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Summary

Auscultation has long been an important part
of the evaluation of patients with known and sus-
pected cardiac disease. The subsequent develop-
ment of phonocardiography provided an ana-
logue visual display that permitted a more de-
tailed analysis of the timing and acoustical charac-
teristics of heart sounds, murmurs, clicks and
rubs. In addition, the measurement of systolic
time intervals enabled a valuable non-invasive as-
sessment of left ventricular function. Acoustic car-
diography, a much more recently developed tech-
nology, has enabled the simultaneous acquisition
of ECG and cardiac acoustical data. This user-
friendly and cost-effective technology permits ac-

quisition of detailed information regarding sys-
tolic and diastolic left ventricular function and
provides both a computerized interpretation and
a visual display of the findings. Its clinical applica-
tions include the evaluation of patients with sus-
pected heart failure, ischaemia and cardiac ar-
rhythmias and the optimization of cardiovascular
drug and device therapies. It can also be used in a
wide variety of ambulatory and inpatient moni-
toring applications.

Key words: beart sounds; electrocardiogram; car-
diovascular diagnosis

History of auscultation and phonocardiography

Since the invention of the stethoscope by
Rene Laennec in 1816, auscultation has been an
important tool for evaluating patients with known
or suspected cardiac disease [1]. Many investiga-
tors have described the diagnostic and prognostic
value of the third heart sound (S3) in left ventric-
ular dysfunction [2-15]. However, other studies
have demonstrated the limitations of the stetho-
scope per se in the clinical evaluation of patients
[16-19].

In recognition of these limitations, phonocar-
diography was developed to facilitate the evalua-
tion of heart sounds and murmurs [20]. The ana-
logue visual display of acquired acoustic data en-
ables more precise assessments with respect to the
timing and acoustical features of heart sounds and
murmurs than does auscultation. It is possible to
derive accurate measurements of timing relation-
ships (eg to distinguish the S3 from an opening
snap and document the presence and direction of
splitting of S2) and to obtain accurate informa-
tion about the duration, relative intensity and
contour (eg crescendo/decrescendo vs “plateau-
shaped”) of cardiac murmurs.

The work of Weissler and colleagues in-
creased the usefulness of phonocardiography still

turther by combining phonocardiography with
external recordings of the carotid pulse to derive
the systolic time intervals [21-25]. This has en-
abled precise non-invasive assessments of left
ventricular systolic function. The systolic time in-
tervals include the following:

—  Q-S2 interval — the interval from the onset of
the QRS to the aortic component of the sec-
ond heart sound.

— Left ventricular ejection time (LVET) - the
interval from the beginning of the carotid up-
stroke to the dicrotic notch.

—  Pre-ejection period (PEP) — the interval from
the onset of the QRS to the beginning of the
carotid upstroke (ie PEP = (Q-S2) — LVET).
The PEP has two components, namely the
interval from QRS onset to S1 followed by
the isovolumic contraction period (ie the in-
terval from S1 to the beginning of the carotid
upstroke).

—  The ratio of PEP to LVET

Further refinement of the systolic time inter-
vals was achieved with the development of nu-
merical corrections for heart rate and gender. In-
vestigators showed that the systolic time intervals
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could discriminate normal individuals from pa-
tients with heart failure and that these values were

influenced by contractility, preload, afterload and
intraventricular conduction abnormalities [26].

Acoustic cardiography

Despite their clinical value, the use of systolic
time intervals as a non-invasive method of haemo-
dynamic evaluation diminished. This was partly
because their acquisition was labour-intensive
and partly because of the increasing popularity
of echocardiography and radionuclide studies.
Acoustic cardiography (Audicor®, Inovise Medi-
cal, Inc., Portland, OR) has been developed much
more recently. This diagnostic technique consists
of recording and algorithmically interpreting con-
temporaneous digital ECG and cardiac acoustical
data. This is accomplished by using electrodes
placed in the same positions as those used for a
standard electrocardiogram (ECG). However, in

the V3 and V4 precordial positions it employs
dual-purpose sensors that simultaneously acquire
ECG and sound data from each of these locations.
In addition to a full report of the diagnostic inter-
pretation resulting from a computerized analysis
of the ECG and heart sounds, the technology pro-
vides a printout of the ECG and heart sound raw
data. Figure 1 shows an acoustic cardiographic re-
port that includes a 12-lead ECG. For other types
of applications, smaller numbers of ECG leads
may be used.

