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BACKGROUND: Sleep fragmentation and sleep apnea are common in patients with atrial fibrillation (AF). We investigated the
impact of radio-frequency catheter ablation (RFCA) on sleep quality in patients with paroxysmal AF and the effect of a change
in sleep quality on recurrence of AF.

METHODS AND RESULTS: Of 445 patients who underwent RFCA for paroxysmal AF between October 2007 and January 2017,
we analyzed 225 patients who had a 24-hour Holter test within 6 months before RFCA. Sleep quality was assessed by
cardiopulmonary coupling analysis using 24-hour Holter data. We compared cardiopulmonary coupling parameters (high-
frequency coupling, low-frequency coupling, very-low-frequency coupling) before and after RFCA. Six months after RFCA,
the high-frequency coupling (marker of stable sleep) and very-low-frequency coupling (rapid eye movement/wake marker) was
significantly increased (29.84%-36.15%; P<0.001; and 26.20%-28.76%; P=0.002, respectively) while low-frequency coupling
(unstable sleep marker) was decreased (41.25%-32.13%; P<0.001). We divided patients into 3 tertiles according to sleep qual-
ity before RFCA, and the risk of AF recurrence in each group was compared. The second tertile was used as a reference;
patients with unstable sleep (Tertile 3) had a significantly lower risk of AF recurrence (hazard ratio [HR], 0.32; 95% ClI, 0.12-0.83
for high-frequency coupling; and HR, 0.22; 95% ClI, 0.09-0.58 for low-frequency coupling).

CONCLUSIONS: Sleep quality improved after RFCA in patients with paroxysmal AF. The recurrence rate was significantly lower in
patients who had unstable sleep before RFCA. These results suggest that RFCA can influence sleep quality, and sleep quality
assessment before RFCA may provide a risk marker for recurrence after RFCA in patients with paroxysmal AF.
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CLINICAL PERSPECTIVE

What Is New?

e Sleep quality estimated by an ECG-based anal-
ysis was improved after radio-frequency cath-
eter ablation (RFCA) in patients with paroxysmal
atrial fibrillation.

e The recurrence rate of atrial fibrillation was
significantly lower in patient who had unstable
sleep before RFCA.

e The worse the sleep quality before RFCA, the
less likely the recurrence of atrial fibrillation; this
could plausibly be the result of an improvement
in sleep quality.

What Are the Clinical Implications?

e RFCA has the additional benefit of improving
sleep quality beyond rhythm control.

e Sleep quality assessment before RFCA may
provide a risk marker for recurrence after RFCA
in patients with paroxysmal atrial fibrillation who
undergo RFCA.

Nonstandard Abbreviations and Acronyms

CPC cardiopulmonary coupling

EDR ECG-derived respiration

e-LFC elevated-low frequency coupling
HFC high-frequency coupling

LFC low-frequency coupling
MrOS Osteoporotic Fractures in Men Study
RFCA radio-frequency catheter ablation

rhythmia in late life, and its prevalence has

rapidly increased over the past decades.' It is
associated with increased mortality, morbidity, and
rising economic costs.? A substantial number of pa-
tients have recurrences despite initially successful
radio-frequency catheter ablation (RFCA) therapy.®
There is a need to identify correctible or modifiable
novel risk factors that can predict AF recurrence, in
turn offering new intervention targets. The sleep state
offers 2 such possibilities—sleep apnea and sleep
quality/fragmentation.

A direct link between AF and sleep apnea is supported
by clinical* and mechanistic data.>® The severity of sleep
apnea is associated with subclinical left atrial (LA) disease,
as indicated by P wave terminal force in V1. Obstructive
sleep apnea is associated with significant atrial remodel-
ing.2 Obstructive sleep apnea increases the risk of new-on-
set AF® as well as recurrence of AF after cardioversion

Atrial fibrillation (AF) is the most common ar-
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or RFCA.'® An association between central sleep apnea
and AF is even more striking."" Epidemiological obser-
vations from the Sleep Heart Health Study™ and MrOS
(Osteoporatic Fractures in Men Study)™ report incident AF
with baseline central sleep apnea.

