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I MBALANCES in the autonomic nervous system and 
sympathetic hyperexcitability are major contributors to 

the pathophysiology of ventricular tachyarrhythmias.1,2 The 
spinal cord is a critical integrative site within the cardiac 
autonomic hierarchy,3,4 and selective neuraxial modulation, 
including pharmacologic approaches at this level, can pro-
vide an effective therapy for ventricular tachyarrhythmias.5,6 
Thoracic epidural anesthesia (TEA) modulates autonomic 
balance by inhibiting afferent signaling and efferent outflow 
between the heart and spinal cord, via blockade of neural 
activity of spinal nerve rootlets in the epidural space.4,7,8 In 
both clinical and experimental models, TEA has been shown 
to attenuate ventricular arrhythmogenesis and decrease myo-
cardial infarcts.5,9–20

While the cardioprotective benefits of TEA have been 
reported,5,9–20 its effect on global and regional ventricular 
electrophysiology that confer antiarrhythmic properties 
has not been characterized during sympathetic hyperac-
tivity states predisposed to ventricular tachyarrhythmias. 

Mechanistic understanding of electrical wave dynamics in 
myocardial tissue can be obtained by recording the action 
potential duration (APD), APD restitution, and dispersion 

What We Already Know about This Topic

•	 Arrhythmias are a major source of perioperative morbidity and 
mortality and are connected to imbalances in the autonomic 
nervous system control

•	 Thoracic epidural anesthesia suppresses ventricular 
tachyarrhythmias, although the mechanism for the suppression 
has not been well characterized

What This Article Tells Us That Is New

•	 A porcine animal model was used to characterize the effects 
of thoracic epidural anesthesia on sympathetic stimulation 
and critical parameters of cardiac excitability

•	 Thoracic epidural anesthesia reduced ventricular excitability 
and the proarrhythmic effects of sympathetic hyperactivity

•	 The study adds important mechanistic insight to support 
the treatment of ventricular arrhythmias by thoracic epidural 
anesthesia
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ABSTRACT

Background: Imbalances in the autonomic nervous system, namely, excessive sympathoexcitation, contribute to ventric-
ular tachyarrhythmias. While thoracic epidural anesthesia clinically suppresses ventricular tachyarrhythmias, its effects on 
global and regional ventricular electrophysiology and electrical wave stability have not been fully characterized. The authors 
hypothesized that thoracic epidural anesthesia attenuates myocardial excitability and the proarrhythmic effects of sympathetic 
hyperactivity.
Methods: Yorkshire pigs (n = 15) had an epidural catheter inserted (T1 to T4) and a 56-electrode sock placed on the heart. 
Myocardial excitability was measured by activation recovery interval, dispersion of repolarization, and action potential dura-
tion restitution at baseline and during programed ventricular extrastimulation or left stellate ganglion stimulation, before and 
30 min after thoracic epidural anesthesia (0.25% bupivacaine).
Results: After thoracic epidural anesthesia infusion, there was no change in baseline activation recovery interval or dispersion 
of repolarization. During programmed ventricular extrastimulation, thoracic epidural anesthesia decreased the maximum 
slope of ventricular electrical restitution (0.70 ± 0.24 vs. 0.89 ± 0.24; P = 0.021) reflecting improved electrical wave stability. 
Thoracic epidural anesthesia also reduced myocardial excitability during left stellate ganglion stimulation–induced sympatho-
excitation through attenuated shortening of activation recovery interval (−7 ± 4% vs. −4 ± 3%; P = 0.001), suppression of the 
increase in dispersion of repolarization (313 ± 293% vs. 185 ± 234%; P = 0.029), and reduction in sympathovagal imbalance 
as measured by heart rate variability.
Conclusions: Our study describes the electrophysiologic mechanisms underlying antiarrhythmic effects of thoracic epidural 
anesthesia during sympathetic hyperactivity. Thoracic epidural anesthesia attenuates ventricular myocardial excitability and 
induces electrical wave stability through its effects on activation recovery interval, dispersion of repolarization, and the action 
potential duration restitution slope. (Anesthesiology 2017; 126:1096-106)
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of repolarization: electrophysiologic measures that are 
important determinants of ventricular excitability, wave sta-
bility, and arrhythmogenesis.21–26

The primary aim of this study was to examine the elec-
trophysiologic mechanisms underlying antiarrhythmic effects 
of TEA during sympathetic hyperactivity. We investigated 
the effect of TEA (T1 to T4) on ventricular electrophysiol-
ogy at baseline and in response to sympathetic hyperactivity 
using high-resolution, high-fidelity cardiac electrophysiol-
ogy mapping with the measurement of activation recovery 
intervals, dispersion of repolarization, and APD restitution. 
Stellate ganglion stimulation greatly enhances sympathetic 
outflow to the heart creating a proarrhythmic substrate that 
has been shown to induce ventricular tachyarrhythmias,26–28 
thus providing a unique model to evaluate the effects of TEA 
on myocardial excitability. We hypothesized that TEA attenu-
ates myocardial excitability and the proarrhythmic effects of 
sympathetic stimulation. These data can provide better insight 
into the therapeutic effects of TEA on ventricular arrhythmias 
and aid in development of future treatment modalities.

