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Background: Changes in P-wave morphology have recently been shown to be associated with
interatrial conduction route used, without noticeable changes of P-wave duration. This study aimed at
exploring the association between P-wave morphology and future atrial fibrillation (AF) development
in the Multicenter Automatic Defibrillator Trial II (MADIT II) population.

Methods: Patients included in MADIT-II without a history of AF with sinus rhythm at baseline
who developed AF during the study (“Pre-AF”) were compared to matched controls without AF
development (“No-AF”). Patients were followed for a mean of 20 months. A 10-minute high-
resolution bipolar ECG recording was obtained at baseline. Signal-averaged P waves were an-
alyzed to determine orthogonal P-wave morphology, P-wave duration, and RMS20. The P-wave
morphology was subsequently classified into one of three predefined types using an automated
algorithm.

Results: Thirty patients (age 68 ± 7 years) who developed AF during MADIT-II were compared
with 60 patients (age 68 ± 8 years) who did not. P-wave duration and RMS20 in the Pre-AF group
was not significantly different from the No-AF group (143 ± 21 vs 139 ± 30 ms, P = 0.26, and 2.0 ±
1.3 vs 2.1 ± 1.0 μV, P = 0.90). The distribution of P-wave morphologies was shifted away from
Type 1 in the Pre-AF group when compared to the No-AF group (Type 1/2/3/atypical; 25/60/0/15%
vs 10/63/10/17%, P = 0.04).

Conclusions: This study is the first to describe changes in P-wave morphology in patients prior
to AF development. The results indicate that abnormal interatrial conduction may play a role in AF
development in patients with prior myocardial infarction and congestive heart failure.
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Electrocardiographic (ECG) signs of extensive al-
terations in interatrial conduction (i.e., advanced
interatrial block) have been shown to be associated
with an increased incidence of atrial fibrillation
(AF).1 The characteristic ECG finding is a biphasic
P wave in the inferior leads generated by a retro-
grade activation of the left atrium via connections
located in the vicinity of the coronary sinus, which
is believed to be the result of a complete Bach-
mann’s bundle block.2,3 However, advanced inter-
atrial block is rare and therefore unlikely to account
for more than a small minority of all AF cases.2 In
contrast, more modest ECG signs of altered intera-
trial conduction (i.e., partial interatrial block), pri-
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marily seen as prolongation of the P wave is known
to be very common even in relatively healthy popu-
lations.4 The association between partial interatrial
block and AF has been established using various
techniques, but is much less pronounced, with a
large proportion of the patients with partial intera-
trial block never developing AF.5–9

Invasive studies using electro-anatomical map-
ping have shown that at least three different ar-
eas are used for interatrial conduction: the Bach-
mann’s bundle area, the area close to fossa ovale
and the area in the vicinity of the coronary si-
nus.10,11 The Bachmann’s bundle area seems to be
the primary interatrial conduction route in most
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patients, but the other areas contribute in a sub-
stantial proportion of the subjects.10,11 Recently,
we were able to demonstrate a robust association
between invasively determined interatrial activa-
tion route and the orthogonal P-wave morphology
derived from a standard 12-lead ECG using unfil-
tered signal-averaged P-wave analysis.12 Abnormal
P-wave morphology (i.e., changes in interatrial con-
duction routes) has in our previous studies been
shown to be associated with the presence of AF, in-
creasing age as well as worsening heart failure,13–15

but the meaning of these subtle differences in
P-wave morphology with respect to AF develop-
ment has not yet been investigated in a prospective
fashion.

The likelihood of AF development increases
with most known heart diseases including is-
chemic heart disease and congestive heart failure.16

The Multicenter Automatic Defibrillator Trial II
(MADIT II) included patients with previous my-
ocardial infarction and reduced ejection fraction
with or without a history of ventricular or atrial ar-
rhythmia.17 This study aimed at further exploring
the association between P-wave morphology and
future AF development in patients in sinus rhythm,
without a history of AF but with previous myocar-
dial infarction and congestive heart failure.

METHODS

Study Population

The design and results of MADIT II have been
reported elsewhere.17 Briefly, the study included
1232 patients with documented ischemic heart dis-
ease (myocardial infarction over 1 month prior to
enrollment) and ejection fraction ≤30%. Patients
were randomized to ICD or conventional treat-
ment in a 3:2 fashion. Patients were followed for
a mean of 20 months. Exclusion criteria included
existing ICD indications, New York Heart Associ-
ation (NYHA) class IV (within the past 3 months),
myocardial infarction within the past month, coro-
nary revascularization within the past 3 months,
and other advanced comorbidities. Patients were
seen in clinic every third month for a full medical
check-up as part of the MADIT II protocol. Occur-
rence of AF on these, or any unscheduled, clinically
motivated visit, was reported.

