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Abstract

Totest the hypothesis that alterations in electrical activation sequence contribute to depressed systolic
function in the infarct border zone, we examined the anatomic correlation of abnormal
electromechanics and infarct geometry in the canine post-myocardial infarction (MI) heart, using a
high-resolution MR-based cardiac electromechanical mapping technique. Three to eight weeks after
an MI was created in six dogs, a 247-electrode epicardial sock was placed over the ventricular
epicardium under thoracotomy. Ml location and geometry were evaluated with delayed
hyperenhancement MRI. Three-dimensional systolic strains in epicardial and endocardial layers were
measured in five short-axis slices with motion-tracking MRI (displacement encoding with stimulated
echoes). Epicardial electrical activation was determined from sock recordings immediately before
and after the MR scans. The electrodes and MR images were spatially registered to create a total of
160 nodes per heart that contained mechanical, transmural infarct extent, and electrical data. The
average depth of the infarct was 55% (SD 11), and the infarct covered 28% (SD 6) of the left
ventricular mass. Significantly delayed activation (>mean + 2SD) was observed within the infarct
zone. The strain map showed abnormal mechanics, including abnormal stretch and loss of the
transmural gradient of radial, circumferential, and longitudinal strains, in the region extending far
beyond the infarct zone. We conclude that the border zone is characterized by abnormal mechanics
directly coupled with normal electrical depolarization. This indicates that impaired function in the
border zone is not contributed by electrical factors but results from mechanical interaction between
ischemic and normal myocardium.
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Depressed systolic function in the ischemic border zone with normal perfusion has been
recognized for several decades (23). The presence of hypocontractile border zone myocardium
has consistently been substantiated by a variety of modalities, including echocardiography
(19,28), radiopaque bead arrays (30,36), and, most recently, MRI (8,15,16,26). The abnormal
mechanics of the border zone is clinically important because it may negatively affect
ventricular remodeling and hypertrophy (4,20).

The mechanism underlying the depressed function in the border zone has been explained
primarily by mechanical factors. Most investigators have concluded that it results from
mechanical interactions, or tethering, between normal and ischemic myocardium (10,11,28,
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30,34,36). However, the abnormal mechanics in the border zone may also involve a
contribution of abnormal electrical activation. For example, the timing of electrical activation
in the border zone may be delayed by abnormal electrical sequence in the infarct zone and
depressed shortening, or relative stretch, in the border zone. A relative delay in electrical
activation may augment the depressed function in the border zone, because the myofiber in the
border zone has to contract against a higher afterload generated by earlier shortening of remote
nonischemic zones.

We hypothesized that alterations in electrical activation sequence contribute to depressed
systolic function in the infarct border zone. To test this hypothesis, we qualitatively and
quantitatively examined the anatomic correlation of abnormal electromechanics with reference
to infarct geometry in a canine model of chronic myocardial infarction (MI). A high-resolution
cardiac electromechanical mapping technique developed in our laboratory (9) allowed
acquisition of anatomic, electrical, and mechanical data with high precision in a near-
simultaneous fashion.

MATERIALS AND METHODS

All animal protocols were reviewed and approved by the Animal Care and Use Committee of
the National Heart, Lung, and Blood Institute.

Surgical procedures

Six adult mongrel dogs (18-28 kg) were anesthetized with intravenous thiopental sodium (10—
20 mg/kg), intubated, and mechanically ventilated with a mixture of oxygen, medical air, and
isoflurane (1-3%). An 8-Fr arterial introducer was placed in the left carotid artery through a
skin cutdown (1-2 in.) under sterile conditions. The surface ECG and the arterial pressure were
recorded throughout the procedure. A bolus intravenous injection of 1,000 IU of heparin and
40 mg of lidocaine was administered, followed by a continuous intravenous infusion of
lidocaine (110 mg/h) for the entire procedure. A 6-Fr guiding catheter was advanced though
the introducer to the left coronary ostium under fluoroscopic guidance, and a balloon
angioplasty catheter was advanced to the left anterior descending coronary artery (LAD)
through the guiding catheter over a guide wire (0.014 in.). The LAD was then occluded at its
origin by inflating the balloon. Myocardial ischemia was confirmed with ST-T changes on
ECG and transient decrease in arterial blood pressure upon balloon inflation. The balloon
occlusion was maintained for a total of 120 min. Another bolus intravenous injection of 40 mg
of lidocaine was given 15 min before reperfusion to avoid serious ventricular arrhythmia. All
animals showed frequent ventricular ectopic beats after reperfusion. The catheters and the
introducer were removed, and the surgical wound was closed. The surface ECG was recorded
three or four times per day for the first 48—72 h to monitor the baseline rhythm.