Materials and Methods
All animal studies were performed in accordance with guide-
lines of the University of California Institutional Animal 
Care and Use Committee (Los Angeles, California) and 
the National Institutes of Health (Bethesda, Maryland) 
Guide for the Care and Use of Laboratory Animals (Pub. 
No. 85-23, Revised 1996). In order to test the hypothesis 
that TEA would suppress myocardial excitability through 
thoracic spinal autonomic modulation of cardiac spinal 
reflexes, cardiac electrophysiology mapping was performed 
at baseline and in response to two experimental protocols 
(programmed ventricular extrastimulation and left stellate 
ganglion stimulation [LSS]) before and after TEA. Yorkshire 
pigs n = 15 (male or female), weighing 38 to 49 kg, were 
anesthetized and randomized to either the programmed 
ventricular extrastimulation (n  =  7) or stellate stimulation 
(n = 8) protocols, and each protocol was performed pre- and 
post-TEA (fig. 1). Experimental protocols were performed 
before and 30 min after TEA so that each animal could serve 
as its own control and decrease the effect of interanimal 
variability. Adequate time was given between conditions for 
hemodynamic and electrophysiologic measures to return to 

baseline between interventions. All hemodynamic and elec-
trophysiologic measures, as well as data analysis, were done 
off-line by experts blinded to study group and condition.

Anesthesia and Surgical Preparation
Animals were sedated with telazol (4 to 8 mg/kg, intramuscu-
lar), intubated, and mechanically ventilated. General anesthesia 
consisted of isoflurane (1 to 2.5% inhalation) during surgical 
preparation. Surface 12-lead electrocardiogram was monitored 
using a Prucka CardioLab recording system (GE Healthcare, 
USA). The femoral artery and vein were catheterized for moni-
toring of arterial blood pressure, intravenous saline infusion 
(10 ml/kg), and drug administration. In order to maintain 
acid–base equilibrium, arterial blood gas was tested hourly with 
adjustment of ventilation or administration of sodium bicar-
bonate as necessary. A thoracic epidural catheter was inserted 
in the right lateral position. After a small incision at the T-7/8 
level, an 18-gauge Tuohy needle was inserted into the epidural 
space using the loss of resistance technique. The distal end of the 
epidural catheter was placed at T1. A median sternotomy was 
subsequently performed in the supine position. The left stel-
late ganglion was isolated, and the pericardium was opened to 
expose the heart. After the completion of surgical preparation, 
general anesthesia was transitioned to intravenous α-chloralose  
(50 mg/kg initial bolus followed by a 20 mg ∙ kg-1 ∙ h-1 continu-
ous infusion), and animals were allowed to stabilize for 1 h. Use 
of intravenous α-chloralose as an anesthetic has been previously 
shown to be least disruptive of autonomic nervous system activity 
and has been used extensively in investigational studies.29 Animals 
were euthanized by intravenous administration of a lethal dose of 
potassium chloride and sodium pentobarbital (100 mg/kg).

Thoracic Epidural Anesthesia
Local anesthesia with 0.25% bupivacaine (0.7 mg/kg) and 
0.1 ml dye was injected via an epidural catheter with the tip 
at the T1/T2 level over 1 min. Bupivacaine dose of 0.7 mg/kg 
was used to minimize hemodynamic side effects while being 
able to block sympathetic activity from stellate stimulation.17 
Epidural bupivacaine has an average onset of 23 ± 5 min and 
a duration of 165 ± 20 min.30 Therefore, to ensure adequate 
bupivacaine blockade, protocol interventions were started 
30 min after bupivacaine injection and were completed within 
less than 60 min. Programmed ventricular extrastimulation 

Fig. 1. Fifteen Yorkshire pigs were randomized to two treatment protocols: left stellate stimulation or programmed ventricular 
extrastimulation with or without thoracic epidural anesthesia (TEA) administration.
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and LSS were performed before and after TEA as outlined 
below. At the end of the experiment, a laminectomy was per-
formed to assess catheter location and drug distribution by the 
presence of the injected dye. In all cases, the distal end of the 
epidural catheter was successfully placed between the T1 and 
T2 levels, and drug diffusion was confirmed via bupivacaine/
dye injection from T1 to T5.

