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Abstract

Introduction: Respiratory sinus arrhythmia (RSA) describes heart rate (HR)
changes in synchrony with respiration. It is relevant for exercise capacity
and mechanistically linked with the cardiac autonomic nervous system. Af-
ter pulmonary vein isolation (PVI), the current therapy of choice for patients
with paroxysmal atrial fibrillation (AF), the cardiac vagal tone is often di-
minished. We hypothesized that RSA is modulated by PVI in patients with
paroxysmal AF.

Material and methods: Respiratory sinus arrhythmia, measured by using
a deep breathing test and heart rate variability parameters, was studied
in 10 patients (64 +3 years) with paroxysmal AF presenting in stable sinus
rhythm for their first catheter-based PVI. Additionally, heart rate dynamics
before and after PVI were studied during sympathetic/parasympathetic co-
activation by using a cold-face test. All tests were performed within 24 h
before and 48 h after PVI.

Results: After PVI RSA (E/I difference: 7.9 £1.0 vs. 3.5 0.6 bpm, p = 0.006;
E/I ratio: 1.14 £0.02 vs. 1.05 +0.01, p = 0.003), heart rate variability (SDNN:
31 +3vs. 14 £3 ms, p = 0.006; RMSSD: 17 +2 vs. 8 £2 ms, p = 0.002) and the
HR response to sympathetic/parasympathetic coactivation (10.2 £0.7% vs.
5.7 +1.1%, p = 0.014) were diminished. The PVI-related changes in RSA cor-
related with the heart rate change during sympathetic/parasympathetic co-
activation before vs. after PVI (E/I difference: r = 0.849, p = 0.002; E/I ratio:
r=0.786, p = 0.007). One patient with vagal driven arrhythmia experienced
AF recurrence during follow-up (mean: 6.5 0.6 months).

Conclusions: Respiratory sinus arrhythmia is reduced after PVl in patients
with paroxysmal AF. Our findings suggest that this is related to a decrease
in cardiac vagal tone. Whether and how this affects the clinical outcome
including exercise capacity need to be determined.

Key words: vagal activity, cold face test, deep breathing test, heart rate
variability, exercise, physical fitness.

Introduction

Respiratory sinus arrhythmia (RSA) describes heart rate (HR) chang-
es in synchrony with respiration, with an increased HR in inspiration
and a decreased HR in expiration [1]. First described by Carl Ludwig
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more than 150 years ago [2], RSA is caused by
phasic changes of efferent vagal neural dis-
charge directed to the sinus node. At rest, RSA
is known to improve the efficiency of the pulmo-
nary gas exchange, to reduce variations in blood
pressure as well as in cardiac output and further
to reduce cardiac energy expenditure [3-5]. In
patients with paroxysmal atrial fibrillation (AF),
the most common sustained arrhythmia in hu-
mans, alterations in HR variability (HRV), are well
known as indicated by HRV time- and frequen-
cy-domain analysis [6, 7]. Of interest, RSA has
not been studied in patients with symptomatic
paroxysmal AF.

A relevant number of patients with paroxys-
mal AF exhibit reduced physical fitness, which in
some patients has been shown to be only partly
restored after conversion to sinus rhythm [8]. The
current therapy of choice for patients suffering
from paroxysmal AF is catheter-based pulmonary
vein isolation (PVI). During this procedure vagal
intracardiac neurons are inevitably obliterated,
leading to a reduced cardiac vagal tone [9]. Tran-
sient (< 6 months) elevation of HR, inappropriate
sinus tachycardia and reduction of HRV have been
observed after PVI [10]. Cardiac sympathetic and
vagal activation by using the cold face test has
been found to be modulated in patients after PVI
[11], but its relation with RSA has not been stud-
ied so far.

Here, we hypothesized that a decrease in cardi-
ac vagal control following PVI is accompanied by
a decrease in RSA in patients with paroxysmal AF.

