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odel of reentrant ventricular tachycardia based on infarct
order zone geometry predicts reentrant circuit features as
etermined by activation mapping
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ACKGROUND Infarct border zone (IBZ) geometry likely affects
nducibility and characteristics of postinfarction reentrant ven-
ricular tachycardia, but the connection has not been established.

BJECTIVE The purpose of this study was to determine charac-
eristics of postinfarction ventricular tachycardia in the IBZ.

ETHODS A geometric model describing the relationship between
BZ geometry and wavefront propagation in reentrant circuits was
eveloped. Based on the formulation, slow conduction and block were
xpected to coincide with areas where IBZ thickness (T) is minimal
nd the local spatial gradient in thickness (�T) is maximal, so that
he degree of wavefront curvature � � �T/T is maximal. Regions of
astest conduction velocity were predicted to coincide with areas of
inimum �T. In seven arrhythmogenic postinfarction canine heart
xperiments, tachycardia was induced by programmed stimulation,
nd activation maps were constructed from multichannel recordings.
BZ thickness was measured in excised hearts from histologic analysis
r magnetic resonance imaging. Reentrant circuit properties were
redicted from IBZ geometry and compared with ventricular activa-
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ESULTS Mean IBZ thickness was 231 � 140 �m at the reentry
sthmus and 1440 � 770 �m in the outer pathway (P �0.001).
ean curvature � was 1.63 � 0.45 mm�1 at functional block line

ocations, 0.71 � 0.18 mm�1 at isthmus entrance-exit points, and
.33 � 0.13 mm�1 in the outer reentrant circuit pathway. The
ean conduction velocity about the circuit during reentrant

achycardia was 0.32 � 0.04 mm/ms at entrance-exit points,
.42 � 0.13 mm/ms for the entire outer pathway, and 0.64 � 0.16
m/ms at outer pathway regions with minimum �T. Model sensi-

ivity and specificity to detect isthmus location was 75.0% and
7.2%.

ONCLUSIONS Reentrant circuit features as determined by acti-
ation mapping can be predicted on the basis of IBZ geometrical
elationships.

EYWORDS Arrhythmia; Border zone; Conduction velocity; Infarc-
ion; Mapping; MRI; Propagation; Ventricular tachycardia

Heart Rhythm 2007;4:1034–1045) © 2007 Heart Rhythm Society.

ion maps after tachycardia induction. All rights reserved.
ntroduction
ostinfarction reentrant ventricular tachycardia is an im-
ortant clinical problem, yet locating the circuit can be
roblematic.1,2 Electrical activation mapping is currently
sed for pinpointing reentrant circuit location, but the
rocedure is often time-consuming and is limited by the
act that clinical tachycardia cannot always be induced

This study was supported by an Established Investigator Award no.
940237N from the American Heart Association and a Whitaker Founda-
ion Research Award (to EJC), National Institutes of Health-National
eart, Lung and Blood Institute (NIH-NHLBI) Intramural grant no. Z01-
L4004609 (to ERM), NIH-NHLBI Program Project grant no. HL30557

to ALW), and British Heart Foundation grant no. RG/05/009 (to NSP).
ddress reprint requests and correspondence: Edward J. Ciaccio,
h.D., PH7W-Pharmacology, Columbia University, 630 West 168th Street,
ew York, NY 10032. E-mail address: ejc6@columbia.edu. (Received
uring electrophysiological study and/or it may not be
ell tolerated hemodynamically. As cardiac magnetic

esonance technology improves,3 attention has recently
een focused on the possibility that the structural char-
cteristics of the infarct and the infarct border zone (IBZ)
ay be correlated to the characteristics of the circuit

ausing postinfarction reentrant ventricular tachycardia.
n canine postinfarction hearts, the reentrant circuit isth-
us has been shown to overlap the thinnest IBZ, and

unctional block lines tend to coincide with sharper tran-
itions to thicker tissue about the isthmus.4,5 Both the
sthmus and the functional block lines tend to remain
pproximately constant in location during any particular
eentrant circuit morphology.6,7 When multiple reentrant
ircuit morphologies are inducible in the canine IBZ, we
ave observed that the isthmus location of most or all of

he morphologies coincide, with a difference in isthmus

. doi:10.1016/j.hrthm.2007.04.015
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1035Ciaccio et al Infarct Border Zone Geometry
ntrance and exit points being the distinguishing charac-
eristic.6 – 8 These observations suggest that there is a
elationship between structure and electrical conduction
n the IBZ during tachycardia.

If a geometric model relating IBZ structure to reentry
onduction characteristics could be developed, it would
hen be possible to predict the reentrant circuit pattern and
haracteristics from imaging data of the infarct and border
one (BZ). Since cardiac magnetic resonance technology is
ecoming sufficiently sophisticated to image these areas of
he heart at high resolution,3,9,10 it is possibile to use the
eometric formulation to pinpoint the isthmus and candidate
blation sites in postinfarction patients with recurrent ven-
ricular tachycardia. In this study, we describe the develop-
ent of a geometric model to show the relationship between

BZ structure and wavefront propagation in canine postin-
arction reentrant tachycardia and use it to predict reentry
sthmus location and candidate ablation sites. The formula-
ion is based on the fact that geometric changes in the
onducting medium give rise to changes in wavefront cur-
ature. We hypothesized that wavefront curvature and the
esulting impedance mismatch, as caused by sharp IBZ
hickness transitions at the isthmus lateral edges, would be
ufficient to form functional block lines about which the
eentrant circuit would propagate. We hypothesized that
avefront curvature caused by lesser IBZ thickness changes

t the isthmus ends and elsewhere in the path of the circuit
ould be insufficient to cause functional block at those

ocations. These hypotheses were tested by calculating the
egree of wavefront curvature as estimated by the geometric
odel at locations of actual functional block, at isthmus

ntrance and exit points, and elsewhere in the circuit and by
etermining the degree of overlap of actual versus estimated
sthmus location.