Three to eight weeks after MI, the animal underwent a median sternotomy under general
anesthesia. The heart was placed in a pericardial cradle, and a multielectrode epicardial sock
consisting of a nylon mesh fitted with 247 silver electrodes attached in an ordered fashion was
placed over the ventricular epicardium, as described previously (9). The sock was placed in a
consistent and predetermined orientation for all experiments and secured with several sutures.
Ten to fifteen 4-mm-diameter glass beads (18 pl) filled with an agueous solution of
gadopentetate dimeglumine (Gd-DTPA, 5 mM) were attached to the sock as markers for
registering mechanical and electrical data. An MR-compatible pressure micromanometer
catheter (SPC-350, 5 Fr, Millar) was advanced under fluoroscopic guidance to the left
ventricular (LV) cavity through a 6-Fr arterial introducer placed in the right carotid artery. A
ground reference electrode was sewn onto the fat pad at the aortic root. All sock wires were
run directly out of the chest, and the animal was transported to the MR scanner.
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Data acquisition

MR scanning was performed in a 1.5-T scanner (Siemens Sonata). LV geometry (LV end-
diastolic and end-systolic volumes) and function (LV stroke volume and ejection fraction) were
evaluated with a cine true fast imaging with steady state precession sequence [bandwidth (BW)
+ 1,395 Hz/pixel, echo time (TE) and repetition time (TR) 1.9 and 3.7 ms, readout flip angle
50°, field of view (FOV) 225 x 300 mm, image matrix 192 x 256, spatial resolution 1.2 x 1.2
x 6.0 mm, 8-10 slices without a gap]. M1 geometry was evaluated with a phase-sensitive
delayed hyperenhancement (DHE) inversion recovery sequence (22) 10-30 min after an
intravenous injection of a contrast agent (Gd-DTPA, Berlex Magnevist) at 0.25 mmol/kg (BW
+140 Hz/pixel, TE and TR 3.9 and 8 ms, turbo flash with readout flip angle 30°, FOV 119 x
200 mm, image matrix 122 x 256, spatial resolution 1.0 x 0.8 x 3.0 mm, readout at late diastole,
13 views per segment, 20-25 slices without a gap). For these two sequences, LV short-axis
image slices from LV apex to base were acquired in a consistent manner based on
predetermined anatomic landmarks without gaps between slices. Each image acquisition was
ECG gated, and the image was acquired during a single breath hold (30-40 s) by manually
holding mechanical ventilation at end expiration. Three-dimensional (3D) displacement fields
were calculated, measured in five short-axis slices with a motion tracking sequence
[displacement encoding with stimulated echoes (DENSE); BW +1,000 Hz/pixel, TE and TR
1.55 and 3.1 ms, 15° readout flip angle, FOV 175 x 350 mm, image matrix 128 x 256, spatial
resolution 1.36 x 1.36 x 8.0 mm] (2). To spatially register the displacement fields with the Ml
geometry, encoding and readout of the DENSE sequence were set at end systole and end
diastole, respectively. The timing of end systole and end diastole was determined from the cine
images.

