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Direct Current Shocks to the Heart Generate Free Radicals: An
Electron Paramagnetic Resonance Study

MATTHEW R. CATERINE, BS, KIRK T. SPENCER, MD, LUIS A. PAGAN-CARLO, MD,
ROBIN S. SMITH, BA, GARRY R. BUETTNER, PuD, RICHARD E. KERBER, MD, FACC

Iowa City, Iowa

Objectives. We sought to demonstrate that direct current (DC)
shocks to the heart generate free radicals.

Background. Although it is a lifesaving maneuver, defibrillation
is known to have myocardial toxicity. The mechanism of this
toxicity is unknown. If DC shocks generate free radicals, free
radicals could be a mechanism of myocardial injury.

Methods. In a canine model, DC shocks of 10 to 100 J were
delivered to the epicardium of both beating and fibrillating hearts,
and 200-] transthoracic shocks were administered in dogs with
beating hearts. Ascorbate free radical (AFR) concentration was
measured in arterial blood and blood continuously withdrawn
from the coronary sinus. In some dogs, the antioxidant enzymes
superoxide dismutase (15,000 U/kg) and catalase (55,000 U/kg)
(SOD/Cat) were administered before shocks.

Results. Ascorbate free radicals were generated by DC shocks.
A peak AFR increase of 14 = 2% (mean = SEM) was seen 5 to
6 min after 100-]J epicardial shocks. A peak AFR increase of 7

5% occurred after transthoracic shocks. There was a significant
linear relation between the shock energy and peak percent AFR
increase: %AFR increase = 0.18 (Shock energy) + 2.9 (r = 0.73,
p < 0.0001). Shocks delivered to hearts in ventricular fibrillation
(30 s) resulted in generation of AFR equal to but not greater than
that observed during similar shocks delivered to beating hearts in
sinus rhythm. Multiple successive shocks (100 J delivered twice or
five times) did not result in a greater AFR increase than single
100-J shocks, indicating that peak, not cumulative, energy is the
principal determinant of AFR increase. Animals receiving SOD/
Cat before shock administration showed significant attenuation of
the AFR increase.

Conclusions. Direct current epicardial and transthoracic
shocks generate free radicals; antioxidant enzymes reduce the free
radical generation by shocks.

(J Am Coll Cardiol 1996;28:1598-609)

Electrical defibrillation is the critical maneuver in cardiac
arrest due to ventricular fibrillation (VF). Nevertheless, defi-
brillation can result in myocardial injury, with morphologic and
functional evidence of damage (1-5).

The mechanism of defibrillation injury has not been estab-
lished. Myocardial necrosis and contraction abnormalities may
be related to the ischemic period of arrested circulation during
VF or to the toxicity of the direct current (DC) shock itself.
Both may play a significant role.

Oxygen free radicals are formed when molecular oxygen is
reintroduced into ischemic myocardium on reperfusion (6-8),
such as occurs in the setting of ventricular fibrillation followed
by defibrillation. A recent study (9) suggests that free radicals
are generated by DC countershocks alone, delivered to beating
hearts not in VF. This finding is consistent with a study (10)
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that showed that free radicals could be generated solely by an
electrical current passing through a physiologic buffer solution.
Because oxygen free radicals have known toxicity (11,12), the
generation of oxygen free radicals by DC shocks may be a
mechanism of defibrillation injury.

The purpose of our study was to evaluate the magnitude
and determinants of free radical generation after DC shocks
delivered to both fibrillating and nonfibrillating hearts. In an
open chest canine model, we utilized a newly developed and
validated technique, electron paramagnetic resonance (EPR)
measurements of ascorbate free radicals (AFRs), a real-time
quantitative marker of free radical generation (13). Six sets of
experiments were performed to 1) determine the effect of
epicardial shock energy on the magnitude of AFR generation;
2) compare the AFR generation of shocks delivered to fibril-
lating versus nonbeating hearts; 3) determine whether multiple
shocks generate more AFRs than a single shock at the same
energy level; 4) determine the effect of the free radical
scavenging enzymes superoxide dismutase (SOD) and catalase
(Cat), given before shock delivery, on the magnitude of AFR
generation; 5) demonstrate that direct contact between the
metal electrodes and the epicardial surface of the heart is not
required for DC shocks to generate AFRs; and 6) determine
whether transthoracic shocks generate AFRs.
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Abbreviations and Acronyms

AFR = ascorbate free radical
Cat = catylase

DBP = diastolic blood pressure

DC = dircct current

ECG = electrocardiographic

EPR = electron paramagnetic resonance
NSR = normal sinus rhythm

SBP = systolic blood pressurc

SOD = superoxide dismutase

VF = ventricular fibrillation

Methods

Animal preparation. An open chest canine model was
used; 38 dogs were studied in total. General anesthesia was
achieved with a combination of fentanyl-droperidal
(0.13 ml/kg), followed by intravenous pentobarbital (20 mg/kg
body weight), supplemented as needed during the course of
the experiment. Respiratory support was provided with a
volume-cycled respirator after endotracheal intubation. Tidal
volume, rate and fraction of inspired oxygen were adjusted
according to arterial blood gases to maintain physiologic
arterial pH and partial pressure of oxygen.

Femoral arteries and veins were cannulated in both limbs.
The left femoral artery was used to monitor blood pressure and
the left femoral vein for infusions. Through a left lateral
thoracotomy, the pericardial sac was opened and the heart
suspended in a cradle. A catheter was passed through the
jugular vein into the distal portion of the coronary sinus. A
venous-venous shunt was fashioned between the coronary
sinus and right femoral vein. Surface electrocardiographic
(ECG) recordings were obtained for rhythm and heart rate
monitoring before and after administration of shocks.