The Audicor® technology uses sophisticated
wavelet-based signal processing techniques to
evaluate the heart sound data and feed the diag-
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Figure 1

Example of an Acoustic Cardiographic Tracing and Report.

An acoustic cardiographic recording that includes a 12-lead ECG is shown. Below the ECG is a simultaneous sound tracing that reveals both an S3 and
an S4. A segment of this sound tracing is also shown near the top right corner of the report and this segment includes labelling of the S3 and S4. At the
top left of the report is the printed algorithmic interpretation of both the ECG and the heart sound findings. The ECG findings include an anterior my-
ocardial infarction and evidence of left ventricular hypertrophy. The three dimensional image of the heart in the top right corner of the report indicates
the location of the myocardial infarction in black ink. Immediately below the image of the heart is a horizontal bar graph that indicates the relative
strength of the ECG evidence for the left ventricular hypertrophy.

Abbreviations: int — interval; LVH - left ventricular hypertrophy; mV — millivolt; S3 - third heart sound; S4 — fourth heart sound; EMAT - electromechani-
cal activation time; LVST - left ventricular systolic time.
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Figure 2

Time-Frequency Analysis of Heart Sounds.

The figure presents a schematic of a single heart beat show-
ing a simultaneous ECG and sound recording in the time do-
main (upper two traces) as well as the wavelet filter based
time-frequency representation of the heart sound recording
(scalogram).

Abbreviations: P - ECG P wave; Q - ECG Q wave; T-ECGT
wave; S1 - First heart sound; M — Mitral component; T —Tri-
cuspic component; S2 - Second heart sound; A - Aortic com-
ponent; P — Pulmonary component; S3 -Third heart sound;
S4 - Fourth heart sound.
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Figure 4

Acoustic cardiography report and time-frequency analysis of heart sounds for a subject with high body mass.

The upper panel (a) shows an acoustic cardiography report for a subject with high body mass (male, 560 pounds), and the panels below illustrate the
2D (b) and 3D (c) scalogram view for three beats of the same recoding as in the upper figure. While the intensity of the heart sounds is drastically lower
than in subjects with normal weight, the “fingerprint” for each heart sound is the same as in normal weighted subjects, and therefore, allows an accu-
rate analysis of the heart sounds by acoustic cardiography.
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Figure 5

Acoustic cardiography report and time-frequency analysis of heart sounds for a subject with episodes of snoring.

The upper panel (a) shows an acoustic cardiography report for a subject with episodes of snoring, and the panels below (b) illustrate the 2D and 3D
scalogram views for two beats from the acoustic cardiography rhythm strip shown above. The “fingerprint” of the snoring as well as other pulmonary
sounds is very different from the heart sounds in the scalogram view, and while it is hard to verify in the time domain view, the algorithm can easily
filter out those artefacts.
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Figure 6

Acoustic cardiography report and time-frequency analysis of heart sounds for a subject with a systolic murmur.

The upper panel (a) shows an acoustic cardiography report for a subject with a systolic murmur and the panels below (b) illustrate the 2D and 3D
scalogram views for a few beats from the acoustic cardiography rhythm strip shown above. Since murmurs have higher frequency components

than diastolic heart sounds, they do not have to be high in intensity to be detected by the human ear. Thus in this case, it will be easier for the human
ear to detect the murmur than the low frequency third and fourth heart sound.
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Figure 7

Relationship between
ECG and heart
sounds.