A relationship of sleep quality or quantity to AF has
been less well developed. In the Multi-Ethnic Study of
Atherosclerosis, sleep quality was poor (reduced slow-
wave sleep) in those with AR In the Physicians’ Health
Study, shorter sleep duration was associated with a
higher risk of AFn in those with prevalent sleep apnea,®
while long sleep duration was related to the arrhythmia in
a Chinese cohort.'® Insomnia has also been linked to AF
risk.”” In a recent analysis across multiple cohorts (Health
eHeart Study, the Cardiovascular Health Study, and the
California Healthcare Cost and Utilization Project), sleep
disruption consistently predicted AF before and after ad-
justment for obstructive sleep apnea and other potential
confounders across several different populations.®

Continuous electrocardiography is a clinical stan-
dard in the management of cardiac arrhythmias.
Extracting sleep physiology and pathology information
from the ECG recorded during the sleep period has
been done in research for a long time but has typi-
cally focused on heart rate variability measures. There
is increasing interest in computing sleep information
from ECG signals, driven in part by developments in
wearable technologies. The ECG-based cardiopulmo-
nary coupling (CPC) technique can generate measures
of sleep quality (without an electroencephalogram)
and surrogate measures of sleep apnea and central
sleep apnea or periodic breathing (the sleep spectro-
gram).’®" CPC can be used as an ambulatory sleep
quality marker to assess night-to-night dynamics or
longer-range treatment outcomes.?' We used this ap-
proach to test the hypothesis that an ECG-CPC spec-
trogram identified sleep quality, specifically impaired
sleep quality, would be associated with an increased
risk of AF recurrence in those undergoing RFCA.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Design and Patient Population

Four hundred forty-five patients who underwent RFCA
for paroxysmal AF at Korea University Guro Hospital
from October 2007 to January 2017 were selected for
analysis (Figure 1). We analyzed 225 patients who had
a 24-hour Holter test within 6 months before RFCA to
investigate the effect of sleep quality on AF recurrence.
To investigate the impact of RFCA on sleep quality, we
analyzed 218 patients who had a 24-hour Holter test
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Patients who underwent RFCA for pAF
at Korea University Guro Hospital
(Oct 2007 ~ Jan 2017 )

n =445

A 4

Patients with 24-hr Holter test

CPC analysis to Investigate the Effect of Sleep Quality
on AF recurrence

within 6 months before RFCA
n=225

A 4

Patients with 24-hr Holter test
within 6 months after RFCA

CPC analysis to Investigate the Impact of RFCA
on Sleep Quality

» Sleep Quality Before RFCA

n=218

Sleep Quality After RFCA

Figure 1.

Flow diagram illustrating patients with paroxysmal AF who were included in this study.

Four hundred forty-five patients who underwent RFCA for paroxysmal AF were selected for analysis. Of those, 225 underwent a 24-
hour Holter test within 6 months before RFCA. Of the 225 patients, 218 underwent a 24-hour Holter within 6 months before and after
RFCA. The sleep quality changes after RFCA were the difference between CPC parameters before and after RFCA. AF indicates atrial
fibrillation; CPC, cardiopulmonary coupling; and RFCA, radio-frequency catheter ablation.

within 6 months before and after RFCA (Figure 1). In our
center, a 24 hour-Holter test is routinely performed 1, 3,
6 months, and 12 months after RFCA to evaluate the
recurrence of AF. AF recurrence was assessed as the
first documented atrial tachyarrhythmia lasting more
than 30 seconds on 24 hour-Holter test or the first doc-
umented atrial tachyarrhythmia on single-strip 12-lead
surface electrocardiography after the 3-month blank-
ing period. This study was approved by the Institutional
Review Board. The requirement for written informed
consent was waived because of the retrospective
design of the study. Demographics and echocardio-
graphic data were extracted from the medical record.

Data Management

Each patient’s Holter results were converted to individual
deidentified *.edf files and then imported into RemLogic
V1.1. This version enables the CPC algorithm. Because
Holter data were analyzed in a retrospective manner,
there was no direct information about sleep onset and
offset. Therefore, the time at which the heart rate began
to stabilize was assumed to be the sleep onset time, and
the sleep duration was assumed to be 7 hours.