ethods
ata collection and measurement

n seven mongrel canines weighing 20–40 kg, the left
nterior descending (LAD) coronary artery was ligated near
ts base under sodium pentobarbital anesthesia (30 mg/kg
ntravenously).11 The resulting infarction in the anterior left
entricle (LV) resulted in an IBZ that extended to the
picardium. The animals were prepared for electrophysi-
logic analysis 3–5 days after LAD ligation, and pro-
rammed electrical stimulation was used to induce tachy-
ardia. Electrograms from the epicardial surface of the IBZ
ere recorded using a multichannel bipolar array and data

cquisition system, and activation maps of sinus rhythm and
entricular tachycardia were then constructed. From reen-
rant ventricular tachycardia maps, the isthmus border was
efined as the location of bounding functional lines of block
hat were connected by straight lines at their ends.12,13 The
uter pathway was defined as the reentrant circuit location
utside the isthmus where it still overlapped the infarct.
fter electrophysiologic analysis, the heart was excised and
repared for thickness measurement using either histologic

nalysis (n � 4 canine postinfarction experiments) or mag- m
etic resonance imaging (MRI) analysis (n � 3 experi-
ents). Further details are provided in the online supple-
ent.

hickness measurement
hickness measurements (1-�m resolution) were made

rom histology images using computer software (Spot Di-
gnostic Instruments, Sterling Heights, MI). An arrow was
rojected at right angles from the connective tissue layer at
he epicardial surface to the necrotic region of infarcted
issue at depth (Figure 1A, 1B). The arrow length (IBZ
hickness T) was calculated automatically, and the isthmus
egion tended to be thinner than the outer pathway (Figure
A, 1B). The tissue samples for histology thickness mea-
urements were taken at 5-mm intervals over a 5 cm � 5 cm
rea of the IBZ (100 total slides). Six thickness measure-
ents were made at random locations on each slide and

veraged. An IBZ thickness map was constructed after in-
erpolating and smoothing the XY coordinates to a final
esolution of 0.4 mm � 0.4 mm in the surface plane (Figure
C). Thickness measurements with 1-�m resolution were
ade from MRI images using ImageJ (National Institutes of
ealth, Bethesda, MD). Each MRI slice had a pixel reso-

ution of 0.4 mm � 0.4 mm, and the distance between slices
as 0.4 mm. A representative slice is shown in false color
ith thickness measurement lines denoted in black (Figure
E; view is from base to apex). Measurement lines were
paced �2 mm apart by hand and extended from the con-
ective tissue layer to the contiguous infarct (yellow-white
n Figure 1E) or to the concavity of the endocardial surface
xcluding the papillary muscles (denoted in part by the gray
ine). The line length (IBZ thickness T) and its position
n Cartesian coordinates were automatically computed by
mageJ. From all sample points, a three-dimensional LV
hickness map was constructed using map3d14 (Figure 1D,
F). The approximate slice location of panel E is denoted by
he black dashed lines in panels D and F. Correspondences
etween the MRI map (panel E) and thickness maps (panels
, F) are shown at selected locations by gray and green

ircles. The thinnest area in the IBZ is �50 �m (dark blue,
igure 1D, 1E), and it overlaps the reentry isthmus location
denoted by two bordering black lines that signify areas of
unctional block during tachycardia). Thickest LV regions
re �9.5 mm (dark red, Figure 1D, 1F).

eometry-to-propagation model: Relationships
hat provide a basis for equations
uring reentrant ventricular tachycardia, we propose that

ctivation wavefront curvature is related to IBZ geometry as
epicted in Figure 2. A diagram of wavefront propagation
uring the extrastimulation cycle is shown in Figure 2A.
he stimulus location is at left, and arrows denote the
irection of activation. When stimulating from outside the
BZ, the premature stimulus, depending on the S1-S2 cou-
ling interval, blocks within the BZ near its boundary with
he normal zone (NZ) (BZ mean refractory period of �199
s; NZ mean refractory period �159 ms).15 The wavefront
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hen bifurcates and gradually activates the entire IBZ in-
luding the region where the isthmus will form, turning in
he opposite direction and eventually breaking through the

igure 1 Method to measure IBZ thickness. A–C: Histology measuremen
nfarcted from surviving myocytes. D–F: MRI measurement. E: The ex-vivo

igure 2 Characteristics of reentrant ventricular tachycardia. A: Di
roposed relationship between IBZ thickness (Z-axis) and wavefront cu

f the epicardial surface (XY).
nidirectional block line to initiate reentry. In Figure 2B,
hree-dimensional wavefront curvature is depicted during a
eentry cycle. The infarct is shown in green, and the epi-

cent wax sections were stained with Masson’s trichrome stain to distinguish
anning provides a view of the heart slice from above (base to apex).

of the extrastimulation cycle leading to reentry. B: Schematic of the
e when propagation within the reentrant circuit is parallel to the plane
t. Adja
agram
rvatur
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1037Ciaccio et al Infarct Border Zone Geometry
ardial surface is shown as a clear sheet at the top. As
escribed in previous studies by our group,4,5 a rectangular
lateau of the thinnest IBZ coincides with the reentry isth-
us. At the plateau’s lateral boundaries, step changes in

nfarct depth correspond with functional block line loca-
ions, whereas at the plateau’s ends, gradual thickness
hanges (ramps) coincide with entrance and exit points to
he isthmus. The expected three-dimensional wavefront cur-
ature at various locations during reentry is denoted by
urfaces that are concave (orange), rectilinear or flat (yel-
ow), or convex (violet), and propagation direction during a
eentry cycle is denoted by arrows.

Near the isthmus entrance, the wavefront is concave16–18

n the XY-plane because of convergence of the two bifur-
ated portions of the double-loop wavefront (denoted as
ransparent sheets labeled 1–3). Concave curvature also
ccurs along the thickness axis (Z-axis) due to diminishing
BZ thickness during propagation toward the plateau (wave-
ronts A–C). Since concave curvature causes the wavefront
o accelerate,16–18 conduction is facilitated toward the isth-

us perimeter, which is therefore the fastest direction for
ropagation. At the isthmus entrance, the wavefront pro-
eeds through a narrowed aperture where it is constrained
y the bounding functional arcs of block, and then it sud-
enly becomes convex in the XY-plane at the distal expan-
ion into the isthmus (point D). Since convex curvature
auses the wavefront to decelerate, propagation is slowed at
oint D and there is the potential for block. The wavefront
oes not block at this expansion as long as the safety factor
emains above unity, which is in part facilitated by the extra
urrent available within one space constant before the ap-
rture.18,19 Hence, entrance to the isthmus is more likely to
ucceed when wavefront curvature is concave toward the
ntrance point and the incidence angle is 90°, which will
ccur when there is a gradual decrease in IBZ thickness in
hat direction, as shown.