Experimental Protocols
Arrhythmogenic Substrate Assessment: Programmed Ven-
tricular Extrastimulation. Epicardial pacing of the ventricle 
with programmed extrastimulation (S1 then S2 protocol) 
was used to create myocardial stress and test ventricular 
arrhythmogenicity.31 Briefly, a drive train (S1) consisting of 
eight paced beats at a cycle length equivalent to 80% of the 
baseline cycle length was initiated. The ninth beat, an extra-
stimulus beat, was introduced at 60% of the baseline cycle 
length, and progressively shortened by 10 ms until effective 
refractory period (ERP) was reached. ERP was defined as 
the longest coupling interval that failed to capture the ven-
tricles. Timings of the beginning of the S1 and S2 signals were 
noted, and the delays from the pacing stimuli were measured. 
Global activation recovery (APD) and diastolic intervals were 
measured, and electrical restitution curves were composed.
Stellate Ganglion Stimulation. We have previously dem-
onstrated LSS as a reliable model for sympathetic hyper-
activity and inducing ventricular tachyarrhythmia.26,27 We 
performed left stellate, as opposed to right stellate ganglion 
stimulation, because LSS is associated with increased elec-
trical dispersion and ventricular arrhythmia inducibility.27 
LSS was performed using bipolar needle electrodes. Square 
stimulation pulses were delivered at 4 ms in duration at 4 Hz 
via a Grass S88 Stimulator (Grass Co., USA). Stimulation 
threshold was defined as the strength of stimulation current, 
which elicited a 10% increase in left ventricular systolic 
pressure. Thereafter, stimulus intensity was increased to 1.5 
times the threshold for all subsequent stellate stimulations.

Hemodynamic Assessment
To measure left ventricular pressure throughout the experi-
ment, a 12-pole conductance pressure–volume pigtail cath-
eter (5 French) was inserted into the left ventricle via the left 
carotid artery and connected to an MPVS Ultra Pressure 
Volume Loop System (Millar Instruments, USA). Catheter 
placement was confirmed using epicardial echocardiographic 
guidance. Heart rate, left ventricular systolic pressure, and 
maximum and minimum rate rise of left ventricular pressure 
(dP/dt max, dP/dt min) were measured in all protocols.

Electrophysiologic Recordings and Analysis
Activation Recovery Interval and Dispersion of Repolarization. 
Activation recovery interval was calculated simultaneously 
from multiple electrodes on the heart as a measure of APD (fig. 
2A). Activation recovery interval has been corroborated to be 
a reliable measure for APD by use of simultaneously acquired 
intracellular recordings and mono-APD recordings and has 
been validated in both animal models and humans.23,32–36 A 
custom 56-electrode epicardial sock was placed around the 
heart to acquire unipolar ventricular epicardial electrograms 
recorded by a Prucka CardioLab system (GE Healthcare). 
Activation recovery intervals were analyzed using the custom-
ized software iScalDyn (University of Utah, USA) as described 
previously.26,37 Briefly, activation recovery interval is measured 
as the time between the maximum negative dV/dt of the acti-
vation signal and the maximum positive dV/dt of the repolar-
ization wave in local epicardial electrograms (fig. 2B). Using 
the onset of the QRS complex, activation time was measured 
as the minimum dV/dt and repolarization time as the maxi-
mum dV/dt in the T wave. Activation recovery intervals were 
then calculated by subtracting the activation time from the 
recovery time. Whole heart activation recovery interval and 
regional activation recovery interval were analyzed by calculat-
ing the average of 5 to 6 electrodes at the left ventricular apex; 
left and right ventricular anterior, lateral, and posterior walls; 
and the right ventricular outflow tract. Whole heart epicardial 

Fig. 2. (A) Cardiac surface 56 electrograms, (B) activation recovery interval (ATI), (C) diastolic interval. AT = activation time; 
LAD = left anterior descending; LV = left ventricular; RT = repolarization time.
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dispersion of repolarization was calculated using the variance 
of all 56-electrode activation recovery intervals. Epicardial dis-
persion is associated with heterogeneity of repolarization time 
and increased risk for ventricular arrhythmias.26 Sympathetic 
stimulation is associated with shortened activation recovery 
interval duration and increased dispersion of repolarization.
Electrical Restitution. Global activation recovery and dia-
stolic intervals were measured, electrical restitution curves 
were composed, and maximum steep slope (Smax) was calcu-
lated using a logarithmic approximation approach.38 (fig. 2, 
B and C) The maximum slope of restitution (Smax) was mea-
sured by analyzing the first derivative of the fitted curve. The 
restitution hypothesis suggests that wave breaks are more 
likely to occur at a steeper slope of the restitution curve.38,39

