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Original research article

BACKGROUND: In vivo description of ventricular tachycardia (VT) circuits 
is limited by insufficient spatiotemporal resolution. We used a novel high-
resolution mapping technology to characterize the electrophysiological 
properties of the postinfarction reentrant VT circuit.

METHODS: In 15 swine, myocardial infarction was induced by left anterior 
descending artery balloon occlusion. Animals were studied 6 to 8 weeks 
after myocardial infarction. Activation mapping of VTs was performed 
by using the Rhythmia mapping system. Activation time was based on 
a combination of bipolar and unipolar electrograms. The response to 
overdrive pacing from different zones of the circuit was examined.

RESULTS: A total of 56 monomorphic VTs were induced (3.8±2.1 per 
animal). Among these, 21 (37.5%) were hemodynamically stable and 
allowed mapping of the circuit. Isthmuses were 16.4±7.2 mm long and 
7.4±2.8 mm wide. Conduction velocities were slowest at the inward 
curvature into the isthmus entrance (0.28±0.2 m/s), slightly faster at 
the outward curvature exit (0.40±0.3 m/s) and nearly normal at the 
central isthmus (0.62±0.2 m/s). In 3 animals, 2 VT morphologies with 
opposite axes sharing the same isthmus were mapped. Conduction 
velocities within the shared isthmus were dependent on the activation 
vector, consistently slower at the proximal curvature. Overdrive pacing 
from isthmus sites determined by activation mapping was consistent with 
entrainment criteria for isthmus. However, dimensions of the isthmus 
defined by entrainment exceeded dimensions of the isthmus measured by 
activation mapping by 32±18%.

CONCLUSIONS: In postinfarction reentrant VT, conduction velocities 
are slowest at the proximal and distal curvatures. Entrainment mapping 
overestimates the true size of the isthmus. High-resolution activation 
mapping of VT may better guide ablation therapy.
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sustained monomorphic ventricular tachycardia (VT) 
attributable to previous myocardial infarction is usu-
ally caused by myocardial reentry in the so-called bor-

der zone of the infarct.1–3 In this zone, coupling between 
muscle bundles is reduced because of fibrosis, diminished 
gap junction density, and alternation in gap junction dis-
tribution and function.4,5 This can result in either fixed or 
functional conduction block facilitating reentry using a pro-
tected channel isthmus.6

Mapping reentrant VTs is a clinical challenge and dif-
ficult to achieve. Activation and entrainment mapping 
can localize the circuit including its protected isthmus; 
however, this is often time consuming and limited to he-
modynamically tolerated arrhythmias. As a result, abla-
tion strategies are often limited to substrate mapping 
(low voltage and abnormal electrograms). Although this 
approach can be effective in postinfarction patients, ar-
rhythmia recurrence is common.7 One limitation of sub-
strate-based mapping stems from the fact that lines of 
block including the protected isthmus may be partially 
functional with relative paucity of abnormal electrograms 
during sinus rhythm.8 As such, activation mapping of 
VT remains a desired strategy. It can identify isthmuses 
formed by either fixed or functional lines of conduction 
block. Termination with ablation is a proof that the targeted 

tissue is clinically relevant. Last, it may theoretically re-
quire less ablation.

There has been increasing interest to develop tech-
nologies that allow detailed and rapid activation map-
ping of arrhythmias. This includes catheters with multiple 
small and closely spaced electrodes, accurate time an-
notation of multicomponent electrograms, and software 
allowing automated rapid data collection. In this study, 
we used the Rhythmia high-resolution mapping system 
to: (1) examine the feasibility of mapping postinfarction 
reentrant VTs, (2) examine the electrophysiological prop-
erties of the isthmus, and (3) correlate the relationship 
between isthmus determined by activation and entrain-
ment mapping.

MethODs
swine infarct Model
We studied 15 swine with chronic anterior wall infarction. Our 
swine model has been recently described and closely approxi-
mates human subendocardial infarction and reentrant VT.9 In 
brief, Yorkshire swine (male, 30–35 kg) underwent selective 
balloon occlusion of the left anterior descending artery for dura-
tion of 180 minutes. After 6 to 8 weeks, the animals underwent 
an electrophysiology study and mapping of VT. Cardiac MRI 
was performed 1 to 3 days before the electrophysiology study. 
This research was performed at the Beth Israel Deaconess 
Medical Center, Experimental Electrophysiology Laboratory in 
Boston, MA. The institutional animal care and use committee 
approved this research protocol.

electrophysiology study
The electrophysiology study was performed under general 
anesthesia with isoflurane inhalation. Percutaneous femo-
ral arterial and venous access were obtained. Under fluoro-
scopic guidance, a 6F pentapolar diagnostic catheter (Bard 
EP, Lowell, MA) was placed in the right ventricular (RV) apex to 
allow pacing and to act as an intracardiac activation reference. 
The proximal electrode was positioned in the inferior vena cava 
and served as an indifferent unipolar electrode. Unfractionated 
heparin was administered to maintain an activated clotting time 
of 300 to 400 s for the duration of the procedure.