Material and methods
Study design and patient selection

Patients with a history of paroxysmal AF who
were referred for their first PVI, were included.
The autonomic etiology of AF was classified as va-
gal, adrenergic and mixed type [12]. The RSA and
HRV were measured prior to ablation and within
24 to 48 h after ablation. Subjects were advised
to refrain from exercise and alcohol (> 24 h) as
well as from food intake, nicotine and caffeine
(> 4 h) prior to testing [13]. Informed consent
was obtained from each patient. The following
exclusion criteria applied: persistent/long stand-
ing persistent AF arrhythmias during autonomic
tests, sick sinus syndrome, unstable angina pecto-
ris, history of myocardial infarction, heart failure,
left ventricular ejection fraction < 30%, prior heart
surgery, neuromodulation therapy (including elec-
trical stimulation of the spinal cord, vagus nerve
stimulation or deep brain stimulation), hyperthy-
roidism, chronic obstructive pulmonary disease,
acute inflammation (C-reactive protein > 5 mg/l)
and short-term AF recurrence after PVI.

Assessment of HRV and RSA

Patients rested in a supine position in a quiet,
temperature-controlled environment for at least
10 min before testing commenced [13]. A mobile
digital HR monitor (Polar Flow V800, Polar Electro
Oy, Kempele, Finland) measuring RR intervals with
a sample rate of 1000 Hz was used to record all
data. Additionally, a 12-channel electrocardiogram
was recorded. Short-term HRV at rest was recorded
over a period of 5 min. For RSA assessment a deep
breathing test was performed during which pa-
tients were guided by an acoustic signal to deeply
inhale and exhale for 5 s each over a period of 60 s
[14]. HRV parameters, the expiratory-inspiratory
HR difference (E/I difference) and the expirato-
ry-inspiratory HR ratio (E/I ratio) were calculated.

The cold face test was conducted to analyze the
functional activation of the autonomic nervous sys-
tem by coactivation of the peripheral sympathetic
and cardiac parasympathetic nervous system [15].
Cold gel packs (0°C to 1°C) were applied to the fore-
head as well as the maxillary region for 120 s [14],
while avoiding ocular contact to prevent the ocu-
locardiac reflex [16]. The maximum HR response in
comparison to the baseline, assessed by the relative
difference between baseline HR and peak response
as a result of the cold face test, and the time from
onset until the maximum response (the maximum
latency) were utilized to assess the effect of sympa-
thetic/parasympathetic coactivation [17]. Patients
rested for at least 10 min between autonomic ma-
neuvers to prevent interferences. All tests were con-
ducted under standardized surrounding conditions.
In case of poor signal quality, outside interference
or lack of patient compliance during maneuvers the
recordings were not further analyzed.

The HRV was analyzed with the Kubios Soft-
ware (Version 2.2, Biosignal Analysis and Medical
Imaging Group, Department of Physics and Math-
ematics, University of Eastern Finland) following
established protocols [18, 19]. Premature supra-
ventricular and ventricular beats as well as arti-
facts were extracted to prevent a change and fal-
sification of HR and HRV [19]. The intrinsic HR was
assessed using the following formula: intrinsic
HR = 118.1 - (0.57 x age) [20].

Catheter ablation

All patients underwent catheter-based PVI as
described before [21]. Deep sedation was achieved
by continuous propofol infusion and fentany! bolus
administration throughout the procedure. Surface
electrocardiograms and bipolar endocardial elec-
trograms were continuously recorded and stored
on a computer-based digital amplifier/recorder
system (LabSystem PRO, Bard Electrophysiology
Inc., Lowell, MA, USA). Catheters were introduced
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Table I. Patient characteristics

Parameter

Patient characteristics:

Age [years]

Sex (male) 5

BMI [kg/m?] 27 1

CHA,DS -VASc score 0/1/ > 2 1/2/7

EHRA score I/11I/11I/1V 1/4/5/0

Comorbidities:

Coronary artery disease

Congestive heart failure

Hypertension

Hyperlipidemia

Diabetes mellitus

Ol |d | N|O|F

Chronic kidney disease
(GFR < 60 ml/min/1.73 m?)

