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Background: The wide area circumferential ablation (WACA) approach to atrial fibrillation is thought
to result in ‘substrate modification’ perhaps related to autonomic denervation. We examined this
prospectively by comparing WACA and segmental pulmonary vein isolation (PVI) using noninvasive
surrogate markers.

Methods: Heart rate variability (HRV) and signal averaged P wave (SAPW) data were derived from
high-resolution (HR) recordings (‘SpiderView’ ELA Medical) made in sinus rhythm immediately before
and 24 hours after ablation.

Results: Forty patients recruited (20 WACA; 20 PVI); cohorts were comparable. WACA caused
marked SAPW change: P wave duration (PWD) (149[4.6] ms to 160[5.9] ms; P = 0.003), root mean
square (RMS) (4.4[0.4]µV to 2.8[0.4]; P = 0.001) and energy content (30–150 Hz; 20.4 [3.6]µV2/s
to 13.7[2.4]; P = 0.001). No significant change was seen after PVI. Heart rate increased after WACA
and PVI (61.4 to 73.5 [P = 0.001]; 69.5 to 75.0 [P = 0.07], respectively). HRV was significantly
influenced after WACA: low frequency power (LF) 5.7(0.4) to 3.6(0.4); P = 0.001), high-frequency
power (HF) 4.6(0.4)–3.4(0.3); P = 0.024, and after PVI: LF 5.4(0.3) to 4.3(0.3); P = 0.024. HF: 4.4(0.4)
to3.0(0.4); P = 0.018).

Conclusions: HR recordings exhibit change in HRV after WACA and PVI. Marked change in both
HRV and SAPW is observed after WACA. SAPW variables provide a measure of atrial substrate change
after WACA unrelated to autonomic denervation. A.N.E. 2007;12(4):329–337
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The pathogenesis of atrial fibrillation (AF) refers
to the development of an appropriate “atrial sub-
strate,” the electrophysiological manifestation of
atrial remodeling, such as shortened refractory pe-
riods, change in conduction velocity together with
structural change.1 Some catheter ablation proce-
dures for AF encompass more atrial tissue to al-
ter “atrial substrate” without rigorous testing of
pulmonary vein electrical isolation.2,3 Procedural
efficacy is arguably better with wide area cir-
cumferential ablation (WACA) of the pulmonary
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veins compared to a segmental ostial approach pul-
monary vein isolation (PVI).4 Atrial substrate mod-
ification by the former procedure is perhaps re-
sponsible for the improved efficacy despite lack of
electrical isolation of the pulmonary veins.2 Sub-
strate modification in this context is ill defined
and appears to represent one or more of a re-
duction in excitable atrial tissue, slowed conduc-
tion into ablation circles (Fig. 1), and possible
autonomic effects from ablation of ganglionated
plexi.5
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Previous studies have documented the utility
of the signal averaged P wave (SAPW) to reflect
change in atrial electrophysiology.6,7 We hypoth-
esized that measures derived from analysis of the
SAPW might reflect changes in atrial substrate af-
forded by left atrial ablation procedures and thus
provide a measure of substrate modification. We
resolved to examine this concept prospectively by
comparing two techniques of AF ablation differing
in their degree of substrate modification; thus we
sought to compare the changes induced by WACA2

with PVI.4

To determine the relative contribution of auto-
nomic denervation we simultaneously measured
resting heart rate variability, as a surrogate of vagal
tone, to correlate with any observed change in the
P wave.

METHODS

The protocol was reviewed and passed by the
University of Western Ontario Research Ethics
Board for Health Sciences Research involving Hu-
man Subjects and the South Birmingham Re-
search Ethics Committee. Written and verbal in-
formed consent was obtained before all procedures.
We prospectively included patients undergoing ra-
diofrequency ablation (RF) for AF. The study group
was comprised of consecutive patients attending
for left atrial procedures described below. Patients
considered for AF ablation demonstrated a struc-
turally normal heart on echocardiography, were
aged less than 70 years with a history of symp-
tomatic paroxysmal AF refractory to at least two
previous drugs. All antiarrhythmics drugs were dis-
continued five half-lives prior to the procedure; in
the case of amiodarone at least 1 month prior. Af-
ter the high-resolution recording the patient’s usual
medication was continued for a period of 3 months.
Patients with a prior ablation procedure for AF or
permanent pacemaker were excluded. All patients
were invited to participate regardless of present-
ing rhythm. Patients were seen at 3 months and
6 months after the procedure. Holter monitoring
was performed for symptoms. There was no sys-
tematic screening for asymptomatic atrial arrhyth-
mia.