Electric stimulation was performed from the RV apex using 
a current strength twice the capture threshold and pulse width 
of 2.0 ms. Programmed ventricular stimulation at paced cycle 
lengths of 600 and 400 ms with 1 to 4 extrastimuli down to 
ventricular effective refractory period were performed to induce 
VT. If electric stimulation from the RV apex failed to induce VT, 
stimulation was repeated from the RV outflow tract followed by 
the left ventricle (LV). We attempted to map all hemodynamically 
tolerated monomorphic VTs. These were defined as VTs with a 
systolic blood pressure ≥80 mm Hg. If the VT was not hemo-
dynamically tolerated, it was terminated by pacing or electric 
cardioversion. In these cases, inotropic support (phenylephrine 
bolus of 5–10 mg) was administered to increase the blood pres-
sure before the next attempt to induce VT. Furthermore, if the 
tachycardia cycle length (TCL) was ≤220 ms, procainamide (5 
mg/kg bolus followed by infusion at a rate of 2–4 mg/min) was 
administered in an attempt to increase the TCL.

clinical PersPectiVe

What is new?
•	 The common channel isthmus of infarct-related ven-

tricular tachycardia circuits is formed by functional 
rather than fixed line(s) of block: the lateral boundar-
ies of the isthmus allow conduction through them that 
is sufficiently slow to protect the common channel 
and allow propagation of the orthodromic wave front.

•	 The zone(s) of slow conduction within the reentrant 
circuit are the inward (entrance) and outward (exit) 
curvatures, while conduction velocity in the common 
channel itself is nearly normal.

•	 Entrainment mapping overestimates dimensions of 
the isthmus. Specifically, exit sites based on entrain-
ment criteria may be well past the true exit as deter-
mined by activation.

What are the clinical implications?
•	 Barriers forming the isthmus during ventricular 

tachycardia are not always present during sinus 
rhythm, highlighting the limitations of current sub-
strate-based mapping techniques.

•	 Because conduction slowing is a prerequisite for 
reentry to occur, ablation at zones of high curvature 
may be an attractive target for ablation.

•	 Entrainment from true exit sites within or proximal 
to the outward curvature have postpacing interval 
values of ≤10 ms.D
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activation Mapping
Activation mapping was performed using the Rhythmia map-
ping system with its proprietary Orion 64-electrode minibasket 
catheter (Boston Scientific, Cambridge, MA). The minibasket 
catheter is an 8F catheter that consists of 8 splines, each con-
taining 8 small electrodes. The surface area of each electrode 
is 0.4 mm2 and the interelectrode spacing is 2.5 mm mea-
sured from center to center. The minibasket is expendable to a 
nominal diameter of 18 mm and a maximal diameter of 22 mm 
(measured at its equator). The length of the basket from pole 
to pole is 23 mm.10 Local activation was determined based 
on the combination of the bipolar and unipolar electrograms 
and timed at the maximal (–)dV/dt of the local unipolar electro-
gram. At sites with multicomponent and fractionated bipolar 
potentials, the activation time was determined by the maximal 
(–)dV/dt of the corresponding unipolar electrograms (Figure 1). 

Data acquisition during VT was automatic with the following 
beat acceptance criteria: (1) 12-lead ECG morphology match; 
(2) TCL stability (±5 ms); (3) time stability of a reference elec-
trogram positioned at the RV apex; (4) beat-to-beat ECG con-
sistency (≥3 beats with similar electrogram morphology and 
timing); and (5) respiratory stability allowing data acquisition 
at a constant respiratory phase. Bipolar electrograms were fil-
tered at 30 and 300 Hz. Unipolar electrograms were filtered 
at 1 and 300 Hz. Selected electrograms had bipolar voltage 
amplitude >0.03 mV (2-fold higher than the noise level in our 
laboratory). All electrograms were reviewed offline using elec-
tronic calipers at similar gain and paper speed of 200 mm/s.

Mapping of the LV was performed using a retrograde 
transaortic approach by slowly navigating the steerable mini-
basket catheter throughout the entire chamber. We attempted 
to include only data points in contact with the endocardial 

Figure 1. local time annotation of complex electrograms. 
This figure demonstrates the method of local time (activation time) annotation using a combination of bipolar and unipolar 
electrograms. Left upper,  Activation time annotation of a normal triphasic electrogram during sinus rhythm. Activation time is 
annotated at the dV/dtmax of the unipolar electrogram (Uni), coinciding with the peak of the bipolar (Bi) electrogram (red arrows). 
Middle upper, Activation time annotation of a fractionated electrogram during ventricular tachycardia (VT). The bipolar electro-
gram contains 2 separate high-frequency components marked with yellow and red arrows. The first component of the bipolar 
electrogram coincides with dV/dtmax of Uni2 (yellow arrows), whereas the second component of the bipolar electrogram coincides 
with dV/dtmax of Uni1 (red arrow). Thus, activation time of this bipolar electrogram is separated into 2: the first component is 
annotated at the location of Uni2 and the second component is annotated at the location of Uni1. Right upper, Local activation 
time of a split electrogram during VT. The local activation time coincides with the peak of the first component (yellow arrow) as 
determined by the dV/dtmax of the unipolar signal. Left lower, Activation time annotation of a multicomponent electrogram during 
sinus rhythm. The local activation time is marked at the terminal component of the bipolar electrogram, coinciding with the dV/
dtmax of the unipolar signal (yellow arrow). Right lower, Activation time annotation of a complex split and multicomponent electro-
gram during right ventricular paced rhythm. The local activation time is marked at the late potential based on the maximal dV/dt.
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surface. This included points within 2 mm from the cardiac 
MRI registered LV endocardial surface that had ≥3 consecutive 
beats with similar and distinct near-field electrogram morphol-
ogy and stable activation timing.

Following completion of the activation map, the unipolar 
data were displayed using isochrones drawn at 10-ms intervals 
and colored on a color scale from red to purple, intersecting 
the middiastolic electric phase. Every color band represents 
conduction over a 10-ms interval.

