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Objective. The purpose of this study was to obtzin inaproved
detection and characterization of reemtrant circuii: in the n-
farcted human ventricle.

Background. The return path of reentrant veniricular arrhyth-
mias usually is not manifested in clinical mapping studies but is
thought to be formed by isolated bundles of surviving myocytes
whose presence is difficult to detect by standard recording tech-
nigues.

Methods. We obtained simultancous unipoiar and high gaii
bipolnr using a left i dial balloon
array in 10 pal:ents wnh chronic ischemic heart disease andergo-
ing i of tachycardia,

Resuits. "three patients demonstrated seven separate ventrice-
lar tachycardias that utilized a return tract that was mamfcs(cd on

paths at different times all in the same heart. In one patient, five
different ventriculer tachycardias could be induced, four of which
atilized such a sheet. Twa of these tachycardias had the same exit
point (site of origin) but two different entvy points with a leng and
shor: return path resulting in long and short tachycardia cycle
lengths. The sama sheet sustained anciker tachycardia with one
entry and two exit points resulting in two separaie “‘ites of
origin® on the endocardium. Sueh <*:: 5 also were seen ‘o inset
i6lo e ieli bumdle sysiem. fn one patient poriions of the sheet
conld be detected epicardiatly.

Conclusion. The existence of sech a structure of surviving
myscardium with fupttionai pleomornivim may account for na-

lained changes in ia cycle length, epicardial entrain-
ment and spontaneous morpholoeic changes during ventricular

up to 20% of all left ventricular electrode sites, The It
suggested an extensive sheet of surviving myocardial fibers with
multiple entry and exit points allowing for different reentrant

Ly

(¥ Am Coll Cardiol 1992;20:869-78)

In chronic ischemic heart disease, ventricular tachycardia is
believed to be due ta reentry. Evidence for this cause is
mostly indirect {1,2) because intraoperative mapping s\ dies
reveal the full reentrant circuit in only a minority of cases
(3-5). In >70% of mapping studies, a site of origin is
identified that is followed by radial spread of activation or an
incomplete circle with no manifestation of the return path.
Such paths are believed to exist but are thought to be forred
by isolated bundles of surviving riyvcyies whose presence is
difficult to detect by standard recording techniques (6). We
used simultaneous unipolar and high gain bipolar recordings
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to facilitate this detection and were surprised to find in some
patients evidence of an extensive sheet of surviving fibers
rather than isolated tracts. Muitiple connections between the
sheet and the surrounding myocardium aflowed for multiple
circuits of reentry to occur. We presem electrophysiologic
data supporting such a structural arrangenent of surviving
myocardium, and discuss its implications.

Methods

Patient selection. From March 1990 to April 1991, 10
patients with spontaneous recurrent ventricular tachycardia
and coronary artery disease underwent intraoperative bai-
Innn manch Luuiiansous unipolar snd bipolar record-
ings of left ventricular endocardial activation. Ali patients
underwent preoperative electraphysiologic studies during
which their clinical arrhythmias were reproduced by pro-
grammed electrical stimulation. The indication for surgery
was either refractory ventricular arrhythmias or unstable
angina in patients with medically controlled arrhythmias.
Informed consent was obtained for all preoperative and
intraoperative procedures.
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Table §. Findings in the Three Patients With a Broad Return Tract
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% of Endocardium Postoperative
Age (yof Cardiac No. of With Diastolic Eleclrophysiologic
Pt No. Gendar Infarct Site Areurysm Arrest VTs Potentials Study
1 S5IF Anteroseptal Yes Yes 2 19 Positive
2 61/F Anteroseptal Yes Yes 4 17 No clinical VT
3 55M Anteroseptal Akinesia Yes 1 12 Negative

All three patients underwent aneurysmectonmy and map-directed scar resection and cryoablation. F = female: M = male; Pt

tachycardia,

Recording electrodes. An array of silver bead electrodes,
mounted on a nylon mesh stretched over a couble latex
balloon, was used for endocardial mapping (7). Previously
we used single beads to record unipolar electrograms and
used adjacent beads in each row te provide bipclar efectro-
grams. In this study, each eiectrode consisted of a couplet of
two silver heads mounted 2 mm apart and sutured to the
nylon mesh. Tufl ted stai stecl was soldered to the
electrodes, which were arranged in a matrix of 112 elec-
trodes in 14 rows, each row extending from apex to base.
The interefectrode distances varied from 1 to 3 cm. A
matching sock array of button electrodes was used to obtain
simultanec s epicardial maps (8).

