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Amit G, Shukha K, Gavriely N, Intrator N. Respiratory
modulation of heart sound morphology. Am J Physiol Heart Circ
Physiol 296: H796-H805, 2009. First published January 9, 2009;
doi:10.1152/ajpheart.00806.2008.—Heart sounds, the acoustic vibra-
tions produced by the mechanical processes of the cardiac cycle, are
modulated by respiratory activity. We have used computational tech-
niques of cluster analysis and classification to study the effects of the
respiratory phase and the respiratory resistive load on the temporal
and morphological properties of the first (S1) and second heart sounds
(S2), acquired from 12 healthy volunteers. Heart sounds exhibited
strong morphological variability during normal respiration and nearly
no variability during apnea. The variability was shown to be periodic,
with its estimated period in good agreement with the measured
duration of the respiratory cycle. Significant differences were ob-
served between properties of S1 and S2 occurring during inspiration
and expiration. S1 was commonly attenuated and slightly delayed
during inspiration, whereas S2 was accentuated and its aortic compo-
nent occurred earlier at late inspiration and early expiration. Typical
split morphology was observed for S1 and S2 during inspiration. At
high-breathing load, these changes became more prominent and oc-
curred earlier in the respiratory cycle. Unsupervised cluster analysis
was able to automatically identify the distinct morphologies associ-
ated with different respiratory phases and load. Classification of the
respiration phase (inspiration or expiration) from the morphology of
S1 achieved an average accuracy of 87 * 7%, and classification of the
breathing load was accurate in 82 = 7%. These results suggest that
quantitative heart sound analysis can shed light on the relation
between respiration and cardiovascular mechanics and may be applied
to continuous cardiopulmonary monitoring.

phonocardiography; cardiopulmonary interaction; cluster analysis; clas-
sification; noninvasive monitoring

THE MECHANICAL FUNCTION OF the cardiovascular system is gov-
erned by a complex interplay between pressure gradients
across the chambers of the heart and the blood vessels. The
systolic contraction of the ventricles triggers vibrations of the
heart walls, valves, and blood. These vibrations propagate
through the thoracic cavity and are received on the chest wall
as transient low-frequency vibro-acoustic signal, commonly
known as the first heart sound, S1. At the end of systole,
concomitantly with the abrupt closure of the semilunar valves,
the second heart sound, S2, is produced (22). The mechanical
cardiac cycle is continuously controlled and regulated by the
autonomous nervous system, which induces changes to both
rate and intensity of myocardial contraction. In addition, the
pulmonary system plays an important part in modulating the
cardiovascular mechanical activity by respiratory-induced
changes of the pleural pressure, arterial resistance, and venous
return (preload) (6, 20). During inspiration, the pressure gra-

dient from the extrathoracic regions to the right atrium in-
creases due to the lowered pleural pressure, causing an in-
creased blood filling of the right ventricle (RV). The increased
RV end-diastolic volume (EDV) leads to an increased RV
stroke volume (SV) by the Frank-Starling mechanism (7). The
distended RV causes the left ventricle (LV) to become less
compliant by physical compression (ventricular interdepen-
dence) and leftward motion of the interventricular septum,
resulting in a reduced LV filling. At the same time, the
distending lung and its circulatory volume tend to reduce the
pressure gradient and flow from the pulmonary veins to the LV,
and the transmural diastolic aortic pressure, which is the LV
afterload, increases. These additive effects result in a decrease
of LV-SV (25). The opposed process occurs during expiration,
in which RV-EDV and RV-SV decrease while LV-EDV and
LV-SV increase. The effects of the respiratory cycle and
intrathoracic pressure changes on cardiac function are well
known clinically in the form of “pulsus paradoxus” as a sign of
asthma severity (16) and in assessing the need for fluid trans-
fusion in critically ill patients.