Definitions Used for interpretation  
of activation Maps
Mapping of a macroreentrant VT was considered complete 
when: (1) ≥90% of the TCL was mapped; (2) a channel of 
conduction isthmus was identified; and (3) mapping density at 
zones of slow conduction was adequate, limiting data interpo-
lation between points to ≤3 mm. The mechanism of the tachy-
cardia was defined as macroreentry or focal on the basis of 
the activation map. Macroreentrant circuits had a well-defined 
entrance site (inward curvature), common pathway (isthmus), 
and separate exit site (outward curvature). The entrance was 
defined as the site at which the orthodromic wave front enters 
to the common pathway (inward curvature), whereas the exit 
was defined as the site at which the orthodromic wave front 
exits the common pathway (outward curvature). Microreentry 
was defined as a tachycardia with a point source and centrifu-
gal spread of activation that can be entrained with overdrive 
pacing. Fractionated signals were defined as those with ≥5 
deflections crossing the isoelectric baseline. Split potentials 
were defined as those with ≥2 separate deflections separated 
by an isoelectric interval ≥30 ms. Split potentials could have 
occurred during the QRS or after the QRS (ie, late potentials).

Definition Used for interpretation  
of entrainment Map
After completion of the activation map, overdrive pacing was per-
formed at selected sites of macroreentrant circuits as determined 
by activation mapping. These sites included some or all of the fol-
lowing: (1) inward curvature entrance, (2) isthmus common chan-
nel, (3) outward curvature exit, and (4) remote RV and LV sites. 
The number of pacing sites during VT depended on the hemody-
namic tolerance of the arrhythmia. Pacing was performed from 
the minibasket electrodes at a cycle length 10 to 25 ms faster 
than the TCL. If pacing entrained the tachycardia with concealed 
fusion, the postpacing interval (PPI) and the S-QRS were analyzed 
to determine whether the site was in the reentry circuit using con-
ventional criteria.11 Concealed fusion was considered when the 
pacing morphology was identical to the VT morphology at all 12 
ECG leads. The PPI was measured from the pacing stimulus of 
the last paced beat to the initial deflection of the first return VT 
beat at the pacing site. A pacing site demonstrating concealed 
fusion, PPI-TCL ≤30ms, and S-QRS ≤70% TCL was considered 
to be located within a protected isthmus of the reentrant circuit.

Measurement of isthmus Dimensions
Dimensions of the isthmus (common channel) were calculated 
separately from the activation and entrainment maps. From the 
activation map, the length of the isthmus was measured as 

the shortest distance between the proximal curvature entrance 
to the distal curvature exit of the common channel, whereas 
its width was measured from one apparently nonconductive 
lateral barrier to the opposing parallel nonconductive barrier. 
Dimensions of the common channel using entrainment were 
based on the zone that includes sites with concealed QRS 
fusion, PPI-TCL ≤30 ms, and S-QRS of 0% to 70% of the TCL.

Measurement of Propagation Velocity
Assessment of conduction velocity in the reentrant circuit was cal-
culated by using the single-vector method from the high-density 
endocardial mapping defined as ≥25 points/cm2.12,13 In brief, 
recording sites were selected on a line longitudinal and perpen-
dicular to the isochronal lines. The longitudinal and transverse 
conduction velocities were calculated from the difference in timing 
and the known distance between the recording points. Conduction 
velocity was then calculated for the mean vector of propagation.

statistical analysis
Descriptive statistics are reported as mean±standard deviation, 
median, and range for continuous variables and as absolute fre-
quencies and percentages for categorical variables. Comparison 
between conduction velocities at different zones of the reentrant 
circuit for each VT was calculated using the ratio paired Student 
t test and reported as the logarithmic value of the ratio with the 
95% confidence interval. Comparison between differences of 
mean velocity in each zone of the circuit for all VTs was calcu-
lated by using the unpaired Student t test. Comparison between 
dimensions of the isthmus as measured by activation and entrain-
ment mapping was performed using the paired Student t test. A P 
value of <0.05 was considered statistically significant. Analyses 
were conducted using Prism 6 (La Jolla, CA).

resUlts
Vt characteristics
A total of 56 sustained monomorphic VTs were induced 
in 15 swine (3.8±2.1; median 3; 1–5). Among these, 21 
VTs (37.5%) were hemodynamically tolerated and sus-
tained for 7.2±3.7 minutes (median 8; 5–12). Activation 
mapping of these VTs was consistent with a macroreen-
try mechanism in 18 of 21 tachycardias (86%) and focal 
origin in 3 of 21 tachycardias (14%). The mean TCL of 
the mapped VTs was 324±124 ms (median 346; 260–
435). The predominant axes were left-bundle left superi-
or (43%), right-bundle left superior (29%), and left-bundle 
right inferior axis (14%). Cardiac MRI demonstrated late 
gadolinium enhancement in the anterior septum with wall 
motion abnormalities and an overall reduced LV ejection 
fraction of 37.5±12.

activation Mapping of the Macroreentrant circuit
Mapping Resolution
The mean number of activation points per VT map was 
8240±3326 (median 9080; 4916–21 118). The mean 
number of activation points per square centimeter of 
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endocardial surface area was 82±66 (median 52; 16–
148). This dense activation map permitted construct-
ing detailed activation maps. Figure 2 shows activation 
maps of 2 mapped VTs. Movie I in the online-only Data 
Supplement shows the propagation map of a reentrant 
VT. The most frequent circuit shape was figure-eight re-
entry circuit (14/18) followed by a single-loop reentry 
circuit (2/18), and Y-shaped reentry circuit (2/18; Fig-
ures 2 and 3).

