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Abstract

Sympathovagal imbalance is known to precede the on-
set of atrial fibrillation (AF) and has been analyzed exten-
sively based on heart rate variability (HRV). However, the
relationship between sympathetic and vagal effects before
AF onset and their influence on various HRV features have
not been fully elucidated. QT interval variability (QTV) re-
flects sympathetic activity and may therefore provide fur-
ther insights into this relationship. Using the time delay
stability (TDS) method, we investigated temporal changes
in coupling behavior before AF onset between 20 vagal
or sympathovagal-associated HRV and QTV features. We
applied the TDS method to 26 electrocardiograms from
the MIT-BIH AF database with at least one hour of sinus
rhythm preceding AF onset. Sinus rhythm segments were
split into 5-minute windows with 50 % overlap. Logistic
regression analysis revealed significantly (p < 0.01) in-
creased coupling between QTV and vagal HRV features
from 20 to 15 minutes before AF onset. We found similar
behavior between QTV and sympathovagal HRV features.
This indicates sympathetic predominance increasing until
15 minutes before the onset of AF and decreasing towards
vagal predominance right before AF onset. Our results
provide new insights into temporal changes of sympatho-
vagal imbalance preceding AF onset and may improve the
prediction of AF in clinical applications.

1. Introduction

Atrial fibrillation (AF) is the most common clinically
relevant cardiac arrhythmic disease globally and is asso-
ciated with increased morbidity and mortality [1]. In the
beginning, AF usually occurs paroxysmal and becomes
persistent over time. There is evidence that the cardiac
autonomic nervous system (ANS) is directly involved in
the development of AF via an imbalance of the antagonis-
tic vagus nerve and the sympathetic nervous system [2-4].
However, due to the lack of methods for separating sympa-
thovagal effects, the exact interaction remains unclear [3]].

Heart rate variability (HRV) reflects cardiac ANS ac-
tivity, can be easily extracted from the electrocardiogram
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(ECG), and has been widely used to analyze sympatho-
vagal imbalance before the onset of AF [2]]. Features of
short-term HRV are strongly related to vagal tone, while
others reflect sympathovagal balance [5]]. The sympathetic
activity can therefore only be inferred indirectly. Recent
research suggests that variability in ventricular repolar-
ization, derived from the ECG as QT interval variability
(QTV), is a direct measure of sympathetic tone [|6]. There-
fore, the inclusion of QTV features could advance the un-
derstanding of the development of AF.

Previous approaches examined temporal changes be-
fore the onset of AF in sympathovagal balance, prefer-
ably using frequency-based HRV features [2]. However,
the proportions of sympathovagal influence on these fea-
tures have not been conclusively clarified [5]. Analysis
of the coupling behavior between different vagal, sympa-
thetic, and sympathovagal-associated features may provide
additional information on the changes in sympathovagal
balance at the onset of AF. Using the time delay stabil-
ity (TDS) method [7]], we, therefore, examined the cou-
pling behavior between 20 primarily sympathetic, vagal, or
sympathovagal-associated HRV and QTV features to gen-
erate new insights into the sympathovagal imbalance be-
fore the onset of AF. This may be of advantage in clinical
applications for predicting AF.

2. Methods
2.1. Data

We used the first lead (Channel not documented) of
ECGs from the MIT-BIH AF database (AFDB) [8.,9]] show-
ing minimum one hour of normal sinus rhythm (NSR) pre-
ceding AF for analyzing temporal changes in the sympa-
thovagal coupling before the AF onset (nar = 28 seg-
ments from 19 subjects).

2.2.  Preprocessing

All ECGs were band-pass filtered between 0.3 Hz and
120 Hz and notch filtered at 60 Hz, using zero-padding to
avoid boundary effects. Subsequently, QRS complexes
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were detected [[10] and corrected, based on amplitude
heights and signs as well as peak-to-peak and peak-to-
signal edge distances [11]. We applied iterative two-
dimensional signal warping (i2DSW) [12}|13] to robustly
extract RR- and QT intervals as well as T wave ampli-
tudes on a beat-to-beat basis [14]. Subsequently, noisy
heart beats and abnormal RR intervals were rejected [[12].