All patients without a history of AF, with sinus
rhythm at baseline who developed AF during the
course of the study (Pre-AF group) were compared

to patients without a history of AF, with sinus
rhythm at baseline who did not develop AF dur-
ing the course of the study (No-AF group). Subjects
in the No-AF group were matched with the Pre-AF
group, in a 2:1 fashion, on the following parame-
ters: age; gender; baseline medication. The follow-
up time of the No-AF subjects had to be at least
as long as that of the Pre-AF subjects. To further
explore the relationship between P-wave morphol-
ogy and AF development, patients with a history of
paroxysmal AF who were in sinus rhythm at base-
line but suffered recurrence of AF during follow-
up (PAF group) were compared to the two matched
groups (No-AF and Pre-AF).

Data Acquisition and Analysis

A 10-minute high-resolution (1 kHz) bipolar or-
thogonal ECG recording (SpaceLab-Burdick 6632
recorder, SpaceLab-Burdick, Milton, WI, USA) was
obtained at enrollment in a subset of the MADIT II
patients. Patients with nonsinus rhythm at base-
line ECG were excluded from further analyses.
Data analysis was performed using custom-made
software running on MATLAB R2007a for Mac OS
X (The MathWorks, Inc., Natick, MA). Unfiltered,
signal-averaged P waves were analyzed to deter-
mine P-wave morphology.18,19 Following high-pass
(0.5 Hz) and bandstop (50 Hz) filtering, QRS com-
plexes were automatically identified and grouped
according to similarity (a cross-correlation coef-
ficient, ρ > 0.9). P waves were extracted using
250 ms wide signal windows preceding each QRS
complex. The signal windows were then shifted in
time to estimate the maximal correlation in each
lead. Signal windows with a cross-correlation coef-
ficient of ρ > 0.9 (analyzed separately in all leads)
were grouped together and averaged. The actual
P waves were defined by manual setting of the
onset and end. The method used is described in
detail elsewhere.18,19 The morphology was sub-
sequently classified into one of three predefined
classes (Type 1: positive Leads X and Y and neg-
ative Lead Z; Type 2: positive Leads X and Y and
biphasic Lead Z (−/+); and Type 3: positive Lead X
and biphasic signals in Leads Y (+/−) and Z (−/+))
using an automatic algorithm.19

Using the previously extracted signal windows
of similar morphology, additional bandpass-filtered
signal-averaged P-wave analysis was performed.
The vector magnitude (

√
(X2 + Y2 + Z2)) was cal-

culated and bandpass filtered using a bidirectional
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Figure 1. Schematic illustration of the signal-averaged P-wave analysis. Bipolar orthogonal-lead
ECG data were analyzed. QRS complexes were included and averaged according to similarity.
P waves were extracted using 250-ms long signal windows preceding each QRS complex. The
P-wave onset and end were set manually. The derived parameters are indicated by dashed lines
in the right panels. Lead X (blue): Xmax location (A) and amplitude (B); Lead Y (red): Ymax location
(C) and amplitude (D); Lead Z (green): Zmin location (E) and amplitude (F), Zzero location (G), Zmax
location (H) and amplitude (I). Based on these parameters the morphology is classified into one
of three predefined classes using an automated algorithm. Finally, bandpass filtering (40–250
Hz) was performed to estimate filtered P-wave duration (J and K, respectively) and RMS20
(blue area).

four-pole Butterworth filter with 40 Hz high-pass
and 250 Hz low-pass cutoffs. Signal noise was mea-
sured as the root mean square (RMS) value of a
40 ms interval in the TP segment of the filtered
signal20 and P waves were added to the average
until a noise level below 0.1 μV was obtained. If
the noise level could not be obtained, the record-
ing was discarded from this analysis. Onset and
end of the bandpass-filtered vector magnitude was
defined as the midpoint of 5 ms segments where
the RMS level exceeded the noise level plus three
standard deviations.20 If no point was found that
fulfilled this criterion at the P-wave end, the inter-
val with the lowest RMS value in the PQ segment
was used as end. P-wave duration and the RMS
value of the terminal 20 ms of the P wave (RMS20)
were analyzed. The method used is schematically
illustrated in Figure 1.

Statistics

Data are expressed as the mean ± standard devi-
ation. The Mann-Whitney U or Kruskall-Wallis test
was used to analyze unpaired data. The chi-square
test was used when analyzing nominal data. All
tests were two-sided and P < 0.05 was considered
statistically significant. All statistical analyses were

performed using SPSS 16.0 for Mac OS X (SPSS Inc.,
Chicago, IL).

