
Transmural Optical Measurements of Vm Dynamics during Long-
Duration Ventricular Fibrillation in Canine Hearts

Wei Kong, PhD*, Raymond E. Ideker, MD, PhD*,+,†, and Vladimir G. Fast, PhD*
*Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, AL
+Department of Medicine, University of Alabama at Birmingham, Birmingham, AL
†Department of Physiology, University of Alabama at Birmingham, Birmingham, AL

Abstract
Background—Knowledge of transmural Vm changes is important for understanding the
mechanism of long-duration ventricular fibrillation (LDVF).

Methods—Vm was recorded optically at up to 8 transmural points separated by 1.5 mm in the left
ventricle of Langendorff-perfused canine hearts (n=6) using a bundle of optical fibers (optrode)
during 10 min of LDVF followed by 3 min of VF with reperfusion. Measurements were grouped
into 4 layers: epicardium, sub-epicardium, midwall and sub-endocardium.

Results—Activation rates (ARs) and action potential durations (APDs) decreased while diastolic
intervals (DIs) increased during LDVF in all transmural layers (p<0.05). After ~3 min of LDVF,
ARs were faster and DIs shorter in the midwall and sub-endocardium than in the epicardium and
sub-epicardium (p<0.05). Activations persisted at the sub-endocardium but disappeared from other
layers after ~8 min of VF in the majority of hearts. There were no transmural differences in APD
during LDVF or during pacing before and after LDVF (p>0.05). Restitution plots revealed no
functional relationship between APD and DI in any layer at any stage of LDVF. Partial reperfusion
during VF for 3 min restored transmural synchronicity of activation and eliminated gradients in
activation parameters.

Conclusions—Vm dynamics evolve differently at different transmural layers. The sub-
endocardium maintains persistent and the fastest activation during 10 min of LDVF suggesting it
contains the source of VF wavefronts. There are no transmural APD gradients and no restitution
relationship between APD and DI at any transmural layer indicating these are not the primary factors
in the mechanism of LDVF.
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Introduction
Out-of-hospital sudden cardiac arrest (SCA) causes ~450,000 deaths each year in the US.1 For
victims of SCA, the median survival rate is about 6.4%.2 One of the major causes of SCA is
ventricular fibrillation (VF), which can be treated only by application of electrical shocks. The
success of defibrillation and the patient survival rate strongly depend on the duration of VF,
dropping 7–10% every min of VF without defibrillation.3 The first defibrillation shock is
typically delivered 8–12 min after emergency call,4 i.e., during long-duration VF (LDVF,
duration>1 min). However, the majority of studies on mechanisms of VF and defibrillation
focused on short-duration VF lasting <1 min. Clinical studies indicate that optimal treatment
may depend on VF duration. For instance, cardiopulmonary resuscitation (CPR) administered
prior to defibrillation shocks increased survival rates as compared to immediate shocks for
patients with VF lasting >4 min.5 The exact mechanism for this beneficial CPR effect is not
clear and may be related to electrophysiological changes caused by partial reperfusion.
Therefore, understanding the mechanism of LDVF and electrophysiological changes
associated with LDVF and reperfusion may help to improve the treatment of SCA.

It is generally believed that VF is maintained by reentry, either by a single “mother rotor”,6 or
by multiple reentry promoted by heterogeneous distribution of repolarization7 or steep action
potential restitution.8 However, optical mapping of short-duration VF did not reveal reentrant
circuits on the heart surface9 suggesting that any VF source may be intramural. Intramural
reentry was often observed during VF in wedge preparations.10,11 It was also shown that
intramural reentry could be caused by transmural heterogeneity of action potential duration
(APD).11 Based on these data, it can be suggested that intramural Vm dynamics, particularly
transmural APD heterogeneity and restitution, play an important role in LDVF. However, due
to the lack of methods for intramural Vm mapping in whole hearts, these aspects of electrical
activation remain unexplored.

Presently, the main approach for multi-site Vm measurements in the heart is the use of voltage-
sensitive dyes and optical mapping techniques. Application of this method has provided a
wealth of new information about VF mechanisms6,8–10 but so far these studies have been
limited to the heart surface. To overcome this limitation, a new technique was recently
developed which employs bundles of optical fibers (optrodes) to record Vm at multiple
intramural sites.12,13 The purpose of the present study was to use this method to measure
transmural Vm dynamics during LDVF and partial reperfusion in canine hearts.

