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Abstract
Evaluation and monitoring perfusion of vital organs is important during resuscitation
from cardiac arrest. We developed a non-invasive electroencephalogram (EEG) based
brain resuscitation index (EBRI) as a physiologic indicator measuring organ perfusion
during cardiopulmonary resuscitation (CPR) and evaluated the correlation of EBRI and
end-tidal carbon dioxide (ETCO2). A randomized crossover experimental study using
a porcine cardiac arrest model was designed. After 1 minute of untreated ventricular
fibrillation, 10 periods of higher-quality CPR (compression depth 5 cm and compression
rate 100/min) for 50 seconds and lower-quality CPR (compression depth 3 cm and
compression rate 60/min) for 50 seconds were performed in alternation. EBRI was
calculated from the single EEG channel with the lowest noise. Mixed-model analysis
was conducted to compare the differences of hemodynamic parameters, ETCO2, and
EBRI between higher-quality CPR periods and lower-quality CPR periods. Pearson’s
correlation coefficient was calculated to assess correlation between EBRI and ETCO2.
The experiment was performed on 5 female swine (44.6 ± 2.8 kg). Higher-quality CPR
showed significantly higher delta EBRI (median [IQR] 0.1 [0.0–0.2]) than did lower-
quality CPR (median [IQR] –0.1 [–0.2–0.0], p< 0.01). EBRI had a statisticallymoderate
positive correlation with ETCO2 (r = 0.51). In this porcine cardiac arrest model,
EBRI was successfully obtained during resuscitation and had a statistically moderate
correlation with ETCO2.
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1. Introduction

Out-of-hospital cardiac arrests (OHCA) occur in more than 74
per 100,000 people annually, and only 8% of all cardiac arrest
patients show good neurological recovery in the United States
[1–3]. Although the survival rate for cardiac arrests is steadily
rising, the rate of good neurological recovery remains low [2–
5]. To improve clinical outcomes of cardiac arrest, it is im-
portant to deliver high-quality cardiopulmonary resuscitation
(CPR) [6, 7]. Immediate and high-quality chest compression
is a core of the chain of survival [6, 8, 9].

To achieve high-quality CPR, it is recommended to measure
the quality of chest compressions and provide real-time feed-
back. Thus, diverse CPR feedback devices have been devel-
oped which commonly assess the depth, frequency, and chest
recoil of chest compressions [10–12]. However, measurement
of the depth and rate of chest compressions cannot directly
measure the current status of organ perfusion during CPR.
Recently, physiologic parameters, including end-tidal carbon
dioxide (ETCO2), diastolic arterial pressure (DBP), and coro-
nary perfusion pressure (CoPP), have been recommended as
indicators of assess systemic perfusion of cardiac arrest victims
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[13]. However, vascular access is required to achieve DBP or
CoPP. During CPR, ETCO2 can be monitored using bag mask
ventilation or advanced airway, including supraglottic airways
and endotracheal intubation. However, current guidelines rec-
ommend use of ETCO2 obtained under endotracheal intubation
as an outcome predictor [14]. It is difficult to implement
endotracheal intubation or vascular access for basic life support
by laypersons or prehospital care by lower-level emergency
medical technicians (EMTs).
Electroencephalography (EEG), including somatosensory-

evoked potential (SSEP) and amplitude-integrated EEG
(aEEG), reflects brain activity and has been used for predicting
prognosis in post-cardiac arrest care [15–17]. However, a
few case reports have reported about EEG application during
cardiac arrest [18, 19]. They showed that cerebral electrical
activity in EEG is associated with spontaneous circulation.
In shock status, experimental studies have shown that EEG
and bi-spectral index (BIS) are associated with cerebral hypo-
perfusion [20]. They attempted to compare BIS and CPR
quality, although significant association was not identified
due to external artifacts.
In a previous study, we developed an EEG-based brain

index (EBRI) derived from EEG signals by machine learning
techniques, which could estimate cerebral perfusion pressure
(CePP) accurately in a porcine cardiac arrest model [21]. In
this study, we showed that EBRI correlates with ETCO2,
which is known as indicator of CPR quality using EEG signals
in cardiac arrest swine models. EBRI could reflect the quality
of chest compressions as ETCO2 does. The objective of this
study was to evaluate whether EBRI and ETCO2 are correlated
in a swine cardiac arrest model. The hypothesis of this study
was that EBRI is correlatedwith ETCO2 during CPR in a swine
cardiac arrest model.