RESULTS

Comparison of Clinical Characteristics at
Enrollment between Patients Developing

AF during the Study and the Matched
Controls

Thirty patients (mean age 68 ± 8 years, 24 males)
developed new AF during the study, after a median
of 11 months of follow-up (range 0–46). The median
follow-up of the control subjects (n = 60, mean age
68 ± 7 years, 48 males) was 29 months (range 6–
52). Table 1 lists the baseline characteristics of the
two study groups. Notably, no significant differ-
ences could be seen, but numerically there was a
trend for hypertension, diabetes as well as a worse
NYHA class being more common in the Pre-AF
group. The unmatched PAF patients (n =18, mean
age 67 ± 5 years, 16 males), more frequently had
a history of hypertension, higher diastolic blood
pressure, and were more likely to be on Vaughan
Williams Class I or III drugs. Besides from these
differences there were no significant differences in
baseline characteristics between the three groups
(Table 1).
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Table 1. Baseline Clinical Characteristics in Study Groups

No-AF Pre-AF PAF
(n = 60) (n = 30) P (n = 18) P

Age (yrs) 68 ± 7 68 ± 8 0.81 67 ± 5 0.77
Male (%) 80 80 1.00 89 0.68
Atrial Arr (%) 0 0 1.00 100 0.00
Vent Arr (%) 15 17 0.86 11 0.93
Hypertension (%) 45 63 0.10 78 0.03
Diabetes (%) 30 47 0.12 17 0.08
BMI (kg/m2) 28 ± 5 27 ± 6 0.60 28 ± 5 0.76
Systolic BP (mmHg) 122 ± 17 126 ± 16 0.92 121 ± 18 0.45
Diastolic BP (mmHg) 70 ± 9 74 ± 8 0.63 74 ± 11 0.03
Heart rate (bpm) 72 ± 13 76 ± 12 0.66 76 ± 16 0.38
NYHA (I/II/III/IV) (%) (39/32/19/10) (20/50/27/3) 0.13 (39/44/17/0) 0.26
EF (%) 23 ± 5 23 ± 6 0.17 24 ± 5 0.64
Digitalis (%) 41 53 0.29 72 0.07
Beta-blocker (%) 66 60 0.61 72 0.69
CCB (%) 19 23 0.63 17 0.83
Class I AA (%) 0 0 1.00 22 0.01
Amiodarone (%) 0 0 1.00 17 0.03

AA = antiarrhythmic drug; Arr = arrhythmia; BMI = body mass index; BP = blood pressure; CCB = calcium channel blocker;
EF = ejection fraction; NYHA = New York heart association; Syst = systolic; Vent = ventricular.

P-Wave Parameters in Patients without a
History of AF Developing AF during the

Study versus Matched Controls

The P-wave duration was prolonged compared
to normal reference values both in the Pre-AF and
the No-AF group but there was no significant dif-
ference detected (148 ± 24 vs 147 ± 18, P = 0.26).
The bandpass-filtered results were similar, with
nonsignificant differences both in P- wave dura-
tion and RMS20 (Table 2). The distribution of P-
wave morphology was significantly different be-
tween the two groups with a higher proportion of
the Pre-AF patients exhibiting P-wave morphology
Type 3 or atypical, while the No-AF subjects com-
prised a higher proportion of patients with Type 1
morphology (Table 2).

Table 2. Relation between P-Wave Parameters and Study Group

No-AF Pre-AF PAF
(n = 60) (n = 30) P (n = 18) P

PWD unfiltered (ms) 147 ± 18 148 ± 24 0.26 144 ± 16 0.75
PWD filtered (ms) 139 ± 30 143 ± 21 0.47 139 ± 21 0.81
RMS20 (μV) 2.0 ± 1.3 2.1 ± 1.0 0.90 1.3 ± 0.7 0.11
Type (1/2/3/Atyp) (%) (25/60/0/15) (10/63/10/17) 0.04 (0/61/11/28) 0.03

Atyp = atypical; filtered = bandpass-filtered signal-averaged P-wave analysis; PWD = P-wave duration; unfiltered = unfiltered
signal-averaged P-wave analysis.