Mapping procedure. At operation, the patient was placed
on normothermic cardiopul y bypass. An el de for
ventricular stimulation was sutured over the right or left
ventricle. The compact deflated endocardial balloon (1.5 to
2 cm in diameter) was intreduced through a left atriotomy
{9). The balloon was advanced across the mitrai valve into
the left ventricle so that the first row of electrodes approxi-
mated the course of the left anterior descending coronary
artery. Stable electrograms were obtained by inflating the
battoon with dextrose solution. Approximately 60 ml ot‘
solution was ired and the p was

= patient; VT = ventricular

each of the button electrodes of the sock array were multi-
plexed and recorded on the video recorder as previously
described (7). A second recorder linked to a common time
code was used to record simultaneous high gain, close
bisolar signals from each of the endocardial bead couplets.
The input amplifiers were high impedance {field effect tran-
sistor input stage) and configured in a bipolar arrangement
with 2 gain of up to 3,000 and a 3 dE bandwidth of 50 to
200 Hz. The off-line records were used to provide 2 manuzlly
generated activation map with an accuracy of +4 ms. Local
activations were defined by the dominant negative deflection
on the isoelectric line and acuvntmn umes were measured
from a time ref d by the time code.
When an individual electrogram was not initially m!erpret-
ablc because of broad multiphasic deflections, revisw of

with less lex waveforms often
p d the deter of an ion time.
Results

Fuiicnis wiii a return truet. A broad return tract was
evident in 3 of the 10 patients who underweat simultancous
unipolar and high gain bipolar left ventricular endocardial

l 1 band Qial fenh

gl to prevent Intrinsic
balloon pressure was determined for incremental volumes of
solution before valiven iusciiion. When the balloon was
positioned and inflated in the left ventricle, pressure was
again recorded. Left ventricular end-diastolic pressure
equaled recorded pressure in the ventricie minus the intrin-
sic balloon pressure at the same volume. This pressure was
meintained at 15 to 20 mm Hg 0 reduce the likelihood of
compromising subendocardial blood flow. The sock array of
electrodes was then pulled over the heart and positioned so
that the first row of electrodes was aligned along the left
anterior descending artery. Contact between the electrodes
in the epicardium was facilitated by moistening the surfaces
with saline solution ard adjusting the tension of the suture
threaded through the mouth of sock that was positioned over
the ntricular groove. With the balloon and sock in
position, programmed stimulation was then performed wnh
use of the protocol that fully induced i

pping (Table 1). These three nonconsecutive patients had
a total of seven separate ventricular tachycardias that uti-
lized a return tract that was manifested on <20% of all left
ventricular endocardial electrode sites. Ia the other seven
patients, only a site of earliest activation, with no manifes-
tation of a return tract, was found.

Figure 1. This figure shows left ventricular endocardial
activation maps in a polar projection from one of these three
patients (Patient 1, Table 1). Panels A and B depict in 12-ms
isochrones the excitation sequence of two consecutive beats
of a ventricular tachycardia whose initiation is shown in
Figure 2. Each beat started with an elliptic band of excitation
high on the left ventricular septum and ended at an inferoap-
ical region 228 ms iater. The next beat of the tachycardia also
started on the scptum, at 408 ms. There appeared to be a
large spatial (7-cm) and a large temporal (180-ms) separation
between the end of one beat and the begmmns of the next
Close scrutiny of the local el

tachycardia at the preoperative elecirophysiologic study,
Recording system. Local unipolar electrograms from one
of each of the silver couplets on the balloon array and from

on virtually a full quadrant of the total endocar-
dium linking the latest activation of on¢ beat and the
beginning of the next. These diastolic potentials could be
identified stretching from apex to base on some electrode
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Figure 1 (above), Left ventricular endocardial activation maps
shown in a polar projection. Fourteen electrode rows {0 to 13}
extend from the basc (periphery) to the apex (center). Row 0 is
parallel to the course of the left anterior descending coronery artery.
A and B depict 12-ms isochrones of two consecutive beats of the
ventricular tachycardia shown in Figure 2. The first beat begins with
an elliptic band of activation (0 ms) acress electrode rows 0. 1 and 2
and ends at 228 ms in an inferoapical region, The next beat (B) starts
at 408 ms and follows a similar spread of activation. C shows the

ivati of diastolic ials linking the end of the first
beat and the start of the second (see text).

