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Signal-averaged P wave area increases during respiratory events
in patients with paroxysmal atrial fibrillation and obstructive
sleep apnea
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Abstract
Purpose P wave characteristics change during simulated apneic events in individuals with atrial fibrillation (AF). This study
sought to assess whether similar changes occur during nocturnal respiratory events in patients with AF and obstructive sleep
apnea (OSA).
Methods Thirty-five individuals with severe OSAwho underwent formal polysomnography and subsequent AF ablation were
compared to a matched group without AF. Electrocardiographic segments from each polysomnogram corresponding to the
following events were identified: period of wakefulness closest to the initial onset of sleep (baseline-awake), first respiratory
event, respiratory event with the lowest nadir oxygen saturation, longest respiratory event, and last respiratory event. Signal-
averaged P wave duration and signal-averaged positive P wave area (amplitude*duration for positive P wave amplitudes) were
extracted using custom software. P wave characteristics during respiratory events and the baseline-awake condition were
compared.
Results Compared to the baseline-awake condition, the signal-averaged positive P wave area was significantly greater during the
longest event and the event with the lowest oxygen saturation in those with AF, but not in those without AF. There were no
significant differences in signal-averaged P wave duration for any respiratory event compared to the baseline-awake condition,
regardless of AF status.
Conclusion In patients with paroxysmal AF and obstructive sleep apnea, the signal-averaged positive P wave area is greater
during certain respiratory events than during wakefulness. This finding may reflect the acute impact on right atrial volume of
increased venous return associated with respiratory events and could be useful to assess AF risk in sleep apnea and to monitor
response to treatment.
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Introduction

Knowledge of the relationship between obstructive sleep ap-
nea (OSA) and atrial fibrillation (AF) continues to evolve.

Epidemiologically, individuals with OSA have a higher prev-
alence of AF than unaffected individuals [1]. Physiologically,
an episode of AF is much more likely to occur following a
respiratory event than during normal breathing [2].
Mechanistically, OSA increases sympathetic nervous system
activity, inflammation, atrial fibrosis, and enhances the induc-
ibility of AF, potentially via increased atrial effective refracto-
ry period and decreased conduction velocity caused by con-
temporaneous hypercapnia [3, 4].

Development of parameters obtained from the surface elec-
trocardiogram (EKG) that are capable of integrating these
physiologic and mechanistic effects of OSA on the AF sub-
strate could enhance clinical assessment of AF propensity
both at a given time and longitudinally, as well as in response
to OSA therapy. Signal-averaged P wave duration (SAPWD),
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which reflects intra-atrial and inter-atrial conduction charac-
teristics and is derived from surface electrocardiography [5], is
prolonged during wakefulness in those with OSA [6] and
increases above baseline in response to simulated airway ob-
struction in awake individuals [7].

To expand upon this work done in awake subjects, we
postulated that measuring changes in SAPW characteristics
in response to respiratory events in real-time (i.e., during a
polysomnogram [PSG]) could assist in refining risk estimates
for AF and may also lend more detailed insight into the path-
ophysiologic relationship between OSA and AF. As an initial
step in testing this hypothesis, we sought to apply signal-
averaging techniques to EKG data from PSGs in a population
with AF that would ultimately undergo AF ablation and in a
group matched on OSA severity, but without AF. Specifically,
we aimed to (1) compare SAPWD and SAPWArea (the prod-
uct of P wave duration and amplitude) during respiratory
events to periods of normal breathing and (2) assess changes
in these parameters over the course of an entire PSG.

Methods

Study cohort

The AF cohort consisted of individuals that were part of the
Vanderbilt Atrial Fibrillation Ablation Registry (VAFAR).
The VAFAR is a prospective clinical and genetic biorepository
that systematically enrolls patients undergoing AF ablation at
our institution [8, 9]. To identify subjects in VAFAR who had
undergone formal PSG in the Vanderbilt Medical Center’s
Sleep Lab, this registry was queried for all participants whose
electronic chart contained a PSG report from our institution.
PSGs dedicated to adjusting therapy (i.e., titration studies)
were excluded, but the diagnostic portions of split-night stud-
ies were eligible for analysis. Only individuals who had a PSG
prior to their index AF ablation were included. Subjects with
AF throughout their PSG or with an atrial paced rhythm were
excluded from the analysis. We reasoned that participants in
the VAFAR, who by definition have a high propensity for
paroxysms of AF, would have the greatest likelihood of man-
ifesting changes in SAPW characteristics in response to respi-
ratory events and thus would be the optimal group in which to
conduct this feasibility/proof-of-concept analysis.