Electron paramagnetic resonance methods. Measurement
of AFR has been previously validated (13,14) as a measure of
total oxidative stress and has been described in detail. Ascor-
bate is the terminal, small-molecule antioxidant; it repairs
more oxidizing radicals, such as hydroxyl, superoxide and lipid
peroxyl radicals (14,15). Because it donates an electron (hy-
drogen atom) to repair these oxidizing radicals, ascorbate itself
is converted to a free radical, the AFR. This relatively stable
pi-radical can be detected and quantitated by the EPR tech-
nique. The steady state AFR concentration is proportional to
the fotal ongoing oxidative stress of the interventions evalu-
ated.

Electron paramagnetic resonance spectra were obtained
using a Varian E-4 spectrometer, with a TM,, cavity and an
aqueous flat cell. Scans were collected serially on blood being
continuously withdrawn from either the great cardiac vein or
the femoral artery. Consecutive EPR scans of the coronary
venous or femoral artery AFR blood were initiated every 90 to
120 s. A single scan requires 90 s. Because the AFR yields a
doublet EPR spectrum, each scan yields two data points, ~45 s
apart. An infusion pump was used to circulate the sample
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through the spectrometer and return it to the dog. In this way,
blood could be scanned for AFR concentrations within several
seconds of leaving the animal. The following instrument set-
tings were used for all studies because they provide the largest
AFR signal (16): nominal power 40 mW, modulation ampli-
tude 0.63 G, time constant 1 s and scan rate 1 G/24 s. A 40-mW
nominal microwave power was used because it gives the
greatest peak to peak AFR EPR signal height. The AFR EPR
signal is partially saturated at this power level (16). Appropri-
ate corrections were made to determine steady state AFR
concentrations. The power from the microwave bridge of the
Varian instrument is calibrated. The power saturation curve of
AFRs in the region of 40 mW has very little gradient; thus, a
small error in the nominal power setting produces very little
change in AFR signal height.

The concentration of AFR was determined from the signal
height of its EPR spectra after calibration using double-
integration techniques and 3-carboxy proxyl as the standard.
We found that for our experimental conditions, 1 mm of signal
height corresponded to 0.0734 nmol/liter AFR, after saturation
effects were accounted for. All signal heights were normalized
to full gain of the instrument, 1 X 10°,

Without ascorbic acid supplementation, the AFR concen-
tration in whole canine blood is too low for detection by EPR.
Therefore, to amplify the endogenous AFR signal, 1 g of
ascorbic acid was infused intravenously as a bolus, followed by
a slow infusion. The AFR concentration varied from dog to
dog; the arterial AFR signal was usually ~14 nmol/liter, and
the venous AFR signal was usually ~8 nmol/liter. A steady
state level of arterial AFR was maintained by adjusting the rate
of ascorbic acid infusion, usually ranging between 3.8 and 15.2
mg/min; the arterial AFR level was rechecked after each DC
shock, and the infusion rate was adjusted if necessary. The
fourfold variation in ascorbic acid infusion rate required to
maintain a steady state arterial AFR level may explain in part
the substantial variability in absolute AFR levels measured.

Direct current shocks. Direct current shocks were deliv-
ered by a Datascope MD2J damped sinusoidal waveform
defibrillator. Epicardial shocks were delivered by hand-held
electrode paddles cradling the exposed heart. The paddles
were coated with a conductive gel (Redux paste, Hewlett-
Packard), except for experiment 5 (see later). The range of
selected energies varied from 10 to 100 J, which was the
maximal possible energy setting allowed on this defibrillator
using epicardial electrode paddles. Ventricular fibrillation was
accomplished, when required by the protocols, by touching the
terminals of a 9-V battery to the exposed epicardial surface of
the heart. This simple maneuver reliably induces VF in an
open chest canine model.

Transthoracic shocks of 200 I were delivered using hand-
held paddle electrodes pressed against the closed, shaved chest
in a lateral-lateral orientation (experiment 6).

Measurements of AFR. Baseline measurements of coro-
nary venous and arterial AFR concentrations were obtained
using previously discussed methods; baseline ECG and arterial
blood pressures were also recorded. After each shock, 16 min
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Table 1. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Shocks

Coronary Venous AFR Concentration (nmol/liter)

10-J NSR Group 40-J NSR Group 75-J NSR Group 100-J NSR Group Sham Group
(n=6) (n=16) (n=14) (n=20) (n=14)
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Before shock 724 0.42 716 0.24 7.14 0.34 6.85 0.19 8.32 0.44
Minutes after shock
3 7.10 0.68 7.26 0.26 7.55 0.38 7.50 0.25 7.99 0.63
7.18 0.53 715 0.37 7.69 0.27 7.80 0.25 8.35 0.41
5 7.18 0.44 737 0.37 8.09 0.35 7.78 0.27 8.06 0.39
6 7.10 0.46 7.06 0.27 7.87 0.36 7.86 0.26 778 0.51
7 754 0.40 7.66 027 7.82 0.45 7.86 0.29 8.21 0.28
8 7.30 0.35 7.03 0.26 17 0.35 7.70 0.28 8.21 0.64
9 127 0.43 7.40 0.27 793 0.38 778 0.26 8.42 0.56
10 7.39 0.39 7.58 0.29 8.00 0.41 7.61 0.18 8.10 0.33
11 7.30 0.41 725 0.14 7.57 0.42 7.68 0.26 8.21 0.56
12 7.30 0.40 7.30 0.29 7.86 0.41 7.55 0.24 8.14 0.38
13 7.34 0.42 727 0.25 722 0.38 751 0.22 8.21 0.34
14 7.13 0.40 7.39 0.19 7.34 0.38 748 0.28 8.28 0.56
15 722 0.49 7.30 0.25 729 0.30 152 0.25 8.39 0.28
16 722 0.49 710 0.21 6.86 0.20 7.31 0.24 7.68 0.22
Percent Change From Baseline in AFR Concentration (mean * SEM of all data during cach 2-min interval)*
10-J NSR Group 40-J NSR Group 75-1 NSR Group 100-J NSR Group Sham Group
(n=16) (n = 6) (n =14) (n = 20) (n=4)