High-Resolution Recordings

Patients were allowed to rest quietly for 20 min-
utes before placement of silver/silver chloride elec-

trodes in an orthogonal manner.8 High-resolution
recordings were made for 10 minutes with the
patient supine and rested immediately before the
procedure and 24 hours after using a commer-
cially available digital holter device capable of high-
resolution recordings (SpiderViewTM ELA Medical,
Le Plessis-Robinson, France); sampling rate 1000
Hz). The digitized data were stored and subse-
quently analyzed blinded to the procedure.

HRV

Heart rate variability measures were derived us-
ing the ELA Medical Synescope software. The use
of heart rate variability (HRV) to assess change
in autonomic tone is well established. Heart rate
change is mediated by autonomic nervous system
via efferent vagal and sympathetic nerve traffic.
At rest vagal tone predominates and is well re-
flected in high-frequency cyclical fluctuations de-
rived from HRV analysis.9 Time domain analysis
provides a measure of change in R-R intervals and
is usually expressed as a standard deviation (SD)
or the root mean square of the standard devia-
tions (RMSSD). Fast Fourier transform is used to
quantify cyclical fluctuations of R-R intervals. The
total and ultra-low frequencies are best derived
from 24 hour recordings; low frequency and high-
frequency measures are commonly derived from
5 minute recordings in controlled conditions.9 The
10 minute high-resolution recordings obtained for
SAPW analysis were used to derive the HRV pa-
rameters in controlled conditions with the patients
resting supine before and after the procedure. Stan-
dard definitions were used for frequency bands and
the results were expressed as a log normal value.10

SAPW

P wave variables were derived using a previously
validated method.8 Briefly, signals were amplified
10,000 times and band pass filtered between 1 and
300 Hz. One lead exhibiting the most obvious P
wave was then further band pass filtered between
20 and 50 Hz and used as a trigger to align subse-
quent P waves for signal averaging using a modulus
difference algorithm. The algorithm results in five
different P wave morphologies, the most common
morphology was analyzed and the P wave duration
(PWD), P30 (P wave energy in frequencies 30–150
Hz), P60 (P wave energy in frequencies 60–150 Hz)
and RMS30 (voltage in the terminal 30 ms of the
P wave) derived.
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Figure 1. Registered 64 slice CT using CARTO. A lesion arrangement is shown with ab-
lation lines circling the right and left pulmonary veins separately. A roof line joins both
circles.

Pulmonary Vein Isolation

Segmental PVI was performed as previously
described.11,12 Pulmonary vein angiograms were
obtained before an appropriately sized multipole
catheter (LASSO, Biosense Webster, Diamond Bar,
CA) was introduced to the left atrium together
with an ablation catheter (Cool-tip, Biosense Web-
ster). Ablation was performed during coronary si-
nus pacing or sinus rhythm after external cardiover-
sion if necessary. No antiarrhythmics were used
to facilitate sinus rhythm. Ablation was delivered
just proximal to the pulmonary vein ostia until
pulmonary vein potentials were absent from the
LASSO catheter. No additional ablation lines were
drawn and a cavotricuspid ablation line was per-
formed only if clinical evidence of typical atrial flut-
ter existed.

Wide Area Circumferential
Pulmonary Vein Ablation

The CARTO electroanatomic mapping system
(Biosense Webster) was used in all procedures. Lin-
ear ablation was performed with an 8 mm ablation

catheter (power 50–60 watts and temperature to 55
degrees). Impedance and esophageal temperature
was monitored throughout each RF application.13

RF was delivered at discrete sites based on elec-
trograms and/or electroanatomic maps; energy was
continued for 20 seconds or 30 seconds if the ampli-
tude of the ablation catheter electrogram had failed
to diminish by 50% or more. Absence of inducible
AF despite aggressive atrial burst pacing and volt-
age reduction within the ablation circles was con-
sidered a satisfactory endpoint. The lesion set is
shown in Figure 1. Wide area ablation was per-
formed around left and right common ostia with
a line across the roof of the left atrium created.
Mitral isthmus line was not routinely performed.
Ablation of the cavotricuspid isthmus resulting in
bidirectional block was routinely performed using
our previously described method.14

Validation Study

To test whether the SAPW variables derived by
the ELA Holter system were reliable over 24 hours
the system’s reproducibility was assessed in normal
volunteers without significant past medical history
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Table 1. System Reproducibility. Reproducibility between First and Second
Recording—24-Hour Reproducibility.