The 64-electrode basket catheter acquired an aver-
age of 12±6 (median 12; 4–18) electrograms at each 
tachycardia beat. This is because the circular basket 
catheter only had an average of 2 splines that were in 
contact with the endocardial wall, whereas the remaining 
6 splines were facing the blood pool.

characteristics of the common channel
Proximal Curvature (Entrance)
At entrance sites, the linear excitation wave front 
assumed a curved shape. The excitation wave front 
curved inward (convex) and propagated slowly to-
ward the common channel (Movie I in the online-only 
Data Supplement). At this proximal curvature, con-
duction velocities become slower in comparison with 
the outer loop by a factor of 0.52 (95% confidence 
interval, 0.45–0.58; P<0.001). The mean conduction 
velocity decreased from 0.78±0.2 to 0.28±0.2 m/s 

(P<0.01). Figure 3 shows isochronal map of propaga-
tion derived from the dV/dtmax within the reentrant cir-
cuit. Conduction velocities at the proximal curvature 
were the slowest in the reentrant circuit as shown by 
increased isochronal density, occupying 32% (median 
36%; 24%–45%) of the TCL.

At this curved zone of slow conduction, electro-
grams during VT were predominantly fractionated (85%; 
1780/2100). Split potentials were also present (24%; 
496/2100). Figure 4 shows frequent electrograms pres-
ent at each zone of the reentrant circuit.

Common Channel (Midisthmus)
The common channel was characterized by linear propa-
gation in a 2-dimensional structure bounded by 2 laterally 
opposing zones of very slow conduction propagating in a 
transverse orientation to the orthodromic wave front (Fig-
ure 3). As the excitation wave front entered the common 
channel, conduction velocities became faster in compari-
son with the proximal curvature by a factor of 2.88 (95% 
confidence interval, 1.89–4.16; P<0.01). The mean con-
duction velocity increased from 0.28±0.2 to 0.62±0.2 
m/s (P<0.01). The more rapid conduction velocity at the 
common channel is demonstrated by reduced isochronal 
density. The parallel lateral boundaries of the common 
channel were similar in length in 7 of 18 (39%) and differ-
ent in lengths in 11 of 18 (61%) as demonstrated in Fig-
ure 4, highlighting the complex structure of the isthmus.

Figure 2. activation map of reentrant ventricular tachycardias. 
Activation maps of ventricular tachycardias (VT) in the anterior-septum of the left ventricle. Left, Reentrant figure-eight circuit with 
a separate entrance, common channel, and exit. The entrance is characterized by convergence of the 2 activation wave fronts, 
forming a convex-shaped curvature with a wave front propagating toward the common channel. The common channel isthmus is 
bounded by 2 lateral lines of block (or pseudoblock, allowing very slow conduction). The exit is characterized by concave-shaped 
curvature with divergence of wave fronts in front and lateral to the common channel. Right, Another example of figure-eight reen-
trant VT with an opposite axis. The arrowheads mark the proximal curvature (entrance) into the common channel. EGM indicates 
electrogram.
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The lateral boundaries of the isthmus did not form 
lines of complete conduction block, but rather allowed 
slow transverse conduction through them, consistent 
with pseudoblock rather than the true line of conduc-
tion block (Figure 3). The transverse conduction velocity 
across the lateral boundaries was 0.05±0.02 m/s, suf-
ficiently slow to protect the common channel and allow 
propagation of the orthodromic wave front.

Electrograms at the common channel were predomi-
nantly split (90%; 3790/4223) whereas fractionated sig-
nals were less common (41%; 1739/4223). Split poten-
tials frequently showed opposite unipolar electrogram 
polarity with an 180° difference in the activation vector, 
consistent with 1 wave front propagating orthodromical-
ly in the isthmus and a second wave front propagating in 
the opposite direction at the outer loop (Figure 4).

Distal Curvature (Exit)
The distal curvature exit was characterized by outward 
(concave) curvature of the activation wave front with sig-
nificant conduction velocity slowing in comparison with 
the common channel. At exit sites, conduction velocities 
become slower than the common channel by a factor of 
0.66 (95% confidence interval, 0.38–0.72; P=0.022). 
The mean conduction velocity slowed from 0.62±0.2 to 

0.40±0.3 m/s (P<0.01). At exit sites, linear wave front 
propagation assumed a curved shape. The excitation 
front curved outward (concave) and propagated slowly 
as showed by increased isochronal density (Figure 3).

At this curved zone, electrograms were predomi-
nantly fractionated (87%; 4501/5174). Split potentials 
were also present frequent (39%; 2024/5174). Figure 4 
shows typical electrograms present at exit sites.

Outer Loop
The outer loop was characterized by linear propagation 
of the excitation wave front along the outer borders of 
the common channel (Figure 3 and Movie I in the online-
only Data Supplement). The vector of propagation in the 
outer loop was 180° opposite to the orthodromic wave 
front of the common channel. Electrograms at the outer 
loop were predominantly split (78%; 3298/4227) similar 
to electrograms recorded in the common channel (Fig-
ure 4). However, in contrast to electrograms recorded 
in the common channel, the local outer loop signal oc-
curred during ventricular activation within the QRS com-
plex, whereas the second signal originating in the com-
mon channel occurred during electric diastole.