Minutes After Shock Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

3-4 -2 3 1 2 7 3 12 2 -2 3

5-6 -1 2 1 3 12 2 14 2 ~5 2

7-8 3 3 3 3 9 2 14 2 ~1 2

9-10 1 2 5 3 12 2 13 2 -1 4

11-12 1 2 2 2 8 3 11 2 -2 2

13-14 0 3 3 2 2 2 10 2 ~1 2

15-16 0 2 1 1 2 2 8 2 0 3

Integrated area under AFR 2 8 13 6 51 7 77% 8 -13 7

conc vs. time curve

*For ascorbate free radical (AFR) percent change comparisons, see Figure 1. ¥p < 0.01 versus 10 J. #p < 0.01 versus 40 and 10 J. conc = concentration; NSR =

normal sinus rhythm.

were allowed for stabilization and recording of coronary
venous and systemic arterial AFR levels, the ECG and
arterial pressure. The order of shock energies was randomly
varied to avoid experimental bias. An adequate coronary
sinus blood withdrawal rate was difficult to maintain during
the first 2 min of the postshock period because of shock-
induced bradycardia and hypotension (17). Therefore, we
report coronary venous AFR concentrations at baseline
(before shock) and at each minute beginning at 3 min after
each shock.

Protocols. Experiment 1. In 25 open chest dogs, we stud-
ied the effect of DC epicardial shocks on AFR generation,
without inducing VF, so that the effect of shocks alone could
be studied. Selected energies of shocks administered were
varied (10, 40, 75 or 100 J) and delivered in random order to
determine the effect of shock energy on the amount of AFR

generated. In four of the dogs, “sham” shocks were deliv-
ered, whereby the heart was briefly cradled in the epicardial
paddle electrodes, but no shocks were delivered. The usual
AFR recordings were then obtained. These four “sham”
shock dogs were subsequently used for the coronary occlu-
sion portion of experiment 2.

Experiment 2. In 10 open chest dogs, we studied the effect
of VF plus DC shocks on AFR generation. Eight of these dogs
were also used in experiment 1. Ventricular fibrillation was
initiated electrically and allowed to persist for 30 s, after which
40- and 100-J DC shocks were delivered to terminate the VF.
In addition, to determine whether the ischemia associated with
a 30-s period of fibrillation was sufficiently long to cause an
increase in AFR levels, in four dogs we performed a separate
experiment: The left anterior descending coronary artery was
occluded for 30 s with a snare, followed by snare release and
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Figure 1. Effect of DC shock energy on AFR generation. There was
significantly more AFR generation after 100-J than 40-J shocks, and
the peak AFR increase occurred earlier. Circles = 40-J NSR group
(n = 6); squares = 100-] NSR group (n = 20); vertical lines = SEM.
*p < 0.01.

reperfusion (no VF was induced). This procedure allowed us
to compare the effect of a 30-s sequence of ischemia—
reperfusion with the effect of an equal-length 30-s sequence of
fibrillation—defibrillation on AFR generation.

Experiment 3. In six open chest dogs, we studied the effect
of the peak versus cumulative energy of DC epicardial shocks
on AFR generation. The dogs were either given two 100-J
shocks (n = 3) or five 100-J shocks (n = 4) in rapid succession
(1 dog received two 100-J shocks and, later, five 100-J shocks).
The results were compared with single 100-J shocks delivered
in the same dogs to determine whether the cumulative energy

Figure 2. Effect of DC shock energy and cardiac rhythm on AFR
generation. Increasing shock energy caused increasing AFR genera-
tion (integrated area under percent change in AFR concentration vs.
time curve). There was no significant difference in AFR generation
from shocks delivered to hearts in NSR versus shocks delivered to
terminate VF.
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Figure 3. Relation of DC shock energy to peak percent increase in
AFR concentration (shocks given to hearts in NSR only). There was a
significant relation between the two.

of the rapidly applied successive shocks produced a greater
increase in free radical generation. Of the six dogs receiving
the initial 100-J single shocks, three received the shock while in
normal sinus rhythm (NSR), and three received the shock to
terminate electrically induced VF. The subsequent double and
quintuple shocks in rapid succession were all delivered while
the animals were in NSR.

Experiment 4. In seven open chest dogs, we studied the
effect of administration of the antioxidant enzymes SOD and
Cat before shock delivery on the magnitude of AFR genera-
tion. These enzymes were given as a continuous infusion:
15,000 U/kg of SOD (bovine erythrocyte SOD, 4,200 U/mg
protein, Sigma Chemical Co.) and 55,000 U/kg of Cat (bovine
liver suspension, 58,000 U/mg protein, Sigma). Before initiat-
ing the SOD/Cat infusion, we first administered 75-J and,
subsequently, 100-J DC shocks to each dog. After all the
appropriate recordings, we began the SOD/Cat infusion. Ten
minutes after initiating the SOD/Cat infusion, 75-J and, sub-
sequently, 100-J DC shocks were readministered to each dog.
In four additional dogs, control studies were performed,
whereby 75- and 100-J shocks were delivered, followed by a
10-min time period during which saline instead of SOD/Cat
was infused, and 75- and 100-J shocks were then readminis-
tered.