Figure 2 (below). Initiation of the ventricular tachycardia shown in
Figure |. The uppes panel shows bipolar (Ri) electrograms from row
3 from the base (upper tratings) to the apex {bottem tracings), and
the lower panel thows simultaneously recorded unipolar (Uni)
electrodes from row 5. Two premature paced beats are followed by
the first three beats of a sustained ventricular. Arrowheads in the
upper panel show left bundle branch potentials and in the lower
panel show diastalic potentials (see text). Calibration 103 ms, 10 mV
unipolar: | mV bipotar.

-
L)
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rows such as row 5 in Figure 2, lower panel. Local unipolar
electrograms of two premature stimuli are shown followed
by the first 3 beats of the ventricular 1achycardia. The
arrowheads indicate diastolic potentials extending from the
apex {bottom trace) to the base (top arrowhead). Condiction
preceeded cn a broad front (Fig. 1C) from the 232-ms
isochrone to the 324-ms isochrone in row 3. There. after a
53-ms clelay, the left bundle branch was engaged at 376 ms in
row 3 and at 388 and 392 ms in row 2 to complete the return
cycle to the start of the next beat at 408 ms

Figure 2. The upper panel of Figure 2 shows the left
bundle branch potentials (see arrowheads) on a bipolar
recording of electrode row 3 obtained at the same time as the
electrograms shown in the fower pane!, [dentical left bundle
branch p ials were d from these electrodes during
sinus riythm, and the surface configuration of the ventricular
tachycardia was virtually identica! to thai of sinus rhythm.

Figure 3. Figure 3 shows the surface electracardiogram
(ECG} during sinus rhythm (lower right panel) and dusing the
same induction of the ventricular fachycardia shown in

JACC Val. 20, No. 4
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Flgure 3. Left ventricular activation se-
quence {12-ms isochrones) during sinus
rhythm and during the ventricular tachy-
cardia shown in Figure 2. Surface elec-
trocariiogram (from top o bottom, feads
il, I, aVR, aVL, aVF and V) of the
initiation of that tachycarﬂla (VT) and of
sinus chythm (sinus) is shown in the
lower panels. Note the similar site of

L 1-.:1. ,,L,,M earliest activation and initial activation

;| sequence in both instances but slower
,\’__A | conduction and differenl terminal iso-
; 1.1 chrones. Arrowheads indicate premature

stimuli.

Figure 2. Cryoablation was applied during the tachycardia to
the region between the retrograde potentials and the left
bundle braach, and the tachycardia was terminated. Subse-
quently the tachycardia could not be reinduced at postoper-
ative testing.

Figure 4, Figure 4, from the same patient, shows the
epicardial activation sequence of the ventricular tachycardia
shown in Figure i, The earliest epicardial activation oc-
curred simultaneously at two separate sites (asterisks) 48 ms
after the earliest endocardial activation. The lower panet
shows unipolar epicardial electrograms from electrade row |
at the same moment of initiation of ventricular tachycardia
shown in Figure 2, Electrode row | of the epicardial sock
array was situated pver row S of the endocardial elecirode
array. The diastolic potentials observed over so much of the
endocardium also were manifested on the adjacent epicar-
dium but on only iwo electrodes (arrowheads). They ap-
peared 120 ms before the earliest epicardial breakthrough.

