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BACKGROUND Measurement of myocardial electrical impedance
can allow recognition of infarct scar and is theoretically not influ-
enced by changes in cardiac activation sequence, but this is not
known.

OBJECTIVES The objectives of this study were to evaluate the abil-
ity of endocardial electrical impedance measurements to recognize
areas of infarct scar and to assess the stability of the impedance
data under changes in cardiac activation sequence.

METHODS One-month-old myocardial infarction confirmed by car-
diac magnetic resonance imaging was induced in 5 pigs submitted
to coronary artery catheter balloon occlusion. Electroanatomic data
and local electrical impedance (magnitude, phase angle, and ampli-
tude of the systolic-diastolic impedance curve) were recorded at
multiple endocardial sites in sinus rhythm and during right ventric-
ular pacing. By merging the cardiac magnetic resonance and elec-
troanatomic data, we classified each impedance measurement site
either as healthy (bipolar amplitude >1.5 mV and maximum pixel
intensity <40%) or scar (bipolar amplitude <1.5 mV and maximum
pixel intensity >40%).

RESULTS Atotalof 137 endocardial sites were studied. Compared to
healthy tissue, areas of infarct scar showed 37.4% reduction in
impedance magnitude (P <.001) and 21.5% decrease in phase angle
(P < .001). The best predictive ability to detect infarct scar was
achieved by the combination of the 4 impedance parameters (area
under the receiver operating characteristic curve 0.96; 95% confi-
dence interval 0.92-1.00). In contrast to voltage mapping, right
ventricular pacing did not significantly modify the impedance data.

CONCLUSION Endocardial catheter measurement of electrical
impedance can identify infarct scar regions, and in contrast to
voltage mapping, the impedance data are not affected by changes
in cardiac activation sequence.

KEYWORDS Electroanatomic mapping; Healed myocardial infarc-
tion; Myocardial electrical impedance; Pig; Ventricular pacing
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Introduction

The clinical outcomes of catheter ablation in patients with
infarct-related ventricular arrhythmias are largely dependent
on the accurate delineation of the infarct scar during the pro-
cedure. Identification of the infarcted region is currently
guided by 3-dimensional (3D) electroanatomic mapping,
which use the voltage magnitude of local electrograms as a
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reference criterion.’ Location of the dense infarcted region
by bipolar voltage mapping has been correlated with anato-
mopathological and cardiac magnetic resonance (CMR)
studies; thus, a low voltage threshold of <1.5 mV is currently
accepted to delimit the borders of the infarct scar.”

A potential limitation of voltage mapping is that the
amplitude of local electrograms may vary depending on the
direction of the activation wavefront. Therefore, the collected
data can change according to the type of the instantaneous
cardiac thythm. Indeed, significant differences in the ampli-
tude of bipolar and unipolar local electrograms have been
observed when the intrinsic rhythm is replaced by ventricular
pacing in patients undergoing ablation of scar-related ar-
rhythmias. ™

Myocardial electrical impedance is a biophysical property
of the heart that is influenced by the intrinsic structural
https://doi.org/10.1016/j.hrthm.2017.11.031
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characteristics of the tissue.” Previous studies revealed that
electrical impedance is lower in the infarct scar than in the
normal myocardium, and this allows the recognition of the
necrotic region.’”” Since electrical impedance is a passive
property of the myocardium, it is predictable that
impedance measures will not be affected by abrupt changes
in cardiac activation sequence.

This study aimed to assess the ability of local electrical
impedance to recognize infarcted tissue using an endocardial
catheter and, secondly, to analyze comparatively the effects
of abrupt changes in cardiac activation sequence on local
voltage and impedance measurements using a closed-chest
swine model.

Methods

Study population

Female domestic swine (Landrace and Large White cross)
weighing 36 * 1 kg were submitted to 2 interventions.