Sleep State Analysis Strategy

The pre-RFCA CPC parameters were obtained from
the 24-hour Holter performed within 6 months before
RFCA. Importantly, the patients were in sinus rhythm at
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the time of recording. The sleep quality changes after
RFCA were the differences between CPC parameters
before and after RFCA. We also investigated the ef-
fect of sleep quality before RFCA on AF recurrence by
analyzing the correlation between pre-RFCA CPC pa-
rameters and AF recurrence.

CPC Analysis

CPC analysis was performed as described in the pre-
vious literature.'®=2! Briefly, information on heart rate
variability and ECG-derived respiration (EDR) were ex-
tracted and computed from the 24 hour-Holter study.
The EDR is the amplitude variations in the QRS com-
plex. The time series of normal-to-normal sinus inter-
vals and the time series of the EDR associated with
these normal-to-normal sinus intervals are then ex-
tracted from the RR (QRS to QRS) interval time series.
After removing abnormal signals attributable to false
or missed R-wave detections, resampling these 2 sig-
nals (normal-to-normal sinus interval series and its as-
sociated EDR) at 2 Hz using cubic splines is done. The
cross-spectral power and coherence of these signals
are calculated over a 1024 sample window using the
fast Fourier transform applied to the 3 overlapping 512
sample subwindows within the 1024 coherence win-
dow. The 1024 coherence window is then advanced
by 256 samples and the calculation repeated until the
analysis of the entire normal-to-normal sinus interval/
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EDR series was complete. The ratio of coherent cross
power in the low-frequency (0.01-0.1 Hz.) band to that
in the high frequency (0.1-0.4 Hz.) band is calculated
using the product of the coherence and cross-spec-
tral power for each 1024 window. This ratio is used to
classify each sampling window as a high-frequency
coupling or low-frequency coupling. When the low-
frequency coupling predominates, it suggests peri-
odic respiration during the “unstable state,” but when
the high-frequency coupling predominates, it sug-
gests physiologic respiratory sinus arrhythmia and
“stable” state. Very-low-frequency coupling, which
means wake or rapid eye movement sleep, was cal-
culated using the ratio of coherent cross power in the
0- to 0.01-Hz band to the power in the 0.01- to 0.4-
Hz band. In addition, previous studies have identified
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a subset of low-frequency coupling called elevated
low-frequency coupling (e-LFC).'92" The frequency
band defining e-LFC provides information on apnea/
hypopnea. Narrow spectral band e-LFC—periods
with oscillations that have a single dominant coupling
frequency—suggests central sleep apnea or periodic
respiration. Meanwhile, broad spectral band e-LFC—
periods with oscillations that have variable coupling
frequencies—suggests anatomic obstructive sleep
apnea.

Statistical Analysis

Data are presented as means+SD or numbers and per-
centages. The comparisons between patients with AF re-
currence and those without AF recurrence were tested by

Table 1. Baseline Characteristics

All (n=225) Nonrecur (n=189) Recur (n=36) P Value
Age, y 57.63+10.96 57.32+11.24 59.22+9.39 0.342
Weight, kg 67.80+9.53 67.61+9.60 68.79+9.17 0.496
Height, cm 165.85+8.60 166.02+8.72 164.95+8.01 0.495
BMI, kg/m? 24.61+2.69 24.49+2.61 25.28+3.01 0.105
AF duration, d 451.84+47.99 451.93+£52.04 451.42+125.61 0.997
CHA2DS2Vasc score 1.57+1.29 1.54+1.29 1.75+1.30 0.370
CHF, n (%) 21(9.9) 16 (8.5) 5(13.9) 0.305
Hypertension, n (%) 104 (46.2) 87 (46.0) 17 (47.2) 0.896
Age (>75y) 6(2.7) 5(2.6) 1(2.8) 0.964
Diabetes mellitus, n (%) 42 (18.7) 35 (18.5) 7 (19.4) 0.896
Stroke, n (%) 14 (6.2) 12 (6.3) 2 (5.6) 0.857
TIA, n (%) 5(2.2) 3(1.6) 2 (5.6) 0.182
Vascular disease, n (%) 1(0.4) 1(0.5) 0(0) 0.662
Age (65-75Y), n (%) 56 (24.9) 46 (24.9) 10 (27.8) 0.662
Female, n (%) 80 (35.6) 66 (34.9) 14 (38.9) 0.648
CT
LA volume (CT), mL 119.17+26.93 117.43+25.54 128.26+32.16 0.027
LAA volume (CT), mL 10.39+3.85 10.38+3.96 10.47+3.24 0.889
RA volume (CT), mL 117.22+26.08 117.04+27.23 118.18+19.26 0.811
Pericardial fat, mL 85.92+32.14 87.35+33.10 78.42+25.69 0127
Echocardiography
LV ejection fraction, % 66.62+7.43 66.33+7.50 68.11£7.02 0.190
LA size, mm 39.82+5.31 39.63+5.17 40.76+5.95 0.244
LA volume index, mL/m? 32.36+14.78 30.91+13.60 39.71£18.22 0.001
E/E 10.03+4.00 10.19+4.19 9.15+2.58 0.191
Sleep parameter
HFC, % 29.67+16.74 29.07+17.00 32.81+15.15 0.221
LFC, % 41.28+14.05 41.50+14.49 40.16+11.54 0.600
VLFC, % 26.37+9.66 26.64+9.88 24.94+8.35 0.332
NB, % 2.05+4.02 2.03+4.13 2.15+3.45 0.874
BB, % 23.36+12.04 23.63+12.33 21.98+10.45 0.452