Experiment 5. In three open chest dogs, we placed pre-
formed conductive gel-polymer pads (3M) between the metal
electrodes and the epicardial surface of the heart. Shocks of 75
and 100 J were delivered, and the usual AFR recordings were
obtained. This procedure was done to demonstrate that direct
epicardium-electrode contact was not necessary for AFR
generation to occur.

Experiment 6. In three dogs we studied the effects of
transthoracic shocks on AFR generation. Thoracotomy,
coronary sinus and femoral artery and vein cannulation was
performed as described earlier. A thoracotomy was neces-
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Table 2. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Shocks Given to Terminate Ventricular Fibrillation

and After Brief Coronary Occlusion-Reperfusion Sequences

Coronary Venous AFR Concentration (nmol/liter)

VE+40 ] (n = 6)

VE+100J (n = 8) LAD 30-s Occ. (n = 4)

Mean SEM Mean SEM Mean SEM
Before shock 7.89 0.77 7.28 0.35 8.41 1.08
Minutes after shock
3 8.02 0.92 7.85 0.38 8.17 1.04
4 7.87 0.79 8.06 0.59 8.46 1.10
5 8.59 0.88 7.96 0.61 853 117
6 8.06 0.73 7.99 0.51 8.24 1.08
7 8.26 0.72 8.28 0.51 8.50 1.10
8 8.26 0.72 8.24 0.40 8.57 1.14
9 1.97 0.86 8.24 0.39 8.28 1.07
10 8.26 0.56 823 0.40 8.14 115
11 7.99 0.68 7.88 0.31 8.35 1.10
12 7.99 0.58 7.87 0.37 8.14 11§
13 1.97 0.82 7.96 0.44 8.32 0.96
14 7.85 0.74 7.70 0.38 9.02 0.96
15 7.78 0.76 738 0.28 9.31 0.69
16 7.73 0.71 7.31 0.28 9.17 0.91
Percent Change From Baseline in AFR Concentration (mean + SEM of all data during each 2-min interval)*
VF+40J (n = 6) VF+100J (n = 8) LAD 30-s Occ. (n = 4)
Minutes After Shock Mean SEM Mean SEM Mean SEM
3~4 0 2 8 9 -1 2
5-6 6 3 8 11 0 2
7-8 5 4 15 7 1 1
9-10 3 3 15 10 -3 2
11-12 2 3 8 10 -2 2
13-14 0 3 13 9 -2 3
15-16 -1 2 -6 6 0 2
Integrated area under AFR 16 13 63t 18 ) 2

conc vs. time curve

*For ascorbate free radical (AFR) percent change comparisons, see Figure 2. tp < 0.01 versus 40 J. conc = concentration; LAD Oce. = left anterior descending

coronary artery occlusion; VF = ventricular fibrillation.

sary in this experiment because we could not accomplish
percutaneous coronary sinus cannulation with a sufficiently
large cannula to allow an adequate coronary sinus blood
withdrawal rate. The thoracotomy was then sutured closed
while as much air as possible was aspirated. After baseline
measurements of coronary sinus and systemic arterial AFR
were obtained, we delivered 200-J shocks from hand-held
paddle electrodes pressed firmly against the shaved chest in
a lateral-lateral placement. The AFR recordings were ob-
tained as discussed earlier.

Statistical analysis. Data were analyzed for statistical
significance using repeated measures analysis of variance to
determine whether there was a significant difference among
the multiple measurements of each variable tested, followed
by a Bonferroni test to determine which specific variables
were significantly different. Results are expressed as mean
value = SEM. We correlated the peak of each shock and
cumulative energy (when more than one shock was admin-
istered) with the peak percent change from baseline in AFR

levels and the integrated area under the percent change in
AFR concentration versus time curves.

Results

In Tables 1 to 7 we present absolute coronary venous AFR
concentrations (nmol/liter) and the percent change from base-
line; the latter are shown as mean value = SEM of all data
during each 2-min interval.

Experiment 1. After epicardial DC shocks, the coronary
venous AFR concentration increased directly with shock
energy (Table 1, Fig. 1 and 2). In the 40-J NSR group, the
peak AFR increase, 5 * 3%, was reached at 9 to 10 min
after the shock was delivered. In comparison, the 100-J NSR
group had a higher (p < 0.01) peak AFR increase of 14 *
2%, which occurred earlier, 5 to 6 min after shock delivery
(Fig. 1). Figure 2 shows that the integrated areas under the
AFR concentration versus time curves increased with higher
energy shocks: the 10-, 40-, 75- and 100-J areas were 2 = 8,
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Table 3. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Single Versus Multiple Shocks*

Coronary Venous AFR Concentration (nmol/liter)

100 J (n = 6) 100J X 2(n=23) 100J X 5(n=4)
Mean SEM Mean SEM Mean SEM
Before shock 6.78 0.28 7.07 0.14 7.78 0.44
Minutes after shock
3 744 0.38 7.58 0.25 7.92 0.45
4 715 0.45 7.87 0.38 8.42 0.27
S 778 0.44 7.58 0.25 8.50 (.56
6 7.44 0.40 8.06 0.29 8.35 0.42
7 7.63 0.41 8.35 0.29 8.42 0.54
8 7.49 0.38 8.38 0.30 8.42 0.25
9 739 0.32 7.97 0.42 8.57 0.54
10 739 0.16 8.16 0.42 8.86 0.70
11 7.58 0.35 8.06 0.00 8.06 0.69
12 7.44 0.40 7.97 0.51 8.60 0.51
13 751 0.41 8.06 0.33 8.57 0.54
14 723 0.42 8.16 0.48 8.14 0.54
15 725 0.45 7.39 0.25 8.35 0.81
16 6.96 0.34 7.30 0.10 7.92 0.56
Percent Change From Baseline in AFR Concentration (mean + SEM of all data during each 2-min interval)
100 J (n = 6) 100J X2 (n=3) 100 X5(n=4)
Minutes After Shock Mean SEM Mean SEM Mean SEM
3-4 8 4 9 4 5 4
5-6 12 5 11 3 9 4
7-8 12 3 18 2 9 5
9-10 10 4 14 3 12 3
11-12 11 4 13 4 7 3
13-14 4 15 5 7 4
15-16 5 2 4 3 4 5
Integrated area 67 11 82 7 54 18

