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Abstract

In this paper we employed a novel approach based on
joint symbolic dynamics (JSD) to study interaction
between respiratory phase and baroreflex activity.
Electrocardiogram (ECG) and blood pressure recordings
from six participants with history of heart failure were
included in this study. First, the ECG R-peaks and
systolic blood pressure indices were detected using
parabolic fitting. Second, the respiratory signal was
derived from Frank orthogonal ECG leads using QRS
slopes and R-wave angles. Third, time series of R-R
intervals and systolic blood pressure (SBP) were
extracted, and respiratory phases were obtained using the
Hilbert transform. Subsequently, each series was
transformed into binary symbol vectors based on their
successive changes and words of length “2* were formed.
Baroreflex patterns were studied using word
combinations representing baroreflex activity for specific
changes in respiratory phases. Baroreflex activity was
significantly higher for alternating low-high/high-low
heart rate and SBP during inspiration as compared to
continuous increase or decrease in heart rate and SBP
(wisBP=10,w;HR=01,wRP=11: 39.1+9.3% VS.
w;BP=00,wi"R=11,wRP=11: 6.4+3.9%, p<0.0001).

1. Introduction

The study of inter-relationship between respiration and
baroreflex responsiveness may provide early indicators of
autonomic dysfunction [1]. However, the interplay
between respiratory sinus arrhythmia and baroreflex
activity is understood to result in complex behavior.

Compared to  conventional  signal-processing
approaches which are inadequate for characterizing
complex system dynamics, joint symbolic dynamics
(JSD) provides an effective technique by employing a
coarse-graining procedure to preserve the robust
properties of the system’s complex dynamics and
providing easy interpretation of physiological data by
offering a framework for exploring the nature of a system
through a means of simplified analysis [2,3]. Symbolic
dynamics has been suggested to provide improved
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performance for the analysis of respiratory data and
cardiorespiratory interaction and an efficient technique
for the quantification of respiration-baroreflex inter-
relationship [3-5].

In patients suffering from dilated cardiomyopathy, the
alternation between low to high blood pressure and heart
rate has been demonstrated to be significantly higher
compared to healthy controls [6]. However, combined
analysis of respiration and baroreflex function has never
been studied in heart failure patients. This study was
conducted to quantify respiration-baroreflex inter-
relationship using JSD approach in heart failure patients.

2. Methods

The study conformed to principles outlined in the
Declaration of Helsinki and was approved by the local
ethics committee. Each participant provided written
informed consent.

2.1.  Subjects

This study population was composed of 6 participants
of the ongoing prospective cohort study “Reverse
Electrical Remodeling of Native Conduction”, which
enrolled adult heart failure patients with approved
indications per ACC/AHA/HRS guidelines  for
implantation of a cardiac resynchronization therapy
defibrillator (CRT-D), who were in sinus rhythm at the
time of enrollment. Mean age was 67.8+11.8 years, more
than half were female (N=4; 67%) and white (N=5; 83%).
Almost all patients (N=5; 83%) have had ischemic
cardiomyopathy with mean left ventricular ejection
fraction 24.2+9.2 %. More than half of study participants
have had NYHA class I-1l (N=4; 67%), and 33% have
had class Ill. Mean QRS duration was 158.5+15.2 ms.
Most of patients (N=5; 83%) have had left bundle branch
block.

2.2. Data recording

High resolution (1000Hz) 12-lead ECG was recorded
continuously at rest for at least 30 minutes via H12+™
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digital Holter recorder (Mortara Instruments, Milwaukee,
WI), simultaneously with digital blood pressure
waveform. Output of CNAP 500 continuous noninvasive
hemodynamics monitor (CNSystems Medizintechnik AG,
Austria) was digitized using the NI USB-9215A portable
data acquisition system, with customized LabVIEW
(National Instruments, Austin, TX) software application.
Recording was performed before CRT-D implantation.

2.3. ECG and SBP processing

Custom-written computer software developed in
MATLAB® was used for the detection of ECG R-peaks,
and systolic blood pressure. Parabolic fitting was used to
detect ECG R-peaks, where a parabola of a length based
on the sampling frequency of ECG signal is fitted around
the R-wave to determine R-wave maximum. The R-R
time series, obtained from the time intervals between
consecutive R-peaks, were visually scanned for artefacts
and, if necessary, manually edited. Systolic blood
pressure (SBP) was determined as the peak magnitudes of
the continuous blood pressure signal between two
consecutive R-peaks.