P-Wave Parameters in Patients
with Known AF Compared to

Those without

Neither the unfiltered, nor the filtered P-wave
duration analysis revealed any significant differ-
ences between the PAF patients and the two groups
without a history of AF. The RMS20 tended to be
lower in the PAF subjects, but the difference was
not statistically significant (Table 2). The difference
in P-wave morphology was even more pronounced
with a complete absence of Type 1 P-wave mor-
phology and a larger proportion of patients exhibit-
ing Type 3 or atypical P waves (P = 0.03, Table 2).
The proportion of patients in each group exhibiting
the different P-wave morphologies is illustrated in
Figure 2.
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Figure 2. Bar graph illustrating the distribution of P-wave morphologies at baseline in patients without a history of
AF who did not (No-AF) and did (Pre-AF) develop AF during the study and patients with a history of atrial fibrillation
who did suffer relapse during the study (PAF). Notably, Type 1 P-wave morphology was more abundant in the No-
AF group, whereas Type 3 P-wave morphology was only seen in patients who developed AF during the study. The
differences in P-wave morphology between the study groups were statistically significant (P = 0.03, chi-square
test).

DISCUSSION

In this study alterations in P-wave morphology,
which has been shown to reflect interatrial conduc-
tion, are seen in patients prior to AF development
when compared to a matched control population.
The results indicate that abnormal interatrial con-
duction is likely to play a role in AF development in
patients with prior myocardial infarction and con-
gestive heart failure.

Standard P-Wave Parameters in Relation
to Previous Studies

Prolongation of the P-wave duration was com-
monly observed in the studied patients, but the
P-wave duration was virtually identical between
the three different study groups, clearly not reflect-
ing probability of AF development in this study.
This is in contrast with previous studies,7–9 but is
likely to illustrate that P-wave duration can only
be used for AF prediction in patients without rele-

vant cardiac comorbidity. Although the lower val-
ues of RMS20 observed in the PAF group did not
reach statistical significance, the numerically lower
value is in agreement with previous reports where
patients with paroxysmal AF were found to have
lower RMS20 than healthy controls.5,6 Notewor-
thy, patients in the Pre-AF group did not exhibit
lower RMS20 than patients in the No-AF group.
This shows that RMS20 is unlikely to carry any pre-
dictive value regarding AF development in healthy
subjects, before the initial AF episode and hence
may indicate that the electrophysiological changes
causing the decreased RMS20 is a consequence
rather than the cause of AF.

P-Wave Morphology in the Light of
Previous Noninvasive and Invasive

Studies

The distribution of P-wave morphology
in the study population as a whole, with the
majority of the patients exhibiting Type 2 P-wave
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morphologies and only a small proportion of the
patients exhibiting Type 1 and Type 3 P-wave
morphologies, is expected given the age and the
cardiac morbidity of the patients.14,15 The Type 1
P-wave morphology has been shown to be more
abundant in younger and healthier (e.g., no AF,
lower NYHA class, etc.) subjects.14,15 A study
comparing patients with known PAF to healthy
age- and gender-matched control subjects showed
that Type 2 P-wave morphology was common
in the healthy subjects, but even more so in the
PAF patients.13 Although this study is the first to
investigate P-wave morphology in patients prior to
the development of AF, the findings fit well with
the previously formed concept of a progressive
worsening from Type 1 to Type 2 to Type 3.15

Finally, in this study the proportion of patients
with atypical P waves (e.g., positive signals in
Lead Z or initially negative signals in Lead X)
were larger in the Pre-AF and PAF groups when
compared to the No-AF group and overall larger
than observed in previous studies using the same
technique.13–15 The reason for this is unclear, but
is likely to be related to the advanced comorbidity
of the patients in this study.

Although data on interatrial conduction in pa-
tients with known PAF, from electroanatomical or
noncontact mapping studies, are conflicting to a
certain degree, they indicate that Bachmann’s bun-
dle is the primary interatrial conduction route in
most patients.10,11 This is in agreement with the
findings in this study with a large proportion of the
patients exhibiting Type 2 P-wave morphology in
all studied groups.

The Meaning of P-Wave Morphology and
Its Possible Relation to AF Development

According to the findings when comparing left
atrial breakthrough site and P-wave morphology,12

a Type 1 P-wave morphology reflects interatrial
conduction primarily via the connections located
in the vicinity of the fossa ovale, but does not ex-
clude concomitant contributions from Bachmann’s
bundle and/or connections close to the coronary si-
nus.12,15 In fact, given the high prevalence of Bach-
mann’s bundle conduction in this and in previously
published series, invasive10,11,21 as well as noninva-
sive,12–15 concomitant conduction via Bachmann’s
bundle in Type 1 P-wave morphology is probably
the rule rather than the exception. On the other
hand, Type 2 P-wave morphology is not compati-