Values are presented as mean+SD or number (%). BB indicates broadband; BMI, body mass index; CHF, congestive heart failure; HFC, high-frequency
coupling; LA, left atrial; LAA, left atrial appendage; LFC, low-frequency coupling; LV, left ventricular; NB, narrow band; RA, right atrial; TIA, transient ischemic
attack; and VLFC, very-low-frequency coupling.
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Table 2. Sleep Quality Change After RFCA in Paroxysmal Atrial Fibrillation

Pre-RFCA (n=218) Post-RFCA (n=218) Difference (95% CI) P Value
HFC, % 29.84+16.62 36.15+18.09 6.31+18.58 (3.83 t0 8.79) <0.001
LFC, % 41.25+14.06 32.13+15.69 -9.12+16.40 (-11.30 to —6.93) <0.001
VLFC, % 26.20+9.65 28.76+10.90 2.56+12.29 (0.92 to 4.20) 0.002
NB, % 2.09+4.077 1.36+2.94 —-0.73+4.06 (-1.27 to -0.18) 0.009
BB, % 23.31+£12.06 18.568+12.27 —4.73+£12.83 (-6.44 to -3.02) <0.001

Values are presented as mean+SD. BB indicates broadband; HFC, high-frequency coupling; LFC, low-frequency coupling; NB, narrow band; RFCA, radio-

frequency catheter ablation; and VLFC, very-low-frequency coupling.

independent sample t test/Mann-Whitney U test or chi-
square test as appropriate. CPC parameters before and
after RFCA were compared using the paired t test. Criteria
for sleep instability were not yet established, so patients
were divided into 3 tertiles according to sleep parameters
(HFC, stable sleep marker; LFC, unstable marker). The
second tertile was used as a reference; the first tertile was
defined as stable sleep, and the third tertile was defined as
unstable sleep. Tertiles 1, 2, and 3 according to HFC (H1,
H2, and H3) were defined as >36.7%, 21.2% to 36.7%,
and <21.2%, respectively, and according to LFC (L1, L2,
and L3) were defined as <34.2%, 34.2% to 48.2%, and
>48.2%, respectively. The risk of AF recurrence in each
group was compared using a Cox analysis after adjusting
for multivariate variables. The analyses were conducted
using SPSS Statistics 20.0 (IBM, Chicago, IL).

RESULTS

Baseline Characteristics

Of the 445 patients who underwent RFCA, we ana-
lyzed 225 patients who had a 24-hour Holter test within
6 months before RFCA (Figure 1). The patient popula-
tion consisted of 80 women (35.6%) and 145 men, with a
mean age of 57.6+11 years. During a mean follow-up pe-
riod of 39.2+24.3 months, 36 patients (16%) experienced
AF recurrences after RFCA. The average LA size in our
study was 39.8+5.3 mm, and mean duration of AF was
451.8+48.0 days. Table 1 shows the baseline character-
istics: overall and recurrence. Demographic and clinical
variables were not significantly different between the 2
groups except LA volume. Patients who experienced AF
recurrence had a larger LA volume (measured by com-
puted tomography; P<0.05) and LA volume index (meas-
ured by echocardiography; P<0.005) than those who did
not. There was no significant mean difference in baseline
pre-RFCA CPC parameters between the 2 groups.