2. Methods

2.1 Study design and setting
We designed a crossover animal experimental study using a
porcine ventricular fibrillation (VF) cardiac arrest model. The
experimental protocol is shown in Fig. 1. Surgical procedures
to induce VF were performed under general anesthesia. After
1 minute of untreated VF, 10 2-minute cycles of chest com-
pressions were delivered and physiologic indicators including
EBRI were measured. Each 2-minute chest compression cycle
was composed of a higher-quality CPR (HQ-CPR) phase for
1 minute and a lower-quality CPR (LQ-CPR) phase for 1
minute. During HQ-CPR phase, an emergency medical techni-
cian (EMT) delivered manual chest compressions at the rate of
100 times per minute with a depth of 5 cm. Compression at the
rate of 60 times per minute with a depth of 3 cmwas conducted
during LQ-CPR phase. During each CPR phase, a real-time
CPR feedback device (X-Series, Zoll Medical Corporation,
Chelmsford, MA, USA) was used and an EMT received real-
time feedback information and adjusted the quality of CPR
according to HQ-CPR and LQ-CPR parameters. Each HQ-
CPR and LQ-CPR session lasted for 50 seconds. A 10-second
pause was included for transitions between sessions. After
a total of 20 minutes of the experimental period, 1 mg of

epinephrine was administered via IV and defibrillation was
performed with a 200J biphasic shock. Return of spontaneous
circulation (ROSC) was attempted and 2 minutes of HQ-
CPR. If ROSC was not achieved, a second 200J defibrillation
and 2 minutes of CPR were performed, and then ROSC was
checked. Upon completion of the experimental protocol, pigs
were sacrificed by injection of 20 mL of saturated potassium
chloride.

2.2 Experimental animals and housing
Domestic pigs aged approximately 3 months were studied in
this research. The animals were maintained in an accredited
AAALAC International (#001169) facility in accordance with
the Guide for the Care and Use of Laboratory Animals, 8th
Edition, NRC (2010). After 24 hours of fasting, the pigs
were initially sedated with an intramuscular injection of 5
mg/kg of tiletamin/zolazepamhypochloride (Zoletil®, Virbac
laboratories, France) and 2 mg/kg of xylazine (Rompun®,
Bayer Korea, South Korea), followed by inhaled isoflurane at
a dose of 1–1.5%.

2.3 Surgical preparation and experimental
procedure
While the pigs were sedated with spontaneous ventilation,
endotracheal intubation was performed using a 7.5mm internal
diameter endotracheal tube. The pigs were ventilated with a
volume-control ventilator adjusted for a tidal volume of 12
mL/kg with 12 breath cycles per minute. The tidal volume
was adjusted so that the partial pressure of carbon dioxide in
arterial blood (PaCO2) remained approximately 40 mmHg and
partial oxygen tension in arterial blood (PaO2) was maintained
above 80 mmHg.
With the pigs in the supine position, a 2 mm ultrasonic flow

probe (MA2PSB, Transonic Systems Inc., Ithaca, NY, USA)
was placed around a surgically dissected internal carotid artery
to measure carotid blood flow (CBF). CBF was measured by a
one-channel perivascular flowmeter (T420, Transonic Systems
Inc., Ithaca, NY, USA). AMikro-tip® Transducer was inserted
through the left femoral artery under ultrasonic guidance and
placed in the descending thoracic aorta to measure the aortic
blood pressure (ABP). Another Mikro-tip® Transducer was
inserted in the right atrium via the right external jugular vein
to record the right atrial pressure (RAP). We used PowerLab
(PowerLab 16/35, AD Instruments, Dunedin, New Zealand)
data acquisition hardware to obtain other bio-signals simul-
taneously. During the experiments, the device acquired and
displayed biological signals including ETCO2, CBF, ABP, and
RAP. ETCO2 was measured with a CO2 analyser (CapStar-
100, CWE Inc., Ardmore, PA, USA) pre-calibrated with a
single calibrated CO2 gas at 5% and with room air. The
depth of anesthesia of the experimental animals was monitored
by attaching a BIS monitor. The concentration of isoflurane
before induction of VF was adjusted to maintain light sedation
status (BIS 70–90).
VF was induced by delivering direct current via a pacing

