresuscitation interval, and there were no statisti-
cally significant differences on refibrillation among the
3 groups (P=0.212).

Shock Burden

The shock burden was the lowest in the ADSE group
but did not attain statistical significance (P=0.065)
(Figure 5A). In animals that attained ROSC (n=19), shock
burden correlated inversely with survival time (r=0.463;
P=0.046) (Figure 6A) and with the averaged left ventric-
ular stroke work index (=0.530; P=0.020) (Figure 6C).
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Adrenergic Burden

The adrenergic burden was the lower in the ADS
and ADSE groups compared with the GD group
but did not achieve statistical significance (P=0.486)
(Figure 5B). In animals that attained ROSC (n=19), adr-
energic burden correlated inversely with survival time
(r=0.673; P=0.002) (Figure 6B) and with the averaged
left ventricular stroke work index (r=0.472; P=0.042)
(Figure 6D).

DISCUSSION

The ability of AMSA to predict shock success is well
documented by multiple preclinical and clinical stud-
ies, and our previous work demonstrates that AMSA
ability to predict shock outcome is preserved when
monitored in real-time.!314.16.1825-29 Qyr previous work
also demonstrated that pharmacological interventions
that increase coronary perfusion pressure can also in-
crease AMSA, suggesting improvement of the energy
status.3° The present study is the first, to the best of
our knowledge, to investigate the use of AMSA for
guiding real-time delivery of both electrical shocks and
epinephrine during CPR.

Electrical Burden

Current defibrillators deliver biphasic electrical shocks,
which are considered safer than monophasic electri-
cal shocks for the myocardium.®'*? A previous study
in swine showed that electrical shocks delivered dur-
ing spontaneous circulation produced myocardial in-
jury with functional reduction in left ventricular volume.®3
Histological analysis of these hearts revealed findings
consistent with cell electroporation and capillary leak-
age, leading to tissue edema. A previous study in iso-
lated rat hearts showed that repetitive monophasic
shocks also resulted in decreased left ventricular volume
and diastolic dysfunction.3* Our previous study in swine
subject to the same experimental design demonstrated
an inverse relationship between electrical burden and
left ventricular function and survival.'”® The current study
supports these findings as left ventricular function and
survival was again inversely related to electrical burden.

Adrenergic Burden

The PARAMEDIC-2 trial reported that epinephrine in-
creased ROSC but without improvement in survival,
with good neurologic outcomes at 30 days.? The study
suggested that although epinephrine facilitated ROSC,
the myocardium was subjected to increased energy
demand during CPR as a result of (3,-adrenoceptor
stimulation, which we defined as adrenergic burden,
negatively impacting survival. As discussed, AMSA
has been used to predict “myocardial readiness” for
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successful defibrillation, enabling AMSA to guide the
timing for shock delivery. We propose that a similar ap-
proach applies to the timing of epinephrine delivery. If
the myocardium is in a state of readiness for success-
ful shock delivery, the administration of epinephrine
could be obviated. Yet, if the opposite is the case and
increased coronary perfusion is deemed necessary to
attain myocardial readiness, administration of epineph-
rine to promote peripheral vasoconstriction through
a,-adrenoreceptor and a,-adrenoceptor stimulation
becomes necessary. The present study showed the
utility of AMSA to distinguish between these 2 condi-
tions and thereby guide the decision whether to admin-
ister epinephrine and avoid unnecessary exposure of
the myocardium to epinephrine. The beneficial effect of
this approach is supported by the inverse relationship
between adrenergic burden and both left ventricular
function and survival, observed in the present study. In
the PARAMEDIC-2 trial,® the decreased survival after
ROSC in the epinephrine group occurred during the
hospital stay and remained largely unchanged by day
30 postresuscitation, suggesting that an early survival
benefit from less adrenergic burden could have a last-
ing effect. Future studies are planned to assess the ef-
fect of the ADSE protocol on survival and neurological
outcome after recovery from anesthesia.

Limitations
The study was conducted in healthy swine devoid of
coronary artery disease, without previously compro-
mised myocardial function,® and the necessity to
conduct the experiments with the animals under anes-
thesia. Isoflurane has been shown to exert myocardial
protection during ischemia and reperfusion, cautioning
on direct extrapolation to human settings.%®

Our study examined the use of AMSA early in the
resuscitation effort when a compression-to-ventilation
resuscitation protocol is used before placing an ad-
vanced airway, taking advantage of ventilation pauses
to analyze AMSA without compression artifacts. A
different strategy might be required later in the resus-
citation protocol after securing an advanced airway
and providing chest compressions without ventilation
pauses.

Clinical Implications

The study provides support for translational studies in
sudden cardiac arrest investigating whether AMSA-
driven protocols could lead to similar myocardial ben-
efits resulting from a more targeted approach to shock
delivery and epinephrine delivery. This approach would
be expected to maximize the efficacy of resuscitation
interventions while minimizing their detrimental effects
that become evident after resuscitation, despite being
effective to achieve ROSC.
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