The pool of control group (no AF) candidates was assem-
bled from our institution’s Sleep Lab database and included
individuals that were of similar age (± 1 year difference), the
same gender, had a PSG in the same month within a 2-year
window (i.e., if the case patient had a PSG in April 2015,
controls needed to have had their study in April 2014, April
2015, or April 2016), and had a comparable apnea-hypopnea
index (AHI) as one of the patients with AF. We defined com-
parable AHIs as being in the same qualitative category for

non-severe OSA (i.e., none [AHI < 5 events/h], mild [5–15
events/h], moderate [16–30 events/h]) and within 10 events/
h if the AHI was in the severe category (> 30 events/h). For
each case, a control was randomly selected from the list of all
individuals that met the above criteria.

Demographic and anthropomorphic data as well as medical
history and basic PSG characteristics were abstracted from the
electronic medical record.

Polysomnographic studies

Polysomnographic data were obtained from the formal PSG
and the associated report. Standard protocols for data acquisi-
tion and scoring were used, as described previously [10, 11].
The EKG signal (lead II) was sampled at 200 Hz. Apnea-
hypopnea index (AHI) was defined as the sum of apneic and
hypopneic events divided by the total duration of sleep. All
PSGs were formally interpreted by board-certified sleep phy-
sicians at our institution.

Using the annotated respiratory event-log, several key
events were identified for each PSG: (1) the period of wake-
fulness closest to the initial onset of sleep (Bbaseline-awake^),
(2) the first respiratory event of the study, (3) the longest
respiratory event, (4) the respiratory event with the lowest
nadir oxygen saturation, and (5) the last respiratory event of
the study. The baseline-awake period serves as a reference to
facilitate comparisons with the other events and is particularly
useful for individuals with high AHI, when periods of normal
breathing during the PSG may be infrequent.

Electrocardiographic data extraction

The annotated respiratory event log informed selection of dig-
itized EKG data from the PSG. Portions of the EKG signal
that corresponded to the events of interest were manually
identified, checked for excessive artifact/ectopy, and extracted
to ASCII files using a widely available European Data Format
(EDF) viewer (https://www.teuniz.net/edfbrowser/; version 1.
56). As pro-arrhythmic effects of respiratory events can persist
after the event is over, EKG segments began at event onset
and lasted for a total of 90 s [2]. The baseline-awake period
was defined as the contiguous 90-s interval closest to sleep
onset.

Signal-averaged EKG analysis

Based on established techniques [12], custom software
(Matlab version R2017b; Natick MA) developed by one of
the authors (RLA) performed the signal-averaging analysis
using as input the raw EKG data extracted from PSGs. For
the EKG segment associated with a given respiratory event,
each PQRST complex was identified automatically, aligned,
and averaged point-by-point. The P wave onset and
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termination were identified preliminarily by the software and
verified manually. The signal-averaged PQRST complex was
automatically subdivided into P wave, QRS complex, and T-
wave after manual evaluation of the tracings for artifact and
after manual verification of the QRS detection threshold. To
account for differences in signal level among events, the
signal-averaged waveform was normalized such that the
peak-to-peak amplitude of the QRS complex was equal to that
of the baseline-awake signal-averaged QRS complex. This
step assumes that the QRS complex amplitude is constant
for the duration of the respiratory event of interest. The
resulting normalized and signal-averaged P waves for each
event were de-trended such that the beginning and end of
the P wave were zero (i.e., the P wave emerged from and
receded into the baseline).

Analysis of the de-trended, normalized, and signal-
averaged P wave included examination of the P wave intervals
and morphology. For each respiratory event (as well as the
baseline-awake period) for each participant, output included
SAPWD and signal-averaged positive P wave area
(SAPPWArea), defined as the summed product of the sam-
pling period and amplitude for each point in the P wave above
the baseline:

SAPPWArea ¼ ∑T
n¼1 An*Δtð Þ* sign Anð Þ þ 1

2

� �

T= SAPWD*fs
An is the amplitude of the P wave at point Bn^
fs is the sampling frequency of the EKG signal
Δt= 1/fs

Restricting the SAPPWArea calculation to positive P wave
amplitudes was done based on the hypothesized physiology of
changes in atrial size during a respiratory event that we wished
to capture. Namely, we suspected that positive deflections
represented increased atrial volume due to increased venous
return associated with the large changes in intra-thoracic pres-
sure induced by an apnea or hypopnea.