Medication before PVI:

Patients with antiarrhythmic medication 9
intake

Number of antiarrhythmic agents per patient: 1.2 +0.2
B-Blocker 7

Flecainide

Propafenone

Amiodarone

Dronedarone

Oral anticoagulation
ACE inhibitor/AT-Il antagonist
Statin

Diuretics

== W OOV |= =] O |Ww

Oral antidiabetics/insulin

Pulmonary vein isolation:

Radiofrequency/cryoballoon ablation 5/5
Procedure duration [min] 123 +11
Follow-up:
Mean follow-up time [days] 183 +17
Patients with antiarrhythmic medication 6
intake
Number of antiarrhythmic agents per 0.7 £0.2
patient:
B-Blocker 5
Flecainide 1
Propafenone 0
Amiodarone 1
Dronedarone 0
AF recurrence and re-ablation 1
EHRA score I/11/111/1V 9/0/1/0

Values are mean + S.EM. or n. ACE - angiotensin-converting
enzyme, AT-Il — angiotensin Il, BMI — body mass index, EHRA —
European Heart Rhythm Association, GFR — glomerular filtration
rate, PVI — pulmonary vein isolation.

via femoral venous access and through a transsep-
tal puncture into the left atrium. A 6-French diag-
nostic decapolar catheter (Inquiry, 5 mm spacing;
St. Jude Medical, Saint Paul, MN, USA) was placed
within the coronary sinus. Esophageal temperature
was measured by a multipolar temperature-sens-
ing catheter (CIRCA-S-CATHTM, Circa Scientific,
Englewood, CO, USA) and ablation was interrupted
when 38.5°C was reached. Radiofrequency cathe-
ter ablation procedures were guided by 3-dimen-
sional mapping of the left atria using the Carto 3
system (Biosense Webster, Diamond Bar, CA, USA).
A decapolar mapping catheter (Lasso, Biosense
Webster, Diamond Bar, CA, USA) and an open-ir-
rigated 3.5 mm tip mapping and ablation cathe-
ter (Navistar, Biosense Webster, Diamond Bar,
CA, USA) were used. An antral ablation line was
created around each pair of ipsilateral pulmonary
veins by application of point-by-point lesions using
25-30 W and an irrigation rate of 17-30 ml/min.
For cryoballoon ablation, a 28 mm catheter (Arc-
tic Front Advance, Medtronic Inc., Minneapolis, MN,
USA) and an endoluminal spiral mapping catheter
(Achieve, Medtronic) were used. For assessment of
the exact position of the inflated cryoballoon cath-
eter and optimal PV occlusion, contrast medium
was administered. Target application time was
240 s. For prevention of phrenic nerve injury, mon-
itoring of diaphragmatic compound motor action
potentials was conducted during phrenic nerve
pacing throughout the ablation procedure. Dia-
phragmatic excursion was monitored by fluoros-
copy and abdominal palpation. Ablation was ter-
minated when the balloon temperature exceeded
—-60°C, esophageal temperature fell below 17°C or
impairment of phrenic capture was observed.

Statistical analysis

Continuous variables are presented as mean +
standard error of the mean (S.E.M.). Categorical
variables are given as absolute or relative num-
bers. Normal distribution was analyzed using
the Kolmogorov-Smirnov test. Student’s t-test,
Mann-Whitney or Wilcoxon signed rank tests
were used as appropriate for continuous variables.
Correlations between variables were assessed
using the Pearson test. A p-value of < 0.05 was
considered statistically significant and denoted
with asterisks (*p < 0.05, **p < 0.01). Statistical
analysis was performed using GraphPad Prism 6
(GraphPad Inc., La Jolla, CA, USA).

Results

Patient characteristics and follow-up

A detailed overview of clinical characteristics
of the enrolled patients (n = 10, 50% men, 64 +3
years) is presented in Table I. The AF etiology was
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vagal in 5 patients and mixed adrenergic/vagal
in 3 patients, whereas a clear classification was
not possible in 2 patients. Mean follow-up time
was 6.5 +0.6 months. One patient with a vagal
driven arrhythmia suffered from AF recurrence
and underwent a second AF ablation procedure
12 months after the first procedure. Two patients,
initially suffering from vagal AF, without recurrence
of AF, reported palpitations in the follow-up with-
out an impact on physical activity (both EHRA I).