Methods
Heart preparation

The investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.85-23, revised 1996).
Six male beagles weighing ~10 kg were anesthetized with Telazol (4.4 mg/Kg), Xylazine (4.4
mg/Kg) and Antropine (0.04 mg/Kg). Anesthesia was maintained with inhalation of Isoflurane
(1.3–2.5%) in oxygen. The chest was opened via midline thoracotomy. Heparin (500 unit/kg)
was given 10 min before heart removal. The pericardium was cut away and saved for later use.
After removing the heart, the aorta was cannulated and retrogradely perfused at 37±0.5°C with
Tyrode’s solution (in mmol/l, NaCl 128.5, Glucose 20, KCl 4.7, MgCl2 0.7, NaH2PO4 0.5,
CaCl2 1.5, and NaHCO3 28) bubbled with 95% O2 and 5% CO2. The flow rate was maintained
at ~1 mL/min per gram of heart weight. The heart was stained with Vm-sensitive dye RH-237
as previously described.13 A recently reported excitation-contraction uncoupler Blebbistatin
(20 µmol/L) was used to stop heart contraction.14 To keep hearts warm during LDVF, the LV
was covered with the pericardium and superfused with ischemia-mimicking solution (in mmol/
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L, NaCl 124, KCl 8, MgCl2 0.7, NaH2PO4 0.5, CaCl2 2.5, and NaHCO3 8) bubbled with 95%
N2 and 5% CO2 at 37±0.5°C.

Two bipolar hook electrodes were placed on the anterior LV for pacing at 2x diastolic threshold,
which was defined as the lowest stimulus current resulting in 1:1 rhythm capture. Two large
mesh electrodes were sutured to the lateral LV and RV to deliver defibrillation shocks. To
continuously monitor electrical activity, AC electrograms were recorded using two stainless
steel hook electrodes placed on RV and LV and a ground electrode placed on aorta.

Transmural optrode recordings of Vm
The method for transmural optical recordings using optrodes has been described previously.
13 In brief, an optrode consisted of 8 optical fibers (diameter=325 µm) spaced 1.5 mm apart.
Fluorescence was excited at 530–585 nm using a 200-W Hg/Xe lamp and measured at >650
nm using a 16×16 photodiode array (C4675-102, Hamamatsu Corp.) with 2-kHz sampling rate
and 12-bit resolution.

Study protocol
An optrode was inserted perpendicularly into the anterior LV wall (Figure 1A). Optical signals
were recorded during pacing at a cycle length (CL) of 350 ms to verify dye staining and measure
transmural APD distribution. VF was induced with a 9V battery. Coronary perfusion was
stopped immediately after VF induction and epicardial superperfusion was started. Optical
recordings were made at 10 s of VF and repeated at 1-min intervals from 1 to10 min. After 10
min, epicardial pacing was attempted to examine heart excitability using trains of 25 pulses
with CL of 150 ms and strength of 6–10x diastolic threshold15, which was measured before
LDVF. Then the heart was defibrillated using 10-ms rectangular shocks with ascending energy
to measure the defibrillation threshold (data not reported in this manuscript).

To assess the effects of reperfusion on VF dynamics, VF was re-induced immediately after
defibrillation and perfusion was resumed at 20% of the normal flow rate. This flow rate is
similar to coronary circulation during CPR.16 Optical recordings were made at 10 s, 1, 2, and
3 min of VF with reperfusion. The heart was defibrillated again as described before. The
perfusion was changed to a normal rate and allowed to continue for 20–30 min. Then, the
sinoatrial node was cut away and the heart was paced at CL varied between 0.5 and 4 s to
measure transmural APD gradients.