Heart Rate Variability Analysis. The electrocardiographic sig-
nal was continuously recorded by an MPVS Ultra Pressure 
Volume Loop System (Millar Instruments). Power spectral 
analysis of the R–R interval variability was performed using 
Lab Chart 8 (AD Instruments, USA). The low-frequency (LF) 
component was calculated as the power within the frequency 
of 0.04 to 0.15 Hz and the high-frequency (HF) component 
as the power within the frequency range of 0.15 to 0.4 Hz.22 
The power of the LF and HF components was calculated sepa-
rately for baseline and LSS, pre- and post-TEA. The LF/HF 
ratio is a measure of autonomic or sympathovagal balance.22 
Increase in the LF component is associated with increased 
sympathoexcitation, whereas increase in the HF component 
represents increased vagal activity.40

Statistical Analysis
Data are reported as mean ± SD. One-way repeated-measures 
ANOVA followed by Student–Neumann–Keuls post hoc test for 
multiple hypotheses was performed to compare the change in 
activation recovery interval, dispersion of repolarization, heart 
rate variability, and hemodynamic changes from baseline, for 
each experimental protocol, pre- and post-TEA. All analyses 
were performed from baseline to intervention (LSS and pro-
grammed ventricular extrastimulation) comparing pre- versus 
post-TEA within each group. There were no planned compari-
sons between intervention groups. Paired t tests were used to 
compare global ventricular Smax and ERP pre- and post-TEA. 
Analysis was performed using Sigma Plot (version 12.5; Systat 
Software, USA). Data were considered statistically significant 
with two-tailed P < 0.05. No a priori power calculation was 
performed; sample size in each group was based on previous 
experience with this experimental model and design.

Results

Electrophysiologic and Hemodynamic Changes 
Associated with TEA
Complete data sets were obtained for all 15 animals. To eval-
uate the change in baseline cardiac electrophysiology after 
TEA, activation recovery interval, dispersion of repolariza-
tion, and hemodynamics were measured prebupivacaine 
injection and 30 min postbupivacaine injection into the 

epidural space. Global ventricular excitability as measured 
by activation recovery interval and dispersion of repolariza-
tion was unchanged after TEA (fig. 3, A and B; P = 0.37 and 
P = 0.47, respectively). Regionally, there was no difference 
in activation recovery interval in either the left or right ven-
tricle after TEA (fig. 3C; all P ≥ 0.63). Blood pressure was 
reduced (systolic pressure, 125 ± 18 to 116 ± 16 mmHg; P = 
0.003; mean arterial pressure 99 ± 19 to 91 ± 17 mmHg; P = 
0.001), while all other hemodynamic measurements showed 
no significant change 30 min post-TEA; heart rate (73 ± 8 
to 73 ± 10 beats/min; P = 0.59), left ventricular systolic 
pressure (103 ± 11 to 98 ± 12 mmHg; P = 0.15), dP/dt max 
(1,765 ± 228 to 1,727 ± 306 mmHg/s; P = 0.43), and dP/
dt min (−1,869 ± 635 to −1,710 ± 210 mmHg/s; P = 0.10).

Change in Ventricular Arrhythmogenic Potential with TEA
During programmed ventricular extrastimulation at S1 cycle 
length of 500 ms, the ERP was prolonged post-TEA (pre-
TEA, 315 ± 34 vs. post-TEA, 323 ± 35 ms; P = 0.042). The 
maximum slope of the electrical restitution curve is a measure 
of myocardial arrhythmogenic potential, with greater slopes 
indicating higher risk of ventricular arrhythmogenesis. Smax of 
global restitution curve was decreased after TEA (0.70 ± 0.24 
vs. 0.89 ± 0.24, respectively; P = 0.021; fig. 4, A and B).

Effect of Sympathetic Nerve Stimulation with or without 
TEA
LSS is a reliable method to increase sympathetic output with 
subsequent increases in myocardial sympathoexcitation and 
left ventricular inotropy.26,27 All eight animals responded to 
LSS, and stimulation current was set to 8 ± 1 mA. During 
LSS, an expected increase in left ventricular systolic pressure, 
systolic blood pressure, and dP/dt max were observed during 
stellate stimulation, with no change in heart rate (table 1).

