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Abstract
Introduction: Ventricular fibrillation (VF) and asphyxia account for most cardiac arrests but differ in
cardiac arrest course, neurologic deficit, and myocardial damage. In VF resuscitation, cardiac
mitochondria were known to be damaged via excess generation of reactive oxygen species. This study
evaluated the difference of cardiac mitochondrial damages between VF and asphyxial cardiac arrests.
Methods: In the VF + electrical shock (ES) group, VF was induced and untreated for 5 minutes,
followed by 1 minute of cardiopulmonary resuscitation (CPR) and 1 ES of 5 J. Animals were killed
immediately after ES. In the asphyxia group, cardiac arrest was induced by airway obstruction, and then
pulselessness was maintained for 5 minutes, followed by 1 minute of CPR. The animals were killed
immediately after CPR. The histology and ultrastructural changes of myocardium and complex activities
and respiration of mitochondria were evaluated. The mitochondrial permeability transition pore opening
was measured based on mitochondrial swelling rate.
Results: The histopathologic examinations showed myocardial necrosis and mitochondrial damage in
both cardiac arrests. Instead of regional damages of myocardium in the VF + ES group, the myocardial
injury in the asphyxia group distributed diffusely. The asphyxia group demonstrated more severe
mitochondrial damage than the VF + ES group, which had a faster mitochondrial swelling rate, more
decreased cytochrome c oxidase activity, and more impaired respiration.
Conclusions: Both VF and asphyxial cardiac arrests caused myocardial injuries and mitochondrial
damages. Asphyxial cardiac arrest presented more diffuse myocardial injuries and more severe
mitochondrial damages than VF cardiac arrest.
© 2012 Elsevier Inc. All rights reserved.
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Difference between asphyxia and VF arrests

1. Introduction
Cardiac and respiratory etiologies account for most
cardiac arrests [1]. Those resulting from cardiac etiology
usually are accompanied by fatal arrhythmias requiring
electrical shock (ES) [2-4]. This contrasts with cardiac arrest
resulting from respiratory etiology presenting with pulseless
electrical activity (PEA) and asystole [5,6]. Patients with
initial PEA or asystolic rhythm usually have a higher
mortality and less chance to gain return of spontaneous
circulation (ROSC) [7-9].
Two prevalent cardiac arrest models exist in animal
studies: ventricular ﬁbrillation (VF) and asphyxia, representing clinical cardiac arrest from respective cardiac and
respiratory etiologies. Asphyxial cardiac arrest has been
reported to have worse morphologic brain damage than VF
cardiac arrest, although without functional difference [10]. In
contrast with brain damage, Kamohara et al [11] showed less
postcardiac arrest myocardial impairment and longer survival duration in the asphyxial cardiac arrest than the VF cardiac
arrest. In the VF cardiac arrest, both VF and ES contribute to
cardiac mitochondrial damages via excess generation of
reactive oxygen species (ROS) [12]. The cardiac mitochondrial injuries in the asphyxial cardiac arrest remain unclear,
although hypoxia before cardiac arrest and ischemiareperfusion are known to participate in myocardial damages.
We hypothesized that asphyxial cardiac arrest also causes
cardiac mitochondrial damages but may have different
patterns from those of VF cardiac arrest. In the present
study, we investigated the difference of damaged myocardium and mitochondrial functions between asphyxial and VF
cardiac arrests with same pulselessness and cardiopulmonary
resuscitation (CPR) durations.