The epicardial sock electrical recording system in the MR scanner room was described
previously (9). Briefly, all 247 electrodes were radio frequency filtered at the MR scanner
interface, and the data from the epicardial electrodes and physiological monitoring, including
LV pressure and ECG, were simultaneously acquired at a minimum sampling rate of 1,000 Hz
for a duration of 10 s immediately before and after the MR scans (3). Animals were euthanized,
and their hearts were scanned with a 3D spin-echo sequence to locate the glass bead markers
(BW £130 Hz/pixel, TE and TR 12 and 148 ms, FOV 256 x 256 x 88 mm, image matrix 256
x 256 x 88, spatial resolution 1.0 x 1.0 x 1.0 mm). After excision, the heart was filled with
vinyl polysiloxane, maintaining end-diastolic shape, and the locations of electrodes and beads
were digitized (Microscribe 3DLX, Immersion, San Jose, CA) (9,27).

Data analysis

The LV myocardium was manually segmented in the DENSE images. The 3D end-diastolic
configuration and the 3D displacement of the tissue in each pixel were measured (1). The end-
systolic configuration was calculated from the displacement vector field and the end-diastolic
configuration. The Lagrangian Green's strain tensor E was calculated in every tetrahedron of
adjacent four pixels in the LV myocardium as 0.5(F T'F — 1), where F is the deformation gradient
tensor, FT is the transpose of F, and | is the identity matrix. The reference and deformed states
were defined as end-diastolic and end-systolic configurations, respectively. Three independent
finite strains (E;, E¢c, and Ej;) were computed in the local cardiac coordinate system with
reference to the center of mass of each short-axis LV myocardium image (32). E,y, Ec, and
E) reflect myocardial stretch or shortening along the radial (E;;), circumferential (E.), and
longitudinal (Ey;) cardiac axes, respectively. The LV circumference was divided into 32 sectors
and 2 layers (endocardium and epicardium), and average strain values were calculated in each
sector.

In the DHE images, MI geometry and endocardial and epicardial borders were manually
segmented (31). As in the strain map, the LV circumference was divided into 32 sectors, and
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the average transmural depth of MI was calculated in each sector. The values were linearly
interpolated to determine the M1 depth at the DENSE image slice positions.

Electrical signals from the 247-lead sock electrodes were averaged over ~20 consecutive
heartbeats. The local depolarization time at each electrode was defined as the peak negative
rate of voltage change over time within the QRS complex (25). The time reference for the local
depolarization times was the earliest ventricular depolarization time in each heart. Delayed
electrical activation was defined as electrical activation time exceeding the mean + 2SD of
activation times of all the nodes. Electrical maps were spatially referenced to the strain and Ml
geometry maps with the least-squares fit of glass marker beads (9,27). The electrical activation
time in each of the 32 sectors was calculated as the weighted average of the electrical activation
time at three adjacent electrodes (Fig. 1). In essence, the electrical activation at 160 (=32 sectors
x 5 slices) nodes was calculated from those at the 247 original sock electrodes. A total of 160
nodes that contained mechanical, infarct extent, and electrical data was measured. At the mid-
LV level, each sector corresponded to approximate 3D dimensions of 6 mm (circumferential),
6 mm (longitudinal), and 10 mm (radial). The infarct zone was defined as the sectors including
MI. The border zone was defined as the sectors immediately adjacent to the infarct zone, and
the remote zone was defined as the sectors opposite to the infarct zone in the short-axis images.
Division of the LV circumference into 32 sectors was chosen to create nodes with sufficiently
high spatial resolution that would robustly detect the depressed function at the border zone,
the width of which is reported to be <10 mm (10,11,28,33,34,36).

Statistical analysis

RESULTS

Infarct map

Values are means (SD) unless otherwise specified (5). A paired t-test was used to compare
electrical and mechanical parameters. Statistics were performed with SigmaStat 3.0 (SPSS,
Chicago, IL).

All animals went into intermittent ventricular tachycardia 24 h after reperfusion, which lasted
for 24— 48 h, and normal sinus rhythm resumed thereafter. The animals underwent the
electromechanical data acquisition 38 days (SD 12) after MIl. Hemodynamic parameters at the
time of the electromechanical data acquisition are summarized in Table 1.

The infarct was located in the anteroseptal region and usually involved the anterolateral
papillary muscle on the endocardial border (Fig. 2). The epicardial border exhibited spatially
intricate structures with multiple interdigitations of viable myocardium within the infarct zone.
The average depth of the infarct was 55% (SD 11), and the infarct covered 28% (SD 6) of the
LV mass (Fig. 3A).