under AFR conc
vs. time curve

*None of these comparisons are significantly different. 100 J X 2 = two shocks of 100 J in rapid succession; 100 J X 5 = five shocks of 100 J in rapid succession;

other abbreviations as in Table 1.

13 = 6,51 = 7and 77 * 8%, respectively. Figure 3 shows the
relation between epicardial DC shock energy and peak
percent AFR generation. There was a significant linear
relation between the two: %AFR generation = 0.18 (Shock
energy) + 2.9 (r = 0.73, p < 0.0001). There was a similar
relation between the integrated area under the AFR con-
centration versus time curve and DC shock energy: Area =
0.89 (Shock energy) —~ 13.9 (r = 0.70, p < 0.0001). In the
“sham” group, there was no increase in AFR; the maximal
change was —5 = 2% (Table 1). There was no relation
between percent AFR increase and the order in which the
varying energy shocks were delivered.

Experiment 2. Epicardial DC shocks given to terminate
VF did not result in higher coronary venous AFR levels than
shocks delivered to hearts in NSR (Table 2, Fig. 2). The
peak AFR increase in the VF+40-J group was 6 + 3%,
reached at 5 to 6 min after the shock, which was not
significantly different from the 40-J NSR group peak of 5 =

3% (see Table 1 for NSR data). The peak AFR increase in
the VF+100-J group was 15 * 7%, reached at 7 to 8 min
after the shock, also not significantly different from the
100-J NSR group peak of 14 *+ 2%. When the integrated
areas under the AFR concentration versus time curves were
compared, neither the VF+40-] group (16 = 13) nor the
VF+100-J group (63 *+ 18) were significantly different from
their NSR counterparts (Fig. 2). In the four dogs in which
the coronary artery was briefly occluded for 30 s, followed by
reperfusion, the peak AFR increase was only 1 * 1% at 9 to
10 min after occlusion (Table 2).

Experiment 3. Multiple epicardial DC shocks did not result
in higher coronary venous AFR concentrations than single DC
shocks at the same energy (Table 3). In the 100-JX2 group, a
peak AFR increase of 18 + 2% was reached at 7 to 8 min after
the shocks, and in the 100-JX5 group, a peak AFR increase of
12 *= 3% was reached at 9 to 10 min after the shocks. These
results were not significantly different from the single 100-J



1604 CATERINE ET AL.
DC SHOCKS GENERATE FREE RADICALS

JACC Vol. 28, No. 6
November 15, 1996:1598-609

Table 4. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Shocks: Before Versus After Superoxide Dismutase/

Catalase (n = 7)

Coronary Venous AFR Concentration (nmol/liter)

75-J NSR Group 75-J NSR+SOD/Cat Group 100-J NSR Group 100-J NSR+S0Dj/Cat Group
Mean SEM Mean SEM Mean SEM Mean SEM
Before shock 732 0.54 7.63 0.43 691 0.13 171 0.36
Minutes after shock
3 7.82 0.59 8.02 0.56 7.69 0.29 7.94 0.36
4 7.94 0.35 7.69 0.55 8.11 0.32 8.13 0.40
5 8.41 0.55 8.11 0.47 7.78 0.32 8.15 0.34
6 7.98 0.62 7.65 0.60 7.80 0.19 8.04 0.37
7 7.99 0.71 7.73 0.46 7.80 0.19 8.13 0.29
8 7.90 0.53 7.86 0.48 827 0.36 792 0.39
9 8.08 0.69 8.00 0.48 8.13 0.14 8.15 0.36
10 8.02 0.70 7.73 0.37 782 0.20 7.96 0.40
11 7.53 0.70 718 0.51 7.69 0.16 7.88 0.32
12 8.02 0.76 7.65 0.43 7.90 0.28 8.19 0.30
13 7.45 0.66 7.78 0.43 7.34 0.18 8.11 0.32
14 745 0.67 M 0.42 7.28 0.20 7.98 0.32
Percent Change From Baseline in AFR Concentration (mean = SEM of all data during each 2-min interval)*
75-J NSR Group 75-J NSR+SOD/Cat Group 100-J NSR Group 100-J NSR+S0OD/Cat Group
Minutes After Shock Mean SEM Mean SEM Mean SEM Mean SEM
3-4 9 4 3 3 15 5 41 3
5-6 12 3 3t 2 13 4 4 3
7-8 9 2 2 2 17 S 4% 2
9-10 10 3 3 1 16 3 41 3
11-12 6 3 1 2 13 3 4 3
13-14 1 2 2 2 6 2 4 2
Integrated area under AFR 46 9 15¢ 5 85 14 25% 8

conc vs, time curve

*For ascorbate free radical (AFR) percent change comparisons, see Figure 4. p < 0.01 versus 75 J. $p < 0.01 versus 100 I. Cat = catalase; SOD =superoxide

dismutase; other abbreviations as in Table 1.

group peak AFR increase of 12 * 5% at 5 to 6 min. The
integrated areas under the AFR concentration versus time
curves were 82 *+ 7 for the 100-JX2 group and 54 + 18 for the
100-JX5 group compared with 67 = 11 for the 100-J group
(p = NS).