Sleep Quality Change After RFCA

Table 2 shows the changes in sleep quality after RFCA.
All CPC parameters improved significantly after RFCA.
Percentages of HFC and very-low-frequency coupling in-
creased (29.84%—-36.15%; P<0.001; and 26.20-28.76%;
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P=0.002, respectively) while the percentage of LFC, the
marker of unstable sleep, decreased (41.25%—-32.13%;
P<0.001) after RFCA. The percentage of narrow and
broad band also decreased significantly after RFCA
(2.09%-1.36%; P=0.009; and 23.31%-18.58%; P<0.001,
respectively). Figure 2 shows an example of CPC analy-
sis, which shows dramatic changes in sleep quality be-
fore and after RFCA.

Effect of Sleep Quality on Recurrence of
AF

The risk of AF recurrence according to sleep status is
presented in Figure 3. When the sleep quality was clas-
sified according to HFC, patients in the H3 group (un-
stable sleep, HFC <21.2%) had a significantly lower risk
of AF recurrence compared with the reference group
(hazard ratio [HR], 0.32; 95% ClI, 0.12-0.83) (Figure 3A).
This trend was consistent even when classified accord-
ing to LFC. Patients in the L3 group (unstable sleep,
LFC >48.2%) had a lower risk of recurrence than in
the reference group (HR, 0.22; 95% CI, 0.09-0.58)
(Figure 3B). However, patients with stable sleep (H1 and
L1) did not have a significantly increased or decreased
risk of recurrence compared with the reference group.
The baseline characteristics according to sleep status
are compared in Tables S1 and S2.

Sleep State Parameters: Recurrence
Versus No Recurrence

The quality of sleep after RFCA was significantly im-
proved in patients without AF recurrence, but sleep
quality changes were relatively small in patients with
AF recurrence (Tables 3 and 4).

DISCUSSION

The key findings of our study are as follows: (1) Sleep
quality improved after RFCA in patients with paroxys-
mal AF; (2) improvement of sleep quality was particu-
larly pronounced in patients without AF recurrence;
and (3) the recurrence rate was significantly lower in
patients who had unstable sleep before RFCA. That
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Figure 2. The ECG-derived sleep spectrogram.

The left part of the figure shows absence of stable sleep, with sleep state dominated by low-frequency cardiopulmonary coupling.
The right part of the figure is the sleep spectrogram 6 months after RFCA. It shows a marked return of stable sleep dominated by
high-frequency cardiopulmonary coupling. This patient did not recur during the follow-up period. RFCA indicates radio-frequency

catheter ablation.

is, the worse the sleep before RFCA, the less likely the
recurrence, plausibly from an improvement in sleep
quality. In other words, if sleep quality improved after
RFCA, the probability of recurrence was reduced. If
sleep quality was already good before RFCA, improve-
ments of sleep quality were unlikely and not likely to
impact AF recurrences.

The results were contrary to our initial hypothe-
sis, that worse sleep would predict increased recur-
rences. However, the change in sleep quality, which
may be driven by both apnea and nonapnea mecha-
nisms, may be the protective factor. Improved sleep
quality can have substantial protective effects on car-
diac arrhythmogenesis by reducing arousal-related
sympathetic effects and adverse effects of transient
wakefulness episodes.??> Secondary mechanisms
such as improved blood pressure dipping may also
contribute.?®

How may ablation improve sleep quality? One
mechanism is by improving cardiac function and re-
ducing pulmonary capillary wedge pressure, which
would in turn reduce the propensity for respiratory in-
stability and reduce sleep fragmentation.?*?% The re-
ported effects of AF treatment on overt sleep apnea
have been inconsistent and largely negative®®?” but
may have played a role. The nucleus of the tractus sol-
itarius is a key visceral integration center and closely
communicates with nearby sleep and arousal cen-
ters,?® such as the parabrachial nucleus,?®3° which
strongly modulates arousals from sleep. It is plausi-
ble that distortion of cardiac afferent signals from AF
causes changes in parabrachial firing, though there
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are as yet no direct published data supporting the
hypothesis.

