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Aims There is increasing evidence of the role direction-dependent conduction plays in the arrhythmogenic interaction
between ectopic triggers and abnormal atrial substrates. We thus sought to characterize direction-dependent con-
duction in chronically stretched atria.

Methods
and results

Twenty-four patients with chronic atrial stretch due to mitral stenosis and 24 reference patients with left-sided ac-
cessory pathways were studied. Multipolar catheters placed at the lateral right atrium, crista terminalis, and coronary
sinus (CS) characterized direction-dependent conduction along linear catheters and across the crista terminalis. Bi-
atrial electroanatomic maps were created in both sinus rhythm and an alternative wavefront direction by pacing from
the distal CS. This allowed an assessment of conduction velocities, electrogram, and voltage characteristics during
wavefronts propagating in different directions. While differing wavefront directions caused changes in both
chronic atrial stretch and reference patients (P , 0.001 for all), these direction-dependent changes were greater
in chronic atrial stretch compared with reference patients, who exhibited greater slowing in conduction velocities
(P ¼ 0.09), prolongation of bi-atrial activation time (P ¼ 0.04), increase in number (P , 0.001) and length
(P , 0.001) of lines of conduction block, increase in fractionated electrograms (P , 0.001), and decrease in
voltage (P ¼ 0.08) during left-to-right compared with right-to-left atrial activation. These direction-dependent
changes were associated with a greater propensity for chronically stretched atria to develop atrial fibrillation
(P ¼ 0.02).

Conclusions Atrial remodelling in chronic atrial stretch exacerbates physiological direction-dependent conduction characteristics.
Our data suggest that the greater direction-dependent conduction seen in patients with chronic atrial stretch may
promote arrhythmogenesis due to ectopic triggers from the left atrium.
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Introduction
The development of atrial fibrillation (AF) involves a complex
interplay of triggering activity, perpetuating factors, and underlying
substrate. Our understanding of the triggering of ectopic activity
and the processes of electrophysiological remodelling that per-
petuate AF has been advanced considerably in recent years.1 Simi-
larly, there is emerging evidence of the significant structural

changes present in the atria with conditions known to predispose
to AF.

Structural remodelling has been shown in experimental settings to
cause considerable directional effects on conduction, over and
above that seen in healthy tissue. Spach and co-workers2,3 observed
that ageing leads to greater changes in conduction during differing
wavefront directions, with an increase in fractionated and low-
voltage electrograms as a result of ‘zigzag’ propagation. Similarly,
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Verheule et al.4,5 used optical mapping to reveal conduction slowing
and heterogeneity present during differing wavefront direction in a
canine model of chronic atrial dilatation, but not present in controls.

A recent clinical study has suggested that direction-dependent
conduction may explain in part how ectopic triggers create con-
duction slowing and heterogeneity conducive to arrhythmogen-
esis.6 We have previously studied patients with chronic atrial
stretch due to mitral stenosis (MS) and observed significant struc-
tural remodelling and widespread conduction abnormalities.7 The
goal of the present study was to further characterize the import-
ance of propagation direction to arrhythmogenesis in patients
with chronically stretched atria. We hypothesized that conduction
changes caused by differing wavefronts might be exacerbated by
underlying atrial structural abnormalities.

Methods

Study population
This study comprised 24 patients with rheumatic MS undergoing per-
cutaneous balloon mitral commissurotomy and a reference group of
24 patients with structurally normal hearts undergoing radiofrequency
ablation for left-sided accessory pathways. Patients with MS were
selected on the basis of having severe MS with a mitral valve area of
,1.5 cm2 with significant symptoms (New York Heart Association
class ≥2) and mitral valve morphology suitable for percutaneous
balloon mitral commissurotomy as determined by the Wilkins criteria
(score ,10). Patients were excluded if they had any suggestion of
other structural heart disease (coronary artery disease or left ventricu-
lar dysfunction), or hypertension. No patients in either group had a
history of AF or had utilized amiodarone in the previous 6 months.
The clinical characteristics and baseline electrophysiological data
from the cohort of MS patients included in this study have been pre-
sented elsewhere.7

All anti-arrhythmic medication was ceased ≥5 half-lives prior to the
study. All patients provided written informed consent to the study,
which was approved by each institutional Clinical Research and
Ethics Committee.