Within the isthmus, if infarct depth and the distance to
he lateral walls in the XY-plane is level, then the wavefront
ecomes flat (E). At the isthmus exit, the wavefront be-
omes convex along the XY-plane at the distal expansion
way from the block lines (F) and along the Z-axis due to
ncreasing IBZ thickness after the exit point (G and H).

hen thickness increases more gradually away from the
xit, Z-axis convexity is reduced, increasing the safety fac-
or so that the wavefront is more likely to propagate. Hence,
uccessful propagation out of the isthmus would be ex-
ected to occur at an edge of the plateau having a relatively
radual thickness increase in the radially outward direction
as at the actual exit point in Figure 2B). About the lateral
sthmus edges where there is a step change in thickness,
unctional block would be expected to occur because of the
arge wavefront convexity along the Z-axis as it propagates
adially outward at those locations. In the case of approxi-
ately symmetric geometry about the isthmus (Figure 2B),

ither end can potentially act as an entrance or exit depend-

ng on the extrastimulation point, that is, two opposite
eentrant circuit morphologies would be possible, as has
ctually been observed in other canine postinfarction exper-
ments.6–8

eometry to propagation: Model equations
ased on the above description, we sought to develop a set
f equations relating IBZ geometry to excitation wavefront
ropagation. The velocity of impulse conduction without
urvature �o is dependent on the longitudinal resistance R of
he conducting medium18:

o
2 � 1 ⁄ R (1)

The overall conduction velocity is

� �o � �c, (2)

here the conduction velocity contribution �c is due to
avefront curvature. In the BZ, �c can be estimated as

ollows:

c � D�, (3)

here D is the diffusion coefficient (the current flow due
o the transmembrane potential gradient, with a value of
.05 � 0.2 mm2/ms in ventricular myocardium20) and � is
he degree of wavefront curvature in units of mm�1. Thus,

� �o � D�, (4a)

�o � D ⁄ r, (4b)

here r is the local radius of curvature.
As a first approximation, suppose that no-flux conditions

xist at lateral borders,16,21 so that the wavefront edges must
e perpendicular to the boundary points. When propagating
hrough constrained regions with no-flux boundaries, wave-
ront curvature can be modeled as a circular arc.16 As
epicted in Figure 3A,

� (w ⁄ 2) ⁄ sin(�) (5)

here r is the radius of the circle forming the wavefront
hape, w is the chord width, and � is the angle from the
idline to the lateral borders. For canine postinfarction,

he IBZ is bounded along the Z-axis (thickness axis) by the
nfarct at depth and by the epicardial surface of the heart. If
he wavefront propagates in parallel with the surface, then �
s a constant 0° in that direction but will vary in the infarct
irection. Figure 3B shows the geometric principles. Sup-
ose the activation wavefront is propagating up an incline
spatial decrease in IBZ thickness) toward the isthmus en-
rance as from point i to i 	 1. IBZ thickness changes from

i to Ti	1 as shown. The change in thickness is �Ti, the
pace step from i to i 	 1 is a distance c, the angle with
he infarct surface in the direction of propagation is �1, and
he angle with the heart surface in the direction of propa-
ation is �2 � 0°. At each space step, curvature in the
Z-plane is calculated. From trigonometry we can estimate

in(�) � 	T ⁄ (c2 � 	T2)1⁄2. (6)
Substituting Equations 5 and 6 into Equation 4b,
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� �o � D · 	T ⁄ [T · (c2 � 	T2)1⁄2], (7)

here w/2 � T (Figure 3A, 3B). Thus

� �	T ⁄ [T · (c2 � 	T2)1⁄2]. (8)

Let �Tmax at a particular node (x, y) be the largest
bsolute magnitude change in thickness in the vector field
bout a local region in any direction (x 	 �x, y 	 �y). In
igure 3C, hypothetical thickness values in microns are
hown surrounding node i. Let Ti � 550 �m. The surround-
ng thickness values with greatest difference from Ti, 350
nd 740 �m, are oriented approximately in the direction of
reatest incline in Figure 3B. Based on these hypothetical
alues at node i, �Tmax � 550 �m � 350 �m � 200 �m.
rom the �Tmax calculated at any particular node, the max-

mum possible degree of wavefront curvature in the vector
eld about that node is

max � 	Tmax(x, y) ⁄ [T(x, y) · (c2 � 	Tmax(x, y)2)1⁄2], (9)

hich occurs when the wavefront propagates across
he node in the direction of largest �T. At any IBZ areas

igure 3 Mathematical relationships used to formulate the geometric m
alculating wavefront curvature due to IBZ thickness change. C: Method
omputational node.
here the spatial change in thickness is relatively small d
�Tmax �� c),

max � 	Tmax ⁄ (c · T). (10)

In ventricular myocardium, it has been shown experi-
entally and by computer model17,22 that block occurs at a

ypical ventricular tachycardia cycle length in canine postin-
arction (175–225 ms) when r � 1 mm. Therefore, we
ould anticipate that an absolute value of �max 

 1 mm�1,

s estimated by Equations 9 and 10, would be indicative of
ery slow conduction or block during reentrant tachycardia
hen the wavefront propagates from the thinner isthmus

egion radially outward to areas of thicker viable tissue
convex wavefront curvature).