wire placed in the right ventricle. VF was confirmed by the
electrocardiogram (ECG) change in lead II and the abrupt
drop in the aortic blood pressure (ABP) wave. The ventilator
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FIGURE 1. Experimental protocol. Abbreviations: VF, ventricular fibrillation; CPR, cardiopulmonary resuscitation; HQ,
higher-quality; LQ, lower-quality.

was disconnected and the animal was left untreated VF for
1 minute. Then, in the supine position, 10 cycles of chest
compression including HQ-CPR and LQ-CPRwere performed
in alternation. Manual ventilation with 100% oxygen using a
self-inflation bag was provided with a ventilation rate 10/min
while collecting physiologic parameters including EBRI. After
completion of the experiment protocol, the pigs were sacrificed
with a 20 mL injection of saturated potassium chloride.

2.4 EEG signal measurementss

A four-channel digital EEG monitor was developed in-
house to measure the scalp EEG using a micro-controller
(ATmega168A, Microchip Technology, USA) and an
analogue-to-digital converter (ADC) specialised for
biopotential measurement (ADS1294, Texas Instruments,
USA). The analogue front-end circuit comprised amplifiers
with a gain of 2400 V/V, a noise level under ±3 µVp-p,
and a band-pass filter with a frequency range of 0.5 Hz to
47 Hz. The ADC operated at a sampling frequency of 250
Hz and sent digitised EEG data to the microcontroller. The
microcontroller transmitted the received data to a laptop
computer via a Bluetooth module (FB155C, Firmtech, Korea).
In the laptop computer, data-acquisition software based
on the LabVIEW platform (NI LabVIEW 2013, National
Instruments, USA) displayed and stored the EEG data in real
time.

To calculate EBRI, we measured EEG signals in real time
during the experiment. With the pigs in the prone position,
silver/silver chloride electrodes (2223H, 3M Health Care Lim-
ited, Bracknell, UK) were attached to collect four-channel
EEG signals under unipolar montage and secured by surgical
tape to prevent detachment during CPR. The reference and
ground electrodes were attached on the mastoid area and four
active electrodes were attached on the frontal area of the scalp
(Supplementary Fig. 1). A single EEG channel with the
lowest noise was used.

2.5 EBRI calculation
EEG and ETCO2 data measured during CPR were analyzed to
establish the EBRI formula. EEG was processed to derive four
parameters every 0.5 seconds; burst suppression ratio (BSR),
relative beta ratio (BetaR), relative delta ratio (DeltaR), and
relative synchrony of fast and slow wave (SFS). All four EEG
parameters are summarized in Supplementary Table 1.
Mean ETCO2 data were also obtained within the same

time interval. Thereafter, linear regression was applied to
find the relationship between EEG parameters as independent
parameter and the mean ETCO2 as dependent parameter. Five-
fold cross-validated linear regression models were derived to
obtain EBRI for each particular animal. To obtain EBRI for
animal #1, for example, all the EEG and ETCO2 data from
the other 4 animals were used together. The final EBRI
formulawas established from the data of all 5 animals. Specific
coefficients and y-intercept were denoted on the formula.

EBRI = a + b1 ∗ BSR+ b2 ∗ BetaR + b3 ∗ SynchFastSlow + b4 ∗ DeltaR
(a = 26.047, b1 = −0.141, b2 = 4.481, b3 = 2.821, b4 = 5.452)

Delta EBRI calculated the amount of change in EBRI for
each 0.5 seconds.