Mean ± SD 1 Mean ± SD 2 CR %CR P

PWD 133.9 ± 7.4 134.3 ± 7.7 4.3 3.2 0.842
P30 20.5 ± 7.2 19.8 ± 7.2 7.5 37.4 0.171
P60 3.0 ± 1.5 3.0 ± 1.3 1.4 45.9 0.897
RMS30 4.3 ± 2.2 4.4 ± 2.1 1.0 22.9 0.423

Mean and standard deviation is shown for first (1) and 24 recording (2) in normal subjects. No
significant difference is found between recordings for each variable measured by paired t-test (P=).
The coefficient or reproducibility (CR) is expressed as a percentage (%CR). See text for details.

and the data used to estimate sample sizes for the
study.

Statistical Analysis

Data was inspected for normality using an
Anderson–Darling test. Student’s t-test or Mann–
Whitney was used for parametric and non-
parametric data, respectively. Categorical variables
were analyzed using chi-square tests. 2-tailed P
value <0.05 was considered significant.

RESULTS

Validation Study (Table 1)

In the validation study, an absolute coefficient of
reproducibility15 was expressed as a percentage of
the mean value (%CR) for the two measurements in
16 subjects (Table 1), mean age 40.4 ± 11.8 years
(range 18–60). There were no statistically signifi-
cant differences between the two measurements.
P wave duration was highly reproducible, but fre-
quency domain parameters were less so. A sample
size of 10 has 80% power to detect a within patient
difference of 8 ms in PWD, 7 µV2/s for P30, 1 µV2/s
for P60 and 2µV for RMS30 at alpha 0.05.

Demographics

Forty patients were recruited (20 WACA and 20
PVI). Procedural endpoints were accomplished in
all patients. There were no complications recorded
in either cohort. There were 15 male in the WACA
group and 10 in the PVI (P = 0.146). The mean age
in the WACA group was 53.7 ± 9.44 and 52.9 ±
11.2 years in the PVI group (P = 0.796). Left atrial
size was comparable, 39 ± 8.3 mm versus 42 ± 0.4
mm (P = 0.64).

Of the 20 patients in the WACA group, four pre-
sented in persistent AF and thus a P wave recording
was not possible; data was lost on one patient af-
ter ablation and one patient prior to ablation, leav-
ing paired data in 14 of 20. Atrial fibrillation was
present in one patient in the PVI group prior to
the procedure and data was missing on seven pa-
tients after ablation, thus paired data is available on
13 of 20.

Patients in both groups were continuously mon-
itored after the procedure until the high-resolution
recording the following day. There was no signifi-
cant arrhythmia to bias the subsequent recording
noted in any of the patients remaining in sinus
rhythm.

Heart Rate and Heart Rate Variability

Mean heart rate rose in both groups but to a
greater and significant degree with WACA (Ta-
ble 2, (P = 0.001) This was combined with a fall
in time domain and frequency domain HRV vari-
ables (standard deviation of R-R intervals [SD] 42.62
[6.09] to20.31 [2.11], P = 0.003 for WACA and 43.16
[6.72] to 28.18 [4.38], P = 0.072 for PVI). Change
in both the high and low frequencies after PVI and
WACA were observed without change in the HF/LF
ratio.