Electrophysiological study
Electrophysiological study was performed in the post-absorptive state
with sedation utilizing midazolam. In patients with MS, the study proto-
col was performed before percutaneous balloon mitral commissurot-
omy, while in the reference group this was done after accessory
pathway ablation. The following catheters were positioned for the
study protocol: (i) a 10-pole catheter (2-5-2 mm inter-electrode
spacing, Daig Electrophysiology, Minnetonka, MN, USA) within the
coronary sinus (CS) with the proximal bipole at the CS ostium as
determined in the best septal left anterior oblique position; (ii) a
20-pole catheter (2-5-2 mm inter-electrode spacing, Daig Electro-
physiology) placed along the lateral right atrium (RA); (iii) a 20-pole
‘crista’ catheter (1-3-1 mm inter-electrode spacing, Biosense-Webster,
Diamond Bar, CA, USA) placed along the crista terminalis with the
distal tip superiorly such that the second bipole lay at the junction
of the superior vena cava and right atrium, stabilized by a long
sheath (CSTA, Daig Electrophysiology) to ensure close apposition to
the posterolateral right atrium; and (iv) a roving 10-pole catheter
(2-5-2 mm interelectrode spacing, Biosense-Webster) position within
the left atrium via a single transseptal puncture. This catheter was

stabilized with the use of a long sheath (Preface, Biosense-Webster)
and positioned at the left atrial roof.

Electroanatomic mapping
Electroanatomic maps were created of both atria during (i) sinus
rhythm and (ii) in an alternative wavefront direction by pacing the
distal CS at a rate slightly faster than sinus rhythm (50 ms shorter
than sinus cycle length) to ensure constant capture. This provided an
assessment of atrial conduction characteristics during wavefront
propagating in different directions, as previously described.6 The elec-
troanatomic mapping system has been previously described in detail;
the accuracy of the sensor position has been previously validated
and is 0.8 mm and 58.8 In brief, the system records the surface electro-
cardiogram (ECG) and bipolar electrograms filtered at 30–400 Hz
from the mapping and reference catheters. Endocardial contact
during point acquisition was facilitated by electrogram stability, fluoros-
copy, and the catheter icon on the CARTO system. Points were
acquired in the auto-freeze mode if the stability criteria in space
(≤6 mm) and local activation time (≤5 ms) were met. Mapping was
performed with an equal distribution of points using a fill-threshold
of 15 mm. Local activation time was manually annotated to the peak
of the largest amplitude deflection on bipolar electrograms; in the
presence of double potentials this was annotated at the largest poten-
tial. If the bipolar electrogram displayed equivalent steepest positive
and negative deflections, the steepest negative deflection on the simul-
taneously acquired unipolar electrogram was used to annotate the
local activation time. Points not conforming to the surface ECG
P-wave morphology or ,75% of the maximum voltage of the preced-
ing electrogram, and thus likely to be erroneous, were excluded. Re-
gional conduction velocity and bipolar voltage was analysed as
previously described and are detailed in the following text.9 –13

Direction-dependent conduction velocity
Isochronal activation maps (5 ms intervals) of the atria were created
during both sinus rhythm and pacing from the CS. Direction-
dependent conduction velocities were determined in the direction
of wavefront propagation (least isochronal crowding), as previously
described.10 –13 In brief, an approximation of conduction velocity
was determined by expressing the distance between two points as a
function of the difference in local activation time. Mean direction-
dependent conduction velocity for each region was determined by
averaging the conduction velocity between five pairs of points, as pre-
viously described. To evaluate differences in regional direction-
dependent conduction velocities, each atrium was segmented using
previously validated offline software.14 The right atrium was segmen-
ted as high- and low-lateral, high- and low-posterior, high- and low-
septal, and anterior. The left atrium was segmented as posterior, anter-
ior, septal, inferior, lateral, and roof.