Pre- and post-TEA, global ventricular mean activation 
recovery interval shortened with LSS (pre-TEA, 392 ± 17 
to 365 ± 15 ms; P < 0.001 and post-TEA, 397 ± 29 to 
380 ± 25 ms; P = 0.005; fig. 5A). However, after TEA, the 
magnitude of global ventricular activation recovery inter-
val shortening by LSS was attenuated (−7 ± 4 vs. −4 ± 3%; 
P  <  0.009; fig. 5B). APD (activation recovery interval) is 
affected by changes in activation time and/or repolarization 
time. There was no difference in the magnitude of activation 
time change pre- or post-TEA (pre-TEA, −2 ± 2% vs. post-
TEA −1 ± 1%; P = 0.06). However, the change in repolar-
ization time was reduced post-TEA (pre-TEA, −7 ± 4% vs. 
post-TEA, −4 ± 3%; P = 0.008; table 2). Thus, the attenua-
tion in LSS-induced activation recovery interval shortening 
after TEA may be due to a reduction in repolarization time. 
LSS also increased dispersion of repolarization both pre-TEA 
(511 ± 255 to 1,725 ± 622 ms; P = 0.001) and post-TEA 
(518 ± 280 to 1,139 ± 600; P = 0.021) conditions, but after 
TEA, the magnitude of increase in dispersion of repolariza-
tion by LSS was suppressed (313 ± 293% vs. 185 ± 234%;  
P = 0.029; figs. 6 and 7).
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Heart rate variability can give insight into the auto-
nomic balance between sympathetic and vagal influences, 
and an increase in LF/HF ratio is associated with sympa-
thoexcitation. LF/HF ratio increased with LSS pre-TEA 
(0.70 ± 0.58 to 1.46 ± 0.87; P = 0.043); however, there was 
no change in LF/HF ratio with LSS post-TEA (0.36 ± 0.21 
to 0.63 ± 0.26; P = 0.55; fig. 8). The LF/HF ratio with 
LSS after TEA was significantly less as compared to pre-
TEA (1.45 ± 0.87 to 0.63 ± 0.26; P = 0.030). There was 
no difference in the magnitude of hemodynamic response 

to LSS (heart rate, left ventricular systolic pressure, dP/
dt max/min, or heart rate) pre- versus post-TEA (table 1).

Discussion
In this study, we demonstrated that TEA suppresses ventricular 
myocardial excitability and decreases ventricular arrhythmo-
genesis during excessive sympathetic states. Our major findings 
are: (1) there was no significant change in baseline ventricular 
activation recovery interval or dispersion of repolarization with 
TEA and (2) during myocardial stress, TEA (a) decreased the 

Fig. 3. There is no change in (A) global activation recovery intervals (ARI; P = 0.37), (B) global ventricular dispersion of repolar-
ization (DOR; P = 0.47), or (C) regional ARI after 30 min of thoracic epidural anesthesia (TEA; all P ≥ 0.63). n = 15. Ant = anterior 
left or right ventricle; Apex = left ventricular apex; Lat = lateral left or right ventricle; Outflow = right ventricular outflow tract; 
Post = posterior left or right ventricle.

Fig. 4. Electrical restitution. (A) Representative global ventricular restitution curve showing decreased maximum slope (Smax) 
after 30-min thoracic epidural anesthesia (TEA) compared to pre-TEA. (B) Reduction in mean Smax after 30-min TEA. *P = 0.021 
versus pre-TEA. n = 7. ARI = activation recovery interval.
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maximum slope of ventricular electrical restitution, reflecting 
improved electrical wave stability, (b) attenuated the shorten-
ing of ventricular activation recovery interval during stellate 
stimulation, (c) suppressed the increase in spatial dispersion 
of repolarization during stellate stimulation, and (d) reduced 
sympathoexcitation-induced heart rate variability. The ability 
to simultaneously record epicardial electrical activity in all the 
regions of the heart using high-fidelity mapping techniques 
allowed comprehensive assessment of electrophysiologic effects 
of TEA and its therapeutic potential.