The upper panel (a)
presents a schematic
of the key landmarks
of the ECG and heart
sound recordings in
the cardiac cycle and
the main acoustic car-
diographic parame-
ters.The lower panel
(b) presents a
schematic of the rela-
tionships among the
ECG, the aortic, left
ventricular and left
atrial pressures, the
traditional systolic
time intervals and
several acoustic car-
diographic parame-
ters for a normal and
systolic heart failure
subject. A compari-
son of the right and
left panels shows that
with systolic heart
failure, both the PEP
and EMAT are pro-
longed.
Abbreviations: ECG -
electrocardiogram;
EMAT - electro-
mechanical activation
time; IVCT - isovolu-
mic contraction time;
LA - left atrium; LV -
left ventricle; LVET -
left ventricular ejec-
tion time; LVST - left
ventricular systolic
time; PAFT - pre-
atrial filling time;
AAFT - accelerated
atrial filling time; S1
— first heart sound;
S2 - second heart
sound; S3 - third
heart sound; S4 -
fourth heart sound;
Q-ECG Q wave; P -
ECG P wave; R - ECG
R wave; S -ECG S
wave; T - ECGT wave;
HF - heart failure.
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nostic algorithm, which were tested and refined
over the years using large, independently vali-
dated clinical databases. The raw sound data un-
dergoes a time-frequency analysis (fig. 2), which
allows not only the separation of heart sounds
from murmurs and artefacts, but also the separa-
tion of left and right-sided events (ie the detection
of the mitral, tricuspid, aortic and pulmonary
valve closure, since each of those components has

a very specific time-frequency “fingerprint” after
the special wavelet-based filters are applied). As il-
lustrated in figures 3-6, the algorithm is not con-
founded by external noise, speech, pulmonary
sounds or murmurs, and the sounds can be de-
tected even in subjects with high body mass index
for whom no other non-invasive test can be em-

ployed reliably.

Comparing acoustic cardiography and traditional phonocardiography

Phonocardiography and acoustic cardiogra-
phy provide visual records of recorded sounds.
Therefore, both techniques facilitate the identifi-
cation of heart sounds, permit accurate measure-
ments of timing relationships (with respect to the
ECG and to other heart sounds) and display the
duration, relative intensity and contour of mur-
murs. Both also permit the non-invasive evalua-
tion of left ventricular systolic function.

However, there are important differences be-
tween phonocardiography and acoustic cardiogra-
phy. Acoustic cardiography uses digital, rather
than analogue data. This permits a computerized,
rather than a merely visual, interpretation of the
findings and thus eliminates the need for user ex-
pertise in interpreting either heart sound or ECG
data. Acoustic cardiography uses standardized
sensor locations on the chest and employs uni-
form filtering and processing of the data. These
factors increase the uniformity of the data col-
lected from multiple patients and reduce the
number of variables that would affect diagnostic
interpretation. However, if clinically useful, the
sound sensors can be moved to any location (eg
to pulmonary or aortic areas). Acoustic cardio-
graphy is less labour-intensive than traditional
phonocardiography and does not require a spe-
cially trained technician or cardiologist to obtain
recordings. Therefore, compared with the ana-
logue phonocardiogram, acoustic cardiography
results in fewer interruptions of clinical workflow,

lower personnel costs and a greater speed with
which diagnostic results are available to the clini-
cian. Additionally, unlike the systolic time inter-
vals that are obtained using traditional phonocar-
diography, acoustic cardiography provides assess-
ment of left ventricular systolic function without
the need of carotid artery sensors.

Other advantages of Audicor® technology in-
clude the ability to continuously record simulta-
neous sound and ECG data over short, intermedi-
ate and long periods. This permits the use of
acoustic cardiography in cardiovascular monitor-
ing and in the optimization of the settings of car-
diac synchronization therapy devices. In such ap-
plications, one may choose to acquire the ECG
data using only one or two leads. Acoustic cardio-
graphy also permits the simultaneous acquisition
of the heart sound data and a complete 12-lead
ECG. This facilitates the detection of ischaemia,
myocardial infarction and left ventricular enlarge-
ment. The combination of recorded heart sounds
and ECG data constitutes a set of diagnostically
orthogonal data. The non-redundancy of the
ECG and the sound data increases the reliability
of the diagnoses that Audicor® technology helps
to make.

Auscultation and traditional phonocardiogra-
phy are similar in that they provide only qualita-
tive information about the S3 and the S4 (ie
whether either or both are present or absent). In
contrast, because acoustic cardiography uses digi-
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tal data, it records these sounds as continuous pa-
rameters. The computerized algorithm deter-
mines if there is sound energy that has the timing
and acoustical frequency consistent with the pres-
ence of an S3 and/or an S$4. If such energy is pres-
ent and exceeds a predetermined threshold value,
then the computerized algorithm declares that ei-
ther or both of these sounds are present. An ad-
vantage of recording S3 and S4 energy as a con-
tinuous, rather than as a dichotomous, variable is

that recorded changes in the magnitude of the en-
ergy can be used to determine if the patients’
haemodynamic status is improving or worsening.