2.6 Statistical analysis
EBRIwas calculated usingMATLAB (MATLABR2015b, The
Mathworks, Natick, MA, USA). Systolic blood pressure (SBP)
was measured at a point immediately preceding the release
phase and DBP was measured at a point immediately preced-
ing the compression phase during closed chest compressions
[22]. The mean arterial pressure (MAP) was calculated as the
mean value of ABP during each compression cycle. Systolic
right atrial pressure (sRAP), diastolic atrial pressure (dRAP),
and mean right atrial pressure (mRAP) were measured at the
highest, the lowest, and mean points of the RAP curve from
each cardiac cycle. Coronary perfusion pressure (CoPP) was
calculated by subtracting dRAP from DBP [22].
All statistical analysis was performed using SAS version 9.4
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TABLE 1. Hemodynamic parameters according to CPR quality.
Parameters Baseline Higher-quality CPR Lower-quality CPR p-value a

Median (IQR) Median (IQR) Median (IQR)
SBP, mmHg 105 (101–116) 89 (76–104) 42 (34–54) <0.01
DBP, mmHg 75 (74–84) 24 (15–30) 22 (17–27) <0.01b

MAP, mmHg 90 (87–94) 38 (31–48) 25 (19–31) <0.01b

sRAP, mmHg 7 (7–8) 181 (112–212) 44 (33–68) <0.01
dRAP, mmHg 3 (2–3) 7 (6–8) 9 (7–11) <0.01b

mRAP, mmHg 5 (5–5) 47 (34–56) 20 (16–23) <0.01b

ETCO2, mmHg 46 (43–46) 23 (17–26) 18 (14–22) <0.01b

CBF, mL/min 323 (243–374) 207 (160–352) 53 (16–119) <0.01
CoPP, mmHg 80 (75–84) 16 (8–22) 13 (9–17) <0.01b

BIS 81 (78–84) 16 (8–28) 30 (11–54) <0.01b

Abbreviations: CPR, cardiopulmonary resuscitation; IQR, interquartile range; SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; sRAP, systolic right atrial
pressure; dRAP, diastolic right atrial pressure; mRAP, mean right atrial pressure; ETCO2, end-tidal
CO2; CBF, carotid blood volume over 2seconds; CoPP, coronary perfusion pressure.
a p-value for the fixed effect of CPR quality between the high and low CPR groups in linear mixed model.
b p-value for interaction of the time within CPR period and CPR quality <0.05.

(SAS Institute Inc., Cary, NC, USA). Data were expressed as
median with interquartile range (IQR). We used a linear mixed
model to test the fixed effect of CPR quality on physiologic
parameters including SBP, DBP, MAP, sRAP, dRAP, mRAP,
ETCO2, CoPP, CBF and EBRI, adjusted for the interaction of
the time within CPR period and CPR quality. Pearson’s corre-
lation coefficient was calculated to assess correlation between
EBRI and ETCO2.

3. Results

Five female domestic pigs weighing mean 44.6 (SD: 2.7) kg
were included in the analysis. EBRI was calculated every
0.5 seconds and a total of 100 values were derived for each
50 second epoch of each HQ-CPR or LQ-CPR. In animal #4,
EBRI was not obtained due to excess of EEG noise after the
16th CPR segment. EBRI and hemodynamic parameters were
measured every 0.5 seconds. A total of 9520 data points was
used for analysis. None of the 5 pigs achieved ROSC.
The hemodynamic parameters at baseline and during CPR

shown in Table 1. HQ-CPR showed significantly higher DBP
than did LQ-CPR (median [IQR]HQ-CPR: 24 [15–30]mmHg,
LQ-CPR: 22 [17–27] mmHg, p < 0.01). HQ-CPR showed
higher ETCO2 than did LQ-CPR (median [IQR] HQ-CPR:
23 [17–26] mmHg, LQ-CPR: 18 [14–22] mmHg) and higher
CoPP than did LQ-CPR (median [IQR] HQ-CPR: 16 [8–22]
mmHg, LQ-CPR: 13 [9–17] mmHg). HQ-CPR also showed
higher CBF than did LQ-CPR (median [IQR] HQ-CPR: 207.6
[160–352] mL/min, LQ-CPR: 53 (16–119) mL/min).
According to CPR quality, HQ-CPR showed significantly

lower EBRI than did LQ-CPR (median [IQR] HQ-CPR: 14.1
[11.5–19.1], LQ-CPR: 15.0 [12.0–18.9]). However, HQ-CPR
showed higher values of delta EBRI than did LQ-CPR (median
[IQR] HQ 0.1 [0.0–0.2], LQ –0.1 [–0.2–0.0]) (Table 2). EBRI
and ETCO2 over time for each animal are shown in Fig. 2. In