Statistical analysis

Comparisons between continuous variables were made using
the Mann-Whitney test, as the relevant covariates were non-
normally distributed. Comparisons between categorical vari-
ables were made using Fisher’s χ2 test. Within each group
(i.e., AF or no AF), data from the baseline-awake condition
and from the respiratory event condition of interest were
modeled as paired occurrences. Therefore, the Wilcoxon
matched-pairs signed-rank test was used for comparisons of
signal-averaged P wave characteristics between different con-
ditions within the same group (i.e., baseline awake vs longest

event in the AF group). Comparisons between groups (i.e., AF
vs no AF) were not modeled as paired occurrences. All anal-
yses were completed in GraphPad Prism 7.02 (GraphPad Inc.;
La Jolla CA); p < 0.05 was considered statistically significant.

Results

Each group consisted of 35 individuals who were middle-
aged, predominantly male, nearly all Caucasian, obese, and
had severe OSA (Table 1), reflecting a referral population for
PSG. At the time of the PSG, two thirds of the AF group was
on atrioventricular nodal (AVN) blockers (non-dihyropyridine
calcium channel blockers and/or beta-blockers) and two thirds
were on dedicated anti-arrhythmic drugs (50% Vaughn-
Williams [V-W] class IC, 25% V-W class III, 25% amioda-
rone). Slightly less than one-third of the no-AF group was on
AVN blockers (predominantly for hypertension), and only one
individual was on an anti-arrhythmic drug.

Respiratory event characteristics and the number of P
waves analyzed are shown in Table 2. The vast majority of
events lasted less than 1 min, and there were no differences in
duration between the first, lowest saturation, and last events
within or between groups. None of the first events occurred
during REM sleep as they took place very early on in the

Table 1 Cohort characteristics

Characteristic AF No AF

Participants 35 35

Demographics

Age (years) 61 ± 7 61 ± 8

Gender (% female) 20 20

Ethnicity (% Caucasian) 97 94

BMI (kg/m2) 35 ± 8 33 ± 7

AF therapy

AVN blockers (%) 69 31

AAD (%) 66 3

Polysomnography

TST (min) 335 ± 70 316 ± 91

REM (%) 16 ± 10 15 ± 9

Nadir SpO2 (%) 81 ± 8 80 ± 8

AHI (events/h) 40 ± 33 41 ± 31

Echocardiographya

LA A-P diameter (mm) 43 ± 6 42 ± 5

LVEF (%) 55 ± 6 52 ± 13

Values are mean ± standard deviation

AAD anti-arrhythmic drugs, AF atrial fibrillation, AHI apnea-hypopnea
index,A-P anterior-posterior, AVN atrio-ventricular node, BMI bodymass
index, LA left atrium, LVEF left ventricular ejection fraction, REM rapid-
eye movement sleep, TST total sleep time
a n = 28 for AF group and n = 18 for no-AF group
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course of the PSG. There was no difference in prevalence of
REM sleep between the remaining respiratory event condi-
tions. The longest and lowest saturation events occurred at
approximately the same time of night (although an hour earlier
in the no-AF group compared to the AF group) and at the
same percentage of sleep time elapsed.

A representative example of signal-averaging is provided
in Fig. 1. All of the PQRST complexes that occurred during a
single respiratory event from a single patient are displayed
(royal blue). The signal-averaged P wave (green), QRS

complex (magenta), and T-wave (cyan) are highlighted. For
both the no-AF and the AF groups, the SAPWD (panel A) and
SAPPWArea (panel B) for baseline-awake and each respira-
tory event condition are shown in Fig. 2. Within both groups,
there were no significant differences in SAPWD between
baseline-awake and any of the respiratory event conditions.
However, the SAPWD was significantly longer in the AF
group compared to the no-AF group for all respiratory event
conditions with the exception of the last event. In the AF
group, for the longest respiratory event and the respiratory