Data analysis
Measured parameters of Vm signals are shown in Figure 1B. Action potential amplitude (APA)
was measured as the difference between Vm before and after the AP upstroke; activation time
(AT) - the time of the maximal upstroke slope (dV/dtmax); AP duration (APD60) - the time
interval from AT to the 60% level of repolarization; CL - the interval between two adjacent
ATs; diastolic interval (DI) - the difference between CL and APD60. Optical recordings were
normalized assuming an APA during regular pacing of 100 mV.17 Positive Vm deflections
during VF were classified as activations if they satisfied two requirements. First, Vm deflections
should have a normalized amplitude >15 mV.18 Second, dV/dtmax of these deflections should
be >5% of the normal value measured during regular pacing.19

Frequency content of VF signals may provide insight into VF mechanisms.9 To characterize
spatial and temporal changes of the frequency content during LDVF, power spectra of optical
recordings were calculated using Fast Fourier transform (Matlab) in the range of 2–30 Hz. To
assess the transmural APD restitution, APD60 was plotted against the previous DI at different
stages of LDVF. To simplify data presentation, intramural measurements were grouped into 4
sets. Measurements from the epicardium and from sites located at a depth of 0–33%, 34–66%
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and 67–100% of wall thickness were grouped into epicardial (Epi), sub-epicardial (Sub-Epi),
midwall (Mid), and sub-endocardial (Sub-Endo) sets, respectively.

The percentages of earliest activations in each of the 4 intramural layers were quantified during
different stages of VF. Similar to a method used previously,20 activations were considered to
be from the same beat if their upstrokes were within 50-ms time interval.

Statistical differences in AP parameters among the 4 layers were analyzed by Duncan’s
multivariance analysis (ANOVA) with animal, intramural layers and time as factors. All data
are expressed as mean±standard deviation. Results were considered statistically significant if
p<0.05.

Results
Transmural APD distribution during regular rhythm

As shown in Figure 1C and Table 1, APD60 did not show any significant transmural differences
during pacing at a 350 ms CL before LDVF induction. It was reported previously that
repolarization gradients may be revealed at long CL.21 Therefore, after completion of LDVF
measurements, hearts were allowed to recover with a normal perfusion rate, and the sinoatrial
node was cut away, which allowed pacing at long CLs. As shown in Table 1, APD60
measurements at CLs ranging from 0.5 to 4 s also revealed no significant differences among
all intramural layers (p>0.05). This is consistent with our previous study in porcine hearts
where no transmural APD gradients were detected and where possible reasons for the
discrepancies with other studies were discussed.13

Vm dynamics during LDVF
Figure 2A illustrates an example of transmural Vm recordings during early VF (10 s after VF
induction). At this stage, the majority of intramural sites were activated nearly synchronously,
as exemplified by AP upstrokes within rectangle 1. However, some intramural sites (traces 6–
8) exhibited transient periods of irregular activations (rectangle 2) and double potentials, which
is typical for sites of the reentry core.22 The average CL from all 6 hearts was 113±15 ms.
Activation rate (AR), the inverse of the CL, was 9.1±1.1 Hz. Action potentials (APs) followed
each other closely with mean APD60 and DI of 75±10 ms and 38±6 ms, respectively (n=6).
Despite transient irregularities of local activation, there were no significant differences in
average CL, APD60 or DI (p>0.05) between all intramural layers. This high order of activation
periodicity was also observed in the power spectra of Vm recordings. Spectra from all
transmural sites had a single narrow high-amplitude peak at an average frequency of 8.6±0.9
Hz (n=6).

Analysis of the earliest activation sites in all experiments (n=6) demonstrated that beats
originated with approximately equal frequency in Sub-Endo, Mid and Sub-Epi layers where
percentages of EAs were 38%, 29% and 26%, respectively. In the Epi layer, EAs were observed
in 7% of beats.

At 5 min of LDVF (Figure 2B), Vm recordings revealed significant changes of activation
characteristics from early VF. The average CL increased to 235±48 ms (n=6, Figure 3A), which
was approximately 108% larger than at the beginning of VF (p<0.05). This increase of CL was
paralleled with ~45% decrease of average APD60 to 42±8 ms (Figure 3B, p<0.05) whereas
average DI increased by ~414% to 194±51 ms (Figure 3C, p<0.05).