Figures 5 to 7. The electrogram in Figure S is from
Patient 2. Table 1. Paneis A and B show the left ventricular
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t-48ms

Figure 4. Global epicardial (EPIC} sequence of the
same tachycardia. The 2arliest epicardial activaton
occurred simultancously at two separate sites {aster-
isks) 48 ms after earliest endocardial activation. The
Tower panel shows local unipolar epicardial alactro- 1 yni
grams from electrode row | {f Uni) at the sams

2]
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EPIC

initiation of tachycardia shown in Figure 2. Arrow- | A
heads indicate lha( dlasmhc potentials were also ',/ SN
marifes'ed on the over & small Tegion 7 ~
and preceded epicardial brcakthrough by [20ms(see | "'\J N
text). Calibration 100 ms, 10 mV. t = time after .y TN
earfiest endocardial activation. SN
N

~N o~

; AN

NS

endscardial activation sequence during two consecutive
beats of tie ventricular tachycardia shown in Figure 6. upper
panel. Each beat of the tachycardia started on the second
electrode of row 3 (indicated as zero isochrone). Activation
proceeded on two encircling fronts moving around the base
with the latest activation occurring at the apex at {84 ms.
The next beat started 268 ms later at the same electrode as
before at 452 ms and followed a similar sequence. Superfi-

Figure 3 (below). A and B, Left ventricolar endocardial activation

(12-ms i of two ive beats of tachycar-
dla from a different patient. Each beat starts at a monofocal crigin on
the second electrode of row 3 and ends at the apex 184 ms later. C,
The earliest and latest isochrones were linked over a distance of
7 cm hy diastolic potentials that propagated slowly over a broad
front {see text),
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Figore 6. Local unipolar electrograms from two
ventricular tachycardias with the same endocardial
origin and the same surfaze configuration. Record-
ings are from electrode row 3. The upper panel
relates to the activation niaps shown in Figure 5.
The lower panel is from the maps shown in Figure 7.
Arrowheads indicate potentials forming part of the
return path {see text). Calibration 100 ms, 10 mV,

cially the tachycardia appeared to be unifocal in origin with
a spatial gap of at least 7 cm between the earliest and latest
isochrones. A detailed review of the local clectrograms
revealed that a large sector of the endocardium exhibited
diastolic potentials of the type shown in Figure 6, upper
panel. The sequence of these potentials (Fig. 5, panel C)
showed slow propagation of a broad activation front return-
ing from the apex to the site of initiation at the base. As in
Patient 1, there was evidence of an exteasive sheet of
subsndocardial fibers; however, the left bundle branch sys-
tem was not involved in the tachycardia circuit and there
was 710 epicardial manifestation of the diastolic potentials.
In the same patient, a second tachycardia could be
induced that had an identical surface configuration morphol-
ogy to that of the first but was much faster (tachycardia cycle
length 312 vs, 452 ms). The endocardial activation is shown
in Figure 7, panel A. Each beat of this tachycardia originated
at exactly the same site as before and proceeded in a similar

manter 1o encircle the apex, which was last to be activated
{at 168 ms). This time, however, diastolic potentials (Fig. 6,
lower panel) were seen along electrode row 3 that traced a
short path back to the site of origin. Figure 7, panel B shows
this return and panel C shows detailed activation times along
row 3. The fourth electrode from the base showed fraction-
ated activity (Fig. 6, lower panel) afier an initial activation at
112 ms with reactivation at 168 and 204 ms leading to
reactivation of the third electrode at 252 ms and the start of
the next cycle at 312 ms at the second electrode.

Figure 8. Panels A and B of Figure 8 are from the same
patient and show the endocardial activation sequence of two
beats of a third ventricular tachycardia, each beat of which
originated on two ceparate sites. Panel A shows that the site
of earliest activation accurred on the sixth electrode of row
7. Twelve milliseconds later a second site of activation
appears on the fifth electrode of row 4, sume 4 em distant
from the first. At 48 ms the two activation fronts had merged
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but were subsequently forced tn proceed around 2n arc of
block across the apex. The latesi activation occurred at the
apex on the distal side of the block at 224 ms. The next beat
of the tachvcardia (panel B) started at the same two sites as
before at 544 and 560 ms, both sites were about 3 cm distant
from the region of latest activation. Close examination of the
local electrograms revealed that this gap was bridged by a
meandering reactivation front shown in panel C.