Table 2 Respiratory event
characteristics and number of P
waves analyzed

Condition Respiratory event
duration (sec)

REM at
onset (%)

Time of
onset

TST elapsed at
onset (%)

No. of P waves
analyzed

Baseline awake (n = 35)
No AF n/a n/a n/a n/a 92 ± 20
AF n/a n/a n/a n/a 90 ± 15

First event (n = 34)
No AF 18 ± 8 0 22:15 ± 3:43 12 ± 12 91 ± 29
AF 16 ± 5 0 22:32 ± 0:44 8 ± 6 95 ± 14

Longest event (n = 35)
No AF 47 ± 13 31 0:42 ± 4:24 46 ± 28 84 ± 31
AF 42 ± 14 37 1:37 ± 2:13 50 ± 29 87 ± 17

Lowest SpO2 (n = 34)
No AF 27 ± 13 46 0:22 ± 4:18 41 ± 26 87 ± 31
AF 24 ± 10 46 1:24 ± 2:01 46 ± 26 94 ± 14

Last event (n = 29)
No AF 20 ± 7 23 3:56 ± 3:52 90 ± 16 87 ± 23
AF 18 ± 7 29 5:03 ± 0:49 95 ± 4 79 ± 23

Values are reported as mean ± standard deviation. Data for BTime of onset^ represent the average absolute time of
event onset ± standard deviation (i.e., in the AF group, the onset of the last event was 5:03 AM ± 49 min)

REM rapid-eye movement sleep, SpO2 oxygen saturation by pulse oximetry, TST total sleep time

Fig. 1 Example of a signal-averaged P wave. For a single patient, all of
the PQRST complexes that occurred during a single respiratory event are
displayed (royal blue). These complexes are identified automatically, and
each is temporally aligned on the QRS portion. Excessively noisy tracings

are discarded, and the remaining complexes are averaged. The signal-
averaged complex is automatically segmented into P wave (green),
QRS (magenta), and T-wave (cyan). This segmentation is then verified
manually

Sleep Breath (2019) 23:1275–12811278



event with the lowest oxygen desaturation, the SAPPWArea
was significantly higher compared to baseline-awake. The
differences were not uniformly distributed around zero, indi-
cating a non-random deviation from the null (Fig. 3). The
differences from baseline-awake for the first respiratory
events did not reach statistical significance but did show a
trend in the same direction as the other conditions. There
was no difference in SAPPWArea within the no-AF group
nor was there a difference in this parameter between the AF
and no-AF groups at any respiratory event condition.

Discussion

In patients with increased susceptibility to AF undergoing
PSGs, we have demonstrated that signal-averaged positive P
wave area increases during the longest and most hypoxia-

inducing respiratory events relative to wakefulness. No such
increase was found in a group of individuals with a similar
burden of OSA, but without AF. In addition, consistent with
prior work [13], we observed a longer SAPWD in those with
AF compared to those without AF across all respiratory event
conditions. These findings build on prior work in this field that
evaluated SAPWD and P wave dispersion in awake individ-
uals performing maneuvers that simulated apnea [7].
Expanding the study population to individuals undergoing
standard sleep-laboratory PSGs extends the results to a more
clinically applicable setting. In addition, the study suggests
that SAPWD alone may not be the optimal indicator of acute
changes to the atrial milieu in response to OSA events. It is
plausible that transient alterations in atrial geometry, manifest-
ed by increased P wave amplitude, represent an important

Fig. 3 Distribution of changes in signal-averaged positive P wave area
relative to the baseline-awake condition For both the longest respiratory
event (a; p = 0.03) and the respiratory event with the lowest oxygen
saturation (b; p = 0.005), there was a significant difference in signal-
averaged positive P wave area compared to the baseline-awake period
(i.e., the distribution of the differences is not uniformly distributed around
zero). SAPPWA signal-averaged positive P wave area