Signal Averaged P Wave Variables

Baseline SAPW data was comparable (Table 3).
P wave power was higher in the group presenting
for PVI (significant for 30–150 Hz only). P wave du-
ration prolonged significantly after WACA, but not
PVI (149[4.6] to 160[5.9] [p = 0.003] and 143[3.3] to
140[3.2], respectively). This was associated with a
fall in voltage contained in the root mean square of
the terminal 30 ms (root mean square [RMS]) and
a marked reduction in amplitude of the P wave
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Table 2. Heart Rate Variability Derived Values Are Presented for Wide Area Circumferential Ablation (WACA) and
Pulmonary Vein Isolation (PVI), before and after Ablation

WACA [14] Segmental PVI [13]

Pre-AF Ablation Post-AF Ablation ∆ P Pre-AF Ablation Post-AF Ablation ∆ P

Heart rate 61.4 (2.6) 73.5 (2.4) 12.1 0.001 69.5 (2.5) 75.1 (4.3) 5.6 0.072
SD 42.6 (6.1) 20.3 (2.1) 22.3 0.003 43.2 (6.7) 28.2 (4.4) 15.0 0.072
LF Ln(P) 5.7 (0.4) 3.6 (0.4) 2.1 0.001 5.4 (0.3) 4.3 (0.3) 1.1 0.026
HF Ln(P) 4.6 (0.4) 3.4 (0.3) 1.2 0.024 4.4 (0.4) 3.0 (0.4) 1.4 0.018
HF/LF 4.5 (1.2) 3.0 (0.9) 1.5 0.093 4.6 (1.1) 5.4 (1.2) 0.8 0.460

[]: denotes number of patients. HR = heart rate; SD = standard deviation of the R-R intervals. LF Ln(P) = Napierian log of low
frequency; HF Ln(P) = Napierian log of high frequency; LF/HF = ratio of low-to-high frequencies. Note significant increase in
HR after ablation with falls observed in both HF and LF for PVI and WACA without change in ratio. Data presented as mean
(standard error of the mean). � = change in value between recordings.

reflected in the energy density spectrum for all
frequencies considered, depicted in Figure 2. P
wave duration, RMS and power did not change af-
ter PVI.

Procedural Outcomes

Data is available on outcomes at a median of 6
months in the WACA group (range 1–7 months)
and at 6 months in the PVI group. For WACA, five
of 20 patients had documented recurrence of AF;
one controlled with medication, three underwent
repeat procedures with success in two and further
recurrence in one. Two further patients presented
with an atypical atrial flutter presumed left atrial
in origin. One persisted at 6 months and was listed
for repeat ablation that was successful; the other
received symptomatic improvement with medi-
cal therapy alone. Of the remainder follow-up at
6 months documented sinus rhythm in all 13 pa-
tients off any medication. For PVI, 13 of 20 patients
had no recurrence of AF at 6 months (1 patient con-
tinued antiarrhythmics), 5 further patients remain
free of arrhythmia after a repeat procedure. Atrial
flutter was not seen in this cohort. Two patients

Table 3. Signal Averaged P Wave-Derived Values Are Presented for Wide Area Circumferential Ablation (WACA)
and Pulmonary Vein Isolation (PVI), before and 24 Hours after Ablation.

WACA [14] Segmental PVI [13]

Pre-AF Ablation Post-AF Ablation ∆ P Pre-AF Ablation Post-AF Ablation ∆ P

PWD 149 (4.6) 160 (5.9) 11 0.003 143 (3.3) 140 (3.2) 3 0.97
P30 20.4 (3.6) 13.7 (2.4) 6.7 0.001 29.8 (3.6) 28.4 (4.7) 1.4 0.67
P60 2.4 (0.4) 1.7 (0.2) 0.7 0.05 3.5 (0.7) 3.7 (0.8) 0.2 0.33
RMS 4.4 (0.4) 2.8 (0.4) 1.6 0.001 5.6 (0.7) 5.4 (0.6) 0.2 0.94

[]: denotes number of patients. Mean (standard error of the mean) are presented for P wave duration (PWD) in milliseconds and
root mean square for the terminal 30 ms (RMS) in µV. Median (standard error of the mean) are presented for P wave energy in
µV2/s. P30 represents energy between frequencies of 30–150 Hz; P60 represents energy between frequencies of 60–150 Hz
etc. � = change in value between recordings.

are lost to follow-up and outcome is unknown at 6
months.

Predictors of Response

No candidate variables predicted AF recurrence
in the PVI group. In the WACA group univariate
variables associated with an adverse outcome were
older age and lack of increased heart rate post pro-
cedure (Table 4). Binary logistic regression did not
identify an independent predictor.