The first intervention aimed to induce acute myocardial
infarction by occluding the left anterior descending coronary
artery during 150 minutes with a catheter balloon, followed
by reperfusion, as previously described.'’ Animals were pre-
medicated with midazolam 0.6 mg/kg and ketamine 12 mg/
kg, and then they were submitted to general anesthesia with
propofol 2-4 mg/kg and maintained with sevoflurane inhala-
tion (2.5%—-3.5%). Fentanyl (5 ng/kg) was administered for
analgesia. A femoral artery was catheterized and a 7-F intro-
ducer was used to insert a 6-F hockey stick guiding catheter
(Cordis, Miami, FL)). Under fluoroscopic control, the catheter
was advanced to the left anterior descending coronary artery
and a catheter balloon (Cordis) was placed at the mid segment
below the origin of the first diagonal branch.

One month after the first intervention, a CMR study was
performed in all animals under general anesthesia and me-
chanical ventilation to confirm and characterize the infarct
scar. The day after the CMR study, the animals were sedated
and anesthetized as in the first intervention. A femoral vein
and femoral artery were catheterized, and a pacing electro-
catheter (Blazer, Boston Scientific Corporation, Natick,
MA) and a mapping electrocatheter (NAVISTAR, Biosense
Webster, Inc., Diamond Bar, CA) were advanced into the
right ventricle (RV) and left ventricle (LV), respectively.
The RV electrocatheter was connected to a temporary
external pacemaker (Medtronic Inc., Minneapolis, MN).
The LV catheter was connected to a CARTO XP system
(Biosense Webster) to generate an electroanatomic map as
well as to a custom-designed impedance recording system
to measure myocardial electrical impedance.'' A conven-
tional electrocardiographic (ECG) lead signal was continu-
ously recorded throughout the procedure.

Study variables

CMR
We used a 3T scanner (Achieva, Philips Medical Systems,
Amsterdam, The Netherlands), and all images were obtained

with ECG gating and ventilation holding. The CMR study
permitted to assess LV wall motion, cardiac function, and
infarct characterization by late gadolinium enhancement
(LGE). LGE images were obtained 10 minutes after an intra-
venous injection of 0.1 mmol/kg gadolinium-based contrast
agent (Gadopentetate dimeglumine, Magnevist, Berlex Lab-
oratories Inc., Wayne, NJ) with a pixel resolution of 1.18 X
1.18 mm in-plane and a slice thickness of 5 mm, giving rise to
~20 slices covering the LV. Processing of the LGE-CMR
data was performed using the 3D Slicer software.'” Briefly,
an experienced operator manually segmented the LV wall
in all sequential short-axis slices from the LGE-CMR images
to create a 3D volume model of the LV (Figure 1). Then,
normal and infarcted tissues were visualized and classified
according to a maximum pixel intensity (MPI) cutoff of
0.40 X MPI (normal <0.40 and infarcted >0.40).

LV electroanatomic mapping

Local unipolar and bipolar electrograms were recorded at
multiple endocardial sites, and the voltage amplitude of the
signals was used to create a 3D representation of the LV
chamber, as in current clinical electrophysiological proced-
ures (Figure 1).

LV myocardial electrical impedance

Tissue impedance is a passive property of the myocardium
that encompasses the intra- and extracellular resistances
and cell membrane capacitance. Tissue impedance has 2
components: the impedance magnitude and the phase angle.
The magnitude quantifies the drop in voltage of a test current
passing through the tissue, and the phase angle reflects the
time shift of the exploring current wave caused by the
intrinsic structural characteristics of the tissue.