2. Methods
The study was designed to evaluate myocardial injuries
and mitochondrial damages between VF and asphyxial
cardiac arrests and was approved by the institutional review
board of the National Taiwan University College of
Medicine and Public Health. The investigation complied
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.
Male Wistar rats weighing 400 ± 50 g were anesthetized
with pentobarbital sodium (50 mg/kg body weight) intraperitoneal injection. The animals were prepared as previously
described [13].
The trachea was orally intubated with a PE 200 catheter
(Angiocath; Becton Dickinson, Franklin Lakes, NJ). Mechanical ventilation was initiated with a tidal volume of 0.65
mL/100 g animal weight, a frequency of 100/min, and a
fraction of inspired oxygen of 1.0. Arterial blood pressure
was measured with a saline-ﬁlled PE-50 tube (Angiocath,
Becton Dickinson, Franklin Lakes, NJ) inserted through the
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right femoral artery. Two other saline-ﬁlled PE-50 tubes
were inserted through the right carotid artery and jugular
veins, respectively. The ﬁrst was advanced into the left
ventricle (LV), conﬁrmed by echocardiography and LV
pressure waveforms. The other was inserted for ﬂuid and
drug administration, in addition to the pressure recording.
Hemodynamics including cardiac output, LV positive dp/dt
(40), and maximal negative dp/dt were recorded with a PCbased data acquisition system (Powerlab; ADInstruments,
Milford, MA). Body temperature was maintained between
36.5°C and 37.5°C during surgical preparation by an
incandescent heating lamp.

2.1. Animal preparation for resuscitation and
survival studies
The experimental animals were randomized into the VF + ES
and the asphyxia groups. In the VF + ES group, VF was induced
through a guide wire advanced from the right jugular vein into
the right ventricle. A progressive increase in 60-Hz alternating
current to a maximum of 1 mA was delivered to the right
ventricular endocardium, and current ﬂow continued for 2
minutes to prevent spontaneous deﬁbrillation. The animals were
subsequently left untreated for 3 minutes. Mechanical ventilation was stopped after VF onset. After 5 minutes of VF, 1 minute
of CPR was applied, followed by 1 ES of 3 J. If ROSC could not
be achieved postdeﬁbrillation, then another 5-J shock was given
after another 30 seconds of chest compressions. Resuscitation
was declared a failure when ROSC could not be achieved after 4
shocks. In the asphyxia group, asphyxia was induced by
endotracheal tube clamping. Cardiac arrest was deﬁned as a
mean arterial pressure less than 10 mm Hg with either asystolic
or PEA rhythm, occurring approximately 4 minutes after
asphyxia. Pulseness lasted for another 5 minutes, and then CPR
was applied. Resuscitation was declared a failure when ROSC
could not be achieved after CPR for 3 minutes (Fig. 1A). In both
groups, precordial compression was delivered by a thumper at a
rate of 200 beats/min. The animal was mechanically ventilated
along with the start of precordial compression, and CPR was
synchronized to provide a 2:1 compression/ventilation ratio with
equal compression-relaxation durations. The depth of compressions was initially adjusted to secure a coronary perfusion
pressure (CPP) of 23 ± 2 mm Hg. This typically yielded an endtidal PCO2 of 11 ± 2 mm Hg. The successfully resuscitated
animals were closely monitored for another 4 hours, extubated,
and then put back in their cages. Their survival status was
recorded, and mortality was conﬁrmed by a 2-minute loss of
heart beat and spontaneous respiratory movements.

2.2. Animal preparation for malondialdehyde assay
and histologic and mitochondrial experiments
The experimental animals were prepared as described
above and randomized into 3 groups: the VF + ES group,
asphyxia group, and sham group. In the VF + ES group, 1
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Fig. 1

Study designs. Resuscitation and survival studies (A) and histopathologic and mitochondrial studies (B). CA indicates cardiac arrest.

direct current ES of 5 J was applied after 5 minutes of VF and
1 minute of CPR. In the asphyxia group, cardiac arrest was
induced by asphyxia and lasted for 5 minutes, and then CPR
was applied for 1 minute. The sham group received same
managements without cardiac arrest induction, precordial
compression, and ES. Animals were killed immediately after
the ES in the VF + ES group and precordial compression in
the asphyxia group. The hearts were then removed for tissue
malondialdehyde (MDA) assay, histopathology, and mitochondrial experiments (Fig. 1B). Except for the histopathologic evaluation, more than 6 animals were used in each
group in every separate study.

as minimal (score, 1), mild (score, 2), moderate (score, 3), and
severe (score, 4), respectively, based on the numbers of
myocytolysis and transverse contraction bands under 10
random microscopic ﬁelds at ×200 magniﬁcation. Six
specimens were counted in each animal. In electron microscopic examination, the LV was ﬁxed in glutaraldehyde and cut
into ultrathin sections. Thin LV sections (approximately 70 nm)
were placed on uncoated 200-mesh copper grids, stained with
4% uranyl acetate and 0.2% lead citrate in 0.1 N NaOH, and
examined in a Hitachi 7100 transmission electron microscope
(Tokyo, Japan). The morphologic and histologic results were
examined by an independent anatomist blinded to the grouping.