PVI modulates HR and HRV

The HR at rest increased following PVI (61 +2 bpm
vs. 77 +3 bpm, p < 0.0001) in 10 out of 10 pa-
tients. The intrinsic HR was different from the HR
at rest (82 +2 bpm vs. 61 +2 bpm, p < 0.0001), but
similar to the HR after PVI (82 +2 bpm vs. 77 3 bpm,
p = 0.147). HRV parameters of the time, frequency
and nonlinear domain at rest were reduced after
PVI (Table I1). During follow-up (6.5 +0.6 months),
resting HR remained elevated at a rate similar to
that directly after ablation (76 +3 bpm vs. 76 +4 bpm,
p =0.796).

PVI reduces RSA and HR dynamics during
sympathetic/parasympathetic coactivation

The RSA was diminished after PVI in all pa-
tients: The E/I difference (before PVI: 7.9 £1.0 vs.

after PVI: 3.5 +0.6 bpm, p = 0.006) and the E/I ra-
tio (before PVI: 1.14 +0.02 vs. after PVI: 1.05 +0.01,
p = 0.003) were reduced after PVI (Figures 1, 2).

The maximum HR response to sympathetic/
parasympathetic coactivation was diminished af-
ter PVI (before PVI: 10.2 +0.7% vs. after PVI: 5.7
+1.1%, p = 0.0144; Figure 3 A), with half of the
patients showing a paradoxical HR increase. The
maximum latency until the maximum HR response
was prolonged after PVI (before PVI: 29 8 s
vs. after PVI: 77 +8 s, p = 0.003, n = 9).

The difference between the maximum HR
change during sympathetic/parasympathetic co-
activation before vs. after PVI correlated with the
difference in RSA before vs. after PVI (AE/I differ-
ence: r = 0.849, p = 0.002; AE/I ratio: r = 0.786,
p = 0.007; Figures 3 B, C).

PVI-induced changes in RSA (AE/I difference, radio-
frequency: —4.2 £2.2 vs. cryoballoon: —4.6 +1.5 bpm,
p = 0.886; AE/I ratio: =0.09 +0.04 vs. -0.10 +0.03,
p = 0.928) and HRV parameters (ASDNN: -16
+5 vs. =18 £9 ms, p = 0.879; ARMSSD: =7 £3 vs.
=12 £3 ms, p = 0.282; ApNN50 -0.2 £0.6 vs. -2.4
+1.5%, p =0.207; ALF: =300 £90 vs.—229 +102 ms?,
p = 0.615; AHF: =30 %38 vs. —114 +46 ms?
p = 0.199; ALF/HF ratio: =3.1 1.1 vs. =1.0 1.4,
p = 0.252; ASD1: 4.8 +2.3 vs. -8.3 £2.1 ms,
p = 0.279; ADFA1l: —-0.38 +0.12 vs. —=0.20 +0.22,
p =0.491; AREC: 4.8 +7.1vs. 4.5 +8.9 %, p = 0.979;

Table II. Cardiac autonomic tone at rest in patients with paroxysmal AF before and after pulmonary vein isolation

Parameter Before PVI After PVI P-value
Time domain:
HR [bpm] 61 +2 76 +3 < 0.0001
SDNN [ms] 3143 14 3 0.006
RMSSD [ms] 17 +2 8 +2 0.002
pNN50 (%) 2+1 14 £3 0.004
Frequency domain:
LF [ms?] 327 +65 63 +33 0.003
HF [ms?] 117 +25 46 £24 0.049
LF/HF 3.2 +#0.7 1.2 +0.4 0.050
Non-linear parameters:
SD1 [ms] 12 +1 6 +1 0.002
REC (%) 333 41 +4 0.408
DFA1 1.26 +0.04 0.97 £0.10 0.039
SampEn 1.5 0.1 1.3 0.1 0.153

Values are mean + S.E.M. Heart rate variability measurements are shown. Bold numbers denote significance. AF — atrial fibrillation,
DFA1 — short-term fractal scaling exponent of the detrended fluctuation analysis, HF — high frequency, HR — heart rate, LF — low
frequency, pNN50 — NN50 count (number of pairs of adjacent normal-to-normal (NN) intervals differing by more than 50 ms in the entire
recording) divided by the total number of all NN intervals, PVI — pulmonary vein isolation, REC — recurrence rate, RMSSD — square root
of the mean squared differences of successive NN intervals, SampEn — sample entropy, SDNN — standard deviation of the NN interval,
SD1 - sensitivities of short-term variability.
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Figure 1. Change of heart rate variation during deep breathing before and after pulmonary vein isolation (PVI). Ex-