This study has several clinical implications. Our data
suggest that RFCA has an additional benefit of improv-
ing sleep quality beyond rhythm control, at least when
quality is impaired at baseline. We also show a po-
tential value for evaluating sleep quality before RFCA,
and raise the possibility that improving sleep quality by
other measures including pharmacological methods or
sleep hygiene could have benefits. To our knowledge,
this is the first study that investigates the impact of
cardiac intervention like RFCA on sleep quality as well
as the effect of sleep quality on recurrence of cardiac
disease. Based on this study, the convenience of CPC
analysis can be extended to investigate the relationship
between sleep quality/instability and cardiac disease
such as heart failure and coronary artery disease be-
yond AF.

Though we did not perform conventional poly-
somnography, there is substantial support for the
use of the ECG-CPC analysis as a measure of sleep
quality. The amount of HFC is reduced by processes
that fragment sleep such as sleep apnea.’’ ECG-
CPC has been shown to capture treatment effects
in sleep apnea® and insomnia.3® ECG-derived sleep
quality metrics examined to date show (1) indepen-
dence of absolute EEG amplitudes and thus lack of
constraint by “loss” of slow wave sleep with age'?;
(2) associations with EEG-defined stable and unsta-
ble sleep (cycling alternating pattern and noncycling
alternating pattern)'® such that HFC correlates with
noncycling alternating pattern/stable sleep; (3) blood
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A

Tertile HFC Sleep Status
H1 >36.7% Stable Sleep
H2 21.2-36.7% Reference
H3 <21.2% Unstable Sleep

B

Tertile LFC Sleep Status
L1 <34.2% Stable Sleep
L2 34.2-48.2% Reference
L3 >48.2% Unstable Sleep

<«——VLowrisk High risk —»

HR (95% CI)
o~ 0.48 (0.22-1.02)
o 1.00 (Reference)
m— 0.22 (0.09-0.58)
05 1 15 2

<«——VLowrisk High risk —»

HR (95% CI)
] 0.94 (0.45-1.99)
[ ] 1.00 (Reference)
| 0.32(0.12-0.83)
05 1 15 2

Figure 3. Sleep status and adjusted hazard ratios for AF recurrence.

A, Sleep status according to the HFC tertile; (B) Sleep status according to the LFC tertile. The subjects
were divided into tertiles according to sleep quality, and the risk of AF recurrence in each group was
compared. The second tertile was used as a reference, the first tertile was defined as stable sleep, and
the third tertile was defined as unstable sleep. Tertiles 1, 2, and 3 according to HFC (H1, H2, and H3)
were defined as >36.7%, 21.2% to 36.7%, and <21.2%, respectively, and according to LFC (L1, L2, and
L3) were defined as <34.2%, 34.2% to 48.2%, and >48.2%, respectively. Adjusted for age, sex, body
mass index, AF duration, diabetes mellitus, hypertension, left atrial volume index, left ventricular ejection
fraction, and creatinine. AF indicates atrial fibrillation; HFC, high-frequency coupling; HR, hazard ratio;

and LFC, low-frequency coupling.

pressure dipping occurs only during periods of elec-
troencephalogram-noncycling alternating pattern34;
(4) sleep spectrogram variables show heritability®®;
(5) narrow spectral band e-LFC is associated with
hypertension and stroke®'; (6) HFC sleep is reduced
in depression,®® heart failure,® and fibromyalgia®®;
(7) HFC is an independent determinant of the glu-
cose disposition index®%; (8) pre/post treatment ef-
fects in sleep apnea are captured via changes in
HFC/LFC.40

J Am Heart Assoc. 2020;9:e017016. DOI: 10.1161/JAHA.120.017016

This study has several limitations. Since this study
was conducted in a single center, selection bias is
somewhat inevitable. Compared with other studies,
there was less recurrence in our study. Because the
LA size of the subjects included in our study was small
and the AF duration was relatively short, they were
expected to have relatively less recurrence compared
with other studies. Also, AF recurrence may be under-
estimated because of incomplete capture. However,
despite the low recurrence, it is very encouraging that
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Table 3. Subgroup Analysis of Sleep Quality Change After
RFCA: Nonrecur