Besides changes in average parameters, optical recordings revealed significant transmural
heterogeneities of activation at 5 min of LDVF. APs became much slower and irregular in the
Epi and Sub-Epi layers in comparison to the Sub-Endo layer (Figure 2B). At the Epi layer, the
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mean AR decreased by 63% to 3.4±1.1 Hz (p<0.05, n=6 hearts) from early VF, whereas at the
Sub-Endo layer, AR decreased by only 29% to 6.7±1.3 Hz (p<0.05). Similar transmural
differences were observed in DI values whereas APD showed a nearly uniform transmural
distribution. Thus, DI in the Epi and Sub-Endo layers increased to 273±112 and 105±26 ms
(p<0.05, n=6), respectively (585% and 187% changes from the start of VF). APD60 in their
respective layers decreased to 36±3 and 46±10 ms (NS).

Transmural differences in activation were also reflected in changes of the Vm power spectra
(Figure 2B). Whereas the majority of Sub-Endo recordings retained a single narrow spectrum
peak reflecting more organized Vm dynamics, the Epi and Sub-Epi layers exhibited widened
spectra with double peaks suggesting a lower degree of organization.

Analysis of AT sequences indicated that activations became partially de-synchronized across
the LV wall. In contrast to early VF, a much larger portion of EAs was observed at the Sub-
Endo than in the Sub-Epi layer (53% vs. 6% of all beats). Activation appeared to spread from
Sub-Endo to Epi with frequent conduction blocks between the Mid and the Sub-Epi regions
(arrows in Figure 2B). Transition from the Sub-Endo to Mid layers was characterized by shift
of dominant spectral peak from 7.4±1.5 Hz to 3.8±0.8 Hz (n=6), which is typical for sites of
conduction block.9

Figure 2C shows transmural recordings and power spectra at 10 min of LDVF. Activations
ceased at the majority of sites in the Epi and Sub-Epi layers but irregular activations with long
CL and DI were still present in the Mid and Sub-Endo layers. Cessation of Epi and Sub-Epi
activation was observed starting from 8th min of LDVF in 4 out of 6 hearts. At sites with no
activation, power spectra exhibited broad low amplitude peaks reflecting noise. At sites with
slow activation and small AP amplitude, the spectra had small but detectable peaks. Earliest
activation was observed more frequently in the Sub-Endo layer than in the Mid layer (76% vs.
24% of beats).

To examine whether the disappearance of activation at the end of LDVF was due to loss of
tissue excitability or due to transmural conduction block, epicardial pacing was attempted after
10 min of LDVF. In all 6 hearts, no APs were detected indicating complete loss of tissue
excitability.

Effect of reperfusion on LDVF
Figure 2D shows examples of transmural recordings at 3 min of VF with reperfusion.
Activations were restored at all transmural sites in 5 out of 6 hearts. In the remaining heart,
Vm deflections during reperfusion VF did not meet activation criteria. In the 5 hearts with
improved activation, reperfusion increased the average APD60 to 49±8 ms while it decreased
CL and DI to 196±76 ms and 147±76 ms, respectively (Figure 3). ARs were similar across the
wall, ranging from 5.8 to 7.1 Hz. Toward the end of the 3-min reperfusion interval, mean
activation parameters returned to levels similar to those observed at 3–5 min of LDVF.
Transmural heterogeneities in AR and DI observed during late LDVF were abolished (p>0.05).

APD restitution during LDVF
Figure 4 shows plots of APD60 vs. the preceding DI in different intramural layers at 10 s, 5
min and 10 min of LDVF from all 6 hearts. There were no clear functional relationships between
APD60 and DI in any layer. At 10 s of VF, restitution plots for all sites showed relatively tight
clusters of points elongated along the APD60 axis. Standard deviations of APD60 and DI were
17–20 and 10–18 ms, respectively. With progression of LDVF, APD(DI) clusters became
progressively looser in all tissue layers with standard deviations of DI in Sub-Endo and Mid
layers increasing 16–19 fold at 10 min compared to the start of VF.
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Discussion
In this work, transmural Vm was measured optically during LDVF in the LV wall of intact
canine hearts. The main findings are as follows: 1) LDVF caused shortening of APD,
transmurally heterogeneous prolongation of CL and DI and heterogeneous loss of tissue
excitability. Vm dynamics deteriorated faster at Epi and Sub-Epi tissue layers than at Mid and
Sub-Endo layers resulting in significant transmural de-synchronization of activation. The Sub-
Endo level was the most viable exhibiting persistent activations at 10 min of VF, suggesting
that it contains the source of activation in late LDVF; 2) There was no transmural dispersion
of APD during pacing and LDVF; 3) Partial reperfusion for 3 min restored transmural
synchronicity of activation and eliminated gradients in activation parameters caused by LDVF;
4) There was no clear functional relationship between APD and the preceding DI at any
transmural site during all VF stages.