Effect of TEA on Global and Regional Ventricular 
Electrophysiology
Our results show that TEA did not alter baseline global or 
regional ventricular measures of electrical stability. This is 
important since sympathetic innervation of the heart is non-
uniform. For instance, the base of the heart has been shown 

to have a greater density of sympathetic activity/innervations 
as compared to the apex.26 Additional heterogeneity is cre-
ated by the differential innervation provided by both right or 
the left stellate ganglia to left ventricle and right ventricle.27 
Interventions or therapies that significantly prolong APD (or 
QTc) have been shown to be proarrhythmic, especially if the 
electrical changes are variable across the different regions of 
the heart.26–28 Therefore, any further imbalances can create 
increased dispersion of repolarization and present a myocar-
dial substrate at risk for reentrant arrhythmias, which account 
for 80% of all ventricular tachyarrhythmias seen clinically.41 
In our study, the baseline global activation recovery interval 
(APD), regional activation recovery interval, and dispersion of 
repolarization did not change after institution of TEA block. 
Thus, the sympathetic blockade from TEA did not worsen 
electrical heterogeneity in the right ventricle or left ventricle 
and likely has minimal cardiac proarrhythmic effects.

Table 1.   Hemodynamic Changes Associated with TEA and LSS

  

Pre-TEA Post-TEA

Baseline LSS Baseline LSS

HR, beats/min 75 ± 8 75 ± 8 74 ± 11 72 ± 13
LVSP, mmHg 117 ± 20 127 ± 20* 111 ± 15 118 ± 14*
sBP, mmHg 121 ± 22 139 ± 22* 114 ± 14 128 ± 14*
dP/dt max, mmHg/s 1,974 ± 468 3,007 ± 629* 1,703 ± 294 2,605 ± 309*
dP/dt min, mmHg/s −1,594 ± 556 −876 ± 287* −1,435 ± 499 −772 ± 242*

*Change from baseline, all P < 0.001.
HR = heart rate; LSS = left stellate ganglion stimulation; LVSP = left ventricular systolic pressure; sBP = systolic blood pressure; TEA = thoracic epidural 
anesthesia (T1 to T4).

Fig. 5. Change in global ventricular activation recovery interval (ARI). (A) ARI was reduced by left stellate ganglion stimulation 
(LSS) pre–thoracic epidural anesthesia (TEA) but that reduction was attenuated post-TEA. (B) Reduction in magnitude of ARI in 
pre-TEA versus post-TEA treatment. *All P < 0.005 versus baseline (BL), #P = 0.001 versus pre-TEA. n = 8.

Table 2.  Electrophysiologic Changes Associated with TEA and LSS

 

Pre-TEA Post-TEA

Baseline LSS % Change Baseline LSS % Change

Repolarization time 417 ± 17 389 ± 15* −7 ± 4% 422 ± 29 404 ± 25* −4 ± 3%†
Activation time 25 ± 2 25 ± 2 −2 ± 2% 25 ± 2 25 ± 2 −1 ± 1%
ARI 392 ± 17 365 ± 15* −7 ± 4% 397 ± 29 380 ± 25* −4 ± 3%†

*All P < 0.035 versus baseline. †P < 0.008 pre–thoracic epidural anesthesia (T1 to T4) (TEA) versus post-TEA.
ARI = activation recovery interval; LSS = left stellate ganglion stimulation.
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Our results describing TEA’s effects on baseline electro-
physiology contrast previous canine studies that report pro-
longation of regional monophasic action potential (MAP).14,42 
Meissner et al.14 reported an increase in the duration of regional 
MAP90% in the right ventricular endocardium when using 
paced ventricular beats at 200 to 400 ms cycle length (heart 
rate 150 to 300 beats/min) as baseline rhythm. However, since 
fast ventricular pacing itself leads to increased cardiac sympa-
thetic nerve activity in the myocardium,43 it is likely that TEA 
largely mitigated the reduction in MAP caused by pacing-
induced sympathetic activity in their study.14 In anesthetized 
canine models in the study by Hotvedt et al.,42 the animals also 

had baseline tachycardia (heart rate greater than 110 beats/
min) due to high sympathetic tone before induction of TEA, 
explaining the effects of TEA on resting MAPs. This further 
supports our results that ventricular electrophysiology is not 
affected by TEA during resting conditions, but only during 
increased sympathoexcitation. Although baseline model con-
dition and recording techniques likely explain the observed 
differences between our results, it is conceivable that effects of 
TEA on baseline APD are more marked in the canine model 
compared to the porcine model due to differences in drug dos-
age/effect, sympathetic innervation, and/or electrophysiologic 
properties of the myocardium in different species.

Fig. 6. Effects of thoracic epidural anesthesia (TEA) on electrical wave dynamics and dispersion of repolarization in a represen-
tative animal. Top, Polar maps of activation recovery interval (ARI) at baseline are unchanged pre- and post-TEA. Bottom, ARI 
heterogeneity or dispersion of repolarization is greatly increased with left stellate stimulation (LSS); however TEA attenuates ARI 
dispersion. LAD = left anterior descending.