Difference
Pre-RFCA Post-RFCA (95% Cl) P Value
HFC% 29.25+16.87 36.05+17.91 6.80+18.80 <0.001
(4.05 to 9.55)
LFC% 41.46+14.52 31.93+15.17 -9.563+16.18 <0.001
(-11.90 to —7.16)
VLFC% 26.45+9.89 29.04+10.81 —2.58+12.64 0.006
(~4.43 to -0.74)
NB% 2.08+4.20 1.25+2.61 0.83+£3.77 0.004
(0.27 to 1.38)
BB% 23.57+12.37 18.49+11.89 5.08+12.86 <0.001
(3.20 t0 6.96)

BB indicates broadband; HFC, high-frequency coupling; LFC, low-
frequency coupling; NB, narrow band; and RFCA, radio-frequency catheter
ablation.

the effect of sleep status on recurrence is remarkable.
Second, we do not have details from a comprehensive
clinical sleep evaluation. Conventional polysomnogra-
phy was not performed, so exact measures of sleep
apnea (which was likely present in a subset) and stan-
dard sleep stages are not available. Because a 24-hour
Holter test was not performed to analyze sleep, our es-
timates of the sleep period are approximate. Unstable
sleep can be induced by a variety of sleep-disruptive
conditions and reflects an integrated/composite out-
put of the analysis algorithm—thus, contributions from
sleep apnea and apnea-independent fragmentation
cannot be differentiated from our analysis. However,
broad spectral band e-LFC is most clearly linked to
sleep apnea—driven cardiopulmonary oscillations, and
thus contributions from apnea are likely. Finally, since
criteria for sleep instability has not yet been estab-
lished, sleep status is divided into tertiles according
to HFC or LFC in our study. The inability to test and
validate accurate and meaningful cutoff for stable/un-
stable sleep is a limitation of our study. However, we

Table 4. Subgroup Analysis of Sleep Quality Change After
RFCA: Recur

Difference
Pre-RFCA Post-RFCA (95% Cl) P Value
HFC% 32.81+15.15 | 36.63+19.22 3.82+17.50 0.199
(-9.74 to +2.10)
LFC% 40.16+11.54 | 33.14+£18.30 -7.02+17.55 0.022
(-12.95 to -1.08)
VLFC% 24.94+8.35 27.37+11.38 -2.43+10.51 0.174
(-5.99 t0 1.13)
NB% 2.15+3.45 1.93+4.26 0.22+5.34 0.807
(-1.59 10 2.03)
BB% 21.98+10.45 | 19.08+14.23 2.95+12.71 0.173
(-1.3510 7.25)

BB indicates broadband; HFC, high-frequency coupling; LFC, low-
frequency coupling; NB, narrow band; and RFCA, radio-frequency catheter
ablation.
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suggested the possibility that the sleep instability could
predict recurrence and our findings could be the basis
for research to find and validate the accurate cutoff in
the future. A well-designed prospective study is war-
ranted to confirm these promising findings.

In conclusion, sleep quality as estimated by an
ECG-based analysis was improved after RFCA in pa-
tients with paroxysmal AF. The recurrence rate was
significantly lower after RFCA in patients who had pre-
RFCA sleep instability and thus improvement post-
RFCA. These results suggest that RFCA can influence
sleep quality, and sleep quality assessment before/
after RFCA may provide a risk marker for recurrence
after RFCA in patients with paroxysmal AF. Our results
support the idea that manipulation of the sleep state
could have benefits for AF recurrence, though such a
premise needs to be tested directly through a random-
ized trial.
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Table S1. Subgroup analysis according to sleep status: Sleep status according to the HFC