We measured the tissue impedance by injecting alternating
currents (1-ms duration and 1-mA peak amplitude) of 26 fre-
quencies (ranging from 1 to 1000 kHz) between the distal
catheter electrode and a precordial skin reference electrode
(Dispersive pad, 3M Healthcare Ltd, Saint Paul, MN) placed
in the anterior precordial region. The voltage induced by the
injected current was measured between the same distal cath-
eter electrode and a second skin reference electrode (ECG
pad, 3M) placed in the left lateral precordial region. This elec-
trode configuration aimed to reduce the potential influence of
both the individual body anatomy and the skin electrode
impedance on the measurements. Moreover, to overcome
the effect of the electrocatheter design (ie, electrode size and
irrigated vs nonirrigated), we measured the intrinsic imped-
ance of the electrocatheter before the study and this value
was thereafter subtracted from the impedance measurement
recorded during the study. All impedance measurements
were recorded continuously during the cardiac cycle and
stored at intervals of 2 seconds. Although we analyzed the
entire impedance spectra in all sites, we preferentially reported
the data at 1, 41, 307, and 1000 kHz because we previously
verified that these frequencies were highly discriminative.'*""”

To characterize the curve of phasic impedance changes
elicited during the cardiac cycle, we measured the amplitude
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Illustration of the different imaging and electrophysiological techniques used in the study. A: Left: Myocardial wall segmentation in late gadolinium—

enhanced cardiac magnetic resonance (LGE-CMR) imaging of a swine with a 1-month-old infarct scar. Right: Construction of a CMR model of the segmented
slices. B: Electroanatomic map of the same case. C: Explanted heart of the same swine with the infarct scar borders delimited by a white dashed line.

of the curve and the time interval elapsed from the peak of the
electrocardiographic R wave to the moment of maximum
impedance magnitude (R wave impedance peak time).

CMR and electrical data merging

The electroanatomic data were automatically merged with
the 3D CMR model using a fiducial registration guided by
landmarks obtained in both techniques (LV apex and aortic

and mitral annulus), as previously reported.'* The areas of
interest were defined on the basis of both the amplitude of
bipolar electrograms and the extent of LGE on CMR imag-
ing. Specifically, the measured sites were classified as
healthy myocardium if they had a bipolar amplitude of
>1.5 mV and an MPI of <40% or as infarct scar if they de-
picted a bipolar amplitude of <1.5 mV and an MPI of >40%.
The sites not fulfilling this categorization were excluded.



592 Heart Rhythm, Vol 15, No 4, April 2018
A 100
—O— Healthy; n=50
o) —&— Scar; n=87
S o
©
o
3
o 60 o
b ek
s
£
Z 40 .
S
B2
8 204
le)
>
= p<0.001
0+ T L L L R T T T T
1 41 307 1000 1 41 307 1000
kHz kHz
B
—O— Healthy; n=50 :L
0 —— Scar; n=87 !
[)
=
o 104
1]
®
<
o ok
2204
p<0.001 .
T T T T T T T T T T T
1 41 307 1000 1 41 307 1000
kHz kHz
Figure2  Mean values of the impedance magnitude and phase angle recorded in 137 endocardial sites (n = 50 healthy and n = 87 infarct scar) in 5 pigs. A: The

left panel shows the mean of the impedance magnitude spectrum recorded in healthy and infarct scar sites. The right panel shows the mean of the impedance
magnitude at 4 selected frequencies. B: The left panel shows the mean of the phase angle spectrum of healthy and infarct scar sites. The right panel shows

the mean of the phase angle at 4 selected frequencies. ***P < .001; **P < .01.

Changes in the cardiac activation sequence

To compare the stability of the electroanatomic data and the
tissue impedance data under abrupt changes in the cardiac
activation wavefront, these parameters were analyzed in the
same sites during sinus rhythm and during electrical RV stim-
ulation in a subset of measures. The resultant changes were
expressed as percentages using the following formula: 100
X [Xgvp — Xsr)/Xsr], where Xgvp are the values of
voltage or impedance during RV pacing and Xgr are the
values of voltage or impedance in sinus rhythm.