2.3. Feature Extraction

We extracted 12 HRV and 8 QTV features for win-
dows of 5 minutes length [6|15]] with a stepsize of 5s.
Windows were excluded if more than 50 % of RR and
QT intervals have been rejected. We calculated stan-
dard HRV and QTYV features, including the standard de-
viation of RR (SDRR) and QT intervals (SDQT) as well
as the root mean square (RMSSD) and standard devia-
tion (SDSD) of successive RR differences. Furthermore,
we extracted the short- and long-term variability of RR
(STVRR, LTVRR) and QT intervals (STVQT, LTVQT)
[16], respectively. As additional features for short- versus
long-term HRYV, we included the Poincaré features SD1,
SD2, and SD1SD2ratio. The feature set was supplemented
by features quantifying the spectral density of high (HF),
low (LF), and very low (VLF) frequencies as well as the ra-
tio of low and high frequencies (LFHFratio) from the inter-
polated RR tachogram and similarly from QT tachogram
(LFqr, HFqgr, LFHFratiogr). Finally, we calculated the
T wave amplitude corrected SDQT (cSDQT) and QTV
(cQTV) to account for the inverse relationship between
QTV and T wave amplitude [17]. While HRV features
reflecting short-term or high-frequency HRV (RMSSD,
SDSD, STVRR, SDI, and HF) are dominated by more
rapid vagal activity, the remaining HRV features (SDRR,
LTVRR, SD2, SD1SD2ratio, LFHFratio, VLF, LF) reflect
both vagal and sympathetic activity [5]. Calculated fea-
tures can thus be divided into three domains: vagal HRV
features (HRVy), sympathovagal HRV features (HRVygyy),
and predominately sympathetic QTV features.

24. Coupling Analysis

We used the TDS method [7] to quantify the coupling
behavior, which considers two signals to be coupled if the
temporal shift of common fluctuations remains stable over
several windows. The proportion of stable windows gives
information about the coupling strength in %TDS.

All feature time series have been z-normalized. The
temporal shift was determined in 5-minute windows with
50 % overlap using cross-correlation and was assumed to
be stable for each window ¢ unless deviated by more than
2 in the two windows before and after. To avoid random
effects, we applied surrogate tests by calculating the cou-
pling between the signals of each subject with signals from

another randomly and uniquely selected subject.

2.5. Statistical Analysis

To analyze temporal changes, we first averaged seg-
ments, adjusted by surrogate test, and then calculated the
differences between the baseline, defined as the window
before the AF onset (preAF), and windows further ahead.
Subsequently, we applied logistic regression according to
[14] to determine the separability of each window from
preAF. Logistic regression was applied to the coupling
within and between the 3 feature domains. For each of
the analyses, Bonfferoni-Holm correction was applied to
account for multiple comparisons to baseline.

All signal processing and statistics were done with Mat-
lab R2021b (MathWorks Inc., Natick, MA, USA).

3. Results of Coupling Analysis

Two ECG segments had to be excluded after removal
of noisy heart beats and abnormal RR intervals, leaving
nar = 26 segments. We found statistically significant
(p < 0.01) fluctuations in the coupling between HRVy,y
or HRVy and QTV features, respectively (see Table E]), be-
tween 22.5 to 15 minutes before AF onset. In both cases, a
drop followed by an increase in the coupling strength could
be determined from about 30 minutes before AF onset,
with the maximum coupling strength of 4.5 + 5.9 %TDS
(QTV-HRVgy) and 6.9 £+ 9.3 %TDS (QTV-HRVy) being
reached 15 minutes before AF onset. The time course of
the coupling behavior between QTV and HRVy signals is
illustrated in detail in Figure[I} Neither between features of
the same domain nor between HRVs,y and HRVy features,
any significant changes in coupling strength have been ob-
served before the onset of AF. Only a trend in the form of
an increase from about 25 minutes before AF onset with
a subsequent decrease in the coupling strength, similar to
Figure |1} could be determined for couplings of features
within the domains of HRVgy and QTV. Opposing trends
were found for the coupling between HRVgy and HRVy
as well as for the coupling within the HRVy domain.

4. Discussion and Conclusion

The significant increase after a previous drop in the
coupling between sympathetic related QTV features and
HRVy features suggests an increasing sympathovagal cou-
pling from about 30 minutes before the onset of AF. The
similar course of coupling between HRVg,y and QTV fea-
tures indicates a decreasing vagal influence on HRV and
sympathetic predominance. This is supported by the oppo-
site trend of coupling between HRVs,y and HRVy features,
which suggests decreasing vagal and increasing sympa-
thetic reflections in HRVg/y features. This indicates an
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Table 1.