2.4.  Derivation of respiratory signal

Frank ECG orthogonal XYZ leads signals (derived
from 12-leads using Dower’s inverse transform) were
used to derive respiratory signal using a recent method
presented by Lazaro et al. [7]. For each QRS complex,
two slopes were measured: the upward slope of the R-
wave and the downward slope of the R-wave. From the
sample point associated with maximum slope, a straight
line of 8ms interval is fitted to each side of the R-wave.
The slopes of the line are the required QRS slopes. The
smallest angle formed by the two fitted straight lines is
defined as the R-wave angle. The calculations of QRS
slopes and R-wave angle are illustrated in figure 1 (top
panel). By adding the series of either QRS slopes or R-
wave angle associated with the occurrence of each beat,
an unevenly sampled respiratory signal was obtained.
This signal was then interpolated at 4Hz using cubic-
splines interpolation technique to obtain an evenly
sampled ECG-derived respiratory signal, as shown in
figure 1 (bottom panel). The phases of the respiratory
signal were calculated using the Hilbert transform.

2.5.  Joint symbolic dynamics approach

For the alignment of R-R time series to SBP time
series, we started from the R-peak following the first SBP
to ensure that blood pressure mediated baroreflex control
of heart rate is reflected in our analysis [5]. From the
vectors of R-R time series, SBP and respiratory phases,
RP (taken at the instants of R-peaks), we established three
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symbolic sequences, s"R (HR denoting the heart rate—
reciprocal of R-R interval), s6P and sRP, using the
transformation rule below that is based on the differences
between successive R-R intervals, SBP and R-instant
respiratory phases, respectively, as described previously

3].

HR _{0 if RRi;1—RRj>0 )
i 1lif RRi1—RRi <0

sBP 0if SBPi.,—SBPj <0 )
‘ 1if SBPi.,—SBP; >0

RP _ ©)

0if ‘RPHI‘ —‘RPi‘ >0
1if ‘RPHl‘_‘RPi‘ <0

Subsequently, series of words, wHR, wSB" and wR® of
length two were constructed. Consequently, four different
word types were obtained for each vector.
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Figure 1. Derivation of respiratory signal from orthogonal
ECG. Calculation of QRS slopes and R-wave angle is
shown in top panel. Bottom panel shows the final evenly
sampled derived respiratory signal from the ECG.

The interactions between the signals were studied by
comparing each i" (i = 1,2,...,n, where n is total number
of words) word from the distributions, w;"R, w8 and
wiR", If the sequence of symbols in wi"R was reversed to
that of w;BP, it was considered to be a baroreflex pattern.
Subsequently, the baroreflex activity was studied for each
combination of respiratory phases: inspiratory phase
(wiRP="11"), expiratory phase (w;"P=*00") and transitional
phases (wiRP=01", “10’). The word types span over a
4x4x4 matrix from [00,00,00]" to [11,11,11]" (Table 1).



Table 1. Transformation of RR, SBP and RP into
symbol vectors, sHR, s58° and sRP, and words of length 2,
whR wSBP and wRP, respectively. The star indicates
baroreflex activity during expiratory phase while the plus
indicates baroreflex activity during inspiratory phase.

RR
[ 730 [ 690 | 710 | 695 | 687 | 700 [ 690 | 685 |
sHR

L1 o[ 1 [ 1 ] o] 1] 1]
whR: 10 01 1 10 01 11
SBP
[ 106 | 110 | 108 | 115 | 122 [ 118 [ 123 | 128 |
SSBP
[+ J o[ 1t [ 1 ] o] 1] 1]
WSBP: 10 01 11 10 01 11
IRP|

Lt [ 1 JTo [ 1 [o ] 1 [ 1]
wRP 11 10 01 10 01 11
VVHR VVSBP VVRP
00 01 10 11
00 *
01 *
10 * 00
11 *
01
10
00 +
01 +
10 + 11
11 +
For baroreflex pattern analysis, the combinations of

words between wiHR and w;SB® that represent baroreflex
activity were considered and their occurrence in each
respiratory word type (i.e. phase) was studied. The
percentage of baroreflex activity (%baroreflex) for each
word type of respiratory phases was determined,;
%Dbaroreflex was calculated by dividing the total count of
a particular word pattern representing baroreflex activity
by the total count of all baroreflex word patterns.