Experimental protocol
After stabilization of the level of anesthesia and hemody-
namic parameters, an endocardial high-density 3D electroa-
natomic bipolar voltage map of the LV was constructed
during stable sinus rhythm using the mapping catheter and
the CARTO XP system. Thereafter, the mapping catheter
was moved to different endocardial sites, and the local
voltage and myocardial electrical impedance were measured
at the same sites. In a subgroup of these sites, the local
voltage and myocardial electrical impedance were recorded
both in sinus thythm and during RV pacing. At the end of
the study, the animals were euthanized by an intravenous
overdose of KCl and the hearts were explanted.

The study protocol was approved by the Animal Care and
Use Committee of our institution and conformed to the Guide
for the Care and Use of Laboratory Animals, 8th edition

(National Research Council, The National Academies Press,
Washington, DC, 2010).

Statistical analysis

Data were expressed as mean = SD. Differences in the study
variables were assessed using an analysis of variance with
Bonferroni correction for post hoc comparisons. A binary lo-
gistic regression model was built to assess the influence of
different impedance parameters to distinguish between
normal and infarcted tissues. The discriminating power of
the models was assessed using the receiver operating charac-
teristic curve (ROC) and the area under the curve (AUC).
Optimal cutoffs and accuracies were calculated for each
impedance parameter model. The P value for the AUC com-
parison was based on the DeLong method. A P value of <.05
was considered statistically significant. Statistical analysis
was performed using R version 3.2.2 (R Foundation for
Statistical Computing, Vienna, Austria) and SPSS version
22.0 (IBM Corp., Armonk, NY).

Results

Two of the 7 (29%) pigs died during acute coronary occlu-
sion due to irreversible ventricular fibrillation. The remaining
5 (71%) animals completed the entire protocol and were
included in the final analysis. A total number of 156 sites
were explored (27 * 4 sites per animal). Nineteen (12%)
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Figure 3

Myocardial impedance and voltage signals in healthy and scar tissues. A: Myocardial impedance curve and electrocardiographic (ECG) lead III re-

corded in healthy (left) and scar (right) regions in an anesthetized swine. The arrows indicate the time interval between the R-wave peak and the maximum of the
myocardial impedance curve (tgz). B: Unipolar, bipolar, and ECG (lead III) signals at the site where impedance was measured in healthy (left) and scar (right)

regions.

of these samples were excluded according to the categoriza-
tion criteria; thus, 137 (88%) entered in the final analysis: 50
(36%) were classified as healthy and 87 (64%) as infarct scar.

Myocardial electrical impedance spectroscopy

As shown in Figure 2, the infarct scar showed lower electri-
cal impedance magnitude and less negative phase angle
than did healthy tissue (37.4% reduction in impedance
magnitude at 1 kHz; P < .001 and 21.5% decrease in phase
angle at 307 kHz; P < .001). The impedance magnitude (Z)
decreased gradually at increasing current frequencies in

normal tissue (from 75.5 = 23.0 Q at 1 kHz to 36.6 *=
9.2 Q at 1000 kHz), but this change was less marked in
scar tissue (from 47.3 = 10.2 Q at 1 kHz to 29.2 = 9.0
Q at 1000 kHz). Moreover, the phase angle spectrum
showed a relaxation at high frequencies more apparent in
healthy tissue than in scar tissue. Figure 2 shows that the
excitation frequencies that best discriminate between
healthy and scar tissues are 1, 41, and 307 kHz for the
impedance magnitude and 1, 307, and 1000 kHz for the
phase angle. All individuals showed a similar trend of
changes in the impedance spectra in healthy and scar
regions (Supplemental Figure 1).
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impedance
parameters

0.93 (0.88-0.98) .01 89.1

AUC-ROC = area under the receiver operating characteristic curve;
(I = confidence interval.