ble with concomitant conduction via connections
close to fossa ovale, but reflects conduction via
Bachmann’s bundle with possible nonsignificant
contribution from the coronary sinus connections.
Finally, Type 3 P-wave morphology can only be the
result of interatrial conduction exclusively via con-
nections in the vicinity of coronary sinus, without
noticeable contribution from other areas.12 Hence,
the different P-wave morphologies are likely to
represent various degrees of functional connec-
tion/disconnection of the two atria with Type 1
being a state without detectable functional dis-
connection. The progressive functional disconnec-
tion of the atria seen in Type 2 and 3 may well
cause an increase in the heterogeneity of the atrial
electrophysiology, which is a well-recognized sub-
strate for AF perpetuation.22 Intriguingly, the high-
est prevalence of Type 1 P-wave morphology was
observed in the No-AF group, underlining the hy-
pothesis that interatrial conduction without signs of
functional disconnection may be protective of AF
development. The biphasic signal in Lead Y char-
acteristic for Type 3 P-wave morphology is analo-
gous to the biphasic P wave in inferior lead seen
during advanced interatrial block.2 As mentioned
previously, this is known to be associated with in-
teratrial conduction via coronary sinus connections
and has been shown to be associated with a very
high likelihood of AF development.23 Therefore,
the finding in this study of a strict coupling be-
tween AF development or relapse and Type 3 P-
wave morphology is therefore expected.

Whether changes in atrial electrophysiology are
the cause or consequence of AF is a classical
“chicken or the egg” dilemma. The atrial electrical
remodeling seen after arrhythmia initiation with a
progressive shortening of the atrial refractoriness,
is by now a well-established, undisputable fact.24,25

The gradual normalization of the atrial refractori-
ness following cardioversion of AF may imply that
these changes are more likely to be the conse-
quence than the cause of AF.26,27 On the other
hand, there are prospective studies showing that
patients with altered atrial conduction, manifested
as a prolongation of the P wave, have a higher risk
of developing AF following cardiac surgery than
patients with normal P-wave duration.7,8 In other
words, preexisting anomalies in atrial conduction
properties may create the required substrate for
AF perpetuation. Intriguingly, the findings in this
study may well indicate that the chicken and
the egg were both first. The differences observed
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between the No-AF and Pre-AF groups indicate that
a functional disconnection of the atria may be a fac-
tor in AF development. On the other hand, the pa-
tients with already known PAF, who also had a new
episode during the cause of the study, had even
more pronounced signs of altered interatrial con-
duction than the Pre-AF group. That is, although
present prior to AF development the changes in
atrial electrophysiology are likely to be progressive
beyond the point of arrhythmia debut.

Study Limitations

The meaning of the P-wave morphologies ob-
tained using signal-averaged P-wave analysis has
been explored via comparison of electroanatomi-
cal and ECG data. The results show that there is a
good agreement between P-wave morphology and
the anatomical route used for interatrial conduc-
tion.12 However, it is inevitable that the size and
orientation of the atria influence the characteristics
of the ECG signal and hence the P-wave morphol-
ogy. To date no comparison between P-wave mor-
phology, obtained using unfiltered signal-averaged
P-wave analysis, and structural information (e.g.,
echo data) exist. However, a somewhat similar
concept (abnormal P-wave terminal force (PTF)),
which is characterized by a pronounced biphasic
signal in Lead V1,28 has in part been shown to
be associated with increased left atrial pressure
and size.29,30 Therefore, although PTF represents a
more extreme condition and the lack of direct com-
parisons, it is likely that unfiltered signal-averaged
P-wave morphology is the consequence of more
than interatrial conduction only.

It is well established that the more intensively
a patient is monitored and the longer the period
of monitoring, the greater the likelihood of detect-
ing both symptomatic and asymptomatic AF.31,32

In MADIT II, the follow-up with respect to AF was
based on regular clinical visits and unscheduled
visits if requested by the patients or ICD interroga-
tion in patients randomized to ICD treatment arm.
This may have caused an underestimation of the
actual number of AF events, which in turn the-
oretically may have caused a misclassification of
patients in the No-AF group. However, if so, this
would if anything attenuate the true differences
between the groups.

The unfiltered P-wave analysis method has been
validated using standard Frank leads or derived
vectorcardiograms using the inverse Dower trans-

form.18 In this study, bipolar ECGs were used for
the analyses. Although the differences are likely
to be small and probably neglectable, the P-wave
morphologies have not been formally validated us-
ing this lead configuration.

CONCLUSIONS

This study is the first to describe changes in P-
wave morphology, which has been shown to re-
flect interatrial conduction, in patients prior to AF
development. The results indicate that abnormal
interatrial conduction may play a role in AF devel-
opment in patients with prior myocardial infarction
and congestive heart failure.
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