HQ-CPR, EBRI value was increased, while EBRI value was
decreased during the period of LQ-CPR.
The correlations between ETCO2 and EBRI in all exper-

imental animals are shown in Fig. 3. In all experimental
animals, there was a moderate positive correlation between
ETCO2 and EBRI (Pearson r = 0.51, adjusted R-squared =
0.24). However, no significant correlation was observed be-
tween EBRI and CoPP (Pearson r = –0.02, adjusted R-squared
= 0.005).

4. Discussion

This study was conducted to evaluate whether EBRI during
CPR is correlated with ETCO2. EBRI was correlated with
ETCO2 with a Pearson correlation coefficient of 0.51. Delta
EBRI was significantly higher in HQ-CPR than in LQ-CPR.
These findings suggest that EBRI during CPRmay be changed
according to systemic perfusion that changes according to CPR
quality.
In this study, DBP, ETCO2, and CoPP were significantly

higher in HQ-CPR than in LQ-CPR, although the differences
between HQ-CPR and LQ-CPR were small. The small dif-
ferences might be because median values of the indicators
were compared during CPR. There was an interaction effect
of CPR quality and elapsed time within CPR in the changes
of DBP, ETCO2, and CoPP (p < 0.05). Among the CPR
parameters, ETCO2, DBP, and CoPP gradually increased dur-
ing HQ-CPR and decreased during LQ-CPR (Supplementary
Fig. 2). The median value of EBRI during HQ-CPR was
lower than that of LQ-CPR. EBRI responded promptly to
changes in CPR quality. It was continuously elevated during
HQ-CPR (Supplementary Fig. 2D). This elevation might be
attributable to the change of average EEG parameters. To
reduce variations, each EEG parameter was smoothed with a
moving average over 15-seconds. This method might result
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TABLE 2. EBRI estimating ETCO2 according to CPR quality.
Parameters Higher-quality CPR Lower-quality CPR p-valueb

Median (IQR) Median (IQR)
EBRI 14.1 (11.5–19.1) 15.0 (12.0–18.9) <0.0 c

delta EBRI a 0.1 (0.0–0.2) –0.1 (–0.2–0.0) <0.01
Abbreviations: CPR, cardiopulmonary resuscitation; IQR, interquartile
range; EBRI, EEG-based brain resuscitation index.
a delta EBRI calculated the amount of change in EBRI for 0.5 seconds.
b p-value for the fixed effect of CPR quality between the high and low CPR
groups in linear mixed model.
c p-value for interaction of the timewithin CPR period andCPR quality<0.05.

FIGURE 2. Trend of ETCO2 and EBRI over time. Abbreviations: ETCO2, end-tidal CO2; ETCO2-EBRI, ETCO2 based
EEG-based brain resuscitation index.

in a time-lag effect. EBRI was increased consistently during
HQ-CPR, but was not decreased immediately during pauses or
at the beginning of LQ-CPR. However, delta EBRI, defined as
the time differential of EBRI, showed negative values during
LQ-CPR. This means that EBRI was decreased on the whole
of the periods. Thus, delta EBRI, rather than EBRI, could be a
better CPR quality indicator.

In this study, sRAP was excessively high during HQ-CPR

(median 181 mmHg). The mid-sternal area was compressed
during CPR, but it is possible that this position was deviated
toward the right heart. In addition, as the ablation catheter for
VF induction was inserted into the right internal jugular vein,
the right atrial catheter might be displaced.