Phasic pattern of myocardial electrical impedance
Myocardial impedance showed a biphasic pattern during the
cardiac cycle. Figure 3 illustrates the relationship between
the cyclic myocardial impedance changes and the ECG in
healthy and scar regions. The amplitude of the phasic changes
was lower in scar tissue at all tested current frequencies (13.5
*+79Qvs39.7 = 15.6Qat1kHz, 10.3 £58Qvs27.7 =
10.7Qat41kHz, 8.9 = 5.1 Qvs20.6 = 9.9 Q at 307 kHz, and
6.3*£38Qvs11.6*x5.1Qat1000kHz; P <.001). The time
interval between the R-wave peak of the ECG and the moment
of the maximum value of the impedance curve was longer in
scar areas than in the healthy myocardium (404 = 102 ms vs
349 = 115 ms; P < .05). The mean values of all impedance
parameters recorded in each animal are presented in
Supplemental Table 1.

Predictive ability of myocardial impedance

To assess the predictive ability of myocardial impedance
measurement to discriminate between infarct scar and
healthy tissue, we calculated the cutoff values and classifica-
tion accuracy using the ROC curves (Table | and Figure 4).
Cutoff values were 49.7 Q for the impedance magnitude,
—11.8° for the phase angle, 10 Q for the amplitude of the
impedance curve, and 394.5 ms for the R wave-impedance
peak time. The inclusion of the 4 impedance parameters in
the ROC model afforded the highest AUC, indicating optimal
predictive ability (P < .01).

Effects of RV pacing on local voltage and tissue
impedance

In 58 of the 137 (42%) explored sites, we analyzed the effects
of RV pacing on both the amplitude of local electrograms and

ability of the different myocardial electrical impedance parameters. The
impedance parameters used were (1) the impedance magnitude at 41 kHz
(line with black circles), (2) the phase angle at 307 kHz (line with white tri-
angles), (3) the combination of the impedance magnitude at 41 kHz and the
phase angle at 307 kHz (line with plus markers), and (4) the combination of
the amplitude of the impedance curve and the R wave-impedance peak time
at 41 kHz (line with white circles). (5) The combination of all 4 impedance
parameters (straight line).

the magnitude of myocardial electrical impedance in each
recording site. As shown in Figure 5A, RV pacing induced
appreciable changes in the amplitude of bipolar and unipolar
electrograms but not in the magnitude of myocardial imped-
ance. The variability in these changes is graphically illus-
trated in Figure 5B, and their interquartile range values are
reported in Table 2. Of note, in 12% (7) of the explored sites,
the RV pacing entailed a switch on their bipolar threshold
voltage classification: 8.6% (5) of sites changed from <1.5
mV in sinus rhythm to >1.5 mV during RV pacing and
3.4% (2) of sites from >1.5 to <1.5 mV. Likewise, unipolar
electrograms followed a similar trend of changes in 10.4% (6)
of the explored sites: 5.2% (3) changed from <8.3 mV in si-
nus rhythm to >8.3 mV during RV pacing and 5.2% (3) from
>8.3 to <8.3 mV.

Discussion

Main findings

This study is the first to analyze the ability to recognize areas
of infarct scar using a novel approach based on the endocar-
dial catheter measurement of systolic-diastolic local myocar-
dial electrical impedance. Our data indicate that the
measurement of endocardial impedance allow the recogni-
tion of infarct scar and, as an advantage over the voltage map-
ping, the impedance data are not affected by abrupt changes
in cardiac activation sequence.

Ability of myocardial impedance to identify
infarcted tissue

Earlier experimental studies have demonstrated that the mea-
surement of local myocardial electrical impedance permitted
recognition of areas of acute and healed myocardial infarc-
tion by using either implanted transmural needle
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electrodes or contact endocardial electrocatheters.
Most of these studies were conducted in open-chest models,
and this limited the transferability of this technique to clinical
practice. Moreover, myocardial impedance measurements
could only be obtained at random moments within the cardiac
cycle and this did not allow recording of the continuous
changes induced by cardiac mechanical activity. More
recently, with the use of fast broadband electrical impedance
spectroscopy,'’ it has been possible to measure the imped-
ance changes throughout the cardiac cycle using a wide range
of current frequencies from 1 to 1000 kHz.'>'” Using
intramural needle electrodes, one of these studies'® showed
that the infarcted regions with greater fibrotic content had
the lower mean impedance values and the more depressed
systolic-diastolic impedance curve. The present data confirm
that compared to the healthy myocardium, the impedance
curve of the infarct scar has a reduced amplitude and a
delayed peak value. The combined inclusion of the 4 imped-
ance parameters (impedance magnitude, phase angle, ampli-
tude of the impedance curve, and R wave-impedance peak
time) into the ROC curve model increased the predictive abil-
ity and accuracy to differentiate healthy and infarcted tissues.