Experiment 4. The free radical scavenging enzymes SOD
and Cat attenuated the increase in AFR coronary venous
concentration after epicardial DC shocks (Table 4, Fig. 4).
The peak AFR increase in the 75-] NSR group before
SOD/Cat was 12 = 3% at 5 to 6 minutes and only 3 * 1%
at 9 to 10 min (p < 0.01) after SOD/Cat infusion. In the
100-J NSR group, the peak increase before SOD/Cat ad-
ministration was 17 = 5% at 7 to 8 min, and with SOD/Cat
the peak was 4 = 3% at 5 to 6 min (p < 0.01) (Fig. 4). A
similar attenuation was found in the integrated areas under
the AFR concentration versus time curve with the presence
of SOD/Cat during shock administration. In the four control
dogs that received saline instead of SOD/Cat, there was no
significant difference in AFR generation between shocks
given 10 min apart without infusion of SOD/Cat (Table 5).

Experiment 5. When epicardial DC shocks were delivered
from electrodes separated from the epicardium by preformed
conductive gel-polymer pads, coronary venous AFR concen-
trations increased in a manner similar to the increases after
DC shocks from electrodes in direct contact with the epicar-
dium (Table 6). Peak AFR increases of 9 = 6% (75-J shocks)
at 9 to 10 min and 12 * 5% (100-J shocks) at 5 to 6 min after
the shock were demonstrated. These data are similar to the
AFR increases seen when the metal electrode paddles were in
direct contact with the epicardium (compare with Table 1 and
Fig. 1).

Experiment 6. After 200-J transthoracic shocks, the peak
AFR increase was 7 = 5% (Table 7). Hemodynamic (blood
pressure and heart rate) changes both before and after DC shocks
with and without SOD/Cat are shown in Table 8. The effect of
SOD/Cat on systolic blood pressure (SBP) before and after
shocks is shown in Figure 5. The 75-J shocks caused a significant
(p < 0.05) decline in SBP; when repeated after SOD/Cat, the
decrease in SBP was smaller and no longer significant. The effect
of SOD/Cat was less on SBP after 100-J shocks; SOD/Cat did not
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Figure 4. Modification by SOD and Cat of AFR generation after DC
shock. Peak percent increase in AFR concentration was significantly
reduced by SOD/Cat. Squares = 100-J NSR group; circles = 100-J
NSR+SOD/Cat group; vertical lines = SEM. *p < 0.01.

significantly alter the decline in diastolic blood pressure (DBP) or
heart rate induced by DC shocks.

Discussion

The major findings of this study are that 1) DC epicardial
shocks produce an increase in AFR concentration, indicating
free radical generation; 2) the magnitude of the AFR increase
shows a linear correlation with the energy level of the shock
delivered. A high energy shock (e.g., 100 J) produces a
greater increase in AFR concentration than a lower energy
shock (e.g., 40 J); 3) there is no significant difference in the
increase in AFR concentration induced by shocks delivered
to beating hearts versus shocks delivered to terminate VF of
short duration; 4) when multiple shocks are given in rapid
succession, the peak energy of any individual shock is more
important than the cumulative energy in determining AFR
generation; 5) the antioxidant enzymes SOD and Cat mark-
edly attenuate the increase in AFR generation when they
are infused before shock delivery; and 6) transthoracic
shocks increase AFR concentration but to a lesser degree
than epicardial shocks.

Previous studies of defibrillation injury. Many previous
studies (1-5) have shown evidence for defibrillation injury,
both morphologic and functional. Weaver et al. (18)
showed, in patients, that higher shock energies were more
likely to produce atrioventricular block after ventricular
fibrillation was terminated. We (5) used sonomicrometers to
demonstrate subepicardial contraction abnormalities after
direct epicardial shocks. Not only is ventricular function
disturbed by DC shocks, but atrial contraction has also been
shown to be abnormal after cardioversion (19-21). Trans-
esophageal echocardiographic techniques have demonstrated
(19,20) lower left atrial appendage emptying velocities in the left
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atrium and atrial appendage and spontaneous contrast forma-
tion after electrical cardioversion for atrial fibrillation. Man-
ning et al. (21) found a more prompt return of atrial function
after pharmacologic than electrical cardioversion of atrial
fibrillation, suggesting that atrial “stunning” is more pro-
nounced after electrical cardioversion.

Mechanisms of DC shock injury. Those earlier studies did
not establish the mechanism of DC shock injury. Jackson et
al. (10) suggested that electrical current passed through a
physiologic solution could generate free radicals. Trouton et
al. (9) first raised the possibility of a myocardial free
radical-mediated mechanism of injury by demonstrating
organic lipid peroxyl radicals in hearts of three dogs sub-
jected to DC shocks. Other studies have also shown meta-
bolic and cellular changes in the myocardium after DC
countershocks. Trouton et al. (22) demonstrated negative
myocardial lactate extraction (signifying lactate production)
after DC shocks, indicating that oxidative metabolism is
depressed after damaging countershocks. Tovar and Tung
showed that both monophasic and biphasic pulses of 1 V, 0.2
to 0.4 ms and 0.4 V, 5 ms make myocardial tissue more
permeable, causing alteration in cellular ionic composition,
leading to depressed or unexcitable tissue, a precursor for
cardiac arrhythmia (23). Finally, Trouton et al. (24) dem-
onstrated that reduction in mitochondrial oxygen consump-
tion after transthoracic shocks is probably not due to
depressed mitochondrial function, but may be secondary to
other mechanisms, including free radical formation.
Doherty et al. (4) suggested that increases in intramyocar-
dial temperature caused by repeated shocks may play a role
in myocardial damage.