In this study, EEG components including BSR, SFS, BetaR,
and DeltaR were used to calculate EBRI. Their changes during
the experiment are shown in Supplementary Fig. 3. These
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FIGURE 3. Correlation between ETCO2 and EBRI (Pearson correlation coefficient = 0.51). Abbreviations: ETCO2,
end-tidal CO2; EBRI, EEG-based brain resuscitation index.

parameters have been reported to reflect the level of conscious-
ness. BSR, which is related to the degree of unconsciousness,
is defined as the percentage of continuous periods in which
EEG is suppressed below ±5 µV. BSR has been reported to
be elevated in cerebral perfusion disturbance under general
anesthesia [23, 24]. In patients comatose due to post cardiac
arrest or stroke, BSR has been reported as a predictor of
poor outcome [25, 26]. In this study, it was observed that
BSR was not detected until VF induction, increased rapidly
from about 20 seconds after VF induction, decreased in HQ-
CPR, and increased in LQ-CPR. In the derived EBRI formu-
lation, BSR has a negative coefficient. BetaR and SFS are
used as frequency domain-based sub-parameters of BIS. In
the combination algorithm that determines BIS, BSR is most
prevalent when EEG has the characteristics of light sedation.
SFS predominates during EEG activation (excitement phase)
and during surgical level of hypnosis [27]. BetaR is the ratio
of cumulative spectral power from 30–47 Hz to that from
11–20 Hz. It shows the changes of beta band and gamma

band resulting from the neural activity associated with the
cognitive process [28, 29]. BetaR had range from –1.1 to –0.8
before VF induction, then increased over 20 seconds to –0.5 in
VF induction, then decreased during HQ-CPR, and increased
during LQ-CPR. SFS was computed to reveal the level of non-
linear phase coupling [30]. SFS showed large volatility during
the VF period, then increased during HQ-CPR and decreased
during LQ-CPR. Relative delta ratio (DeltaR), defined as the
ratio of the cumulative spectral power from 8–20 Hz to that
from 1–4Hz, was considered because a sudden power decrease
in the delta band was followed by conscious recovery [31].
DeltaR was decreased during HQ-CPR and it was increased
during LQ-CPR, but overall tended to be decreased over time.

Most studies on using EEG signals in cardiac arrest are
focused on the change of EEG profiles at return of spontaneous
circulation [18, 19, 32]. In a previous study, BIS was used
to predict prognosis of cardiac arrest. However, the effect of
artifacts caused by chest compression obscured any relation-
ship between BIS and prognosis [20]. BIS was developed and
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optimized to use in operation rooms for measuring depth of
anaesthesiology, so direct application of BIS on CPR could be
affected by chest compression noise. In this study, a fourth-
order Butterworth band-reject filter was applied to eliminate
fundamental and harmonic noises from EEG signals caused
by compression. During HQ-CPR sessions, for example, the
fundamental noise of approximately 1.66 Hz and its harmonics
could have contaminated the EEG signal, so we filtered out
these unwanted artifacts. Therefore, the EBRI model devel-
oped in this study could be easily implemented and showed
good correlation with CPR quality.
EBRI was developed as a linear regression model that re-

gressed EEG components to ETCO2. In an animal experiment,
Gudipati et al. [33] showed that ETCO2 change paralleled
those of cardiac index during cardiac arrest. Also, Lewis
et al. [34] showed that ETCO2 was secondarily correlated
with cerebral blood flow during CPR. Cerebral blood flow
is known to affect EEG. As cerebral blood flow decreases,
EEG proceeds to loss of faster frequency (8–14 Hz), increase
of slower frequency (4–7 Hz), increase of slower frequency
(1–4 Hz), and suppression [16]. Therefore, the change of
EEG according to cerebral perfusion may be related to ETCO2

during cardiac arrest. In this study, we found that EBRI
responded promptly to changes in CPR quality. EBRI was
continuously elevated during HQ-CPR (Fig. 2). Use of EBRI
derived fromEEG signals of brain viability could be a sensitive
way to predict the quality of CPR. In the protocol of this study,
the CPR interval was only 50 seconds, so the plateau of EBRI
of HQ-CPR and LQ-CPR was not confirmed. Because basic
life support guidelines recommend 2minutes of the duration of
chest-compression cycle, we designed each HQ-CPR and LQ-
CPR coupled session as a 2-minute session in the experiment
protocol.
To improve the outcome of cardiac arrest, it is important to