Total bi-atrial activation time and
direction-dependent conduction
The effect of conduction directionality on conduction time was assessed
by measuring total bi-atrial activation time during sinus rhythm and distal
CS pacing. The anisotropy index was calculated by dividing the longest
activation time by the shortest activation time.15–17

Complex electrograms and lines of
conduction block
During sinus rhythm and CS pacing, the proportion of points demon-
strating complex electrograms was determined using the following
definitions: (i) fractionated signals—complex activity of ≥50 ms
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duration; and (ii) double potentials—potentials separated by an iso-
electric interval where total electrogram duration was ≥50 ms. A
line of double potentials of at least four anatomically contiguous
signals was considered to represent a line of conduction block.18,19

Direction-dependent bipolar voltage
The bipolar voltage of points during sinus rhythm and CS pacing was
exported for analysis. For the purposes of evaluating regional
direction-dependent voltage differences, each atrium was segmented
as noted in the preceding text.

Direction-dependent conduction times
The effect of conduction directionality on conduction time was
assessed along linearly placed catheters at the CS, lateral right
atrium, and left atrial roof in proximal–distal direction and distal–
proximal direction by pacing the proximal bipole (9,10) and determin-
ing the conduction time to the distal bipole (1,2), and vice versa.
Conduction time at each site was averaged over 10 beats during
stable capture at 600 ms cycle lengths. The anisotropy index was cal-
culated by dividing the longest conduction time by the shortest con-
duction time.15 –17

Direction-dependent conduction
characteristics at the crista terminalis
To determine the direction dependence of conduction characteristics
at the crista terminalis, the number of bipoles on the crista terminalis
catheter with discrete double potentials separated by an isoelectric
interval or complex fractionated activity of ≥50 ms duration, and the
maximum electrogram duration, were determined during sinus rhythm,
pacing at 600 ms intervals and extrastimulus from the distal CS.

Inducibility of atrial fibrillation
Vulnerability to AF by single extrastimulus was noted during electro-
physiological testing. Atrial fibrillation was defined as irregular atrial
activity lasting .30 s.

Statistical analysis
Continuous variables are reported as mean+ standard deviation. Cat-
egorical variables are reported as number and percentage. Proportions
were compared using Fisher’s exact test. Comparisons between means
were analysed using paired or unpaired t-tests. A mixed effects model
was used to assess group (MS and reference) and rhythm (pacing vs.
sinus rhythm) main effects, and a group×rhythm interaction. Patient
ID and the interaction between patient ID and rhythm/group were
modelled as random effects to account for nested data within each
patient and repeated measures between rhythms. A mixed effects
model was also used to investigate the regional variation in measured
parameters, with region (seven right atrial and six left atrial) and
rhythm modelled as fixed effects and patient ID as a random effect.
Model residuals were visually inspected for normality to ensure an ap-
propriate model fit. Statistical tests were performed using SPSS 16
(SPSS Inc., Chicago, IL, USA) and statistical significance was set at
P , 0.05.

Results

Baseline details
Baseline patient characteristics are summarized in Table 1. Groups
were well matched for age, sex, and left ventricular function.
Patients with MS had significantly larger left atria (P , 0.0001),

and increased left atrial pressure (P , 0.0001) compared with ref-
erence patients.

Electroanatomic mapping
A total of 448+104 points/patient were analysed in the left
atrium and right atrium during both sinus rhythm and pacing
from the distal CS using electroanatomic mapping.

Direction-dependent conduction
velocities
During distal CS pacing, both MS and reference patients demon-
strated a slowing in conduction velocity compared with sinus
rhythm (P , 0.001), with a trend towards a greater slowing in
patients with MS (P ¼ 0.09, Figure 1A). Although there was no sig-
nificant regional interaction (P ¼ 0.9), there was a consistent dec-
rement in regional conduction velocity during distal CS pacing in
patients with MS (Figure 2).

