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Abstract

This human case is the first to illustrate morphological manifestations of

direction‐ and rate‐dependent anisotropic conduction in high‐resolution unipolar

atrial potentials. Premature impulses induced low‐amplitude, fractionated ex-

tracellular potentials with exceptionally prolonged durations in a 76‐year old

longstanding persistent patient with atrial fibrillation (AF), demonstrating

direction‐dependency of anisotropic conduction. An increased pacing frequency

induced presence of similar fractionated potentials, reflecting rate‐dependent
anisotropy and inhomogeneous, slow conduction. Pacing with different rates and

from different sites could aid in identifying nonuniform anisotropic tissue and

thus the substrate of AF.
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1 | INTRODUCTION

Due to the cable‐like longitudinal arrangement of atrial myocardial

fibers, electrical conduction is much faster in longitudinal direction than

in transverse direction.1 While cell geometry is a major determinant of

anisotropy, mostly gap junction distribution determine whether propa-

gation is continuous or discontinuous.2 Altered gap junction distribution

and formation of longitudinal collagenous septa between myocardial

fibers result in discontinuous transverse propagation (“nonuniform an-

isotropy”) and increased susceptibility to reentrant tachyarrhythmias,

such as atrial fibrillation (AF).3,4 In addition to gap junctions, myocytes

can interact by ephaptic coupling, as shown in ventricular myocardium

in experimental and modeling studies.5,6

During nonuniform anisotropy, extracellular waveforms consist

of more than one deflection (ie, fractionation), caused by asynchro-

nous firing of two or more groups of cells that are separated by areas

in which there is diminished or no cell‐to‐cell electrical coupling in

the path of propagation.3 Extracellular waveform morphology can

therefore be used to detect anisotropic structural discontinuities that

are proarrhythmic, such as areas of slowed conduction due to grossly

irregular discontinuous propagation.3

Importantly, anisotropy is not a static property of cardiac tissue,

but can be modulated by alterations in gap junctional conductance

(ie, intercellular coupling), as demonstrated in multiple simulation and

animal models.1,2,7,8 For example, Spach et al7 demonstrated aniso-

tropy to be rate‐dependent, with higher pacing rates resulting in a

lower transverse conduction velocity in relation to longitudinal

conduction velocity.2 In addition, premature stimulation in nonuni-

form anisotropy resulted in decremental longitudinal conduction and

block with zigzag transverse conduction, while this was not the case

in uniform anisotropy (ie, direction‐dependency).9

Although described in experimental studies, clear examples of

these phenomena in patient data are rare. In this paper we present a

case in which both the rate‐ and direction‐dependency of anisotropy

is demonstrated in a 76‐year old patient with longstanding persis-

tent AF.
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2 | CASE REPORT

A 76‐year old female with a history of longstanding persistent AF pre-

sented for mitral valve surgery and surgical radiofrequency ablation.

During surgery—before commencement to extra‐corporal circulation—
epicardial mapping of the pulmonary vein (PV) area was performed

with a 64‐electrode spatula (mapping area 17.5 × 17.5mm, interelec-

trode distances 2.5mm) (Figure 1). A silver disc positioned inside

the thoracic cavity served as indifferent electrode. Unipolar signals

were stored on a hard disk after amplification (gain 1000), filtering

(bandwidth 1‐500Hz), sampling (1 kHz), and analog to digital conver-

sion (12 bits). The patient presented in AF but was cardioverted to

sinus rhythm (SR).

During SR, with the spatula on the caudal PV area, several pre-

mature atrial complexes (PACs) occurred. During these PACs, mor-

phology of atrial potentials changed considerably (Figure 2). Whereas

high‐amplitude, single atrial potentials of short durations were ob-

served during SR beats, PACs induced low‐amplitude and multiphasic

(ie, fractionated) potentials, manifesting exceptional prolongation of

potential duration.

After SR recordings, programmed electrical stimulation was

performed using electrodes sutured to the right atrial appendage.

With the spatula on the mid PV area, pacing was executed at cycle

lengths of 600, 500, and 333ms (corresponding with 100, 120, and

180 beats per minute, respectively). At a paced cycle length of

F IGURE 1 Epicardial mapping using a 64‐electrode spatula. With
eight rows of eight unipolar electrodes, having an interelectrode
distance of 2.5 mm, the spatula covers a mapping area of

17.5 × 17.5 mm. During epicardial mapping extracellular potentials of
atrial tissue are recorded.

F IGURE 2 Premature atrial complex (PAC) causes unidirectional longitudinal block with corresponding low‐amplitude, fractionated
potentials with long duration. At the top, the electrode 6 tracing demonstrates one sinus rhythm (SR) beat followed by a ventricular far‐field
complex (V), together with one PAC with subsequent ventricular activation. During recordings the spatula was placed on the caudal pulmonary
vein (PV) area. Color‐coded activation maps of both the SR beat and PAC are shown. The SR impulse arises from the right‐lower part of the
mapping area and homogeneously propagates towards the left‐upper part, whereas the PAC exhibits inhomogeneous and slow conduction
around several lines of block (Δlocal activation time ≥12ms, visualized as thick white lines). The SR beat is characterized by high‐amplitude,

biphasic and smooth extracellular potentials with short duration (80‐95ms), whereas the PAC exhibits low‐amplitude, multiphasic potentials
with long duration (160‐177ms). CL, cycle length (ie, coupling interval of consecutive atrial impulses)
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600 and 500ms, high‐amplitude, single atrial potentials with short

durations were observed. In contrary, pacing at a cycle length of

333ms induced low‐amplitude, fractionated atrial potentials with

prolonged durations (Figure 3).