Figure 9. The diasiolic potentials of the return front seen
on electrode row 6 of Figure 8C are shown in Figure 9. High
gain bipolar electrograms are shown in the lower panel and
simultaneously recorded unipolar electrograms in the upper
panel, The clearly discernible late diastolic potential indi-
cated by the arrowheads in the lower panel are barely seen in
the unipolar electrograms recorded from the same clec-
trodes. Unipolar recordings alone would not kave delineated
the reentrant sequence.

DOWNAR ET AL 875
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Figure 7. A, Laft venuricalar activation map (12-ms isuchrenes) of
tachycardia are shown in the lower panel of Figure 6. B and C,
Retorn path and activation times linking one beat to the next {see
textlh

Figure 10: summary of tachycardies. Figure 10 summa-
rizes the icul: hycardias p d in a single
conceptual synthesis. Rather than envisaging a single bundle
forming a rewrn path {panel A), an extensive sheet of
surviving intramural fibers is proposed, linked to the suben-
docardium by six connections (panel B). Three of thece 2ct

Figure 8. Left icul Jocardial activation of 2 tachycardi

with two separate endocardial origins. A and B show activation of
two consecutive beats. C shows details of diastolic activations
linking the two beats.
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Figure 9. Unipolar (Uni) and bipolar {Bi}
electrograms from electrode row 6 recorded
during the tachycardia shown in Figure 8.
Note thai the diastolic polentials easily seen
in the bipolar recordings (arrowheads in
lower panel) are barely visible on the simul-

3 taneously recorded unipoi>+ signals (upper
—_— > panel) (see text). Calibration 103 ms, 10 mY
B8i '/\L,’n,__w /k,,’\____\. upper panel, | mV lower panel.
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as *‘sinkholes’™ (shaded ovals) providing access from the
subendocardium, and three act as exit points (open ovals)
providing =gress from the sheet to the subendocardium. The
functional characteristics of these connections all differ
according to geometric and other considerations ar.* their
interplay in any given circumstance determines which reen-
trant route predominates. The connections may extend
directly to involve portions of the left bundle branch system
(panel C).

Discussion

Previous hypothescs of the mechanism of ventricular tachy-

earliest activation is immediately adjacent to the latest
activated region, diastolic potentials can sometimes be re-
corded spanning a small spatial temporal pap as in the case of
figure eight reentry (4). Such findings suggest a short narrow
path of reentry formed by a discrete bundle of surviving
muscle fbers (6,10). Most often the region of fatest activa-
tion is remote from the earliest activated region and no
recordings are obtained of any diastolic activity. Such cases
are still believed to be due to reentry despite the large spatial

| gaps. The | ions offered (6,10) are that the
tachycardia is cavsed by a microreentrant circuit smaller
than the spatial resolution of the mapping process, or that
there is a macroreentrant circuit whose return path remains

cardia. Most studies of ventricular tact utilizing
clinical mapping (3-5) idertify a discrete region of carliest
activation referred to as u “site of origin™ but rarely estab-
lish the mechanism of the tachycardia. When the region of

d d by the . It has been proposed (6) that
such a path may consist of a small isolated bundle of
surviving cells whose extraceilular potential would have an
amplitude measured in the microvoll range. Such activity
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Figure 1. Functional schematic based on
the cases discussed. Instead of envisaging
a single bundle forming a return path (A).
an extensive sheet is proposed, linked
with the subendocardium through multiste
connections {B). Some act as “sinkholes™
(shaded ovals). whereas others provide
exil paints (open ovals) to the subendocar-
dium. The cornections may involve por-
tions of the left bundle branch system (C)
{see texi).

would be undetectable to electrodes more than | mm away
(.

Present findings and the hypothesis of multiuse reentry ina
functional sheet of surviving myocardium. In the hope of
improving our ability to detect micropotentials. we used a
battoon array and recording system that aliowed register of
normal el and simull high gain close-
bipolar electrograms. There is always a concern that such
bipolar recordings may have produced artifactual diastolic
potentials. The fact that these recordings were not artifactual
is attested to by recordings such as those in Figure 9. which
show minimal unipolar manife station of very clear bipolar
electrograms. This upproacii was successful in clearly iden-
tifying activations that were not discernible on conventional
unipolar recordings from the same electrodes. The two
recording modes together were able to identify large regions
of subendocardium thar participated in the return portion of
the macroreentrant circuit, These findings are not consistent
with a small isolated bundle of surviving cell as has been
proposed. Rather the finding suggests a functional sheet of
surviving muscle, perhaps constituted by an extensive inter-
weaving of many muscle bundles. Such a sheet could ac-
count for the meandering sequence of activation seen in
some instances.