Electrical activation map

Electrical breakthrough, or the point of the earliest activation, was located in the anterior right
ventricular region. Activation time exceeding the mean + 2SD was observed in a total of 19
nodes, and these nodes were within the infarct zone (Fig. 3B). The electrical activation time
was significantly increased in the infarct zone compared with that of the border zone [31 (SD
9) vs. 19 (SD 2) ms, P <0.05; Fig. 4], whereas the electrical activation time was not significantly
different between the border zone and the remote zone [19 (SD 2) vs. 21 (SD 3) ms, P = not
significant (NS)].
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A 3D displacement map from a single animal is shown in Fig. 5. Each arrow represents a
displacement vector that points from the end-diastolic to the end-systolic configuration. The
magnitude of displacement is color coded. It is clear that the displacement magnitude in the
infarct zone in the anteroseptal wall (Fig. 5, left) is small (purple to blue) compared with that
of the remote zone in the posterolateral wall (Fig. 5, right, red to yellow).

The number of strain calculation points was 3,625 per heart (SD 766), and each sector contained
11 strain points (SD 3) from which average strains were calculated. E,, Ecc, and Ejj over the
infarct zones were smaller in magnitude than those in the remote zones (Fig. 6). The regions
of abnormal strains, particularly E;;, extended far beyond the infarct zone, and the strains were
larger in the epicardium than in the endocardium. E;, E¢c, and Ej; in both the infarct zone and
the border zone were significantly smaller than those in the remote zone (P < 0.05), and there
was no significant difference between the infarct zone and the border zone (P = NS; Fig. 7).
However, E,, E¢c and Ej in the border zone were more heterogeneous than those in the infarct
and remote zones. For example, two animals showed positive E.. in the border zone, which
indicates that the myocardium in the border zone underwent a paradoxical systolic stretch in
the circumferential direction. Similarly, three animals showed large positive Ej; in the border
zone, which suggests that the border myocardium was also stretched in the longitudinal
direction during active contraction (Fig. 7). There was a significant transmural gradient
between the epicardium and endocardium in E,, Ecc, and E,j in the remote zone (P < 0.05),
and the transmural gradient was lost in both the infarct zone and the border zone.

In summary, the infarct zone was characterized by delayed electrical activation and abnormal
mechanics, including loss of transmural gradient and reduction of strain magnitude or abnormal
stretch. In the border zone, abnormal mechanics similar to that of the infarct zone was observed,;
however, the electrical activation time was not different from that of the remote zone.

DISCUSSION

To examine the electrical activation in the infarct border zone with depressed systolic function
in chronic M, the present study combined epicardial electrical recording and high-resolution
MR-based imaging techniques to examine the anatomic correlation of local depolarization,
myocardial scar, and systolic deformation of the heart.

Impact of infarct geometry on electromechanical properties in infarct zone

Recent studies have demonstrated that the DHE MRI technique allows accurate assessment of
infarct extentand geometry. The spatial extent of DHE was the same as that of myocyte necrosis
shown by triphenyltetrazolium chloride-stained pathology, independent of wall motion and
infarct age (24), and the clinical reproducibility of DHE for determination of infarct size and
distribution is highly comparable to that of routine clinical single-photon-emission computed
tomography (SPECT) (29). In addition, DHE is superior to SPECT in detection of
subendocardial infarcts (37).