Total bi-atrial activation times and
direction-dependent conduction
During distal CS pacing, both MS and reference patients demon-
strated a prolongation in bi-atrial activation time compared with
sinus rhythm (P , 0.001). This increase was significantly greater
in patients with MS compared with reference (P ¼ 0.04,
Figure 1B). Patients with MS also had a greater anisotropy index
than reference patients (1.23+0.13 vs. 1.12+0.10, P , 0.05).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics

Mitral
stenosis
(n 5 24)

Reference
(n 5 24)

P value

Age (years) 31.5+8.6 34.2+11.0 0.3

Male sex (%) 33.3 58.3 0.1

Left atrial size

Longitudinal (mm) 56.2+5.6 43.7+4.1 ,0.0001

Transverse (mm) 50.1+3.9 33.9+4.2 ,0.0001

Volume (mL) 77.8+14.3 24.2+5.1 ,0.0001

Right atrial size

Longitudinal (mm) 46.6+2.6 41.5+5.1 ,0.0001

Transverse (mm) 26.7+3.1 31.9+3.3 ,0.0001

Volume (mL) 18.3+8.9 20.1+8.9 0.5

Left ventricular
ejection fraction
(%)

62.8+9.4 64.4+8.5 0.3

Left ventricular size

End-diastolic
diameter (mm)

40.5+7.2 44.8+6.9 0.01

End-systolic
diameter (mm)

27.8+5.1 28.0+4.5 0.6

Pressures

Left atrial (mmHg) 24.0+7.6 5.0+4.0 ,0.0001

Pulmonary artery
(mmHg)

39.3+15.6 18.1+8.4 ,0.0001
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Complex electrograms and lines of
conduction block
During distal CS pacing, both MS and reference patients demon-
strated significantly greater number of double potentials and frac-
tionated signals on electroanatomic mapping compared with sinus
rhythm (P , 0.001). This increase in number from sinus rhythm
to distal CS pacing was significantly greater in patients with MS
(P , 0.001, Figure 3A).

Furthermore, during distal CSpacing both MS and reference patients
demonstrated an increase in number and length of lines of conduction
block compared with sinus rhythm (P , 0.001). This increase in
number and length during pacing was significantly greater in patients
with MS compared with reference (P ¼ 0.001, Figure 3C and D).

Direction-dependent voltage
abnormalities
During distal CS pacing, both MS and reference patients demon-
strated a decrease in mean bipolar voltage during pacing compared

with sinus rhythm (P , 0.001), with a trend towards a greater de-
crease in patients with MS (P ¼ 0.08, Figure 3B). This decrement
was consistently observed across all regions of both atria
(P ¼ 0.1; Figure 2C and D).

Direction-dependent conduction times
The difference in conduction time along the catheters at the lateral
right atrium, left atrial roof, and CS according to the direction of
pacing (proximal-to-distal or distal-to-proximal) was significantly
greater in patients with MS compared with reference patients
(11.9+ 7.7 vs. 2.8+4.5 ms, P , 0.001; Table 2). Patients with
MS also had a greater anisotropy index than reference patients
(1.33+ 0.26 vs. 1.06+0.08, P , 0.001; Table 2). However, there
was no significant interaction between patient group and site of
conduction measurement (P ¼ 0.2), suggesting a consistently
greater degree of direction-dependent conduction differences at
these sites in patients with MS.
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Figure 1 Direction-dependent conduction velocity, bi-atrial activation time, and conduction characteristics at the crista terminalis during
sinus rhythm and coronary sinus pacing. The rhythm main effect P value is shown for each plot. (A) Mean (+SD) direction-dependent con-
duction velocity (top left). There was a trend to greater direction-dependent slowing in patients with mitral stenosis (P ¼ 0.09). (B) Mean
(+SD) direction-dependent bi-atrial activation time (top right). Patients with mitral stenosis demonstrated a greater prolongation during cor-
onary sinus pacing (P ¼ 0.04). (C and D) Mean (+SD) number (bottom left) and maximum duration (bottom right) of double potentials (DP) or
fractionated signals (FS) along the crista terminalis during sinus rhythm, pacing at 600 ms (S1) and with the earliest captured extrastimulus (S2)
from the coronary sinus.
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Direction-dependent conduction
characteristics at the crista terminalis
Site-specific conduction abnormalities at the crista terminalis
increased in number and duration from sinus rhythm to distal CS
pacing and extrastimulus in both MS and reference patients
(P , 0.001, Figure 1C and D). While MS patients had greater
number and duration of direction-dependent conduction abnor-
malities than reference patients at all time points (P , 0.001),
the degree of rhythm-specific number and duration of direction-
dependent conduction abnormalities were similar in both MS
and reference patients (P ¼ 0.2).