Effects of changes in cardiac activation sequence
Studies in patients submitted to catheter ablation of infarct-
related ventricular arrhythmias have reported a voltage vari-

Table 2 Interquartile range values of the changes in local voltage
and myocardial impedance induced by right ventricular pacing in 58
endocardial sites in 5 pigs with chronic myocardial infarction

Site Unipolar voltage Bipolar voltage Impedance
Healthy (n = 18) 31.2% 87.2% 7.7%
Scar (n = 40) 18.4% 67.0% 6.4%

ability in local unipolar and bipolar electrograms when the
intrinsic cardiac rhythm is replaced by ventricular pacing.*”
Specifically, these authors found that 8%-18% of the
explored sites presented discordant voltage values during
ventricular pacing (ie, sites with voltage amplitude <1.5
mV during 1 cardiac activation sequence changed to >1.5
mV during another activation sequence). Our results are
consistent with these findings since we have found a
similar pattern of voltage discordancy in 12% of the bipolar
recording sites during RV pacing. Of note, the present
study reveals that contrary to bipolar and unipolar voltage
mapping, the measurements of myocardial electrical
impedance in normal and infarcted regions were not
modified by RV pacing. Thus, implementation of
impedance measures in the 3D electroanatomic cardiac
navigators would theoretically help assess more accurately
the target infarcted areas, especially in the presence of
recurrent ventricular arrhythmias during the procedure.

Study limitations

This study was designed to proof the concept that the imped-
ance characteristics of the infarct scar can be detected by
endocardial catheter mapping in closed-chest models and,
secondly, to verify the lack of variability in impedance mea-
sures upon abrupt changes in cardiac activation sequence. At
this stage, we divided the explored sites in only 2 well-
defined categories (healthy or infarcted) taking as criterion
standard both the bipolar voltage amplitude and the degree
of gadolinium enhancement at each recording site (bipolar
amplitude >1.5 mV and MPI <40% for healthy and bipolar
amplitude <1.5 mV and MPI >40% for infarcted). Thus, to
assess the diagnostic yielding of the impedance technique in
nontransmural infarct sites, multisite recordings at the infarct
border zone will be required.
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Most of the commercial cardiac navigators can measure
impedance parameters in order to check the appropriateness
of electrode-tissue contact or to control the radiofrequency
energy delivery during the ablation procedures. However,
in contrast to our method, these systems do not permit contin-
uous recording of the impedance during the cardiac cycle.

The present impedance data are specific for the mapping
electrocatheter used in this study (Blazer), but other electro-
catheter types can be used, provided a previous ad hoc
in vitro impedance calibration will be performed.

Clinical implications

The transferability of our observations to the field of catheter
ablation in patients with infarct-related ventricular arrhyth-
mias is founded on (1) the cardiac electrophysiological sim-
ilarities between humans and swine,'® (2) the closed-chest
approach in our study, (3) the use of electrocatheters and
commercial 3D electroanatomic systems routinely used in
clinical arrhythmia ablation, and (4) the use of the image
merging process of CMR and electroanatomic data. Thus,
our study suggests that the implementation of impedance
mapping into current cardiac navigators will improve the
identification of infarct scar targets.

Conclusion
Endocardial catheter measurement of tissue electrical imped-
ance can identify infarct scar regions and, in contrast to
voltage mapping, is not affected by changes in cardiac activa-
tion sequence.
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