measure the quality of CPR. A physiologic indicator is bet-
ter than using surrogate indicators like accelerometer sensors
of chest compression pads or defibrillator patches. Current
guidelines recommend to use ETCO2 obtained via endotra-
cheal intubation as an outcome predictor [14], Utilization of
ETCO2 obtained with a bag-valve mask state has a low level
of evidence [35]. The ETCO2 sensor may not be measured
due to the patient’s secretion, water vapor, mucosal plug or
kinking of endotracheal tube [13, 36]. Previous studies to
use indicators of brain function or brain perfusion such as
pupillography and near-infra-red spectroscopy (NIRS) during
resuscitation has been attempted [37–39]. As an extension of
these attempts, this study was conducted to use EEG as an
indicator of brain function during resuscitation. Although the
scope of this study did not include prognosis of cardiac arrest,
this study showed that EBRI, which is derived from EEG, has
significant correlation with CPR quality and a moderate corre-
lation with ETCO2, an indicator of systemic perfusion during
resuscitation. Meanwhile, portable low-cost EEG sensors and
acquisition systems have been developedwhich could be easily
applicable to cardiac arrest patients [40]. It is relatively easy
to acquire EEG signals as it requires only attaching electrodes
to the forehead. Also, EBRI could be calculated automatically
and give feedback in real time. It can be used as a candidate
for physiologic indicators to measure organ perfusion during

CPR.
This study had several limitations. First, this study was

an animal experimental study. The EEG signals and cranio-
cerebral anatomy of pigs are different from those of humans.
Second, to remove chest compression-related noise of the EEG
raw signal, we used a method to exclude the signal with the
corresponding frequency of chest compressions. During this
process, loss of EEG signals could have been occurred. Third,
each CPR quality interval was only 50 seconds. We collected
short periods of data for each level of CPR quality, and the
plateau of EBRI information could not be obtained. Fourth,
epinephrine was not used during the experiment. Epinephrine
is known to elevate CoPP and have a temporary cerebral vaso-
constriction effect [41]. Epinephrine was not used to minimize
its effect on EEG. However, epinephrine is an essential drug
for advanced cardiac life support (ACLS) [14]. Therefore, the
results of this study reflect only the situation of basic life sup-
port (BLS). Thus, further studies involving the administration
of epinephrine are needed for use in ACLS. Fifth, no-flow time
of the experiment is 1 minute. As the no flow time increases,
irreversible brain injury may be caused, so the no-flow time
was limited to 1 minute to obtain a clear EEG. It is difficult to
apply to an OHCA situation with a long no-flow time, as this
scenario corresponds to a witnessed arrest scenario. Further
trials with no flow time of 5 minutes or more are required to be
applied to other clinical scenarios. Sixth, sedative medications
may have affected EEG. In this study, tiletamin/zolazepam
hydrochloride was used for induction of anesthesia. These
drugs are an NMDA antagonist and a benzodiazepine, which
are widely used for anesthesia of animals. The duration is
known to be effective for 20 to 60 minutes and to significantly
lower the most band power of EEG [42]. Isoflurane, used as
an inhalation anesthetic, is known to suppress EEG [43]. In
order to minimize this effect, the experiment was conducted
by monitoring BIS before the experiment and adjusting the
isoflurane concentration for light sedation (BIS 70–90). Last,
the sample size is insufficient. In order to increase the effect
size using 5 animals, HQ-CPR and LQ-CPR were performed
for each animal by 10 sections, and a total of 48 sets of CPR
period were obtained. A linear mixed model was used to
analyze repeated measured variables. Thus, the difference
between animals was adjusted as a random effect.

5. Conclusions

We derived EBRI from EEG signals during CPR in a swine VF
cardiac arrest model. EBRI was correlated with ETCO2 values
measured via endotracheal tube. Delta EBRI was significantly
higher in high quality CPR period than in low quality CPR
period. These findings suggest that EBRI is associated with
CPR quality and organ perfusion status. Therefore, EBRI has
the potential to be used as an indicator of CPR quality. Further
research about EBRI and the prognosis of cardiac arrest are
required.
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