Vulnerability for atrial fibrillation
Patients with MS developed AF more frequently during electro-
physiological study than reference patients (42.7 vs. 0%, P ¼ 0.02).

Discussion

Major findings
This study presents detailed new information on the electrophysio-
logical and electroanatomic conduction abnormalities present during
differing wavefront directions in patients with chronically stretched
atria compared with a reference cohort. It demonstrates that direction-

dependent conduction is accentuated in these patients with diseased
substrates compared with reference patients, and this may contribute
to arrhythmogenesis. The major findings observed during ectopic
wavefront direction consistent with direction-dependent conduction
in patients with chronic atrial stretch are as follows:

(1) Slower conduction velocities and longer bi-atrial activation
times.

(2) Greater direction-dependent conduction at the crista termina-
lis and evidence of other lines of conduction block.

(3) An increase in the proportion of complex electrograms and lower
bipolar voltage, suggesting zig-zag and circuitous propagation.

(4) Greater anisotropic index on both electrophysiological and
electroanatomical mapping.

(5) Greater pronouncement of these direction-dependent con-
duction abnormalities in patients with chronic atrial stretch
compared with reference patients.

(6) Greater susceptibility of patients with chronic atrial stretch for
the development of AF.

Thus, the present study suggests that the underlying structural
remodelling in patients with chronic atrial stretch due to MS exacer-
bates direction-dependent conduction, and that this may explain in
part the propensity for these patients to develop AF when ectopic
triggers from the left atrium initiate differing conduction wavefronts.
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Direction-dependent conduction in
cardiac myocytes
That structural anisotropy of cardiac tissue plays a critical role in
direction-dependent conduction differences was first described
by Spach and co-workers.2,20 These investigators emphasized
that while the parallel arrangement of cardiac myocytes could con-
tribute to uniform structural anisotropy, where there is uniform
propagation in all directions and smooth extracellular waveforms,
‘non-uniform’ anisotropy could occur in some regions. In a series
of elegant experiments, non-uniform anisotropy, where transverse
propagation is interrupted such that adjacent fascicles are excited
in a markedly irregular sequence, was shown to be associated with
structural separation of muscle bundles due to collagenous septa.
These findings are particularly relevant in the atria, however,
where a degree of non-uniform anisotropy is found normally.
While atrial cardiac myocytes demonstrate tight coupling of gap
junctions and connexin proteins between cells in the longitudinal
direction, with the majority being primarily located at the ends
of myocytes, there is a comparable absence of side-to-side elec-
trical couplings between parallel myocardial fibres.21 Given the

importance of these intercellular communication for conduction,22

this results in irregular activation of adjacent fibres during propaga-
tion transverse to the longitudinal axis of fibres. As a result of this
irregular activation, atrial conduction velocity is slowed and elec-
trogram fractionation is observed.3

Structural remodelling and directional
conduction differences
Experimental studies have demonstrated that continued AF results
in a shortening of the effective refractory period and conduction
slowing.23,24 These data described how these perpetuating
factors combine to maintain AF, giving rise to the concept that
‘AF begets AF’.24 However, it is increasingly understood that this
rate-related remodelling is unlikely to form the underlying sub-
strate which initially predisposes to the development of AF.
Indeed, several investigators have now demonstrated that in condi-
tions predisposed to arrhythmia there is ‘atrial remodelling of a dif-
ferent sort’, where marked interstitial fibrosis was associated with
significant conduction heterogeneity.25–29 Similarly, Verheule
et al.4,5 observed profound conduction abnormalities due to
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structural remodelling in a canine model of mitral regurgitation,
and that the differing propagation directions could unmask under-
lying structural remodelling to promote arrhythmogenesis. Fur-
thermore, Spach et al.20 have described how in ageing human
atrial bundles there is an increasing presence of collageneous
septa and non-uniform anisotropy which results in variable con-
duction patterns sensitive to different location and timing of
stimuli. More recently, a computational study of atrial tissue utilizing
a two-dimensional model of coupled myocytes further expanded on
the notion that underlying structural remodelling can exacerbate an-
isotropic conduction.30 This study confirmed previous experimental
findings linking structural remodelling and direction-dependent con-
duction abnormalities, finding that increasing microfibrosis reducing
side-to-side electrical coupling produced increasing fractionation, de-
creasing electrogram voltage, and slower conduction velocities. From
their data, they also suggested that these parameters could possibly
be used to discriminate the substrate and characteristics of fibrosis
present. Such characteristics have been utilized for the dynamic iden-
tification of arrhythmogenic substrate in the clinical setting.31