DISCUSSION

Substrate modification achieved by WACA was
associated with significant change in all SAPW pa-
rameters. WACA was also associated with greater
change in neurally-mediated substrates as mea-
sured by increase in HR and HRV parameters.
Given that change in HRV parameters occurred af-
ter both WACA and PVI while significant change
in SAPW was absent after PVI and marked after
WACA, it is most likely that the observed change
in SAPW variables was secondary to substrate mod-
ification.
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Figure 2. Representative sample of time domain and frequency domain re-
sults before and after wide area circumferential ablation as depicted in Fig. 1.
The left panel shows the filtered P wave before and after ablation, respec-
tively, above the corresponding frequency domain analysis. P wave duration
increases and overall magnitude decreases after ablation. This is quantified
in the frequency domain (below). The power within the spectrum can be seen
to be reduced after ablation. This is quantified into energy bands: P30 repre-
sents 30–150 Hz; P60 represents higher frequencies between 60 and 150 Hz.
The time domain X-axis is in micro volts (µV); each large square represents 50
ms on the Y-axis. The frequency domain X-axis represents frequency in Hertz
(Hz); the Y-axis is in micro volts squared (µV2).

SAPW as a Marker of Atrial
Substrate Change

P Wave Duration

Surface PWD has been demonstrated to be pro-
longed (mean 140 ms ± 30 ms) in patients follow-

Table 4. Candidate Predictors of Recurrence in the WACA Group Alone.

Age HR PWD P30 HF AF RMS

Sinus Rhythm (13∗) 49.2 (2.6) 76.7 (2.7) 155.1 (2.4) 18.25 (0.9) 3.30 (0.4) 1 3.0 (0.5)
Recurrence (7) 60.9 (2.1) 65.03 (3.3) 173.4 (12.6) 13.77 (1.4) 3.5 (0.6) 3 2.7 (0.8)
P 0.003 0.019 0.179 0.267 0.710 0.061 0.58

High-resolution variables recorded after ablation. Age in years; hr = heart rate (bpm); HF = log normal of high-frequency power
heart rate variability; SAPW variables as previously defined; AF refers to number of patients with AF on day of procedure. age,
heart rate, and AF preprocedure were univariate associations with outcome. ∗One patient’s data missing, therefore the mean is
calculated from the remaining 12.

ing AF ablation presenting with recurrent organized
atrial arrhythmia.16

The prolongation of PWD after WACA reflected
delay in conduction times across the atria, although
this was not measured directly. The delay could
have been achieved by a number of mechanisms.
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First, the ablation lines described within the left
atrium were not complete lines of block and elec-
trical isolation was not an end point in these proce-
dures. The ablation circles did result in measured
conduction delay and it is conceivable the PWD re-
flected delayed conduction into the circles. Second,
ablation at the right upper vein to create a roof line
and complete the anatomic right circle might also
interrupt or delay conduction to the left atrium via
Bachmann’s bundle further prolonging PWD (see
Fig. 1).

P Wave Energy

Absolute P wave energy was reduced uniformly
throughout the measured frequencies ranges in the
WACA cohort but not in the PVI group (Table 3
and Fig. 2). This most likely reflects a reduction in
depolarized tissue, as suggested by a reduction in
amplitude of the P wave, meaning tissue contained
within the ablation lines is now low voltage com-
pared with the remainder of the atrium (illustrated
in Fig. 1).

Previous studies using frequency analysis of the
P wave have documented higher powers in patients
with AF. Higher powers have been linked to frac-
tionated electrograms in sinus rhythm7,17 as well
as recurrence of AF.18,19 The frequencies exam-
ined have been shown to reflect fractionated elec-
trograms20 and ablation lines are known to reduce
proarrhythmic fragmented electrograms found at
the junction of the pulmonary veins. A reduction
in these fractionated high-frequency electrograms
might have also contributed to a reduction in en-
ergy, especially at the higher frequencies mea-
sured.