To predict regions with most rapid conduction velocity
n the IBZ during reentrant tachycardia, suppose that the
otal change in thickness Z from isthmus to outer pathway or
ice versa occurs at a single space step j:

Ti � Z, i � j,

: Wavefront curvature as a circular arc. B: Geometrical configuration for
mine the maximum thickness change (�Tmax) in proximity to a particular
odel. A
to deter
Ti � 0, i � j.
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1039Ciaccio et al Infarct Border Zone Geometry
In the direction from thinner to thicker tissue (isthmus to
uter pathway), very slow conduction or block will occur at
if Z is sufficiently large because of the large convex
avefront curvature at the step change in tissue thickness

large impedance mismatch). In the direction from thicker to
hinner tissue (outer pathway to isthmus), a transient in-
rease in � will occur at space step j because of the concave
avefront curvature, but � � �o elsewhere along the path.
e can postulate that in either direction, gradual rather than

tep changes in T will minimize the transit time (TT) over n
pace steps. TT can be estimated by substituting Equation
0, which is useful when �T is of low magnitude along the
ath of propagation, into Equation 4a, with � estimated as

max, and then inverting and writing as a differential

T � ��1 ⁄ ��o � �DdTi� ⁄�c · Ti���,

� � {Ti ⁄ [�oTi � (D ⁄ c) dTi]}, (11)

or i � 1 to n space steps. Since Ti	1 � Ti 	 dTi and dTi is
he thickness change between space steps i and i 	 1,

T � ��Ti ⁄ ��oTi � �D⁄c�Ti�1 � �D⁄c�Ti��

� � {Ti ⁄ [(�o � D ⁄ c)Ti � (D ⁄ c)Ti�1]}. (12)

Let c1� �o 	 D/c, c2� D/c, and v represent the denom-
nator. To minimize TT from thin tissue (isthmus location)
o thick tissue (outer pathway) or vice versa, the quotient
ule is used and the equation set to zero:

� �� �cITidTi � c2TidTi�1� � �c1TidTi � c2Ti�1dTi� � ⁄ v2

0 � � {c2(Ti dTi�1 � Ti�1 dTi)} ⁄ v2. (13)

Thus

(Ti dTi�1) ⁄ v2 � � (Ti�1 dTi) ⁄ v2, (14)

hich has an approximate solution of

Ti � dTi�1 � Z ⁄ n, i � 0, to n � 1 (15)

or n space steps and a total thickness change Z from
sthmus to outer pathway or vice versa, regardless of
hether the sign of dTi is positive or negative (wavefront

onvex or concave). Thus, according to Equation 15, a
onstant, minimized thickness change �T along the path
ould be expected to minimize TT and therefore maximize
whether traveling from the isthmus to outer pathway or

ice versa.

easurements and statistics
e computed �Tmax (see Figure 3C) from N � 25 sur-

ounding points to calculate, from Equation 9, �max at all
rid nodes. From maps of these values, estimated block
ines were drawn in the center of distinct regions having

max � 1 mm�1. The estimated line locations were com-
ared with actual block line locations determined from
achycardia activation mapping by averaging the distances
etween five equally spaced corresponding points on each
ine. We drew a straight line between the midpoints of the

stimated block lines on the grid and calculated the percent- T
ge of actual isthmus width that would be blocked if this
ine was used as an estimated ablation line. Areas of fastest
onduction velocity about the reentrant circuit were esti-
ated, according to the result given in Equation 15, to be

ontiguous regions with minimum �Tmax. We selected a
hreshold �Tmax � 0.05 mm/mm, that is, �25% of the
argest expected �Tmax of �0.2 mm/mm in close proximity
o the isthmus that was observed previously.5 Actual reen-
rant ventricular tachycardia conduction velocity was mea-
ured at five random points on the activation map in the
egion with minimum �Tmax, at five random points at en-
rance-exit areas, and from five random points throughout
he outer pathway and averaged over each of these three
egions. Conduction velocity was measured as the distance
etween a pair of adjacent recording sites divided by the
ifference in activation time between them. The sites were
elected such that the vector orientation overlapping their lo-
ations was parallel to the direction of wavefront propagation.

The unpaired t-test and one-way analysis of variance
ere used to determine the statistical significance of the
ifference in means between variables (P �.05). The sen-
itivity of the geometric model for detecting isthmus loca-
ion was calculated as the area of the actual isthmus that was
verlapped by the estimated isthmus divided by the area of
he actual isthmus. The specificity was calculated as the area
f the BZ that was not overlapped by the actual or estimated
sthmus divided by the area of the BZ that was not over-
apped by the actual isthmus. Because we did not measure
he entire extent of the IBZ in histology experiments, we
sed a constant 5 cm � 5 cm area as the approximate area
f the BZ for all specificity calculations. Measurements of
rea (actual area from activation and estimated area from

max) and their overlap were determined from the comput-
rized maps using ImageJ.

esults
f seven canine postinfarction experiments, four had only

nducible sustained reentrant ventricular tachycardia with a
appable circuit (single morphologies), two had only in-

ucible nonsustained reentrant ventricular tachycardia with
mappable circuit (single morphologies), and one had in-

ucible tachycardia but no mappable reentrant circuit.
An example of activation mapping and analysis of infarct

epth after histologic measurement is given in Figure 4. The
anels show activation maps of sinus rhythm (Figure 4A),
achycardia (Figure 4B), thickness map T (Figure 4C), max-
mum gradient �Tmax (Figure 4D), maximum curvature

max estimated from Equation 9 (Figure 4E), and the bipolar
lectrode grid configuration (Figure 4F). Colors from red to
lue denote early-to-late activation with isochrones spaced
0–20 ms apart (Figure 4A, 4B), larger to smaller thickness
(Figure 4C), and greater to lesser �Tmax and �max (Figure

D, 4E). In the tachycardia activation map (Figure 4B),
onduction block is denoted by thick curved black lines, the
avefront propagation direction is given by arrows, and the

hickness measurement area is delineated by the square.