2.3. Malondialdehyde assay

2.5. Isolation of mitochondria

To evaluate myocardial oxidative stress, the MDA-586
method (OxisResearch, Portland, OR) was used. Malondialdehyde forms a conjugate with N-methyl-2-phenylindole,
resulting in blue chromogenic signal production (586-nm
absorbance). The MDA concentration was corrected for
protein concentration, and the blank sample values were
subtracted to correct for any sample turbidity variance [14].

Mitochondria were isolated from LV by differential
centrifugation as described elsewhere [15]. The ﬁnal crude
mitochondrial pellet was resuspended in SHE (sucrosehistidine-EDTA) buffer (0.25 mol/L sucrose, 0.5 mmol/L
EGTA (ethylene glycol tetraacetic acid), 3 mmol/L HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulforic acid) buffer,
pH 7.2). Mitochondrial protein concentration was determined using the bicinchoninic acid method, with bovine
serum albumin as a standard. Fresh mitochondria were used
for measurement of mitochondrial permeability transition
pore (mPTP) opening, complex activity, and respiration.

2.4. Histology and transmission electron
microscopy examinations
The separate LV myocardium parts (apex, septum, and
lateral wall) were selected and embedded in parafﬁn, cut into
sections, and stained with both hematoxylin and eosin (HE) and
Gomori trichrome. The pathologic changes were observed
under an optical microscope. Myocardial damage was classiﬁed

2.6. Measurement of mitochondrial permeability in
transition pore opening
The mPTP opening caused mitochondrial swelling,
resulting in a reduction of absorbance at 540 nm. Isolated
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cardiac mitochondria were dissolved in swelling buffer (200
mmol/L mannitol, 10 mmol/L HEPES, 5 mmol/L succinate,
70 mmol/L sucrose), and mitochondria concentrations were
adjusted to achieve 1 of OD at 540 nm. The addition of 400
μmol/L CaCl2 induced pore opening. The decreased
absorbance was measured by an enzyme-linked immunosorbent assay ELISA reader for 30 minutes [16].

2.7. Measurement of complex activities
NADH cytochrome c reductase (NCCR) (complex I/III)
and succinate cytochrome c reductase (SCCR) (complex II/
III) activities were assayed by monitoring reduction of
oxidized cytochrome c. The cytochrome c oxidase (CCO)
activity (complex IV) was assayed by measuring the
oxidation of reduced cytochrome c and recording the
absorbance change at 550 nm with a spectrophotometer
[17-19].

2.8. Measurement of mitochondrial respiration
Adenosine diphosphate (ADP)–independent (state 4) and
ADP-dependent (state 3) respiration were measured by using
a Clark-type oxygen electrode (Strathkelvin Instruments,
North Lanarkshire, Scotland, UK). Mitochondria were
diluted to a 0.5-mg/mL protein concentration in assay buffer
(0.125 mol/L sucrose/150 mmol/L KCl/6 mmol/L MgCl2/5
mmol/L HEPES/10 mmol/L NaKPO4/20 μmol/L cytochrome
c, pH 7.25). State 2 respiration was initiated by glutamate
addition (15 mmol/L). After 2 minutes, state 3 respiration was
initiated by ADP addition (0.5 mmol/L). Upon depletion,
state 4 respiration was monitored. The substrate concentraTable 1

tions and assay buffers used were optimized to yield maximal
respiration rates [20-22]. A high state 3 respiration indicates
an intact respiratory chain and adenosine triphosphate (ATP)
synthesis, and a low state 4 respiration indicates an intact
mitochondrial inner membrane. The respiratory control ratio
(RCR) is the ratio of state 3 to state 4 respiration, and a
dramatically decreased RCR is diagnostic of extensive
mitochondrial damage. The ADP/O ratio is the ratio between
ATP synthesis and atomic oxygen consumption during state 3
respiration. The higher ADP/O ratio indicates better mitochondrial respiration.