tertile.
H1 H2 H3
N =76 N=175 N=74
Age, years 57.38+£10.32 56.87+£11.73 58.62+10.87
Height, cm 164.02+8.45 167.96+8.62 165.54+8.39
Weight, kg 66.46+8.88 69.38+9.83 67.53+£9.73
BMI, kg/m? 24.66%2.32 24.57+2.88 24.61£2.85
AF duration, day 384.73+75.59 431.25+75.26 537.511+96.31
CHA2DS2VASc 1.78+1.22 1.39+1.36 1.55+1.26
CHF, n (%) 6 (8.1) 5(6.7) 10 (13.2)
HTN, n (%) 38 (51.4) 38 (50.7) 28 (36.8)
Age (>75), n (%) 2(2.7) 2 (2.7) 2 (2.6)
DM, n (%) 15 (20.3) 11 (14.7) 16 (21.1)
Stroke, n (%) 5 (6.8) 3(4) 6 (7.9)
TIA, n (%) 2(2.7) 3(4) 0
Vascular disease, n (%) 0 0 1(1.3)
Age (65-75), n (%) 15 (20.3) 19 (25.3) 22 (28.9)
Male, % 34 (45.9) 60 (80.0) 51 (67.1)
CT
LA volume, mL 116.27£23.59 118.70£26.76 122.49+30.01
Echocardiography
LV Ejection Fraction, % 67.48+6.96 66.44+8.53 65.95+6.78
LA volume index, mL/m?  32.36+14.15 30.19+£14.5 34.42+15.54
Sleep parameter
HFC, % 49.37+8.36 28.55+4.22 11.60+5.97
LFC, % 29.2249.44 43.04+10.55 51.30£12.02
VFLC, % 20.24+6.35 26.19+8.85 32.52+9.31
NB, % 1.11+2.72 2.78+4.23 2.24+4.70
BB, % 15.12+8.23 23.54+8.88 31.22+12.63
Recurrence 15 (20.3) 13 (17.3) 8 (10.5)

Values are presented as mean + SD or number (%).

RFCA, radio-frequency catheter ablation; LFC, low frequency coupling; BMI, body mass index;
CHF, congestive heart failure; TIA, transient ischemic attack; LA, left atrium; LAA, left atrial
appendage; RA, right atrium; LV, left ventricle; HFC, high-frequency coupling; VLFC, very low
frequency coupling; NB, narrow band; BB, broadband.



Table S2. Subgroup analysis according to sleep status: Sleep status according to the LFC

tertile.
L1 L2 L3
N=75 N =76 N=74
Age, years 57.93+11.27 56.28+11.52 58.70+£10.04
Height, cm 164.32+8.66 166.06+9.63 167.17+£7.18
Weight, kg 66.44+8.87 68.68+9.75 68.27+£9.90
BMI, kg/m? 24.5612.24 24.931£3.18 24.34+2.55
AF duration, day 314.23+62.65  466.72+75.85  576.04+104.45
CHA2DS2VASc 1.75+1.23 1.51+1.38 1.46+1.24
CHF, n (%) 9 (12.0) 5 (6.6) 7(9.5)
HTN, n (%) 37 (49.3) 40 (52.6) 27 (36.5)
Age (>75), n (%) 2(2.7) 2 (2.6) 2 (2.7)
DM, n (%) 14 (18.7) 14 (18.4) 14 (18.9)
Stroke, n (%) 4 (5.3) 4 (5.3) 68.1)
TIA, n (%) 1(1.3) 1(1.3) 3(4.1)
Vascular disease, n (%) 1(1.4)
Age (65-75), n (%) 19 (25.3) 18 (23.7) 19 (25.7)
Male, % 37 (49.3) 52 (68.4) 56 (75.7)
CT
LA volume, mL 119.18+27.26 120.66+24.00 117.61£29.63
Echocardiography
LV Ejection Fraction, % 65.95+9.06 67.66+6.85 66.28+5.97
LA volume index, mL/m?  31.83+15.44 33.42+13.11 31.88+15.75
Sleep parameter
HFC, % 44.16+14.66 28.54+11.36 16.15+10.33
LFC, % 25.70+6.64 41.41+4.37 56.95+6.55
VFLC, % 27.00+£10.29 27.65+£10.01 24.43+8.37
NB, % 0.66+2.24 1.72+2.75 3.79+5.63
BB, % 11.934£5.75 24.11+6.58 34.19+10.64
Recurrence 11 (14.7) 18 (23.7) 7 (9.5)

Values are presented as mean + SD or number (%).

RFCA, radio-frequency catheter ablation; LFC, low frequency coupling; BMI, body mass index;
CHF, congestive heart failure; TIA, transient ischemic attack; LA, left atrium; LAA, left atrial
appendage; RA, right atrium; LV, left ventricle; HFC, high-frequency coupling; VLFC, very low
frequency coupling; NB, narrow band; BB, broadband.