Previous studies have shown effects of hemodynamic
changes on characteristics of the heart sounds. The intensity of
S1 has been shown to be linearly related to the maximal time
derivative of the LV systolic pressure in dogs (23). Spectral
features of S1 were correlated with the contractile state of the
heart in both dogs (8) and humans (3). The phenomena of split
heart sounds, i.e., an audible separation between consecutive
components of either S1 or S2 is a well-established example
for the relation between heart sounds and the respiratory
activity. Physiological split of heart sounds is common in
children and young adults. During inspiration, the first com-
ponent of S1 was found to decrease in intensity, whereas the
second component increased, reflecting the different hemody-
namic events of the left and right sides of the heart (14, 21).
Maximal splitting of S2 was found to occur during inspiration,
due to earlier occurrence of the aortic component and a delay
in the pulmonary component (21). Respiration has also been
shown to modulate the duration of the systolic and diastolic
time intervals of the cardiac cycle (29). Quantitative analysis of
S2, by spectral and time-frequency techniques, has been sug-
gested as a noninvasive method for estimating pulmonary
artery pressure (9). Despite the potential value of phonocar-
diography-based methods in the study of cardiovascular and
cardiopulmonary functions, quantitative analysis of heart
sounds is a research field that has been relatively overlooked in
recent years, as the focus of cardiovascular diagnosis technol-
ogies shifted to imaging techniques, such as echocardiography,
nuclear imaging, and computerized tomography. However, the
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RESPIRATORY MODULATION OF HEART SOUND MORPHOLOGY

vast progress in computation power and analysis algorithms
facilitates utilization of modern signal processing and pattern
recognition methods in the analysis of heart sounds to extract
meaningful physiological information. The purpose of this
work was to characterize the morphological changes induced to
S1 and S2 by the respiratory activity (Fig. 1). We studied the
effects of the respiratory cycle and the respiratory resistive load
on the morphologies of S1 and S2, using computational tech-
niques of cluster analysis and classification.

METHODS
Experimental Setup

Heart sounds, breathing pressure at the mouth, and a single-lead
ECG were simultaneously acquired from 12 healthy volunteers (age
29 = 12 yr, 8 men). The research protocol was approved by the local
ethics committee, and all subjects signed an informed consent before
their enrollment in the study. The data-acquisition system consisted of
two piezoelectric contact transducers (PPG Sensor model 3, OHK
Medical Devices, Haifa, Israel), a breathing pressure transducer (Vali-
dyne, Northridge, CA), an ECG recording system (Atlas Researchers,
Hod-Hasharon, Israel), a preamplifier (Alpha-Omega, Nazareth, Is-
rael), an analog-to-digital converter (National Instruments, Austin,
TX; sampling rate 11,025 samples/s, sample size 16 bits), and a
designated signal recording software running on a portable personal
computer (Fig. 2). During data recording, the subjects were sitting
upright, with the heart sound transducers firmly attached by an elastic
strap on the left and right parasternal lines at the fourth intercostal
spaces. The data were recorded while the subjects were breathing
through a mouthpiece that was side connected to the pressure trans-
ducer and serially attached to plastic tubes (internal diameter = 0.5 cm)
of varying lengths, used for altering the respiratory resistive loads. Five
levels of resistance were used: at level 0, no resistive tube was attached,
and at levels 1-4, the lengths of the resistive tubes were 8.5, 22, 66, and
200 cm, respectively. The signals were recorded twice with each resis-
tance level using two breathing protocols: /) 40 s of normal breathing,
and 2) 10 s of normal breathing, followed by 15 s of breath hold and
additional 15 s of normal breathing.

Signal Analysis Framework

Signal analysis (Fig. 3) included the following steps for each
subject. A detailed description of the data analysis algorithms, and the
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considerations for choosing specific analysis parameters, are given in
Ref. 2.

I) Preprocessing and segmentation of S1 and S2 was the first step.
Heart sound signals were bandpass filtered in the range of 20-250 Hz
and partitioned into cycles by the R-wave of the ECG. S1 was
segmented as a 200-ms segment starting 50 ms before the R-wave. For
the segmentation of S2, multiple heart sound cycles were averaged,
and the two strongest peaks in the energy envelope of the averaged
signal were identified. The 200-ms signal fragment, centered at the
second energy peak of the average signal, was segmented as S2.

2) The second step was selection of appropriate signal representa-
tion in the time or time-frequency domain. S1 signals were repre-
sented in the time domain, whereas S2 signals were transformed to a
joint time-frequency representation by applying S-transform (28).
These signal representations were chosen to obtain an optimal balance
between the accuracy of the analysis and the computational efficiency,
according to the analysis described in Ref. 2.

3) Hierarchical clustering of S1 and S2 performed on signals from
all breathing resistance levels was the third step. Correlation distance
was used for estimating the similarity between signal cycles.

4) The fourth step was compact beat representation in the feature
space of cluster distances. Each beat was characterized by a vector of
its distances from the centers of the significant clusters.

5) The fifth step was analysis of the morphological variability and
periodicity of S1 and S2 and their relation to the respiration cycle.