2.9. Data analysis
Binomial variables were analyzed with a χ 2 test.
Continuous values were shown as mean ± SD. For continuous
variables, group differences were evaluated with an analysis
of variance test. Repeated general linear model measurements
were applied for mitochondrial swelling rate comparisons. P
values of less than .05 were considered statistically
signiﬁcant, and statistics were performed using SPSS 12.0
software (SPSS, Inc, Chicago, IL).

3. Results
There was no signiﬁcant difference in baseline hemodynamics and blood gas between the VF + ES and asphyxia
groups before inducing cardiac arrest. During cardiac arrest,
the CPP immediately after the start and at the ﬁrst minute of

Baseline characteristics and resuscitation outcome
VF + ES
(n = 10)

Baseline characteristics
Weight (g)
Body temperature (°C)
Heart rate (beats/min)
Systolic blood pressure
(mm Hg)
dp/dt (40) (×1000 mm
Hg/s)
−dp/dt max (×1000 mm
Hg/s)
Cardiac output (mL/min)
pH
Po2 (mm Hg)
HCO3 (meq/L)
Lactate (mg/kg)
Resuscitation events
ROSC, n (%)
CPP, 0 min (mm Hg)
CPP, 1 min (mm Hg)

368.5
36.92
452.7
118.8

± 19.2
± 0.38
± 36.8
± 12.6

Asphyxia
(n = 10)
380.0.5
37.02
434.4
118.8

± 32.4
± 0.43
± 35.6
± 12.6

9.50 ± 1.58

9.46 ± 1.12

−8.35 ± 1.78

−8.83 ± 1.80

166.01
7.42
102.69
13.23
0.79

± 33.29
± 0.03
± 19.22
± 1.78
± 0.43

2 (20)
28.7 ± 8.9
14.2 ± 3.6

149.32
7.39
104.21
12.97
0.81

± 21.93
± 0.04
± 15.72
± 1.57
± 0.51

0 (0)
24.2 ± 10.3
16.2 ± 4.6

Fig. 2 The results of MDA assay. Compared with the sham and
asphyxia groups, the MDA concentration signiﬁcantly increased in
the myocardium of the VF + ES group. There was no signiﬁcant
difference in MDA concentration between the sham and asphyxia
groups. ASP indicates asphyxia. ⁎P b .05.
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CPR also showed no difference between the VF + ES and
asphyxia groups. Compared with only 1 in the asphyxia
group that achieved ROSC, 4 animals in the VF + ES group
were successfully resuscitated (P = .4) (Table 1).
Compared with the sham and asphyxia groups, the MDA
concentration signiﬁcantly increased in the myocardium of
the VF + ES group (VF + ES: 8.1 ± 0.9 μmol/L, asphyxia:
7.3 ± 0.6 μmol/L, sham: 6.8 ± 0.8 μmol/L). There was no
signiﬁcant difference in MDA concentration between the
sham and asphyxia groups (Fig. 2). The results indicated less
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myocardial ROS generation and lipid oxidation in the
asphyxia group than that in the VF + ES group.
Nine animals (n = 3 in each group) underwent myocardial
sampling for histopathology studies. The HE-stained LV
sections in both the VF + ES and the asphyxia groups
showed myocytolysis and transverse contraction bands.
Waving was also observed in the VF + ES group. Compared
with the VF + ES group, the asphyxia group had less severe
myocytolysis but more diffusely distributed contraction band
(Fig. 3A-C). The overall myocardial damage score between