Two layers of surviving fibers? The subendocardial re-
gions that demonstrated diastolic activation aiso exhibited
fully developed local electrograms that swept rapidly over
the same region in systole. The direction of this systolic
activation was geicially the opposite of that in diastole, and
both activations often occurred within <150 ms of each
other or within the presumed refractory period of any one
site. These considerations suongly suggest two distinct
layers of surviving fibers—one immediately below the en-

a4
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array. it must be located in ciose proximity 10 the suben-
docardium. However, it is possible that portions of the sheet
are in a deeper i | or ¢ven sub dial location, as
evidenced by the recording shown in Figure 4. Sucl: exter-
nalization of poriions of a macroreentrant circuit could allow
for entrainment and successful laser photoablation of some
ventricular tachycardias from the epicardia! surface. Trans-
mural penetration of reentrant circuits is not a novel con-
cept, and successful treatment modalities directed from the
epicardium have recently been reported (12).

There may be multiple connections between the func-
tional sheet and the adjacent subendocardial muscle mass.
These may function either as routes of access to the sheet or
as exit points from the sheet to the subendocardium or even
to the left bundle branch system. The limited histologic data
available on connecting tracts describe abnormalities in
geometric arrangement and narrowed passages that may
engender anisotropic propertics to the peint of providing
unidirectional block (10.13,14). In Figure 8 two exits are
utilized almost simultancously, giving rise to two separate
sites of origin on the endocardivm. It would not be difficult to
envisage uader slightly different circumstances the canduct-
ing properties of these exits changing to allow only one to
operate. The futility of directing surgical ablation to a site of
origin in this situation need not be emphasized. Equally,
graded responses in one or both exits could provide an
interplay of relative contributions to global cardiac excita-
tion. which could manifest on the surface electrocardiogram
as a polymorphic venlricular tachycardia beyond the scope
of surgical ablation.

The routes of uccess to the sheet may have differing
[funciional properties according 10 the geometric detadt of
each connecting tract. IL might be reasonable to suppose

dium forming a mass of rapidly
myocardivm. The second layer is deeper and probably
discontinuous, formed by a smaller muscle mass of inter-
woven bundles. Because the existence of this functional
sheet can best be detected from the endocardial electrode

that cir favoring one access route might a2t an-
other time favor an ajternative access without a change in
the exit route, This occurrence would mean that the surface
configuration of a tachycardia would remain unchanged even
though the return route was changed, as in the example
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shown in Figures 5 and 7. This possibility might explain
some instances in which hemedynamically stable ventricular
tachycardia accelerates in response to overpacing to a rapid
malignant tachycardia with hemodynamic collapse. The con-
cept of a surviving sheet of muscle fibers with multiple
connections to a larger adjacent subendocardial muscle mass
can be compared to an electronic matrix. A multiplicity of
(veentrant) circuits is possible. Which circuit is actually
realized in any given circumstance is determined by an
interplay of the functional properties of the connections.
These in turn may be determined by individual details of
geometry, heart rate, autonomic tone, antiarthythmic drugs
and other as yet identified factors.

Limitations of ¢his study and implications. Detailed his-
tologic studics were not feasible in these intraoperative
mapping studies. In the absence of histologic correlates, the
concept that we propose has to be speculative and is further
limited because it is based on a small number of ohservations.

A further limitation is the clinical applicability of our
findings. We are not suggesting that all cases of ventricular
tachycardia in the setting of chronic infarction are supported
by such a “multiuse’’ reentrant sheet. Rather, we propose
that chronic infarction can result in an arrangement of
surviving muscle fibers that can range over a topologic
spectrum. At one end of this spectrum is the classical
isolated bundle with one entry and one exit point to tiic
subendocardial muscle mass, and at the other is the sheet
with multiple connections. The concepl of a surviving sheel
has the attraction of encompassing such disparate observa-
tions as pleomorphism, epicardial entrainment and acceler-
ations in tachycardia rate.
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