6) The sixth step was prediction of respiration-related measures
(respiration phase and resistance) from the morphology of S1 and S2,
using classification techniques.

Cluster Analysis

Cluster analysis was performed on S1 and S2 beats of each subject.
Signal similarity measure, used for clustering, was the correlation
distance Dj,, defined by:

D s =5 —7)

Dsr = 1 - / (1)
\JE[ (S, - 3)2 \/Er (rt - ?)2
1
where ¢ is time, s, and r, are signals of length n, s = —>" s, and
n =1
1
F= " .
n =1

The maximal number of clusters was set to eight, and only clusters
with >5% of the beats were considered significant. Clustering of S1
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Fig. 2. Experimental setup. Two channels of heart sounds, ECG, and airway-opening pressure are simultaneously acquired, while the subject is breathing against
resistive tubes with variable length. The signals are amplified, digitally sampled, and saved for further computational analysis.

was done using raw time domain representation, and clustering of S2
was done on the time-frequency representation of the signals, obtained
by S-transform. The center of each cluster was computed as a
weighted average of the cluster’s elements, in which each element was
weighted by its similarity to the cluster’s arithmetic mean:

Ci= D wb,w,=1-D|b, ﬁEbi (2)
i

ieC;j ieCj

where C; is a cluster, b; is a beat, and D is a distance function.

Each beat of S1 and S2 was compactly represented by the vector
of its distances from the centers of the N significant clusters:
d' = (d\, d3, ..., dy) and di = D(b;, Cy).

Morphological Clusters and the Respiratory Phase

Following cluster analysis, the relation between the identified
clusters and the respiratory phase was first determined by assessing
the morphological variability of SI1 and S2 during breathing and
apnea. The breathing pressure signal was automatically segmented to
identify breathing activity and apnea segments. The median pressure
value of the apnea segment in each record was defined as the zero
pressure. Pressure values above the zero pressure were considered as
“expiration”, and pressure values below it were considered “inspira-
tion”. The correlation distance between each beat and a template beat,
chosen as the average of the largest cluster, was computed. The
morphological variability was defined as the standard deviation of this
distance, and it was computed for 15-s segments of breathing or
apnea. Student’s 7-test was used to compare the morphological vari-
ability of S1 and S2 during respiration and during apnea across all
subjects.

The periodicity of the morphological changes of S1 and S2 was
evaluated by applying a robust periodicity detection algorithm (1) on
the vectors of cluster center distances. Given m beats, the vector of
their distances from the center of cluster k can be written as d;, = (dy,
di, ..., d}").d, is nonuniformly sampled, due to the beat-to-beat heart
rate variability, and it may contain outlier beats, resulting from noise
interferences. The periodicity analysis is based on a robust power
spectral estimate, followed by Fisher’s g-test (12), which computes
the P value of the null hypothesis that the time series is a Gaussian
noise against the alternative hypothesis that the signal contains an
added deterministic periodic component of unspecified frequency.
Multiple test corrections for the P value’s cutoff were done using the
false discovery rate (FDR) method (4). The cluster center that pro-
vided the smallest P value was selected as a template, and the
identified period was compared with the average period of the breath-
ing pressure signal.

To test whether there is a morphological separation between beats
that occurs during different phases of the respiratory cycle, each
respiration cycle was mapped into the polar phase range 0-360°,
where 90° is the peak of inspiration (maximal negative pressure), and
270° is the peak of expiration (maximal positive pressure). Each beat
of S1 and S2 was associated with the corresponding value of the
instantaneous respiratory phase (0—360°) and with the distance from
the chosen cluster center. A two-tailed Student’s #-test was used to
compare the distance value distribution of the beats occurring during
inspiration (respiration phase value in the range 45-135°) and the
beats occurring during expiration (respiration phase value in the range
225-315°). Significant P value cutoff was determined by the FDR
method.

Preprocessing
& Segmentation

I

Signal
Representatio

‘ Heart sound signal |

Hierarchical
Clustering

[ 1
1(16) 2(7) 5(12) 6(64) 3(23) 4(10)
Clusters

Classification &
Prediction

Cluster-Distance
Feature Space

S dist cluster 1

Predicted respiratory condition

Fig. 3. Signal analysis framework. Input heart sound and ECG signals are preprocessed and segmented to extract S1 and S2 from each cardiac cycle. Signals
are then represented by time or time-frequency representation and clustered according to their morphologies. Distances from the centers of the clusters are used
as a compact feature space of the data, and classification algorithms are applied in this space to predict the respiratory phase and resistance level.
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