Fig. 3 Histologic results. A-C, HE staining disclosed myocytolysis and in the myocardium of the VF + ES and asphyxia groups. In the
VF + ES group, waving was also observed. The distribution of contraction bands in the asphyxia group is more diffuse than that in the
VF + ES group. D-F, Gomori staining of the VF + ES and asphyxia groups showed a ragged thick and irregular red subsarcolemmal layer
and intermyoﬁbrillar red deposits suggesting the aggregation of abnormal mitochondria (arrow). Rather than the mitochondrial aggregation
distributed in some area of myocardium in the VF + ES group, the mitochondrial aggregation in the asphyxia group showed diffuse
distribution in the myocardium. G-I, Electron microscopic analysis (×20 000) of the LV in the VF + ES and asphyxia groups showed
mitochondrial damage characterized by mitochondrial swelling and edema, outer-membrane rupture, and loss of inner-membrane cristae
with amorphous densities (hollow arrow). The mitochondrial damage in the VF + ES group was limited in some area of myocardium; in
contrast, the asphyxia group showed generalized mitochondrial damage in the myocardium. Some unclear mitochondrial border in the
sham group comes from the mosaic of the cutting edge. ASP indicates asphyxia; TEM, transmission electron microscopy.

Difference between asphyxia and VF arrests
the VF + ES and the asphyxia groups did not show
signiﬁcant difference (2.8 ± 0.7 vs 2.8 ± 0.4; P,
nonsigniﬁcant). The VF + ES and asphyxia groups showed
ragged thick and irregular red subsarcolemmal layers and
intermyoﬁbrillar red deposits with Gomori stain, suggesting
abnormal mitochondrial aggregation. In contrast to regional
mitochondrial abnormality in the VF + ES group, the
asphyxia group showed diffuse distribution (Fig. 3D-F).
Ultrastructural analysis of LV in the VF + ES and asphyxia
groups showed mitochondrial damage characterized by
mitochondrial swelling and edema, outer-membrane ruptures, and loss of inner-membrane cristae with amorphous
densities. The mitochondrial damage in the VF + ES group
was limited in some myocardial areas; in contrast, the
asphyxia group showed generalized mitochondrial damage
(Fig. 3G-I).
After adding CaCl2, both the VF + ES and the asphyxia
groups had signiﬁcantly accelerated mitochondrial swelling
rates (a measure of mPTP opening). The mitochondrial
swelling in the asphyxia group was faster than that in the VF +
ES group (Fig. 4A).
The VF + ES group decreased the NCCR and CCO but not
SCCR activities. However, in the asphyxia group, only the
CCO activity decreased signiﬁcantly. Cytochrome c oxidase
activity decreased more in the asphyxia group than in the VF
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+ ES group (0.28 ± 0.07 vs 0.33 ± 0.06 U/mg, P b .05). These
results suggest that complexes I and IV are affected in VF
cardiac arrest, and complex IV is affected in asphyxial cardiac
arrest (Fig. 4B-D).
The VF + ES and asphyxia groups had a signiﬁcantly
decreased state 3 respiration. The state 3 respiration of the
asphyxia group decreased more signiﬁcantly than the VF +
ES group (134.3 ± 34.5 vs 174.8 ± 54.7 nmol of O/mg
mitochondrial protein, P b .05) (Fig. 5A). No signiﬁcant
difference was noted in the state 4 respiration between each
group (Fig. 5B). The mitochondria from the VF + ES group
showed a decreased RCR trend. The RCR of the asphyxia
group was signiﬁcantly lower than the VF + ES and sham
groups (VF + ES: 3.5 ± 0.9, asphyxia: 2.9 ± 0.5, sham: 4.0 ±
0.7) (Fig. 5C). Both the VF + ES and the asphyxia groups
had signiﬁcantly decreased ADP/O ratios. The ADP/O ratio
was lower in the asphyxia group than in the VF + ES group
(1.5 ± 0.2 vs 1.9 ± 0.5, P b .05) (Fig. 5D).

4. Discussion
In the present study, we demonstrated dominant myocardial
injury and mitochondrial damage in both VF and asphyxial cardiac
arrests. Compared with the VF cardiac arrest, the asphyxial cardiac