HEART RATE AND HEART RATE
VARIABILITY AND NEURALLY
BASED SUBSTRATE CHANGE

HRV variables have been shown to change af-
ter WACA procedures with a loss of vagal effer-
ent tone and correlate with success.21 The change
observed in this study supports the effect upon
vagal tone. The results also suggested a less pro-
nounced effect with a segmental PVI approach
(Table 2) presumably due to ablation of vagal af-
ferents situated at and around the pulmonary vein
ostia.22

Heart rate variability has been observed to
change in a similar fashion after right sided ab-

lations, notably slow pathway modification.23 In-
terestingly, left-sided ablations for accessory path-
ways have not been associated with change in auto-
nomic balance.24 Most studies performed the HRV
analysis immediately after ablation and in some
the effects were absent by 24 hours while in other
studies they persisted for up to 6 months.25 The
more marked effect with WACA compared with
PVI supports the hypothesis that WACA is gener-
ating change in neurally mediated substrate and
this is not simply a confounding variable, never-
theless, serial assessment and correlation with re-
sponse should be made.

Clinical Implications

Although not a randomized comparison of the
two techniques, the results are similar to others for
recurrence,4 seven of 20 with WACA and seven of
20 with PVI. The observed change in SAPW param-
eters appears to reflect the atrial substrate modifi-
cation from WACA.

An increase in heart rate was associated with a
good response to intervention in this cohort. Min-
imal change in heart rate and increased age were
associated with recurrence of AF or left atrial flut-
ter (Table 4). There was also a trend toward a longer
PWD in the arrhythmia recurrence group. One hy-
pothesis would be that some patients were indeed
isolated by WACA with consequent reduction in
P wave energy and amplitude but no significant
increase in duration, whereas some patients had
gaps in ablation lines resulting in delayed conduc-
tion into areas that remained excitable and thus did
not demonstrate a marked reduction in energy. As
testing for isolation was not performed, this theory
cannot be supported by data from this study but
a recent study suggests that complete isolation at
the WACA lines improves outcome.26 This together
with the more marked change in neurally based
substrate might help explain the improved efficacy
of WACA reflected in reduced P wave energy and
the apparent confounder of increased PWD and AF
recurrence. Current data suggest recurrence is due
to incomplete lines and there is momentum toward
a hybrid approach of WACA but with electrical iso-
lation of the encircled veins as an endpoint.26,27

Should the presented hypothesis be true, a marker
of possible recurrence might be recovery of con-
duction into the previously isolated areas detected
as delayed activation on the surface P wave and an
increase in PWD.
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Reproducibility of PWD is good compared with
P wave energy and compares favorably with HRV
measures. Therefore it is feasible to consider this
a surrogate marker of atrial substrate change, ap-
parently independent of neurally based substrate
change, and a potential clinical tool in the long term
monitoring of AF ablation patients. To date current
strategies rely on patients reporting symptoms com-
bined with periodic Holter monitoring to estimate
response to intervention.28 A noninvasive measure
of atrial substrate change might allow assessment
of the risk of recurrence in an otherwise asymp-
tomatic subject during sinus rhythm. Clearly such
a test would be desirable to help determine which
patient requires long term anticoagulation or an-
tiarrhythmic and subsequently monitor them. The
next logical step would be to test this hypothesis
prospectively with WACA procedures designed to
isolate and examine for recurrence.

LIMITATIONS

Although the recruitment was good, the loss of
data resulted in exclusion of some patients and
thus the predictive analysis had small numbers
and interpretation should be cautious and requires
further study. Patients were not part of a random-
ized controlled trial and thus direct statistical com-
parison concerning the degree of changes was not
made. The groups were nonconsecutive cohorts
with procedures performed at different centers,
however patient characteristics were similar.

The WACA procedure included ablation at the
cavotricuspid isthmus whereas PVI did not; how-
ever ablation at the cavotricuspid isthmus has been
shown previously to impact little upon heart rate
and HRV measures in a similar time frame and thus
is unlikely to be responsible for the differences ob-
served.29

Direct anatomic correlates with substrate mod-
ification from WACA are inferred but cannot be
confirmed from this study. Evaluation of patients
undergoing lasso guided WACA would make a bet-
ter measure as discussed above.26

CONCLUSIONS

Time and frequency domain parameters of the
P wave change significantly after WACA proce-
dures. The observed changes appear independent
of neurally mediated substrate change and support
the hypothesis that SAPW reflects change in atrial

substrate after WACA. Serial evaluation of patients
with this measure should be done to establish if the
change after WACA is sustained, dependent upon
isolation and can be correlated with recovery of
conduction into veins leading to symptomatic re-
currence.
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