ample curves during the deep breathing test demonstrating normal heart rate variation in a patient with paroxysmal
atrial fibrillation before PVI (A). The heart rate response during the deep breathing test is diminished after PVI (B)
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Figure 2. Respiratory sinus arrhythmia during deep breathing before and after pulmonary vein isolation (PVI). The
E/I ratio (A) and E/I difference (B) diminished after PVI. The dashed line depicts the limit for physiological values,
which is > 1.1 for the E/I ratio and > 5 bpm for the E/I difference. Asterisks denote significance (**p < 0.01)

ASampEn: =0.02 +0.17 vs. -0.36 +0.15, p = 0.185)
did not differ between patients who were treated
by using radiofrequency vs. cryoballoon ablation.

Discussion

The main finding of this study is that RSA is
reduced after PVI in patients with paroxysmal
AF. We found that this is related to a decrease in
cardiac vagal tone as indicated by changes in HR
and HRV following PVI. The PVI-related changes in
RSA are correlated with those during sympathetic/
parasympathetic coactivation.

RSA is reduced after PVI

More than 2 decades ago RSA was found to
improve the energy efficiency of pulmonary cir-
culation by “saving heartbeats” [3]. Since then,
various methods using spontaneous or controlled
breathing have been used for RSA quantification
and its use as a predictor for subsequent patient
outcome [22].

We here demonstrate for the first time a signif-
icant reduction of RSA after PVI, which is related
to the decrease in cardiac vagal tone, as supported

by the observed changes of resting HR and HRV in
our patients. Supporting this, RSA is known to be
reduced after atropine application in healthy hu-
mans [23, 24] and is modulated in diseases such
as diabetic autonomic neuropathy [25, 26]. Al-
though RSA also depends on feedback regulation
such as chemoreceptors [27] and pulmonary affer-
ents and is further modulated by central respira-
tory drive [28-32], the direct cardiac influence and
the related decrease in intracardiac vagal control
following PVI seem to be key in our patients.

Cardiac vagal tone is decreased after PVI

An increased HR and diminished HRV after PVI
are widely recognized to result from the with-
drawal of cardiac vagal activity induced by the
inevitable obliteration of cholinergic intracar-
diac neurons during ablation [33]. In this study
relevant HRV parameters were diminished after
PVI, which is in line with previous findings [11,
34-36]. Although cryoballoon ablation has been
reported to induce greater tissue damage [37],
HRV parameters were similarly reduced com-
pared with RF ablation.
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Besides RSA, the diminished maximum HR re-
sponse to sympathetic/parasympathetic coactiva-
tion and the increase in maximum latency after PVI
indicate an impairment of the trigeminal-brain-
stem-vagal reflex and vagal activity [17, 38]. Simi-
lar observations have been made after vagotomy,
pharmacological cholinergic blockade and in pa-
tients with brainstem stroke as well as in patients
with amyotrophic lateral sclerosis [16, 39].

Tonic vagal activity describes the basal cardiac
vagal activity during rest and is measured using
HRV parameters [19, 40]. Basal phasic vagal ac-
tivity describes the phasic activity at rest of the
autonomic nervous system, which can be ana-
lyzed using RSA [41]. Although tonic vagal activity
seems to be related to phasic vagal control [42],
no relation between phasic tone and sympathetic/
parasympathetic coactivation has been described
before. The PVI-induced changes in RSA in our pa-
tients correlated with those during sympathetic/
parasympathetic coactivation. This is important
since cholinergic and adrenergic neurons and
their axons are highly collocated at the pulmonary
vein-atrial junction.

-10 =5 5

B

-15
1

A Maximum HR response (%)
-10 -5 0 5

A E/I ratio

Figure 3. Correlation between heart rate (HR)
change during sympathetic/parasympathetic co-
activation and modulated RSA parameters. A—The
maximum HR response during sympathetic/para-
sympathetic coactivation was reduced after pul-
monary vein isolation (PVI). B, C — The PVI-induced
alterations in RSA correlated with the HR changes
during sympathetic/parasympathetic coactivation

In addition, in patients with comorbidities in-
volving sinus nodal or left ventricular function, ad-
ditional hemodynamic and/or electrophysiological
adaptations might impact patient outcome since
both the extrinsic [43, 44] and intrinsic [45] car-
diac neural network are well known to modulate
cardiac electrophysiology at different levels within
the hierarchy of the autonomic nervous system.