achycardia is caused by a double-loop reentrant circuit
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Figure 4B, arrows) with slow sinus rhythm activation at the
sthmus region (Figure 4A). The IBZ is thinnest at the
pproximate isthmus location (Figure 4C), and relatively
teep thickness changes �Tmax occur near the lateral bound-
ries (Figure 4D). Estimated functional block line locations
ere derived from the map of Figure 4E and are centered at

reas of greatest �max (gray-green lines); actual block line

igure 4 IBZ maps for a selected postinfarction canine experiment. A
eparating colors denote isochrones. C: IBZ thickness T determined from h
quation 9. Overlaid are the locations of estimated (gray-green) and actu

igure 5 IBZ maps for a postinfarction canine experiment in which susta
uring sinus rhythm and ventricular tachycardia. C and D: IBZ thickness T
egree of curvature � estimated from Equation 9. Estimated block lin
max

entricular tachycardia activation map in panel B (black) are overlaid on the map
ocations are overlaid on the map (black lines). Actual and
stimated line locations were then also overlapped on panels

and D. The estimated and actual arcs of block do not
recisely coincide (also in Figure 5), which is likely due in
art to slight measurement error and distortion during the
rojection process. Not all areas of large �Tmax (Figure 4D)
re manifested as areas with large �max (Figure 4E) because

: Activation during sinus rhythm and ventricular tachycardia. Thin lines
slides. D: Thickness gradient �Tmax. E: The value of �max estimated from

k) lines of block (also in Figures 5–7). F: The multielectrode grid.

ntrant tachycardia was inducible by extrastimulation. A and B: Activation
ned from MRIs. E and F: Thickness gradient �Tmax. G and H: Maximum
puted from panel G (gray), and actual block lines determined from the
and B
istology
ined ree
determi
es com
s in panels C, E, and G (also in Figures 6 and 7).
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max is also proportional to 1/T (Equations 9 and 10). Thus,
here thickness T is large (red and yellow in Figure 4C),

max tends to be small (Figure 4E).
Activation mapping and analysis of infarct depth after

RI measurement is shown for an experiment with only in-
ucible sustained reentrant ventricular tachycardia (Figure 5)
nd an experiment with only inducible nonsustained reen-
rant tachycardia (Figure 6). Sinus rhythm and ventricular

igure 7 IBZ maps for postinfarction canine experiment in which a re

igure 6 IBZ maps for postinfarction canine experiment in which o
n Figure 5.
anels are the same as in Figure 5. Note isochronal spacing is �5 ms in the sinu
achycardia activation maps are given in Figures 5A, 5B,
A, and 6B. The thickness map is given in panels C and D,
aximum gradient in panels E and F, and maximum esti-
ated curvature in panels G and H. On the curvature maps

panels G), multielectrode array position during electrogram
ecording is noted in red outline. Reentrant tachycardia is
aused by a double-loop reentrant circuit in each experiment
Figures 5B and 6B) with relatively slow and late sinus

circuit was not mappable, although ventricular tachycardia was induced.

sustained reentrant tachycardia was inducible. Panels are the same as
entrant
nly non
s rhythm and ventricular tachycardia activation maps, panels A and B.
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hythm activation at the isthmus region (Figures 5A and
A). The thinnest tissue occurs along a band oriented in the
irection between the isthmus entrance and exit (Figures 5C
nd 6C). The largest �Tmax occurs at the lateral edges of the
hin tissue region where functional block lines form and also
lsewhere along the edge of the IBZ (Figures 5E, 5F and 6E,
F). The maximum degree of curvature �max is coincident
ith the locations where IBZ thickness is minimal and the

BZ thickness spatial gradient is maximal, and actual block
black lines) approximately collocate with these points of
aximum curvature (gray lines, Figures 5G and 6G, also

hown overlapped in panels C and E). The predicted path-
ay is wider, and the degree of curvature at both the lateral

dges and the ends of the isthmus location is less in the
ustained versus the nonsustained experiment (Figures 5
nd 6).

Activation mapping and analysis of infarct depth after
RI measurement are shown for an experiment with no
appable reentrant tachycardia (Figure 7). The panel labels

orrespond to those in Figures 5 and 6. The isochronal
pacing in the activation maps of Figure 7A and 7B is 5 ms
o show detail in the conduction pattern. The region of
hinnest IBZ with large �max at a border (Figure 7C, 7G) had
low and late sinus rhythm activation (Figure 7A). During
achycardia, which lacked a complete circuit on the map-
ing grid (Figure 7B), block occurred at the location of the
aximum estimated wavefront curvature (Figure 7G).
owever, as predicted from Figure 7G, only a single short

unctional block line, rather than two parallel lines, was
resent during tachycardia (Figure 7B). Furthermore, the
egion of thinnest IBZ at the epicardial surface (Figure 7C)
as small compared with corresponding regions in sus-

ained and nonsustained reentry experiments (Figures 5C
nd 6C). MRI-generated reconstruction in this experiment
not shown) suggested that viable pathways of midmyocar-
ial tissue may have provided a closed loop for reentry that
ould not be entirely mappable from the surface.

ummary statistics
uring tachycardia, the reentry isthmus overlapped the thin-
est IBZ region and was aligned with its long axis (Figures
B, 4C, 5B, 5C, and 6B, 6C). In Figure 8, the overlap of
stimated and actual block line location is shown for the six
xperiments with mappable double-loop reentry. The esti-
ated ablation line (dashed) overlapped the actual isth-
us width by a mean of 91.8% � 4.6%. The mean

istance between actual and estimated block line location
as 6.5 � 3.7 mm. The model equations were useful to
etect the isthmus location with a sensitivity of 75.0%
nd a specificity of 97.2%.

Table 1 shows the statistical variables and can be sum-
arized as follows. The mean thickness of the IBZ was
uch less within the isthmus location compared with out-

ide the isthmus (231 � 140 �m versus 1440 � 770 �m;
�.001). The maximum degree of wavefront curvature

�max) was 1.63 � 0.45 mm�1at block line locations, sig-

ifying that block would be expected to occur since the n
alue was above 1.0. Mean �max was less at entrance and
xit points but still relatively high (0.71 � 0.18 mm�1),
hich suggests that conduction velocity would tend to slow

t these locations. Mean �max was least elsewhere in the
ircuit pathway (0.33 � 0.13 mm�1), which suggests that
elatively rapid conduction velocity would occur in these
reas. The means were significantly different (P �.001).
he measured conduction velocities are in agreement with

he calculations of �max. The mean conduction velocity at
ntrance and exit points during tachycardia (0.32 � 0.05
m/ms) was slower than elsewhere in the circuit (0.42 �

.13 mm/ms). The areas of the circuit with minimal �Tmax

ad significantly faster conduction velocity compared with
he circuit as a whole (0.64 � 0.16 mm/ms; P �.001).
ompared with sustained tachycardia, in nonsustained

achycardia experiments there was greater �max at block line
ocations and entrance and exit points and slower conduc-
ion velocity at entrance and exit points, and the IBZ was
hicker outside the isthmus. The thicker mean IBZ away
rom the isthmus in nonsustained experiments likely re-
ulted in a larger �Tmax at the isthmus boundary, so that

max at the boundary was increased compared with sus-
ained experiments.

iscussion
n this study, a geometric formulation of the relationship
etween IBZ geometry and propagation of electrical acti-
ation wavefronts in reentrant circuits was developed.
ased on the model, areas of slow conduction and block
uring reentry were expected to coincide with regions
here IBZ thickness (T) was minimal and the thickness
radient (�T) was maximal, so that wavefront curvature �
ould be maximized. Also based on the model, regions of

astest conduction velocity were anticipated to coincide
ith areas of minimum �T. Model predictions were then

ompared with electrical and structural measurements in
anine postinfarction. The implications of this study are

igure 8 Overlap of estimated isthmus location (from maps derived
sing Equation 9) with actual isthmus location (from tachycardia activation
ap).
ow discussed.
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tility of the IBZ geometry model
or model calculations, IBZ thickness resolution was 0.4
m in MRI images and �1 �m in histology imaging

tudies. Although these methods had different resolution,
oth were found to be useful to distinguish areas where
unctional block would be expected to occur (� � 1 mm�1),
s compared with slow conduction regions when present at
he entrance and exit to the isthmus (0 mm�1 �� � � 1
m�1) and rapid conduction regions elsewhere in the cir-

uit (� � 0 mm�1). Thus, MRI of the heart,3,9,10 which has
igh resolution and is noninvasive, was found to be useful
o extract the geometric structure of the conducting medium
or correlation with activation pattern characteristics. The
eometric model that was described in this study is there-
ore also potentially useful to predict how the evolution of
he structural properties of the tissue will affect reentry
nducibility. For example, the period of arrhythmogenesis in
anine postinfarction is not precisely known. However, re-
eneration of normal tissue with disappearance of the in-
arct and its BZ occurs over time. Presumably, the rate and
haracter of structural changes will determine reentry in-
ucibility as predicted by the model, but this must be tested.
ardiac MRI is also becoming a useful tool for analysis of
ostinfarction ventricular tachycardia in clinical patients. In
uman postinfarction, IBZ geometric properties are more
ermanent than in canine postinfarction, and arrhythmoge-
icity often continues so long as the patient remains un-
reated. The application of the IBZ geometry model for
rediction of reentrant ventricular tachycardia and its char-
cteristics in postinfarction patients is the subject of future
esearch.

ther factors influencing wavefront propagation
uring reentry
ther studies have shown that although functional block

ines are frequently aligned approximately in parallel with
uscle fiber axis, off-axis and even transverse arcs of block

ounding the reentry isthmus can occur.23 We would expect
nisotropy to increase the probability of longitudinal isth-
us alignment because the higher resistance of �1 k�cm24

hat would be encountered laterally as the wavefront ex-
ands in the XY direction at an isthmus entrance or exit
oint would lessen the overall impedance mismatch and
hereby increase the likelihood of propagation.16–18 We
ould anticipate a decreased probability of transverse isth-
us alignment due to the lowered resistance of �500

able 1 Geometry-propagation statistics

T units Ti, �m To, �m
�max,b,
mm�1

�max,e,
mm�1

ll (n � 6) 231 � 140 1440 � 770 1.63 � 0.45 0.71 � 0.1
SVT (n � 2) 226 � 139 1753 � 893 2.02 � 0.42 0.85 � 0.1
SVT (n � 4) 233 � 144 1284 � 671 1.37 � 0.24 0.62 � 0.1

MSVT � monomorphic sustained tachycardia; NSVT � nonsustained ta
� region with minimum �Tmax; b � block lines; e � ends (entrance-ex
cm24 encountered laterally at entrance-exit points, thus 1
ncreasing the overall impedance mismatch and the likeli-
ood of block.16–18 For this reason, we would anticipate that
ransverse alignment would only be supported when the
sthmus entrance and exit-points are wide with gradual
hickness change so that three-dimensional convex wave-
ront curvature is reduced, the subject of future research.

At the isthmus region there is gap-junctional dissocia-
ion,5,24,25 decreased sodium channel function,15,24–26 and
ewer viable myocytes,4,11 all of which potentially result in
reater cell-to-cell uncoupling with increased resistivity. If
he increased resistivity due to these additional factors is
nversely related to infarct distance as suggested previously
y our group,5 then at step increases in IBZ thickness
utward from the isthmus, the sudden drop in resistivity
ould increase the likelihood of block because of the added

oad contribution (increased impedance mismatch). Thus
hese additional factors potentially act synergistically to
einforce the Z-axis curvature effect.

stimate of contribution of other factors to
unctional block
n a previous canine postinfarction study, we measured a
ubstantial change in longitudinal conduction velocity from
he isthmus (�IP � 29 cm/s) to the outer circuit pathway
�OP � 37 cm/s) but negligible change in transverse con-
uction velocity from the isthmus (�IP � 19 cm/s) to the
uter pathway (�OP � 17 cm/s).24 Using the larger (longi-
udinal) difference and based on Equation 1 above, the
aximum impedance mismatch from isthmus to outer path-
ay would be

i ⁄Ro � �o
2 ⁄�i

2 � 1.63:1

We can estimate the impedance mismatch at which block
ill occur as follows. Suppose a circular wavefront has an

nitial radius r � rc, the radius of critical curvature. Using

c � 1 mm17 and a space constant � � 0.4 mm, the ratio of
nnular areas activating radially to one space constant from

c in either direction is

�rc � ��2 � rc
2� ⁄ �rc

2 � �rc � ��2�
� �1.42 � 1� ⁄ �12 � .62� � 1.5.