Fig. 4 The results of mPTP opening and complex activity studies. A, After adding CaCl2, both the VF + ES and the asphyxia groups had
signiﬁcantly accelerated rates of Ca2+-induced mitochondrial swelling, a measure of mPTP opening, compared with sham-operated rats. The
mitochondrial swelling of the asphyxia group was faster than that of the VF + ES group. B-D, The VF + ES group decreased the activities of
NCCR and CCO but not SCCR when compared with sham. However, in the asphyxia group, only the CCO activity signiﬁcantly decreased
when compared with the VF + ES and sham groups. There was no signiﬁcant difference in NCCR between the asphyxia and the sham groups.
ASP indicates asphyxia. ⁎P b .05.
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Fig. 5 Mitochondrial respiration. A, The state 3 respiration was signiﬁcantly lower in the VF + ES and asphyxia groups than in the sham
group. The state 3 respiration of the asphyxia group decreased more signiﬁcantly than that of the VF + ES group. B, No signiﬁcant difference in
the state 4 rate between each group was noted. C, The mitochondria from the VF + ES group showed a trend of decreased RCR when compared
with the sham group. The RCR of the asphyxia group was signiﬁcantly lower than the VF + ES and sham groups. D, When compared with the
sham group, the ADP/O ratios of the VF + ES and asphyxia groups were signiﬁcantly decreased. Moreover, the ADP/O ratio was lower in the
asphyxia group than in the VF + ES group. ASP indicates asphyxia. ⁎P b .05.

arrest caused more diffuse myocardial injury and mitochondrial
damage and, thus, less successful resuscitation.
Ischemia-reperfusion injury during cardiac arrest and CPR
has been known to cause oxidative stress and contribute to
postcardiac arrest syndrome, including both neurologic and
myocardial dysfunctions [23]. In the current study, the MDA
concentration signiﬁcantly increased in the myocardium of
the VF + ES group. In addition to ROS generated by
mitochondrial respiration during ischemia-reperfusion injury
[24], cytosol electrolysis during ES is considered to be
another ROS source because electrolysis of a physiologic
buffer produces a milieu containing several free radicals [25].
However, the asphyxial cardiac arrest did not cause
signiﬁcant MDA generation in the current study. Low tissue
O2 availability during hypoxic period, short reperfusion
duration, severe mitochondrial damage, and impaired
mitochondrial respiration may account for less ROS
formation in the asphyxia group.
In contrast to the myocardial lipid oxidation, there were
more mitochondrial damages and dysfunction (accelerated
mitochondrial swelling, impaired complex activities, and
respiration) in the asphyxial cardiac arrest than in the VF
cardiac arrest. Our previous study demonstrated that
myocardial lipid oxidation and mitochondrial damages in

VF cardiac arrest were ameliorated by administrating the
antioxidant during CPR, suggesting that ROS mediates
mitochondrial damages in VF cardiac arrest [12]. However,
the mitochondrial damages in the asphyxial cardiac arrest
may result from not only ROS generation but also
hypoxemia, hypercarbia, and hypotension with incomplete
ischemia for several minutes preceding the onset of
pulselessness in the asphyxial cardiac arrest. In anoxia,
mitochondria change from being ATP producers to potentially powerful ATP consumers, which hydrolyze glycolytically produced ATP to maintain mitochondrial proton motive
forces [26]. If ATP is depleted during anoxia, necrosis occurs
because of the mitochondria transmembrane potential (Ψ),
followed by cell swelling and loss of plasma and mitochondrial membrane integrity [27,28].
The loss of mitochondria transmembrane potential (Ψ)
and disruption of mitochondrial inner membrane result in
the release of cytochrome c and proapoptotic factors and
impaired mitochondria function, including oxidative phosphorylation and energy production, ultimately leading to
apoptosis and necrosis [29-31]. Our current study showed
myocardial injuries and mitochondrial damages in both
cardiac arrests. Instead of regional myocardial injuries in
VF cardiac arrest, the myocardial injury in asphyxial
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cardiac arrest distributed diffusely. These results correspond
to the ﬁnding in the canine study of Lerman et al [32], who
reported that localized myocardial injury was noted after
direct current ES with endocardial catheters, implying only
tissue participating in the circuit would be damaged.
Moreover, the less calcium-induced mitochondrial swelling,
decreased complex activities, and respiratory dysfunction in
the VF + ES group than in the asphyxia group implied less
mitochondrial damage and better energy preservation during
electron transport chain. The ﬁndings are compatible with
more animals that were successfully resuscitated in the VF +
ES group than in the asphyxia group.