In our study, shock-induced free radical generation oc-
curred even in the absence of preexisting cardiac injury or
arrhythmias; we showed that the administration of a DC
shock to a healthy (nonischemic) beating heart generates
free radicals. The presence of very short duration electri-
cally induced VF did not further increase the free radical
generation. The duration of VF was only 30 s, which may
have been too brief to generate additional AFR after
defibrillation. Thirty seconds of ischemia produced by cor-
onary artery occlusion was also not long enough to produce
AFR on reperfusion, whereas we know from our previous
studies (13) that 5 min of coronary occlusion followed by
reperfusion does produce AFR. Furthermore, the extent of
regional ischemia created by the occlusion of one coronary
artery may not be equivalent to the global derangements of
perfusion and metabolism associated with ventricular fibril-
lation. Thus, defibrillation after a longer period of VF would
very likely result in an additional increment of AFR gener-
ation.

Role of electrode-epicardial contact. In one set of exper-
iments, shocks were delivered to beating hearts from hand-
held epicardial paddles, but the electrodes were separated
from direct contact with the epicardium by preformed
conductive gel-polymer pads (3M). These pads are designed
to be used as couplants between metal electrodes and the
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Table 5. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Shocks: Comparison of Shocks Delivered 10 Minutes

Apart (with vs. without superoxide dismutase/catalase) (n = 4)*

Coronary Venous AFR Concentration (nmol/liter)

75-J NSR Group

100-J NSR Group

With SOD/Cat

Without SOD/Cat

With SOD/Cat Without SOD/Cat

Mean SEM Mean SEM Mean SEM Mean SEM
Before shock 833 (.62 8.41 0.91 8.69 0.94 9.12 0.85
Minutes after shock
3 8.86 0.91 9.14 1.33 9.00 1.14 10.01 0.80
4 9.14 1.03 8.78 1.39 9.14 0.83 10.01 0.52
5 9.72 0.81 9.43 1.03 9.65 1.00 10.01 0.65
6 9.14 0.95 9.43 1.21 9.94 147 10.01 0.94
7 9.50 1.16 9.86 1.03 9.40 L1 10.33 0.73
8 9.29 0.83 9.29 1.21 9.43 130 9.72 111
9 9.22 1.00 972 1.25 9.72 1.14 10.08 0.91
10 9.14 1.20 10.22 0.96 9.58 1.23 9.79 0.78
11 9.72 0.80 9.29 0.83 9.40 1.04 10.01 0.74
12 8.78 1.14 9.54 0.98 9.29 1.05 9.14 0.90
13 9.36 (.63 9.36 0.96 9.58 1.07 9.50 0.81
14 9.29 1.03 9.50 1.07 9.7 0.87 9.32 0.70
1§ 8.86 1.07 9.14 0.85 9.22 0.81 9.36 0.69
16 8.71 0.96 9.00 0.89 8.93 0.92 9.60 0.86
Percent Change From Baseline in AFR Concentration {(mean+ SEM of all data during each 2-min interval)
75-1 NSR Group 100-} NSR Group
With SOD/Cat Without SOD/Cat With SOD/Cat Without SOD/Cat
Minutes After Shock Mean SEM Mcan SEM Mean SEM Mean SEM
3-4 7 4 5 5 4 3 11 5
5-6 13 4 12 3 12 3 10 2
7-8 12 5 14 4 8 3 10 4
9-10 9 5 19 4 11 4 9 3
11-12 10 S 13 5 7 3 5 5
13-14 12 3 13 7 8 4 4 2
15-16 5 4 9 4 5 2 2 2
Integrated area under AFR 66 19 80 21 53 4 50 11

conc vs. time curve

*None of these comparisons are significantly different. Abbreviations as in Tables 1 and 4.

skin in transthoracic defibrillation as a nonslipping, non-
spreading substitute for electrode creams or pastes. We
used these pads to determine whether direct contact of the
electrode with the cardiac tissue (tissue-electrode inter-
face) was required to generate free radicals. The peak AFR
increases produced by the shocks delivered with pads to
separate the electrodes from the epicardium are comparable
to the AFR increases that we demonstrated with epicardial
paddle electrodes in direct contact with the epicardium.
This finding indicates that a metal-tissue interface is not
required to generate free radicals by shocks; transcardiac
current appears to be the major determinant.
Transthoracic shocks. Transthoracic shocks of 200 J
caused an AFR increase, but of a magnitude less than that

induced by 100-J epicardial shocks. The more modest increase
in AFR generation despite the higher energy used in the
transthoracic shocks is not surprising because only a portion of
the current generated by a transthoracic shock actually
traverses the heart (25,26). Furthermore, because we could not
accomplish percutaneous coronary sinus cannulation with a
sufficiently large cannula to allow adequate coronary sinus
withdrawal, we had to perform a thoracotomy and accomplish
coronary sinus cannulation with direct manual assistance and
then reclose the thorax before delivering shocks. The inevita-
ble trapping of air (a poor conductor of electricity) in the
thorax after closure of the thoracotomy probably further
reduced transthoracic and transcardiac current and thus AFR
generation. Transthoracic shocks delivered to an intact chest
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Table 6. Coronary Venous Ascorbate Free Radical Concentration After Direct Current Shocks: Use

of Preformed Conductive Gel-Polymer Pads (n = 3)

Coronary Venous AFR Concentration (nmol/liter)