Since the larger area radially outward from rc would
herefore require approximately 1.5x as much current for
ctivation, a load of 1.5:1 or greater would be expected to
ause block. Thus, almost all of the actual resistive change
rom isthmus to outer pathway, causing the maximal load of

x,o,
�1

VT �e,
mm/ms

VT �o,
mm/ms

VT �f,
mm/ms

Distance,
mm

3 � 0.13 0.32 � 0.04 0.42 � 0.13 0.64 � 0.16 6.45 � 3.74
1 � 0.15 0.25 � 0.03 0.39 � 0.09 0.60 � 0.11 4.39 � 1.81
7 � 0.08 0.35 � 0.05 0.44 � 0.15 0.66 � 0.18 7.48 � 4.01

ia; VT � ventricular tachycardia; i � inner pathway; o � outer pathway;
.

�ma

mm

8 0.3
0 0.4
6 0.2

chycard
.63:1, would need to occur over a single space constant
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0.4 mm) for the wavefront to block. Thus one possible
cenario in which functional block would occur would be a
ase in which almost all of the resistive change took place
t the isthmus boundary. However, suppose as mentioned
bove that extracellular resistance is inversely proportional
o infarct proximity. Using Figure 4C as an example, IBZ
epth increases from �100 �m within the isthmus to �500
m in the area immediately surrounding it (step transition
f �400 �m). Yet the mean depth of the outer pathway is
284 �m for sustained reentry experiments (Table 1).
herefore, only �1/3 of the total resistive change from

nner to outer pathway would be expected to occur at the
sthmus boundary (1 	 0.63/3 � 1.21:1), which would not
e expected to independently cause functional block.

Muscle fiber branching is another factor that might be
esponsible for block in the IBZ during reentrant ventricular
achycardia. Previously, we measured an anisotropic ratio of

2:1 in the IBZ (ratio of transverse to longitudinal resis-
ance rT /rL � 4:1).24 Therefore, were there to be a sudden
hange from transverse to longitudinal propagation in the
irection of wavefront travel due to muscle fiber branching,
unctional block would likely occur. It would seem unlikely,
owever, that two such branching phenomena would be
onfigured in such a way so as to generate approximately
arallel block lines in proximity and cause the double-loop
ype of reentrant pattern that is common in both canine and
uman postinfarction ventricular tachycardia.

Previous studies have also suggested the important role
f geometrical variations and structural discontinuities on
avefront propagation and on the constancy of reentrant

ircuit location during ventricular tachycardia.16–18,22,27,28

he combined effect of all factors on reentrant ventricular
achycardia conduction: geometry, ionic and gap-junctional
roperties, and anisotropy can be determined using a heter-
geneous ion-channel bidomain model.25 However, because
f the large number of state variables (degrees of freedom),
t would be difficult to completely isolate the effect of each
actor. To identify their relative contribution by ionic mod-
ling, it would be useful to incorporate both high-resolution
eometrical data as well as detailed molecular information
easured at different depths and at different locations in the

BZ.

imitations
n the geometric model, we did not account for the effect of
artial-flux conditions16 at the infarct boundary. The pres-
nce of partial-flux conditions increases wavefront curva-
ure for any given angle �, thereby increasing the likelihood
f block at the lateral isthmus boundary. At longer tachy-
ardia cycle lengths (�200 ms), the critical radius of cur-
ature rc decreases,17 thus decreasing the probability of
unctional block when �max is in the range 1–4 mm�1

Figures 4–7). Yet, as mentioned above, other factors likely
ontribute to the electrical load at the lateral isthmus bound-
ry and help maintain functional block even at longer cycle
engths. The XY resolution of our multielectrode grid was
4 mm � 4 mm. According to Nyquist’s law, high-fre- 1
uency spatial components of the traveling wave will be
ndersampled if the spatial resolution is insufficient, result-
ng in wavefront distortion. This is a potential source of
rror in conduction velocity calculation where wavefront
urvature is high. We did not consider the possible role of
yofibroblasts29 and action potential duration15,26 in gov-

rning the characteristics of reentrant ventricular tachycar-
ia, which is a study limitation. Differences exist in canine
ersus human postinfarction reentrant ventricular tachycar-
ias, including time to induction and myocardial location.30

et, canine studies are potentially useful to determine the
tructural and molecular basis of ventricular tachycardia as
ell as for initiating clinical therapeutic strategies, includ-

ng map-guided surgery, catheter ablation, and antitachycar-
ia pacing.30

cknowledgments
e thank Dr. Candido Cabo and Dr. Heather S. Duffy for

elpful discussions, Dr. Truman Brown for use of his MRI
aboratory, Dr. Elisa Konofagou for providing research ma-
erials, and Dr. Jaime G. Cruz-Lobo for technical assistance.

ppendix

upplementary data
upplementary data associated with this article can be
ound, in the online version, at doi:10.1016/j.hrthm.2007.
4.015.

eferences
1. Wit AL. Ablation of ventricular tachycardia: does anyone have any new ideas?

Heart Rhythm 2006;3:198–200.
2. Garan H. A perspective on the ESVEM trial and current knowledge: catheter

ablation for ventricular tachyarrhythmias. Prog Cardiovasc Dis 1996;38:457–462.
3. Ashikaga H, Mickelsen SR, Ennis DB, Rodriguez I, Kellman P, Wen H,

McVeigh ER. Electromechanical analysis of infarct border zone in chronic
myocardial infarction. Am J Physiol Heart Circ Physiol 2005;289:H1099–
H1105.

4. Wit AL, Allessie MA, Bonke FI, Lammers W, Smeets J, Fenoglio JJ Jr.
Electrophysiologic mapping to determine the mechanism of experimental ven-
tricular tachycardia initiated by premature impulses. Am J Cardiol 1982;49:
166–185.

5. Peters NS, Coromilas J, Severs NJ, Wit AL. Disturbed connexin43 gap junction
distribution correlates with the location of reentrant circuits in the epicardial
border zone of healing canine infarcts that cause ventricular tachycardia. Cir-
culation 1997;95:988–996.