Targeted ablation of ganglionated plexi is un-
der investigation for symptomatic bradycardia
including cardioinhibitory syncope [46, 47]. As
the autonomic nervous system and ganglionat-
ed plexi are inevitably modulated during PVI, one
might speculate whether intermittent bradycardia
or left ventricular sympathetic control can be di-
minished by PVI. However, this might still result
in sympathetic/parasympathetic imbalance due
to the colocalization of cholinergic and adrenergic
neurons.

Clinical implications

The latest consensus statement on catheter
and surgical ablation of AF emphasizes the po-
tential side effects of PVI including transient and
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permanent alterations in HR [10]. Elevation of HR,
inappropriate sinus tachycardia and reduction of
HRV are well described after PVI, but are in most
cases not associated with significant symptoms.

Currently, exercise performance [48] in patients
with AF following catheter ablation has not been
fully explored: On the one hand, in patients with
longstanding asymptomatic persistent AF cathe-
ter ablation improved exercise performance [49].
On the other hand, HR recovery as well as chro-
notropic reserve has been found to be reduced
in patients with paroxysmal AF for at least up to
3 months after PVI [50]. One might speculate that
the latter is linked to reduced exercise perfor-
mance even after successful restoration of sinus
rhythm, especially considering our findings.

This is relevant since although most autonom-
ic alterations associated with PVI are transient,
some of these changes can last for over a year [51,
52]. In addition, the deep breathing test used here
can be implemented as a relatively simple bedside
test. Currently, PVI-induced changes are most-
ly assessed using specific parameters measured
during the ablation procedure. Changes in HR, in
the cycle length at which 1 : 1 conduction over
the atrioventricular node stops (Wenckebach cy-
cle length) and in the interval describing the time
between the first atrial and His bundle deflection
(AH interval), associated with a negative response
to atropine, have been considered as immediate
end points of those procedures [47]. However, po-
sitioning of catheters is necessary to investigate
these parameters, which might be influenced by
sedation and pain medication during the proce-
dure. Therefore, evaluation of RSA using the deep
breathing test before and after the procedure
might be useful to evaluate safety and success of
targeted or accidental cardiac autonomic dener-
vation during follow-up.

Limitations

This proof-of-concept study, presenting the first
evidence that RSA is reduced after PVI as a result
of decreased cardiac vagal control, has several
limitations that need to be addressed: First, this
is a single-center study with a small number of
patients. However, RSA is a strong physiological
signal and the marked changes in HR, HRV, and
RSA following PVI support our study design. This
is in line with another study having investigat-
ed targets and end points in cardiac autonomic
denervation procedures in 14 patients including
right and left atrial procedures [47].

Next, we here focused on the acute effect of
PVI on RSA and its relation to cardiac vagal con-
trol. The RSA has not been investigated during fol-
low-up. How RSA is related to exercise capacity in
patients with AF was beyond the aim of the pres-

ent study. No conclusions can be drawn from the
present study how the decrease in RSA impacts
exercise capacity [53] and patient outcome during
long-term follow-up.

In addition, related pathomechanisms and their
potential clinical implications, especially in patients
with various comorbidities including heart failure,
need to be studied in detail. Although the sympa-
thetic neuronal tone is upregulated in heart failure,
there is a paradoxical reduction in norepinephrine
synthesis and reuptake in the cardiac sympathetic
nervous system as well as a cholinergic transdif-
ferentiation of cardiac sympathetic nerves [54].
Therefore, our findings support the need for future
studies investigating the importance of changes in
RSA and its clinical relevance in patients with AF
following PVI during long-term follow-up.

In conclusion, RSA is reduced after PVI in pa-
tients with paroxysmal AF. Our findings suggest
that this is related to the decrease in cardiac vagal
tone after PVI. Whether this affects clinical out-
comes including patients’ exercise capacity needs
to be investigated.
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