75-J NSR Group

100-J NSR Group

Mean SEM Mean SEM

Before shock 6.59 027 10.32 1.27

Minutes after shock

3 6.72 0.00 10.07 1.33

4 6.13 0.88 10.80 1.34

5 745 0.15 11.92 1.65

6 6.57 0.73 11.29 1.76

7 7.01 0.29 11.87 1.70

8 715 0.15 11.29 1.60

9 7.45 0.15 11.78 1.69

10 6.80 0.15 11.19 1.98

11 7.01 0.29 11.00 1.87

12 6.72 0.59 10.80 1.83

13 0.42 0.86 10.90 201

14 6.72 0.29 10.80 1.92

15 6.28 0.15 11.10 1.79

16 6.57 0.15 10.95 1.83

Percent Change From Baseline in AFR Concentration
(mean *= SEM of all data during each 2-min interval)
75-J NSR Group 100-J NSR Group

Minutes After Shock Mean SEM Mean SEM
3-4 -3 7 1 3

5-6 6 7 12 5

7-8 8 4 12 4

9-10 9 6 10 6

11-12 4 3 4 6

13-14 -1 6 3 6

15-16 -2 4 6 5

Integrated arca under AFR 22 2 46 13

conc vs. time curve

Abbreviations as in Table 1.

might well yield more myocardial AFR generation; to demon-
strate this hypothesis, the experimental model will need to be
refined and thoracotomy avoided.

The levels of shock energy applied to the epicardium in this
study—up to 100 J—are substantially higher than the typical
clinical intraoperative levels of 10 to 20 J (27). Whether lower
energy epicardial shocks generate free radicals in human
hearts was not determined in this study.

Biphasic shock waveforms have been found to be less
injurious to the myocardium than monophasic waveforms
(28,29). Whether biphasic or other waveforms generate fewer
radicals than monophasic waveforms was not addressed in this
study; all shocks in these experiments were delivered using a
standard damped sinusoidal waveform.

Prevention of shock injury. Antioxidant enzymes have
been shown (30-32) to ameliorate the myocardial stunning
associated with brief coronary occlusion-reperfusion se-

quences. In this study the free radical scavenging enzymes
SOD and Cat, given before DC shocks, markedly reduced the
magnitude of free radical generation. Although functional
protection against DC shock injury was not the major focus of
this study, SOD/Cat did attenuate the decline in SBP caused by
75-J shocks. However, the preshock SBP was lower after the
dogs had already received one previous shock plus SOD/Cat,
which renders interpretation difficult. Whether SOD/Cat or
other free radical scavenging agents would prevent or amelio-
rate the functional myocardial toxicity resulting from DC
shocks would require sophisticated measures of left ventricular
global and regional function and myocardial injury, and a
dose-response study.

Conclusions. Because DC shocks to the heart generate
free radicals, and free radicals are known to be toxic to the
myocardium, our study implies that shock-induced free radical
generation is a mechanism of defibrillation injury. However, free
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Table 7. Coronary Venous Ascorbate Free Radical Concentration After Transthoracic Direct Current
Shocks (200 J) (n = 3)

Coronary Venous AFR Concentration (nmol/liter)

Mean SEM
Before shock 797 0.45
Minutes After Shock
3 8.12 0.77
4 7.83 0.54
5 8.12 0.84
6 7.93 0.78
7 793 0.51
8 8.03 0.59
9 7.83 0.52
10 832 0.76
11 8.32 0.35
12 8.71 0.71
13 8.56 0.18
14 822 045
15 8.61 0.20
16 8.17 0.56
Percent Change From Baseline in AFR
Concentration (mean = SEM of all data during
each 2-min interval)
Minutes After Shock Mean SEM
3-4 0 5
5-6 1 6
7-8 0 3
9-10 1 5
11-12 7 5
13-14 5 2
15-16 5 2
Integrated area under AFR 17 7

conc vs. time curve

Abbreviations as in Table 1.

radicals may not be the sole or even major mechanism. Previous  the peak individual shock energy, as we found; the time interval
investigators have shown (1-4) myocardial damage from DC  between shocks and intramyocardial temperature increases may
shocks to be directly related to the cumulative energy rather than  also be important. Defibrillation injury may be multifactorial.

Table 8. Hemodynamic Effects of Direct Current Shocks Delivered Before and After Superoxide Dismutase/Catalase

75-J NSR Group (n = 7) 100-J NSR Group (n = 7)
Before SOD/Cat After SOD/Cat Before SOD/Cat After SOD/Cat
Mean SEM Mean SEM Mean SEM Mean SEM
Preshock SBP (mm Hg) 97 10 81 7 92 9 80 7
Postshock SBP (mm Hg) 81* 9 73 8 78t 5 69t 6
ASBP (mm Hg) 16 5 9 4 13 5 11 4
Preshock DBP (mm Hg) 59 8 48 6 59 8 49 7
Postshock DBP (mm Hg) 39% 5 398 5 39 6 401 7
ADBP (mm Hg) 20 4 9 3 20 4 8 3
Preshock HR (beats/min) 124 5 128 5 131 5 126 4
Postshock HR (beats/min) 128 3 129 4 126 5 128 5
AHR (beats/min) 4 4 1 4 5 3 2 2

*p < 0.05 versus preshock systolic blood pressure (SBP) (75 J). tp < 0.05 versus preshock SBP (100 J). #p < 0.01 versus preshock diastolic blood pressure (DBP)
(75 7). §p < 0.05 versus preshock DBP (75 J). [lp < 0.01 versus preshock DBP (100 J). Ip < 0.05 versus preshock DBP (100 J). HR = heart rate; A = change in; other
abbreviations as in Tables 1 and 4.
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Figure 5. Systolic blood pressure changes induced by DC shocks
before and after SOD/Cat; 75- shocks caused a significant decline in
SBP. When 75-J shocks were repeated after SOD/Cat, the decline in
SBP was smaller and no longer significant.
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