6. Ciaccio EJ, Coromilas J, Costeas CA, Wit AL. Sinus rhythm electrogram shape
measurements are predictive of the origins and characteristics of multiple reen-
trant ventricular tachycardia morphologies. J Cardiovasc Electrophysiol 2004;
15:1293–1301.

7. Ciaccio EJ. Ventricular tachycardia duration and form are associated with
electrical discontinuities bounding the core of the reentrant circuit. J Cardiovasc
Electrophysiol 2005;16:646–654.

8. Costeas C, Peters NS, Waldecker B, Ciaccio EJ, Wit AL, Coromilas J. Mech-
anisms causing sustained ventricular tachycardia with multiple QRS morphol-
ogies: results of mapping studies in the infarcted canine heart. Circulation
1997;96:3721–3731.

9. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen EL, Simonetti O, Bundy J, Finn
JP, Klocke FJ, Judd RM. Relationship of MRI delayed contrast enhancement to
irreversible injury, infarct age, and contractile function. Circulation 1999;
100:1992–2002.

0. Faris OP, Evans FJ, Ennis DB, Helm PA, Taylor JL, Chesnick AS, Guttman
MA, Ozturk C, McVeigh ER. Novel technique for cardiac electromechanical
mapping with magnetic resonance imaging tagging and an epicardial electrode
sock. Ann Biomed Eng 2003;31:430–440.
1. Dillon SM, Allessie MA, Ursell PC, Wit AL. Influences of anisotropic tissue

http://dx.doi.org/10.1016/j.hrthm.2007.04.015
http://dx.doi.org/10.1016/j.hrthm.2007.04.015


1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

1045Ciaccio et al Infarct Border Zone Geometry
structure on reentrant circuits in the epicardial border zone of subacute canine
infarcts. Circ Res 1988;63:182–206.

2. Ciaccio EJ, Chow AW, Davies AW, Wit AL, Peters NS. Localization of the
isthmus in reentrant circuits by analysis of electrograms derived from clinical
noncontact mapping during sinus rhythm and ventricular tachycardia. J Cardio-
vascular Electrophysiol 2004;15:27–36.

3. Ciaccio EJ, Tosti AC, Scheinman MM. Relationship between sinus rhythm
activation and the reentrant ventricular tachycardia isthmus. Circulation 2001;
104:613–619.

4. MacLeod RS, Johnson CR. Map3d: Interactive scientific visualization for bio-
engineering data. IEEE Engineering Medicine Biology Society 15th Annual
International Conference 1993:30–31.

5. Cabo C, Boyden P. Electrical remodeling of the epicardial border zone in the
canine infarcted heart. Am J Physiol Heart Circ Physiol 2003;284:H372–
H384.

6. Kogan BY, Karplus WJ, Billett BS, Stevenson WG. Excitation wave propaga-
tion within narrow pathways: geometric configurations facilitating unidirectional
block and reentry. Physica D 1992;59:275–296.

7. Cabo C, Pertsov AM, Baxter WT, Davidenko JM, Gray RA, Jalife J. Wave-front
curvature as a cause of slow conduction and block in isolated cardiac muscle.
Circ Res 1994;75:1014–1028.

8. Kleber AG, Rudy Y. Basic mechanisms of cardiac impulse propagation and
associated arrhythmias. Physiol Rev 2004;84:431–488.

9. Ramza BM, Tan RC, Osaka T, Joyner RW. Cellular mechanism of the functional
refractory period in ventricular muscle. Circ Res 1990;66:147–162.
0. Clayton RH, Holden AV. Computational framework for simulating the mechanisms
and ECG of re-entrant ventricular fibrillation. Physiol Meas 2002;23:707–726.

3

1. Sampson KJ, Henriquez CS. Interplay of ionic and structural heterogeneity on
functional action potential duration gradients: implications for arrhythmogen-
esis. Chaos 2002;12:819–828.

2. Fast VG, Kléber AG. Role of wavefront curvature in propagation of cardiac
impulse. Cardiovasc Res 1997;33:258–271.

3. Ciaccio EJ, Costeas C, Coromilas J, Wit AL. Static relationship of cycle length
to reentrant circuit geometry. Circulation 2001;104:1946–1951.

4. Cabo C, Yao J, Boyden PA, Chen S, Hussain W, Duffy HS, Ciaccio EJ, Peters NS,
Wit AL. Heterogeneous gap junction remodeling in reentrant circuits in the epicar-
dial border zone of the healing canine infarct. Cardiovasc Res 2006;72:241–249.

5. Cabo C, Boyden PA. Heterogeneous gap junction remodeling stabilizes
reentrant circuits in the epicardial border zone of the healing canine infarct:
a computational study. Am J Physiol Heart Circ Physiol 2006;291:H2606 –
H2616.

6. Baba S, Dun W, Cabo C, Boyden PA. Remodeling in cells from different regions
of the reentrant circuit during ventricular tachycardia. Circulation 2005;112:
2386–2396.

7. Spach MS, Heidlage JF, Barr RC, Dolber PC. Cell size and communication: role
in structural and electrical development and remodeling of the heart. Heart
Rhythm 2004;1:500–515.

8. Pertsov AM, Davidenko JM, Salomonsz R, Baxter WT, Jalife J. Spiral waves of
excitation underlie reentrant activity in isolated cardiac muscle. Circ Res 1993;
72:631–650.

9. Miragoli M, Gaudesius G, Rohr S. Electrotonic modulation of cardiac impulse
conduction by myofibroblasts. Circ Res 2006;98:801–810.
0. Janse MJ, Opthof T, Kleber AG. Animal models of cardiac arrhythmias. Car-
diovasc Res 1998;39:165–177.


	Model of reentrant ventricular tachycardia based on infarct border zone geometry predicts reentrant circuit features as determined by activation mapping
	Introduction
	Methods
	Data collection and measurement
	Thickness measurement
	Geometry-to-propagation model: Relationships that provide a basis for equations
	Geometry to propagation: Model equations
	Measurements and statistics

	Results
	Summary statistics

	Discussion
	Utility of the IBZ geometry model
	Other factors influencing wavefront propagation during reentry
	Estimate of contribution of other factors to functional block
	Limitations

	Acknowledgments
	Appendix
	Supplementary data

	References