Fig. 7. Change in ventricular dispersion of repolarization (DOR). (A) Left stellate stimulation (LSS) increases ventricular DOR both 
pre- and post–thoracic epidural anesthesia (TEA). However, the magnitude (B) of DOR increase was attenuated after TEA versus 
in pre-TEA conditions. *All P < 0.009 versus baseline (BL), #P = 0.029 versus pre-TEA. n = 8.
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TEA Enhances Ventricular Electrical Wave Stability: APD 
Restitution
We observed that TEA flattens the slope of the restitution 
curve, especially at short cycle length intervals typically rel-
evant during tachyarrhythmias, indicating that sympathetic 
blockade with TEA creates a myocardial substrate with 
enhanced electrical wave stability less predisposed to arrhyth-
mogenesis. Similar to the effects seen with TEA, antiarrhyth-
mic medications that reduce the slope of the restitution curve 
decrease ventricular fibrillation (VF) inducibility and are 
important therapies.21,44 Conversely, increase in APD restitu-
tion slope has been shown in clinical studies using adrenergic 
agonists isoprenaline or adrenaline that created ventricular 
tachyarrhythmia.45 The APD restitution describes the physi-
ologic relationship of APD at different heart rates, whereby 
a shortening of the diastolic interval at progressively faster 
heart rates leads to a shortening of the following APD.21,38,39 
As the slope of the APD restitution curve increases, APD can 
be severely reduced leading to conduction wave breaks. Thus, 
the onset of VF occurs when spiral conduction waves break 
and degrade into multiple wavelets.21,38

Neuromodulation with enhanced sympathetic stimulation 
from the spinal cord has been shown in previous elegant studies 
to increase APD restitution slope and decrease VF thresholds in 
an autonomically intact langendorff perfused rabbit heart.38,46

In our study, TEA reduced sympathetic output and 
decreased the slope of the APD restitution curve, providing 
a therapeutic benefit for ventricular tachyarrhythmias. We 
performed a comprehensive assessment of activation recov-
ery interval (APD) and diastolic interval relationship at cycle 
lengths less than 100 ms (heart rate greater than 600 beats/
min) that are typically seen and relevant during fast ventricu-
lar tachyarrhythmia/VF. Similar to our findings, Meissner et 
al.14 reported in a canine right ventricle model paced at longer 

cycle lengths of 200 to 400 ms (heart rate, 150 to 300 beats/
min) that TEA prolongs ERP, suggesting an antiarrhythmic 
effect of TEA on the myocardial electrophysiology. At a cellular 
level, APD restitution is determined by the kinetics of various 
ionic currents, specifically reactivation of L-type Ca2+ current 
(iCa,L), recovery of the Ca2+ transient, and thus inward Na+–
Ca2+ exchange current (iNaCa) and deactivation of rapid and 
slow delayed-rectifier K+ currents (iK,r and iK,s).39,47,48 TEA, 
by directly reducing sympathetic output from the spinal cord, 
delays the above ionic processes and flattens APD restitution.

TEA Attenuates Sympathoexcitation and Decreases 
Ventricular Arrhythmogenesis during Sympathetic 
Stimulation
We demonstrated that TEA suppresses ventricular myocardial 
excitability during the sympathetic hyperactivity observed 
with LSS. We and others have previously shown in a porcine 
model that LSS effectively produces a model of sympatheti-
cally driven ventricular tachyarrhythmias in both normal and 
ischemic hearts.26,47,49–51 Excess sympathetic activity leading 
to ventricular tachyarrhythmias is commonly seen in clinical 
conditions associated with myocardial ischemia/infarction, 
ventricular electrical storm, catecholaminergic polymorphic 
ventricular tachycardia, and other sympathetically medi-
ated ventricular tachyarrhythmias. The principal mechanism 
underlying the majority of these clinically observed ventricu-
lar tachyarrhythmias is reentry involving a complex interac-
tion between activation and repolarization of electrical wave 
fronts.39,52–54 Increased sympathetic output causes heteroge-
neous shortening of activation recovery interval and repolar-
ization time in the ventricles—this worsening of dispersion 
of repolarization in the ventricular myocardium creates a 
substrate for initiation and maintenance of reentry. In this 
study, TEA was found to reduce myocardial sympathoexcita-
tion and dispersion of refractoriness as well as stabilize elec-
trical wave restitution, thus demonstrating that TEA is able 
to mitigate the most common causes of ventricular tachyar-
rhythmias. Further, our results also show that TEA attenu-
ated heart rate variability LF/HF and repolarization time, 
signifying a reduction in sympathoexcitation and myocardial 
excitability. The effect of TEA on activation recovery interval 
(local APD) was primarily as a result of its direct effect on 
repolarization time shortening; the activation time remained 
unchanged during sympathetic stimulation.