Fig. 2 Changes in signal-averaged P wave metrics with atrial fibrillation
and respiratory events. a Signal-averaged P wave duration does not
change during acute respiratory events but is longer in those with
paroxysmal atrial fibrillation compared to those without atrial
fibrillation. b Signal-averaged positive P wave area is greater during
the longest respiratory event and the event with the lowest oxygen
saturation compared to wakefulness, but only in those with paroxysmal
atrial fibrillation. Data are displayed as mean (shaded bars) and standard
deviation (thin lines); *p < 0.05 compared to no-AF for the same respira-
tory event. #p = 0.05 compared to baseline awake, +p = 0.03 compared to
baseline awake. §p = 0.005 compared to baseline awake, AF atrial fibril-
lation. SAPWD signal-averaged P wave duration. SAPPWA signal-
averaged positive P wave area, SpO2 oxygen saturation by pulse
oximetry
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inducible change in the atrial substrate, perhaps reflecting in-
creased atrial volume due to augmented venous return during
OSA events. It is also possible that changes in body position
during respiratory events may impact the electrical vector and
lead to changes in P wave characteristics; assessing this pos-
sibility with 12-lead recordings or other techniques is beyond
the scope of this study, which utilized clinically indicated
PSGs. SAPWD and SAPPWArea may be complementary
metrics, with the former serving as a longer-term gauge of
the atrial response to chronic respiratory event exposure and
the latter more indicative of the dynamic impact of respiratory
events on electromechanical properties.

Prior work demonstrated more acute changes in SAPWD
with respiratory events than was observed in our cohort [7].
The assessment of physiologic respiratory events in our study
rather than simulated events, as in the prior study, may at least
partially account for this difference. In addition, most of the
respiratory events in our patients were hypopneas rather than full
apneic events, which may have had a graded effect on SAWPD.

The difference in SAPPWArea between wakefulness
and the first respiratory event during a PSG was of bor-
derline statistical significance. This result could be due to
type II error (i.e., too small of a sample size to detect the
true effect) or the absence of the pro-arrhythmic influence
of REM sleep. Alternatively, it may suggest that the im-
pact of OSA events on atrial properties accumulates over
repeated exposures during the course of a night’s sleep,
although SAPPWArea of the last respiratory event was not
significantly different than baseline. Respiratory event du-
ration is unlikely to be the sole determinant of meaningful
changes to SAPPWArea as significant differences from
baseline were seen in the lowest oxygen saturation group,
despite those events being nearly 50% shorter than the
longest respiratory events. REM sleep and associated in-
creased sympathetic tone may play a role in the observed
increase SAPPWArea, although REM sleep was present in
less than half of individuals during the longest and lowest
saturation events. A majority of the AF cohort was taking
anti-arrhythmic drugs, which may have mitigated the im-
pact of respiratory events on atrial depolarization and/or
conduction and could contribute to the lack of change in
SAWPD relative to the baseline-awake condition. As anti-
arrhythmic drugs are prevalent in those treated for AF,
development of alternative metrics to assess the impact
of respiratory events on AF risk is reasonable.

The study has several limitations. The sample size is
relatively small, and the results may not apply to seg-
ments of the population not well represented in this cohort
(i.e., women and non-Caucasians). Although patients
served as their own controls for the intra-PSG compari-
sons and there was a control group without AF used as a

comparator, there was no Btreatment^ group (i.e., acute or
chronic positive airway pressure use) to assess the re-
sponse of signal-averaged metrics to OSA therapy.
Evaluation of SAPPWArea in response to treatment is a
target for further study. As the focus of this analysis was
on signal-averaged P waves, we did not measure P wave
dispersion, although this metric is associated with AF risk
[14]. Even though we did not acquire the raw EKG data
using the traditional methods for signal-averaged studies
(i.e., with awake patients and using specialized equip-
ment), we contend that the signal-averaging technique re-
mains valid and has value as a means by which to in-
crease the signal-to-noise ratio of the P wave signal in
order to detect changes between baseline and respiratory
event conditions. The relatively low sampling rate of the
EKG channel has the potential to introduce low-pass filter
effects into the data, although the P wave would not be
expected to contain significant high-frequency compo-
nents and thus the low-pass effect is unlikely to distort
the signal substantially.

Conclusions

In summary, for individuals with an increased propensity for
AF, this study provides signal-averaged EKG data suggestive
of an acute mechanical response of the atria to OSA-related
respiratory events that is not observed in those without AF.
SAPPWA, if validated in more comprehensive studies, may
be useful to assess AF risk in OSA and, potentially, to monitor
the response to OSA treatment.
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