Our high-resolution DHE MRI results show that the infarct geometry on the border is highly
complex (Fig. 2). The infarct was mostly nontransmural, and the infarct size was ~30% of the
LV; both observations are consistent with previous studies using a similar occlusion-
reperfusion infarct canine model (7,12,13,21,38). Traditionally, the infarct zone has been
associated with delayed electrical activation and slow conduction velocity (6,7,14,35). As a
result of the relatively small size and nontransmural geometry of the infarct, we observed
delayed electrical activation in a limited region of the infarct zone (Fig. 3). The nontransmural
geometry of the infarct in this model is due not only to reperfusion but also to rich collateral
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circulation intrinsic to the canine heart, compared with humans and other species such as swine.
Permanent coronary ligation in swine tends to result in a well-demarcated, transmural scar,
whereas the canine MI model in the present study is characterized by a relatively large volume
of viable myocardium over the infarct zone. Holmes et al. (18) studied systolic deformation of
the infarct zone in a small region in the LV free wall by permanent occlusion of obtuse marginal
branches of the left circumflex artery in swine. Despite impaired systolic shortening, they found
significant systolic wall thickening (E;) still present at 3 wk, which is suggestive of passive
deformation in the regions composed almost entirely of collagen (17). In contrast, our results
indicate significant impairment of systolic deformation and loss of transmural gradient in E,,
Ecc, and Ey, including systolic wall thickening in the infarct zone (Figs. 6 and 7). Therefore,
the difference in the infarct geometry appears to account for distinct characteristics in
mechanics as well as electrical activation.

Mechanism of impaired systolic function in infarct border zone

Limitations

We hypothesized that impaired systolic function in the infarct border zone may be partially
accounted for by delayed electrical activation. However, the electrical activation in the infarct
border zone was not delayed compared with that of the remote zone (Figs. 3 and 4), whereas
the systolic function of the border zone was depressed relative to that of the remote zone (Figs.
6 and 7). These findings indicate that electrical factors do not contribute to the impaired systolic
function in the border zone, but the border zone dysfunction most likely results from
mechanical interaction between ischemic and normal myocardium. Although the details of this
interaction are not fully understood, mechanical “tethering” due to high wall stress appears to
be a predominant mechanism (10,11,28,30,34,36). In addition, recent studies have
demonstrated that the LV myocardial shortening is regionally heterogeneous (39), and the
timing and the peak of shortening may be controlled by nonuniform prestretch from atrial
contraction via a regional Frank-Starling effect (40). Although we did not quantify prestretch
during atrial contraction in the border zone because we did not examine the time course of
finite strain, we speculate that a higher wall stress in the border zone may lead to a smaller
diastolic prestretch, which may contribute to generating delayed and little shortening.

Of note, our high-resolution motion-tracking MRI revealed a paradoxical systolic stretch
(eccentric contraction) in the border zone of some animals (Fig. 7). This systolic stretch is
clinically important because it may generate a stretch-activated ectopy to trigger reentry
ventricular arrhythmia in patients with ischemic heart. Whether the border zone undergoes
little shortening (isometric contraction) or stretch is most likely determined by the loading
conditions, the local material property during ventricular tension development, and the
ventricular geometry that dynamically changes as structural remodeling progresses. Anatomy-
based description of mechanics in the myofiber direction may identify the geometric and
hemodynamic factors that contribute to systolic stretch in the border zone.

In the present study, the 3D finite deformation of the LV wall was examined in open-chest,
anesthetized dogs. Therefore, our results may not precisely reflect the cardiac mechanics in
closed-chest, awake animals. The spatial registration error in this electromechanical mapping
technique has been reported previously to be 2.1 mm on average, with a precision of marker
localization in the images and on the excised heart of 1.0 and 0.7 mm, respectively (9). The
temporal resolution of electrical activation was 1 ms, and this means that the temporal error
was within approximately one sample point (=1 ms). Although this mapping technique assumes
that the heart is undeformed between the in situ and excised states without controlled perfusion
fixation in situ, previous studies in our laboratory (9) reported high precision in registering
electrode locations over the epicardial surface. Because of MR compatibility issues, the
electrical mapping in this study was limited to the epicardium. At present, commercially

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2008 May 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ashikaga et al.

Page 7

available basket catheters contain ferromagnetic material and would severely degrade image
quality. Clinical applicability of this technique to the study of cardiac electromechanics may
be limited by surgical intervention and mechanical restriction from the sock. Because of a
highly elastic property of the sock material, we anticipate that its mechanical restriction on the
heart was minimal, although we have not yet quantified this effect.