In 3 animals, 2 distinct VT morphologies with oppo-
site axes were mapped (total of 6 VTs). In these cases, 

Figure 3. isochronal maps of reentrant ventricular tachycardia.
Isochronal maps (10-ms steps) derived from the unipolar dV/dtmax of the 2 ventricular tachycardia (VT) circuits. Left, Figure-eight 
reentrant VT with increased isochronal density at the proximal curvature (entrance), suggestive of decreased conduction velocity 
(dashed white arrows). Conduction velocity within the common channel is increased as suggested by reduced isochronal density 
(solid white arrow). At the distal curvature (exit), conduction velocity is again slowed as demonstrated by increased isochronal 
density (dashed white arrows). The lateral boundaries of the isthmus are characterized by increased isochronal density sugges-
tive of conduction of slowing (gray dashed arrows). Conduction along the outer boundaries of the isthmus, in the outer loop, is 
rapid and opposite in direction to the orthodromic wave front of the common channel (white arrows). Right, Isochronal map of a 
Y-shaped reentrant VT circuit with similar conduction velocity pattern. Conduction velocities are slowest at the proximal and distal 
curvatures but nearly normal in the common channel.
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entrance of one VT became the exit of the second VT. 
These cases allowed us to examine whether conduction 
velocities in the circuit were fixed or rather influenced 
by the wave front vector of the tachycardia. Conduction 
velocities were consistently slower at the zones of cur-
vature than at the noncurved zone of linear wave front 
propagation. Furthermore, conduction velocities were 
slowest at the inward curvature, such that when the exit 
of 1 VT became the entrance of a second VT, conduction 
velocities at the entrance site decreased from 0.44±0.2 
to 0.29±0.2 m/s; P=0.01 (Figure 5). These data sug-

gest that conduction velocities in the reentrant circuit 
are not fixed but rather dependent of wave front propa-
gation, and slowest at the inward curvature.

axis and Dimensions of the isthmus
A total of 15 distinct isthmuses were identified in 18 mac-
roreentrant VTs mapped. Three VTs shared a common 
isthmus as described above. The axis of the isthmus 
was uniformly oriented parallel to the long axis of the 
ventricle (±30°). As the submyocardial fiber orientation in 

Figure 4. electrogram characteristics at various zones of the reentrant circuit.
This figure shows 4 panels with electrogram characteristics of entrance, isthmus, exit, and outer loop of a reentrant ventricular 
tachycardia circuit. Each panel includes 3 surface electrocardiographic leads (I, II, V1), bipolar (Bi) electrogram with its 2 cor-
responding unipolar (Uni1 and Uni2) electrograms. Left upper, Characteristic electrogram recorded at an entrance site. The bipo-
lar electrogram is fractionated and of long duration. This is attributable to increased curvature with slower conduction velocity 
at the entrance zone. The local activation time is at the early diastole (red arrow) as determined by the dV/dtmax of the unipolar 
electrogram. Left lower, Characteristic electrogram recorded at an isthmus site. The bipolar electrogram displays a split signal 
with a near-field middiastolic signal (red arrow) and a far-field systolic signal (yellow arrow). The diastolic signal derives from 
the orthodromic wave front propagation within the common channel, whereas the systolic signal derives from the wave front 
propagating in the opposite direction at the outer loop. This is demonstrated by the reverse electrogram polarity of the unipolar 
electrogram. Right upper, Characteristic electrogram recorded at an exit site, displaying a fractionated signal, consistent with 
increased curvature with slower conduction velocity at exit sites. Right lower, Characteristic electrogram recorded at outer loop 
sites. The bipolar electrogram is split similar to electrograms recorded at isthmus sites. However, in contrast to electrograms 
recorded in the isthmus, the local near-field signal determined by the unipolar dV/dtmax occurs during ventricular activation (red 
arrow), whereas the far-field signal originating in the isthmus occurs during diastole (yellow arrow).
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the LV is parallel to the long axis of the ventricle, the axis 
of the isthmus was also parallel to the submyocardial fi-
ber orientation. The length of the isthmus was 16.4±7.2 
mm long (median, 16.2 mm; range, 11.6–23.4 mm). 
The width of the isthmus was 7.4±2.8 mm (median, 7.8 
mm; range, 5.6–16.1 mm).

entrainment Mapping of the Macroreentrant 
circuit
Entrainment From Within the Circuit
Entrainment was performed from 7 proximal isthmus 
sites (inward curvature entrance), 14 midisthmus sites, 
17 distal isthmus sites (outward curvature exit) sites, and 
11 outer loop sites. Entrainment from midisthmus sites 
resulted in concealed QRS fusion and PPI-TCL of 5±2 

ms (median 3; 0–8). Entrainment from entrance sites 
resulted in either concealed QRS fusion (5 VTs) or mani-
fest QRS fusion (2 VTs). In the cases of manifest QRS 
fusion, the early stimulus at entrance sites propagated 
antidromically to change the QRS morphology. The PPI-
TCL at entrance sites was 16±12 ms (median 8; 0–28). 
Entrainment from exit sites resulted in concealed QRS 
fusion and PPI-TCL of 5±5 ms (median 2; 0–10). Entrain-
ment from outer loop sites resulted in QRS fusion and 
PPI-TCL 9±6 ms (median 5; 0–15).