Dynamics of transmural Vm during LDVF
Previously, Vm changes during LDVF were measured from the epicardial surface in several
studies using optical mapping18,23,24 or monophasic AP recordings.25 Optical mapping in
rabbits showed that as VF progressed, the dominant frequency in Fourier power spectra
decreased23,24 indicating slowing of activation rate. Monophasic AP recordings showed a
significant decrease in APD accompanied by increases in CL and DI during the first 5 min of
VF.25 Qualitatively similar Vm changes were observed on epicardium in the present study.
However, optrode measurements demonstrated that epicardial Vm recordings were
representative of intramural activation only at the early VF stage when transmural activations
were highly synchronous.

Starting from ~3 min of VF, significant differences in Vm dynamics appeared between different
intramural layers. The main difference was that AR decreased and DI increased much faster
in Epi/Sub-Epi layers in comparison to Mid/Sub-Endo layers between 3 and 10 min of LDVF.
The reason for the development of transmural AR gradient is likely to be tissue ischemia, since
AR gradients did not develop during VF in hearts with cardiopulmonary bypass.26 It is less
clear why Sub-Endo myocardium was more resistant to ischemia than Sub-Epi tissue. It could
be due to transmural gradients in expression of ion channels27 or due to the endocardial
resistance to ischemia.28 The latter explanation is supported by the results of experiments with
chemical ablation of the endocardial regions which caused early termination of LDVF and
elimination of transmural AR gradients.29

In contrast to the other electrophysiological parameters, APD changes during LDVF
progression were nearly uniform across the LV wall. This is surprising taking into account
significant transmural differences in activation rates during late LDVF. The reasons for such
uniform APD changes are unclear. Transmural APD gradients were also absent during regular
rhythm. Altogether, these data indicate that APD gradients did not play a significant role in
VF maintenance. It should be noted, however, that APD measurements during late VF are
limited in predicting the occurrence of conduction block since ischemia at this VF stage causes
post-repolarization refractoriness.30

An important question is about the origin of beats during VF and whether it changes with the
LDVF progression. Intramural optical recordings demonstrated that the incidence of earliest
activations at the Sub-Endo layer gradually increased with LDVF progression. In addition,
activation frequency in Epi and Sub-Epi levels became significantly slower than in the Sub-
Endo after ~3 min of LDVF (until disappearance of Epi/Sub-Epi activation at ~8 min).
Although VF source couldn’t be localized with the limited number of intramural recordings,
these data indicate that VF source at this LDVF stage was likely to be located in the Sub-Endo
tissue layers. This is consistent with recent studies utilizing plunge needle recordings showing
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that earliest activations at 2–10 min of LDVF appeared more frequently at endocardial sites.
20,29

Transmural differences became exacerbated towards the end of LDVF when almost no
activations were detected in Epi and Sub-Epi tissue layers whereas slow activations persisted
in the Sub-Endo regions. This lack of activation could be either due to loss of tissue excitability
or due to transmural conduction block between the deeper tissue layers and sub-epicardium.
The fact that heart epicardium could not be paced with stimuli up to 10x diastolic threshold in
strength indicates complete loss of tissue excitability on epicardium and sub-epicardium at this
LDVF stage.