Neural modulation techniques including TEA, spinal 
cord stimulation, left stellate ganglion block, or sympa-
thectomy mitigate sympathetic responses and have been 
shown to be clinically beneficial in treating these ventric-
ular tachyarrhythmias.5,13,16,17,20 TEA reduced refractory 
malignant ventricular tachyarrhythmias in patients with 
structural heart disease.5 Structural heart disease predis-
poses patients to reentry at the border zone of normal and 
abnormal myocardium, and this risk is also enhanced in 
the perioperative period due to sympathetic hyperactiv-
ity. Therefore, our results demonstrating both decreased 

Fig. 8. Heart rate variability (HRV) response to left stellate 
stimulation (LSS) with and without thoracic epidural anesthe-
sia (TEA). LSS increases low-frequency (LF)/high-frequency 
(HF) in the pre-TEA condition but not after treatment with 
TEA. *P = 0.043 versus pre-TEA baseline (BL), P = 0.003 ver-
sus post-TEA baseline, and P = 0.030 versus LSS post-TEA, 
n = 8. LF/HF = ratio of LF to HF components of HRV.
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APD shortening and dispersion of repolarization during 
sympathoexcitatory states lend mechanistic insight into 
the clinical therapeutic benefit of TEA.

Limitations
We used healthy animals to study the mechanistic effects 
of TEA on myocardial electrophysiology. However, auto-
nomic tone at baseline and cardiac function in healthy 
animals may be different from that with structural heart 
disease. Species-specific differences can be seen between 
animal models. We have chosen the porcine model because 
the cardiac electrophysiologic parameters have been exten-
sively studied, thus providing an excellent large animal 
translational model for studying myocardial sympatho-
excitation and arrhythmogenesis.26,28,29 Epidural catheter 
placement and distribution of local anesthetics were not 
evaluated using fluoroscopic guidance. However, blue dye 
was added to the bupivacaine injection, and a laminectomy 
was done at the end of each experiment to confirm the 
exact location of the catheter and to ascertain the spread 
of local anesthetic. Experimental protocols were performed 
pre- and post-TEA in order to decrease interanimal vari-
ability and examine the before and after effect of TEA on 
cardiac electrophysiology. Our cardiac mapping involved 
recording only epicardial electrograms; therefore, the effect 
of TEA on endocardial electrophysiology can be only 
inferred by our current methods. However, previous stud-
ies have found no difference in left ventricular epicardial 
versus endocardial activation recovery interval or dispersion 
of repolarization with sympathetic stimulation.28

Conclusion
Our comprehensive assessment of the effects of TEA on 
ventricular electrophysiology shows that TEA is effective in 
attenuating ventricular excitability and mitigating the proar-
rhythmic effects of sympathetic hyperactivity in the porcine 
heart. Myocardial excitability was suppressed during sym-
pathetic hyperactivity with no significant change observed 
in the baseline state. Our findings provide insights into the 
electrophysiologic mechanisms underlying the antiarrhyth-
mic effects of TEA and provide evidence supporting the 
treatment of ventricular arrhythmias by TEA.
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Kadavy’s “Kan Klamp”: Alliteration and Economy from an “Ether-can 
Attachment Dropper”

ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM

From Ravenna, Nebraska, on March 21, 1922, Godfrey Joseph Kadavy, M.D. (1889 to 1972), filed his “Ether-
can attachment dropper” drawing (left) with the U.S. Patent Office. According to Kadavy’s filing, he designed 
this invention as: (1) “a novel form of closure to be secured to the discharge opening of a can for dispensing 
the contents [ether] of the can by drops” and (2) a “means for securing the auxiliary closure to the can top to 
insure a fluid-tight connection between the mouth of the can and closure.” On February 27, 1923, this self-
described “Bohemian-American Cornhusker” was granted U.S. Patent 1446751. His patent design (left) was 
mass-produced as the “Kan Klamp” (upper right). On the back of the C-arm of each “Klamp” is stamped the date 
on which the patent was granted: “PATENTED / FEB.27—1923” (lower right). This was merely the first of at least 
five U.S. patents that inventor-physician Kadavy would be granted between 1923 and 1958. (Copyright © the 
American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.P.H., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-
Museum of Anesthesiology, Schaumburg, Illinois, and Clinical Associate Professor, Case Western Reserve 
University, Cleveland, Ohio. UJYC@aol.com.

LWW

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/126/6/1096/519175/20170600_0-00021.pdf by guest on 20 April 2024

mailto:UJYC@aol.com