Entrainment From Outside the Circuit
Entrainment was performed from 34 remote LV and RV 
sites. Entrainment from these sites resulted in mani-
fest QRS fusion and PPI-TCL of 56±24 ms (median 54; 
32–80) in all 8 RV pacing sites and in 12 LV pacing 

Figure 5.  conduction velocities in the isthmus are influenced by the vector of propagation. 
Example of 2 ventricular tachycardias (VTs) with opposite axes sharing 1 isthmus. VT-1 had a right bundle-branch block pattern 
with an inferior axis, whereas VT-2 had a right bundle-branch block pattern with a superior axis. The tachycardia cycle length 
was similar at 460 and 463 ms, respectively (Left and Right lower). The isochronal map of VT-1 shows maximal isochronal 
density, suggestive of slowest conduction velocity, at the proximal curvature (entrance). Once the wave front reaches the com-
mon channel isthmus, conduction velocity is increased as marked by lower isochronal density (solid arrow). At the distal curva-
ture (exit), conduction velocity is slowed again as suggested by increased isochronal density (dashed arrows). During VT-2, the 
wave front of propagation is reversed, such that the entrance of VT-1 becomes the exit of VT-2 and the exit of VT-1 becomes 
the entrance of VT-2. The isochronal map of VT-2 shows maximal isochronal density at the proximal curvature (entrance), 
suggesting that conduction velocity within the circuit is not fixed to the underlying substrate but rather functional, consistently 
slower at the proximal curvature.
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sites. In 14 LV pacing sites distal to the exit site (me-
dian 12 mm; 10–28 mm), entrainment resulted in con-
cealed QRS fusion with PPI-TCL of 22±8 ms (median 
20; 14–30). These sites, although outside the circuit 
as determined by activation mapping, were considered 
to be within the reentrant circuit as determined by en-
trainment criteria. These sites were termed pseudo-
exit sites (Figure 6). In comparison to true exit sites, 
pseudoexit sites had longer PPI and shorter S-QRS. 
The Table summarizes the electrogram characteristics 
and response to entrainment in various parts of the 
reentrant circuit.

Dimensions of the Isthmus: Comparison Between 
Activation and Entrainment Mapping
In 11 VTs, detailed interrogation of the isthmus with en-
trainment mapping allowed measurement of its length. 
The length of the isthmus measured by entrainment map-
ping was 22% to 50% longer than the same isthmus de-
fined by activation mapping (23.4±8.0 mm[12.8–36.0 
mm] versus 18.4±7.2 mm [11.6–23.4 mm]; P=0.04). 
The increased length of the isthmus measured with en-
trainment was at the exit of the circuit in all cases. This 
observation was consistent between all 11 VTs, all with 
a figure-eight reentry configuration.

Figure 6.  entrainment criteria overestimate the dimensions of the isthmus. 
Left upper, Example of a monomorphic VT mapped using both activation and entrainment techniques. The length of the isth-
mus determined by activation mapping was measured from the proximal curvature (entrance) to the distal curvature (exit) and is 
highlighted in a red dashed ellipse. Dimensions of the isthmus were also measured using standard entrainment criteria and included 
sites with concealed QRS on all 12 ECG leads and PPI-TCL ≤30 ms (gray dashed rectangle). Although the 2 methods similarly identi-
fied the proximal curvature (entrance) and the width of the common channel, entrainment mapping overestimated the length of the 
isthmus, particularly at the exit site. The pseudoexit is the zone considered part of the circuit using entrainment mapping but not 
part of the circuit by activation mapping (black dots). Lower, An example of entrainment from a pseudoexit site (electrode, Right 
upper). The bipolar electrogram at the pacing site occurs just before the QRS complex (EGM to QRS of 36 ms; 9% of the TCL). 
Entrainment from this site resulted in concealed QRS fusion, as the stimulated pacing site assumes a similar wave front vector to 
the VT (solid arrow). However, in contrast to a true exit site, pacing from a pseudoexit site resulted in a longer PPI with PPI-TCL of 
25 ms. This is because the pacing site is beyond the distal curvature (white arrows) and propagation of its wave front in the figure-8 
configuration (black arrows) assume a curvature shape that encounters a partially refractory tissue, both result in slower conduction 
and prolonged postpacing interval. EGM indicates electrogram; PPI, postpacing interval; and TCL, tachycardia cycle length.
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To preserve the ventricular structure for future cor-
relation with the underlying substrate, we did not per-
form ablation at critical sites that could have poten-
tially altered the tissue and limit histological analysis. 
However, the accuracy of the activation mapping was 
additionally validated by the response to subthresh-
old stimulation from different zones of the circuit. Al-
though we did not systematically perform subthreshold 
stimulation testing as part of the protocol, overdrive 
pacing at an output that was too low to capture the 
ventricular tissue occurred in 9 midisthmus sites and 
in 14 nonisthmus sites. Subthreshold pacing from isth-
mus sites terminated the VT in 5 of the 9 cases (3 
separate circuits in 3 different animals). In particular, 
in 1 of these 3 circuits, subthreshold stimulation from 
the isthmus terminated the VT reproducibly 3 repeated 
times (Figure 7). In contrast, subthreshold stimulation 
from nonisthmus sites did not terminate the VT (0/14 
in 4 different animals).

DiscUssiOn
Major Findings

1.  This study demonstrates the feasibility to map 
reentrant VTs using Rhythmia high-resolution map-
ping technology. It allows detailed activation map-
ping of the reentrant circuit, including its protected 
isthmus.

2.  The zone(s) of slow conduction within the reentrant 
circuit are the inward (entrance) and outward (exit) 
curvatures, whereas conduction velocity in the 
common channel itself is nearly normal.

3.  The common channel is protected by laterally 
opposing lines of functional block. These allow a 
very slow transverse conduction that is sufficiently 
slow to protect the common channel, allowing par-
allel propagation of the orthodromic wave front.

4.  Conduction velocities within the reentrant circuit 
are dynamic and influenced by the vector of wave 
front propagation, such that the zone of slow con-
duction is not geometrically fixed, but rather influ-
enced by properties of anisotropic conduction.

5.  Entrainment mapping overestimates dimensions 
of the isthmus. Specifically, exit sites based on 
entrainment criteria may be well past the true exit 
as determined by activation.