3 | DISCUSSION

This case demonstrates direction‐ and rate‐dependency of aniso-

tropic conduction in the intact human heart and is the first to illus-

trate its morphological manifestations in high‐resolution unipolar

atrial potentials.

3.1 | Premature impulses can cause unidirectional
longitudinal block

In correspondence with the experimental studies of Spach et al,3,9

low‐amplitude fractionated extracellular potentials with prolonged

durations were observed during premature impulses in this patient,

indicating slow propagation in association with unidirectional block.

While one would expect smooth and biphasic extracellular atrial

potentials in uniform anisotropic tissue,3 the observed irregular

potentials with low‐amplitude deflections and severely prolonged

potential duration reveal the nonuniformity of anisotropic tissue in

the PV area of this patient.

The coupling interval at which the premature impulse arrives is

crucial for the course of propagation. In a canine study, Spach et al

showed that at a long coupling interval (290ms) both longitudinal

and transverse propagation succeeded, whereas during stimulation

within the refractory period (130ms) both failed.10 At short coupling

intervals just above the refractory period (134 and 145ms) propa-

gation was decremental, showing longitudinal block without trans-

verse conduction. At a coupling interval of 155ms, decremental

conduction and block occurred in the longitudinal direction with

preserved transverse propagation, enabling reentry to occur. Spach

concluded that only in the latter the premature stimulus was below

the safety factor in the longitudinal direction, but above the

threshold in the transverse direction, giving rise to longitudinal block

with transverse conduction.2,8 This example also illustrated that

propagation becomes decremental first in the direction having the

highest conduction velocity (ie, the longitudinal direction) with a

corresponding long refractory period.10 As illustrated in Figure 2, the

SR beat arises from the right‐lower part of the mapping area and

homogeneously propagates towards the left‐upper part, where the

earliest activation of the PAC is seen. The relative short coupling

interval of the premature impulse (408ms) causes multiple areas of

local conduction block (Δlocal activation time ≥12ms), around which

the wavefront slowly propagates. This also stresses the importance

and impact of wavefront entrance and curvature for initiation of

reentry, facilitated by the direction‐dependency of nonuniform ani-

sotropic tissue.

3.2 | Increased pacing frequency decreases
transverse conduction velocity

Animal studies have shown that the ratio between longitudinal and

transverse conduction velocity (ie, anisotropy ratio) is rate‐
dependent, with higher stimulation rates resulting in an increased

F IGURE 3 Pacing at shorter cycle length induces multiphasic fractionated potentials, due to a lower transverse conduction velocity in

relation to longitudinal conduction velocity. With the spatula on the mid PV area, pacing from the right atrial appendage was performed. Three
unipolar tracings of electrode 10 are shown, corresponding with pacing cycle lengths of 600, 500, and 333ms (ie, 100, 120, and 180 beats per
minute, respectively). In contrary to pacing at low rates, pacing at the highest rate (ie, cycle length of 333ms) induced low‐amplitude,

fractionated atrial potentials with prolonged durations. A, atrial complex; P, pacing; PV, pulmonary vein; V, ventricular far‐field complex
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anisotropy ratio due to a relative decrease in transverse conduction

velocity.2,7 The sudden decay in transverse conduction velocity could

not be accounted for by any changes in the action potential and was

fully reversible upon decreases of pacing rate,7 and therefore must

be due to a change in intercellular coupling (ie, gap junctional

conductance). Although all gap junctions regardless of directionality

will be affected, longitudinal propagation velocity retains due to its

relative insensitivity to decreases in coupling.7,11 Intercellular cou-

pling is thus susceptible to modulation by rate, even within the

course of a few action potentials.2,7 In our patient, an increase in

pacing frequency induced presence of low‐amplitude, multiphasic

atrial potentials with long durations, which was likely caused by an

increase in intercellular coupling resistance and led to in-

homogeneous and slow conduction. Partially similar findings were

presented in bipolar recordings,12 although especially the potential

duration delays observed within this case are exceptional.

Importantly, during premature stimulation both longitudinal and

transverse conduction velocity decrease proportionally, whereas in-

creasing the pacing frequency primarily induces an exponential decay

of transverse conduction velocity.2,7 So although closely related, the

sudden appearance of fractionated potentials during premature im-

pulses as well as during an increased pacing rate are caused by two

distinct phenomena: the direction‐ and rate‐dependency of aniso-

tropic conduction, respectively.

3.3 | Clinical importance

Pacing with different rates and from different sites could aid in

identifying nonuniform anisotropic tissue and thus the substrate of

AF. Furthermore, substrate‐guided AF ablation techniques that are

used in clinical practice—such as low‐voltage ablation and ablation of

complex fractionated atrial electrograms—use thresholds that do not

take into account direction‐ and rate‐dependency of (nonuniform)

anisotropic tissue.

4 | CONCLUSIONS

Premature impulses and an increased pacing rate induced low‐
amplitude, fractionated potentials with exceptional prolongation of

potential duration. Pacing with different rates and from different

sites could aid in identifying nonuniform anisotropic tissue and thus

the substrate of AF.
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