2.6.  Statistical analysis

GraphPad Prism version 6.05 for Windows (GraphPad
Software, San Diego, California, USA) was used for
statistical analysis. Percentages of baroreflex activity
(%baroreflex) were log-transformed to achieve normal
distribution of data across the respiratory phase patterns.
We investigated changes in baroreflex activity between
different respiratory phases using repeated measures
ANOVA. For post-hoc analysis, Tukey’s multiple
comparison test was used. Values with p < 0.05 were
considered statistically significant. Data were expressed
as mean + standard deviation (SD).
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Figure 2. Analysis of the relationship between different
patterns of baroreflex response during inspiration. A
strong association between word patterns of baroreflex
activity was observed. Here, ** and **** represents p <
0.01 and p < 0.0001 respectively, ‘00°,’01’, ’10” and "11’
represent different word types.

3. Results

3.1.  Inter-relationship between

respiratory phase pattern and baroreflex
activity

The mean R-R interval of the subjects was 903+93 ms.
Baroreflex patterns were more frequent during inspiratory
phase (98.9+2.3%) as compared to expiratory and
transitional phases; thus baroreflex activities at
inspiratory phases were considered for further analysis.

3.2. Comparison of baroreflex patterns
during inspiratory phase

The baroreflex patterns with alternating low-high/high-
low SBP and heart rate (w;8P=01/10, w;"R=10/01) were
significantly more frequent as compared to continuous
increase/decrease in SBP and heart rate (w;SB°=00/11,

wifR=11/00) as shown in figure 2; for example,
(wiSBP=10,w;HR=01,wRP=11: 39.1+9.3% VS,
wiSBP=00,wi"R=11wRP=11:  6.4+3.9%,  p<0.0001).

However, there were no significant differences in
baroreflex activity between NYHA class I-11 and class 111
participants (figure 3).
4. Discussion
To our knowledge, this is the first paper to investigate
inter-relationship  between  respiratory phase and

baroreflex activity using JSD in heart failure patients. Our
results indicate that in these patients baroreflex patterns



are mostly observed during inspiratory phase. In addition,
baroreflex activity generated from alternating pattern
changes in heart rate and SBP was observed to be
significantly higher compared to baroreflex with
continuous increase or decrease in heart rate and SBP,
which may indicate cardiac impairment.
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Figure 3. Comparison of log-transformed percentage of
baroreflex activity for different baroreflex word patterns
between participants with NYHA class I-1l and NYHA
class Ill. No significant differences between the two
groups were observed.

Respiratory sinus arrhythmia is modulated by vagal
tone, and blunted heart rate variability (HRV) and blunted
baroreflex are associated with increased mortality after
myocardial infarction (MI). The quantification of HRV
for predefined sections of the respiratory cycle improves
risk stratification of post-MI death. Bivariate phase-
rectified signal averaging method has been developed and
showed a strong association between expiration-triggered
shortening of RR intervals and death after Ml [8].

Beat-to-beat variations with a repetitive alternation of
measurement parameters such as heart rate and blood
pressure are considered to be important in the functional
assessments of patients. It has been reported that in
patients suffering from dilated cardiomyopathy, short-
term alternations of heart rate and blood pressure were
significantly higher compared to healthy controls [6]. The
beat-to-beat oscillation between lower and higher levels
of blood pressure can be observed in clinical states of
heart failure [6], which supports our finding of a higher
baroreflex activity in the presence of systematic short-
term alternations in SBP and heart rate.

Previous studies evaluated each component of
cardiorespiratory dynamics in isolation. Importantly, our
study for the first time conducted joint analysis of the
beat-to-beat variability in RR’ intervals, blood pressure,
and respiration in heart failure patients. We showed that
heart failure patients with advanced degree of mechanical
dyssynchrony are characterized by high amount of
baroreflex patterns with short-term alternations in SBP
and heart rate during inspiration. Further investigation is
necessary to understand the inter-relation between
respiration and baroreflex activity in heart failure patients.
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5. Conclusion

The approach based on joint symbolic dynamics
provides an efficient technique for the combined study of
respiration-baroreflex activity. Analysis of baroreflex
patterns arising from short-term alternations in SBP and
heart rate during inspiratory phases may have diagnostic
impact on the assessment of heart failure patients.
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