In this study, we used a novel multielectrode mapping 
catheter capable of acquiring up to 64 simultaneous 
electrograms at each tachycardia beat, thus facilitat-
ing data acquisition and reducing mapping time. The 
increased number of electrograms combined with the 
small and closely spaced electrodes allowed in vivo 
mapping of infarct-related reentrant VT with a median 
spatiotemporal resolution of 52 electrograms/cm.2 
Activation maps were constructed at 10-ms isochrone 
steps.

Activation maps of postinfarction reentrant VTs dem-
onstrated distinct electrophysiological elements of reen-
try, including: (1) entrance of the orthodromic wave front 
into a protected channel; (2) protected channel isthmus 
bounded by 2 laterally opposing lines (functional) block, 
allowing orthogonal conduction of the orthodromic wave 
front in the isthmus; (3) exit of the orthodromic wave 
front into the remainder ventricle; (4) outer loops(s) con-
sisting of wave front propagating along the outer margin 
of the isthmus; and (5) remote ventricular sites that are 
not part of the reentrant circuit.

geometric architecture of the circuit
In this model of chronic anterior wall infarction, the 
predominant circuit configuration was a double loop 
(figure-of-eight) reentry as originally described by El 
Sherif.14 The axis of the isthmus was uniformly paral-

table.  response to Overdrive Pacing at Various Zones of the reentrant circuit

site egM Qrs Morphology PPi-tcl, ms egM-Qrs, % of tcl

Proximal curvature (entrance) Fractionated (85%) Concealed (5/7) 16±12
50–85

Split (24%) Fused (2/7)

Common channel (midisthmus) Split (90%) Concealed (7/7) 5±2
25–50

Fractionated (41%)

Distal curvature (exit) Fractionated (87%) Concealed (17/17) 5±5
10–25

Split (39%)

Pseudoexit * Fractionated (82%) Concealed (6/6) 22±8
0–10

Split (27%)

Outer loop Split (78%) Fused (11/11) 9±6 Negative (within  
the QRS)Fractionated (44%)

EGM indicates electrogram; PPI, postpacing interval; and TCL, tachycardia cycle length.
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lel to the long axis of the ventricle and bounded by 2 
parallel lines of block. This observation is consistent 
with postinfarction VT in the canine model. Wit and 
colleagues6 mapped the epicardium of subacute ca-
nine left anterior descending infarcts using an array 
of 192 bipolar electrodes during sustained VT. They 
found that lines of block during tachycardia were simi-
larly oriented parallel to the long axis of the LV, from 
base to apex. This appears to be consistent also in 
our human data of patients with left anterior descend-
ing infarction mapped with high-resolution mapping 
technologies (unpublished data). However, this may 
not be the case for all infarct-related VT. In particu-
lar, in patients with chronic infarction and ventricular 
aneurysm, the most obvious pathway for circulating 
excitation would be the rim of the surviving myocar-
dium around the scar or an anatomic barrier (ie, mitral 
annulus).15,16

Dimension of the isthmus
We measured the dimensions of the isthmus in 18 
tachycardias with detailed activation maps. Dimensions 
of the isthmus were relatively consistent, measuring 

≈15 mm in length and 7 mm in width. These findings 
are consistent with isthmus dimensions in humans. de 
Bakker and colleagues performed detailed mapping of 
139 VTs in patients with healed myocardial infarction 
in the operating room. The average isthmus size was 
1.4 cm2.17 In comparison, de Chillou and colleagues18 
reported significantly larger isthmus dimensions of 
31±7 mm long by 16±8 mm wide. This discrepancy 
may be attributable to the differences in measurement 
techniques and mapping resolution. These authors mea-
sured the width of isthmus as the conductive myocardial 
tissue delineated by 2 parallel lines of nonconductive 
tissue (sites with electrograms demonstrating double 
potentials). Although this concept is valid, double poten-
tials can be recorded over a broad area and may thus 
overestimate the width of the isthmus. In addition, the 
authors did not report the method used to measure the 
length of the isthmus and may have well overestimated 
its size. We believe that the most significant differences 
in measurements stem from the difference in mapping 
resolution: lower mapping resolution techniques may 
overestimate (and also underestimate) the size of the 
isthmus because of the interpolation of activation times 
in undersampled areas.

Figure 7.  subthreshold stimulation from a midisthmus site with Vt termination. 
This is an example of a sustained monomorphic ventricular tachycardia (VT) with a cycle length of 280 ms. Pacing from a midi-
sthmus site at a cycle length of 240 ms captured the local tissue (small dashed arrows), however failed to capture the tachy-
cardia. The fourth pacing stimulus terminates the tachycardia without capture of the ventricle (red star). The fifth and seventh 
pacing stimuli capture the ventricle with QRS morphology similar to the tachycardia and a long stimulus to QRS interval. These 
findings are consistent with subthreshold stimulation with VT termination at or near an isthmus site.
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lines of Block or Pseudoblock
In general, reentrant circuits occur around a region of 
conduction block. This is crucial for reentry because it 
prevents the reentrant impulse from short circuiting the 
reentrant pathway.6 The region of block around which 
excitation revolves may result either from an anatomic 
obstacle (eg, scar tissue or valvular annuli) or may be 
caused by functional properties of viable cardiac fibers 
as in the leading circle mechanism.19 We found that these 
lines of block did not truly block conduction, but allowed 
slow transverse conduction through them: in the pres-
ence of true block, activation waves on either side of the 
line should move toward each other or perpendicular to 
one another; however, we found that activation waves 
moved toward the same direction, suggesting a slow 
conduction through the line (Figure 4). In support of this, 
many of the electrograms at the lines of block had long- 
and low-amplitude fractionated activity between the split 
potentials, consistent with lack of true block (Figure 1). 
This observation is consistent with computer modeling 
of postinfarction reentrant VT circuits and with experi-
ments in the dog model of infarction with VT.6,20 Distinc-
tion between true lines of block (as are often present dur-
ing initiation of the tachycardia by premature impulses) 
and lines of functional block highlights the importance 
of mapping resolution (special resolution as a function 
of the number of electrodes per unit area) and potential 
errors because of the interpolation of activation times. 
The distinction between line of true conduction block and 
line of functional block during tachycardia may not be 
important in terms of practice. However, it may have sig-
nificant implications for mapping the VT substrate during 
sinus where block may or may not be present, depend-
ing on the pacing rate, coupling interval of the premature 
impulse, and the vector of wave front propagation.