Changes in coupling strength between features of the domains of sympathovagal-associated HRVy, vagal-

associated HRVy, and sympathetic-associated QTV, compared to baseline, given by mean and standard deviation in %TDS.
The baseline was defined as the window directly preceding atrial fibrillation (AF) onset. Furthermore, the number of
feature combinations n per domain is given. Significant differences according to logistic regression analysis are indicated
as follows: *p < .05, ¥*p < .01, ***p < .001, Tp < .05 before Bonfferoni-Holm correction.
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increasing sympathetic predominance until about 15 min-
utes before the onset of AF, which sharply decreases to-
wards vagal predominance just before the onset of AF, and
is consistent with the results from [18]].

In [[14], we identified changes in P wave and PQ inter-
val morphology about 10 minutes before AF onset as a
predictor of AF onset, based on the same database. We
hypothesized that preliminary, self-terminating fibrillatory
waves superimpose on the ECG signal, causing a change
in morphology. According to [4], the sympathetic and va-
gus nerves affect the electrophysiological properties of si-
nus nodes and atria differently. While sympathetic activity
increases the action potential frequency in sinus node and
atria, vagus nerve stimulation leads to an irregular shorten-
ing of the action potential duration and to the occurrence
of delays in transmission, which complementary promotes
re-entry mechanisms. Based on our new results, it can be
concluded that a shift towards sympathetic predominance
up to 15 minutes before the onset of AF leads to vagal hy-
peractivation and the occurrence of the first re-entry cycles.
The combination of a sympathetically increased action po-
tential frequency and a vagally reduced action potential du-
ration then leads to AF onset [2].

It is at least debatable whether QTV features are a
marker of sympathetic activity. Evidence for the correla-
tion between QTV and sympathetic activity was primarily
found in healthy people and people with pathologically in-
creased sympathetic tone [6]. Therefore, we applied our
methods to the MIT-BIH NSR database [?] and compared
the time-averaged coupling between the features of the dif-
ferent domains of healthy subjects (NSRDB) and subjects
with AF (AFDB) using Student’s r-test. As presented in
Table 2] no significant differences were found.

To best of our knowledge, we were the first to apply
the TDS method to HRV and QTV features and, moreover,
to investigate the coupling between QTV and HRV gy, or
HRVy,. Our results confirm the current state of the liter-
ature and provide new insights into the onset of sympa-
thovagal imbalance prior to AF onset based on ECG fea-
tures that are either related to sympathetic or vagal activ-
ity or both. Furthermore, we did not find any significant
changes in the coupling between features from the same
domain, suggesting that the features reflect roughly the
same effects. However, there are trends (e.g. within the
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Figure 1. Mean differences § + standard error in coupling
strength between primarily sympathico related QTV fea-
tures and vagal HRV features (HRVy) compared to base-
line. The baseline was defined as the windows, ending 5
minutes before the onset of atrial fibrillation (AF). Signif-
icant differences according to logistic regression after cor-
rection for multiple testing were indicated (**: p <.01).
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Table 2. Results of Student’s ¢-test on differences in cou-
pling strength (mean + standard deviation) in sympatho-
vagal associated HRVg,y features, vagal associated HRVy
features, and QTV features between subjects with AF [89]]
and healthy subjects [9].

%TDS ;
AF healthy p
HRVsy 12.6+18.8 140+206 —-06 06
HRVy 18.0+27.5 1574288 0.6 0.6
QTV 13.7+25.6 13.14+24.2 0.2 0.8

HRV g,y domain) that are similar to the course of the cou-
pling change between HRV 5,1, and HRVy, and could be-
come significant with larger sample size.

To conclude, we have for the first time investigated the
well known sympathovagal imbalance before the onset of
AF by analyzing the coupling of a variety of ECG features.
In addition to commonly used HRV features, we used sym-
pathetic predominated QTV features. Our results reveal a
significant reversal in sympathovagal balance toward sym-
pathetic predominance that begins 30 minutes before onset
of AF, peaks 15 minutes before onset, and swings toward
parasympathetic predominance. These new findings about
the temporal progress of sympathovagal imbalance preced-
ing the onset of AF may extend previous knowledge on the
onset of AF and help predict AF in clinical applications.
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