5. Limitations
There are several study limitations. First, it is difﬁcult to
quantify and equalize the damages caused by VF and asphyxial
cardiac arrests, respectively. The design of the current study is to
evaluate the difference in histopathologic changes and mitochondrial damages between these 2 models with the same
pulseless duration. Second, MDA is a byproduct produced when
free radicals oxidize lipid and recognized as a standard
measurement for determining the degree of cell oxidation.
However, MDA cannot directly reﬂect the intracellular ROS
concentration. Lastly, we used healthy animals as materials.
However, in clinical practice, VF cardiac arrest usually
accompanies coronary artery diseases, and asphyxial cardiac
arrest usually accompanies infection, intoxication, and trauma.
These clinical conditions are more complex than the animal
models. Moreover, the clinical VF cardiac arrest mostly resulted
from occlusion of coronary artery rather than electrical current in
our present study without coronary artery lesion. Therefore,
these results should be more carefully interpreted when applied
into clinical practice.

6. Conclusion
We conclude, in the current study, that both VF and
asphyxial cardiac arrests cause myocardial injuries and
mitochondrial damages. With the same pulseless duration,
there are more diffuse myocardial injuries, more severe
mitochondrial damages, and, thus, less successful resuscitation in asphyxial cardiac arrest than VF cardiac arrest. Based
on these ﬁndings, different cardiac arrest studies may have
different investigated pathways and develop different
research directions in the future.

References
[1] Safar P, Bircher NG. Cardiopulmonary cerebral resuscitation: an
introduction to resuscitation medicine. World Federation of Societies
of Anesthesiologists. 3rd ed. London: W.B. Saunders; 1998.

1547
[2] Tang W, Weil MH, Sun SJ, Gazmuri RJ, Bisera J. Progressive
myocardial dysfunction after cardiac resuscitation. Crit Care Med
1993;21:1046-50.
[3] Gazmuri RJ, Weil MH, Bisera J, Tang W, Fukui M, McKee D.
Myocardial dysfunction after successful resuscitation from cardiac
arrest. Crit Care Med 1996;24:992-1000.
[4] Xie J, Weil MH, Sun S, et al. High-energy defibrillation increases the
severity of postresuscitation myocardial dysfunction. Circulation
1997;96:683-8.
[5] Stueven HA, Aufderheide T, Waite EM, Mateer JR. Electromechanical
dissociation: six years prehospital experience. Resuscitation 1989;17:
173-82.
[6] Hickey RW, Cohen DM, Strausbaugh S, Dietrich AM. Pediatric
patients requiring CPR in the prehospital setting. Ann Emerg Med
1995;25:495-501.
[7] Weaver WD, Cobb LA, Hallstrom AP, et al. Considerations for
improving survival from out-of-hospital cardiac arrest. Ann Emerg
Med 1986;15:1181-6.
[8] Murphy DJ, Murray AM, Robinson BE, Campion EW. Outcomes of
cardiopulmonary resuscitation in the elderly. Ann Intern Med
1989;111:199-205.
[9] Vincent JL, Thijs L, Weil MH, Michaels S, Silverberg RA. Clinical
and experimental studies on electromechanical dissociation. Circulation 1981;64:18-27.
[10] Vaagenes P, Safar P, Moossy J, et al. Asphyxiation versus ventricular
fibrillation cardiac arrest in dogs. Differences in cerebral resuscitation
effects—a preliminary study. Resuscitation 1997;35(1):41-52.
[11] Kamohara T, Weil MH, Tang W, et al. A comparison of myocardial
function after primary cardiac and primary asphyxial cardiac arrest.
Am J Respir Crit Care Med 2001;164:1221-4.
[12] Tsai MS, Huang CH, Tsai CY, et al. Ascorbic acid mitigates the
myocardial injury after cardiac arrest and electrical shock. Intensive
Care Med 2011;37:2033-40.
[13] Huang CH, Hsu CY, Tsai MS, et al. Cardioprotective effects of
erythropoietin on postresuscitation myocardial dysfunction in appropriate therapeutic windows. Crit Care Med 2008;36:S467-73.
[14] Sodha NR, Boodhwani M, Ramlawi B, et al. Atorvastatin increases
myocardial indices of oxidative stress in a porcine model of hypercholesterolemia and chronic ischemia. J Card Surg 2008;23:312-20.
[15] Shiva S, Brookes PS, Patel RP, Anderson PG, Darley-Usmar VM.
Nitric oxide partitioning into mitochondrial membranes and the control
of respiration at cytochrome c oxidase. Proc Natl Acad Sci U S A
2001;98:7212-7.
[16] Argaud L, Gateau-Roesch O, Raisky O, Loufouat J, Robert D, Ovize
M. Postconditioning inhibits mitochondrial permeability transition.
Circulation 2005;111:194-7.
[17] Chowdhury SK, Drahota Z, Floryk D, Calda P, Houstek J. Activities of
mitochondrial oxidative phosphorylation enzymes in cultured amniocytes. Clin Chim Acta 2000;298:157-73.
[18] Rustin P, Chretien D, Bourgeron T, et al. Biochemical and molecular
investigations in respiratory chain deficiencies. Clin Chim Acta
1994;228:35-51.
[19] Wharton DC, Tzagoloff A. Cytochrome oxidase from beef heart
mitochondria. Methods Enzymol 1967;10:245-50.
[20] Lucas DT, Szweda LI. Cardiac reperfusion injury: aging, lipid
peroxidation, and mitochondrial dysfunction. Proc Natl Acad Sci U S A
1998;95:510-4.
[21] Adlam VJ, Harrison JC, Porteous CM, James AM, et al. Targeting an
antioxidant to mitochondria decreases cardiac ischemia-reperfusion
injury. FASEB J 2005;19:1088-95.
[22] Di Maria CA, Bogoyevitch MA, McKitrick DJ, Arnolda LF, Hool LC,
Arthur PG. Changes in oxygen tension affect cardiac mitochondrial
respiration rate via changes in the rate of mitochondrial hydrogen
peroxide production. J Mol Cell Cardiol 2009;47:49-56.
[23] Adrie C, Adib-Conquy M, Laurent I, et al. Successful cardiopulmonary resuscitation after cardiac arrest as a “sepsis-like” syndrome.
Circulation 2002;106:562-8.