conduction Velocities in the circuit
We found that conduction velocities were slowest at en-
trance and exit sites, but rather normal at the common 
channel (isthmus) of an anterior myocardial infarction. 
These observations are consistent with computer mod-
eling and experiments in postinfarction canine.1 Ciaccio 
and colleagues1 showed that the curvature at entry points 
is often the slowest conducting area and associated with 
marked nonuniform anisotropic conduction as evident by 
fractionated electrograms. Biophysically, an extracellu-
lar waveform with >1 deflection can be accounted for 
only by asynchronous firing of ≥2 groups of cells that are 
separated by areas in which there is diminished or ab-
sent cell-to-cell electric coupling in the path of propaga-
tion.21 In postinfarction hearts, this is usually attributable 
to fibrosis, forming isolating barriers and discontinuities 
resulting in nonuniform anisotropic properties and zigzag 
course of activation.2 Additional factors that contribute to 
nonuniform anisotropic conduction include abrupt change 

in the vector of activation, increased axial resistivity, and 
thickness gradient often present at the infarct border 
zone.1,22 In particular, conduction that is parallel to the 
fiber orientation is relatively rapid, whereas conduction 
that is perpendicular to the fiber direction is about 10 
times slower. This may explain the relatively rapid con-
duction velocity in the common channel because the or-
thodromic wave front propagates in parallel to the fiber 
direction. In contrast, entrance and exit sites are highly 
curved and hence slower. Entrance sites are particularly 
slow because of the convergence of 2 opposing wave 
fronts of activation as in double-loop reentrant circuits.

limitations of entrainment
We found that standard entrainment criteria overestimate 
the true size of the isthmus, particularly at its exit site, 
such that concealed QRS fusion combined with PPI-TCL 
≤30 ms can occur beyond the distal curvature. We termed 
these sites pseudoexit sites to distinguish them from true 
exit sites at the distal curvature. Pacing at pseudoexit 
sites resulted in concealed QRS fusion likely because of a 
similar orthodromic activation wave front with concealed 
antidromic fusion. This may be particularly true in double-
loop reentry because pacing just distal to an exit site re-
sults in a point source activation pattern with propagation 
in multiple directions (Figure 7). However, in contrast to 
true exit sites, pacing from pseudoexit sites resulted in a 
longer PPI (Table). We speculate that this may be attribut-
able to increased curvature gradient (resistance) and acti-
vation of partially depolarized tissue resulting in a slower 
conduction velocity. However, this requires additional in-
vestigation with resetting curves at different zones of the 
circuits. From a clinical standpoint, this may explain why 
ablation at exit sites determined by entrainment can fail to 
terminate the VT and often results in change of the tachy-
cardia or the inducibility of multiple similar morphologies 
with minor variations in the exit site.23

study limitations
This study was performed in swine and used an estab-
lished humanlike model of subendocardial infarction and 
VT. However, it requires validation in humans, and partic-
ularly in patients with nonanterior wall infarction, patients 
with unstable VT, and patients with noncoronary scar-
related VT. In these patients, the substrate may be differ-
ent in terms of the extent of conduction abnormalities, 
area and depth of scar, commonly producing cardiac 
arrest as opposed to stable monomorphic VT. Our initial 
clinical experience in humans with coronary disease and 
VT has thus far been consistent with these findings, par-
ticularly in patients with chronic anterior wall infarction. 
Conduction velocities were calculated using the single-
vector method with the assumption that the tissue is ho-
mogeneously anisotropic and 2-dimensional (we did not 
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measure full-thickness activation times). Although this 
may skew the velocity measurements, because the VT 
substrate in this model is subendocardial, 2-dimensional 
endocardial data may still allow good representation of 
the overall conduction velocities within the tissue. In ad-
dition, because conduction velocities were measured 
from 2-dimensional data, it assumes that electric con-
duction wave front takes the shortest route. As such, 
the relatively normal conduction velocity at the isthmus 
may potentially reflect slower conduction of a longer zig-
zag course. Accurate velocity measurements will require 
mapping with full-thickness plunge electrodes. Although 
pacing sites were determined and marked using the 
electroanatomical mapping system, pacing may have re-
sulted in capture of locally adjacent tissue. Although this 
may be a limitation of comparing activation mapping and 
response to pacing, the differences were consistent and 
restricted to pseudoexit sites only. In this regard, the 
findings of this study relied on the use of a novel high-
resolution mapping technology and require further vali-
dation with other mapping technologies as they increas-
ingly become available. Last, the correlation between 
the VT circuit and the underlying substrate, in particular, 
the relationship between conduction velocities and pres-
ence of block (or pseudoblock) during sinus/pacing and 
VT were not included in this report because of space 
limitation, and will be described in separate article.
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