Effects of Reperfusion on VF
Although assessing the effects of partial reperfusion on LDVF may be important for
understanding of the effect of CPR on defibrillation efficacy, data in this regard are rare. It was
shown previously in rabbit hearts that after 10 min of VF with full reperfusion, dominant
frequencies measured on the epicardium returned to levels similar to those at the beginning of
VF.23,24 However, the effect of long full perfusion may not be the same as the effect of partial
reperfusion during relatively short periods of CPR. Also, intramural electrophysiological
changes may be different from that on the epicardium. Optrode recordings of Vm during VF
in the present study showed that after 3 min of partial reperfusion epicardial excitability
recovered and transmural differences in activation parameters produced by LDVF were
abolished. These parameters returned to levels similar to the first 3–5 min of LDVF. The likely
reason for the rapid recovery of excitability is the removal of hypoxia and ischemic metabolites
from the extracellular environment by partial reperfusion.28

The role of APD restitution in VF
Experimental data regarding the role of APD restitution in VF mechanisms are still
controversial. Some optical mapping studies found that there was a functional relationship
between epicardial APD and DI during VF and that drugs flattening the restitution curve
converted VF to VT.8 However, other studies did not find any restitution relationship during
VF.18 This discrepancy could be possibly explained by non-uniform distribution of restitution
properties and intramural localization of VF source. However, data obtained in the present
study do not support this explanation. Consistent with reports showing no restitution in
epicardial recordings,18 we found no clear relationship between APD60 and preceding DI in
intramural tissue layers during LDVF. A previous study in porcine hearts demonstrated that,
in addition to restitution, cardiac memory played an important role in APD variability during
short-duration VF, but even their combination did not have a decisive predictive value.31 Also,
it was shown in a computer model that restitution of conduction velocity may play a role in
activation irregularities leading to VF.32 It is likely that multiple factors are involved in APD
variability and VF mechanism.

Limitations
The isolated and perfused heart model used in this study lacks neurohumoral factors raising
the possibility that the development of LDVF in this model may be different from that in whole
animals or in patients. Only one optrode with 8 recording sites was used, which precluded
mapping of the activation pathways and VF source. Intramural recordings were made only
from one region on anterior LV, which does not exclude the possibility for existence of
transmural APD gradients during pacing or LDVF in other heart regions. These issues could
be resolved by using multiple optrodes in future studies. Due to dye photobleaching, recordings
were limited to 3-s duration every min of LDVF. Certain fast physiological changes during the
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1-min interval could be missed but this limitation is not likely to affect the conclusions of this
study.

Lists of Abbreviations
AP, action potential
APD, AP duration
APD, AP duration
APD60, APD at the 60% level of repolarization
AT, activation time
AR, activation rate
CL, cycle length
CPR, cardiopulmonary resuscitation
DI, diastolic interval
Epi, epicardium
LDVF, long-duration ventricular fibrillation
Mid, mid-myocardium
Sub-Endo, sub-endocardium
Sub-Epi, sub-epicardium
SCA, sudden cardiac arrest
VF, ventricular fibrillation
Vm, transmembrane potential
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Figure 1.
A: Schematic diagram of optrode insertion in the anterior LV wall. Fibers are packed into
hexagonal bundle with fiber ends separated by 1.5 mm. B: Parameters of AP measurements.
The top trace is a Vm recording during VF; the bottom trace is its derivative. C: Transmural
recordings during pacing at a CL of 500 ms. The mean APD60 at the 8 recording sites was 136
±6 ms.
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Figure 2.
Transmural Vm recordings and power spectra during different stages of VF: 10 s (A), 5 min
(B), 10 min (C) and reperfusion (D). Trace numbers on the left are the same as in Figure 1 (1-
Epi, 8-Sub-Endo). Arrows indicate sites of conduction block. Numbers on the right designate
peak amplitudes of corresponding power spectra. EG, epicardial electrogram recorded between
LV and RV.
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Figure 3.
Changes of intramural activation parameters CL (A), APD60 (B), and DI (C) during LDVF
and VF with partial reperfusion. Blue, red, green and cyan plots represent data from Epi, Sub-
Epi, Mid, and Sub-Endo layers, respectively. Mean data for all 6 hearts are shown. At the end
of LDVF, data are shown only when at least 3 hearts exhibited activations at an intramural
level.

Kong et al. Page 12

Heart Rhythm. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Plots of APD restitution for different intramural layers and different LDVF stages for all
animals. Epi and Sub-Epi layers exhibited almost no activations at 10 min of LDVF.
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