In conclusion, using a high-resolution electromechanical mapping system, we have
demonstrated that abnormal electrical activation is observed in a limited region in the infarct
zone, whereas the region of abnormal mechanics extends far beyond the infarct zone in chronic
MI. The infarct border zone is characterized by abnormal mechanics directly coupled with
normal electrical depolarization. These findings indicate that electrical factors do not contribute
to the impaired systolic function in the border zone, but the border zone dysfunction most likely
results from mechanical interaction between ischemic and normal myocardium.
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Fig. 1.

Epicardial electrical signals during a cardiac cycle (cycle length = 544 ms, heart rate = 110
beats/min) registered to a short-axis delayed hyperenhancement (DHE) MR image of the left
ventricle (LV) split into 32 sectors. Regions of bright intensity correspond to myocardial
infarction (MI). In this image, abnormal or delayed activation is seen in sectors 4 through 9,
whereas the infarct ranges from sector 3 through sector 14.

—
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Fig. 2.
Short-axis DHE image of MI from a single animal. Regions of bright intensity correspond to
MI. Note multiple interdigitations of viable myocardium within the infarct region.

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2008 May 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Ashikaga et al. Page 12

Infarct (%) Activation Time (msec)

Base

| &

Pos Sep Ant Lat Pos RV Ant Lat

Apex

Fig. 3.

Infarct depth and electrical activation from a single animal. A: infarct map (in %depth). B:
isochrone map of electrical activation time (in ms). The area circumscribed by a solid black
line represents the right ventricle (RV). The area circumscribed by a solid white line represents
the infarct zone in the anterior wall (the infarct zone in the septum is covered by the RV). Pos,
posterior wall; Sep, septal wall; Ant, anterior wall; Lat, lateral wall.
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Fig. 4.

Quantitative analysis of electrical activation time in each zone (n = 6). Electrical activation
time (in ms) was significantly increased in the infarct zone compared with that in the border
zone [31 (SD 9) vs. 19 (SD 2) ms, P < 0.05], whereas it was not significantly different between
the border zone and the remote zone [19 (SD 2) vs. 21 (SD 3) ms, P = not significant (NS)].
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Fig. 5.

Three-dimensional (3D) displacement map from a single animal. Each arrow represents a
displacement vector that points from the end-diastolic to the end-systolic configuration. The
magnitude of displacement is color coded. It is clear that the displacement magnitude in the
infarct zone in the anteroseptal wall (left) is small (purple to blue) compared with that of the
remote zone in the posterolateral wall (right, red to yellow).
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Fig. 6.

3D strain map from a single animal. The area circumscribed by a solid white line represents
the infarct zone. Radial (E), circumferential (E¢c), and longitudinal (E);) strains are shown.
The regions of abnormal strains, particularly E;;, extended far beyond the infarct zone, and the
strains were larger in the epicardium than in the endocardium. Epi, epicardial layer; Endo,
endocardial layer.
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Fig. 7.

Quantitative analysis of finite strain in each zone (n = 6). E;, E¢, and Ey; in both the infarct
zone and the border zone were significantly smaller than those in the remote zone (P < 0.05),
and there was no significant difference between the infarct zone and the border zone (P = NS).
There was a significant transmural gradient between the epicardium and endocardium in E,,
Ecc, and Ej; in the remote zone (P < 0.05), and the transmural gradient was lost in both the
infarct zone and the border zone.
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Heart rate, beats/min
LVP a0 MMHg
dP/dt,., MmHg/s
dP/dt,;,, mmHg/s
LVEDP, mmHg
LVEDV, ml
LVESV, mi

LVSV, ml

LVEF, %

CO, ml/min

121 (SD 19)
85 (SD 16)
1,713 (SD 661)
~1,515 (SD 643)
7(sD3)
40 (SD 6)
23 (SD 5)
17 (SD 2)
43 (SD 3)
2,058 (SD 517)

Values are means (SD). LVPmax, peak left ventricular (LV) pressure; dP/dtmax, peak positive change in pressure over time (dP/dt); dP/dtmin, peak
negative dP/dt; LVEDP, LV end-diastolic pressure; LVESV, LV end-systolic pressure; LVSV, LV stroke volume; LVEF, LV ejection fraction; CO,

cardiac output.
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