1548
[24] Rigoulet M, Yoboue ED, Devin A. Mitochondrial ROS generation and
its regulation: mechanisms involved in H(2)O(2) signaling. Antioxid
Redox Signal 2011;14:459-68.
[25] Jackson CV, Mickelson JK, Stringer K, Rao PS, Lucchesi BR.
Electrolysis-induced myocardial dysfunction. A novel method for the
study of free radical mediated tissue injury. J Pharmacol Methods
1986;15:305-20.
[26] St-Pierre J, Brand MD, Boutilier RG. Mitochondria as ATP
consumers: cellular treason in anoxia. Proc Natl Acad Sci U S A
2000;97:8670-4.
[27] Graham RM, Frazier DP, Thompson JW, et al. A unique pathway of
cardiac myocyte death caused by hypoxia-acidosis. J Exp Biol
2004;207:3189-200.

M.-S. Tsai et al.
[28] Kang PM, Haunstetter A, Aoki H, Usheva A, Izumo S. Morphological
and molecular characterization of adult cardiomyocyte apoptosis
during hypoxia and reoxygenation. Circ Res 2000;87:118-25.
[29] Hausenloy DJ, Maddock HL, Baxter GF, Yellon DM. Inhibiting
mitochondrial permeability transition pore opening: a new paradigm
for myocardial preconditioning? Cardiovasc Res 2002;55:534-43.
[30] O'Rourke B. Evidence for mitochondrial K+ channels and their role in
cardioprotection. Circ Res 2004;94:420-32.
[31] Suleiman MS, Halestrap AP, Griffiths EJ. Mitochondria: a target for
myocardial protection. Pharmacol Ther 2001;89:29-46.
[32] Lerman BB, Weiss JL, Bulkley BH, Becker LC, Weisfeldt ML.
Myocardial injury and induction of arrhythmia by direct current shock
delivered via endocardial catheters in dogs. Circulation 1984;69:1006-12.