We have previously shown that the atria in patients with chronic
atrial stretch due to MS are characterized by significant structural
remodelling.7 While AF is well known to cause electrical remodel-
ling, the importance of structural remodelling is increasingly being
recognized. Atrial stretch is an important contributor to such
structural remodelling, not only in patients with MS, but also in
patients with hypertension, heart failure, and other conditions pre-
disposing to AF. Such structural remodelling includes atrial enlarge-
ment, cellular hypertrophy, dedifferentiation, fibrosis, apoptosis,
and myolysis.32 In the present study, we demonstrated that this
underlying structural remodelling is associated with marked
direction-dependent conduction abnormalities. Our data showed
that patients with chronic atrial stretch demonstrated a greater
degree of direction-dependent conduction compared with refer-
ence patients as evidenced by differences in conduction velocity,
linear conduction times, atrial activation times, electrogram frag-
mentation, site-specific conduction delays, and bipolar voltages.
We posit that these changes are likely to be a result of increasingly
complex pathways of propagation spreading in a zig-zag fashion
during abnormal propagation direction, as suggested by previous
studies.33 Such direction-dependent conduction which results
from structural remodelling has also been observed in the

ventricles during myocardial infarction, creating the substrate for
re-entry.34 Conduction asymmetry has also been observed else-
where in patients with MS and importantly, like other conduction
abnormalities, may be attenuated with reversal of atrial stretch.35,36

Importantly, while we observed some degree of similar findings in
reference patients, these were less pronounced than in patients
with chronic atrial stretch.21 Thus, our findings are consistent
with previous studies suggesting that the effects of wavefront dir-
ection on conduction are greater in diseased substrates character-
ized by interstitial fibrosis and a loss of side-to-side electrical
coupling than they are in healthy tissue.5

Implications
The development of AF is a complex interaction between triggers,
perpetuators, and substrate. While the importance of ectopic trig-
gers and other factors perpetuating arrhythmia, such as rate-
related electrical remodelling, has been well studied, less is
known about the interaction between such triggering ectopic
activity and disease substrates. Our data highlight that direction-
dependent conduction is accentuated by the substrate of chronic-
ally stretched atria. Such conduction abnormalities are likely to
contribute the initiation of AF episodes by differing wavefronts
from ectopic triggers, such as that from the left atrium, in the
absence of rate-related remodelling.

Study limitations
While the abnormalities observed in this study are proposed to
contribute to the substrate predisposing to AF in patients with
chronic atrial stretch, the development of clinical AF is complex
and depends not only on substrate but also on other factors such
as triggers and perpetuators that were not addressed by this
study.1,7,9–13,24,27,37,38 This study provides detailed electrophysio-
logical and electroanatomic properties of the atria which are con-
sistent with experimental data. However, in the context of this
clinical study, we were unable to provide the associated histological
analysis which has been elegantly presented elsewhere.39 Reference
patients had left-sided accessory pathways; this condition is asso-
ciated with an increased risk of developing AF. However, we did
not feel it would be appropriate to subject individuals who may
have been more ideal reference patients (e.g. healthy volunteers
or patients with atrioventricular nodal reentry) to unnecessary inva-
sive procedures. Finally, the direction-dependent changes in chronic
atrial stretch due to rheumatic MS may be different in other condi-
tions that lead to chronic atrial stretch.

Conclusion
Structural remodelling of the atria due to chronic atrial stretch is
associated with an increase in direction-dependent conduction. In
these patients with chronic valvular heart disease free from arrhyth-
mia, our findings highlight the critical interplay between underlying
disease substrates and differing wavefront directions, such as that
emanating from ectopic triggers, in creating conduction slowing
and heterogeneity conducive to the development of AF.
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