Acoustic cardiography also offers an impor-
tant opportunity for researchers in cardiovascular
disease. The ease of acquisition and accessibility
of the digital data along with the ability to export
them to various types of analytic software render
it possible to perform a wide variety of clinical in-
vestigations.

Acoustic cardiographic parameters

Acoustic cardiography records a variety of pa-
rameters that assess both systolic and diastolic left
ventricular function (fig. 7a).

Systolic parameters
Electromechanical Activation Time (EMAT)

— the interval in ms from the onset of the QRS to
the point of peak intensity of S1. EMAT measures
the amount of time that the left ventricle requires
to generate sufficient force to close the mitral
valve. As figure 7b shows, EMAT constitutes the
initial portion of the traditional phonocardio-
graphic parameter PEP.

- %EMAT - the ratio of EMAT to the RR in-
terval. It indicates the proportion of the car-
diac cycle that EMAT occupies.

—  Left Ventricular Systolic Time (LVST) — the
interval in ms from S1 to S2.

- %LVST - the proportion of the RR interval
that the LVST occupies.

—  EMAT/LVST Ratio — the proportion of the
LVST that EMAT occupies.

Haemodynamic significance:

Figure 7b shows that both EMAT (and its de-
rivatives) and PEP are prolonged in systolic heart
failure. Although EF is widely used as a measure
of systolic function, unlike both EMAT and PEP,
it fails to measure the time required for left ven-
tricular contraction. Recent work has shown that
EMAT is more closely related to left ventricular
dP/dt maximum than is left ventricular EF [27-
28].

Diastolic parameters

— S3 Strength — the S3 energy is expressed on a
scale of intensity from 0 to 10. If the intensity
is >5.0, an S3 is considered to be present.

—  S$4 Strength — the S4 energy is expressed on a
scale of intensity from 0 to 10. If the intensity
is >5.0, an S4 is considered to be present.

—  Left ventricular diastolic time (LVDT) — the
interval in msec from S2 to the next S1.

- %LVDT - the proportion of the RR interval
that the LVD'T occupies.

—  Pre-atrial filling time (PAFT) - the interval in
msec between S2 and the onset of the next P
wave on the ECG. It measures the duration of
the passive phase of left ventricular diastolic
filling, ie the portion of diastole prior to atrial
contraction.

—  %PAFT - the proportion of the LVDT that
the PAFT occupies

—  Accelerated atrial filling time (AAFT) — the
interval in msec between the onset of the P
wave and the subsequent S1. It measures the
duration of the active phase of left ventricular
diastolic filling, ie the portion of diastole that
is associated with atrial contraction.

Haemodynamic significance:

The S3 is often present in systolic dysfunc-
tion, especially when the left ventricular filling
pressure is elevated [5-15]. The S4 is often de-
tected in patients with diminished left ventricular
compliance (eg in acute myocardial infarction and
ischaemia) [29-33]. Decreased left ventricular
compliance also results in decreased left ventricu-
lar filling times, especially the passive phase of di-
astolic filling and the proportion of diastole that
the PAFT occupies.

Clinical applications of acoustic cardiography

The ease of use and low cost of acoustic car-
diography makes it useful for the evaluation and
monitoring of patients with known or suspected
heart disease in a variety of clinical settings and
there are a wide variety of both clinical and inves-
tigational applications.

Rapid identification and assessment of heart
failure patients

Studies have shown that its ability to assess
both systolic and diastolic function makes acoustic
cardiography a particularly useful technique for
detecting and evaluating a broad spectrum of
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Figure 8

Continuous recording of acoustic cardiography parameter throughout a cardiac

bicycle stress test.

The recording of acoustic cardiography parameters during physical stress testing
reveals the ability of the cardiovascular system to adapt to the increased metabolic
demand. With an increase in the heart rate the cardiac cycle becomes shorter; hence
systole needs to shorten in order to allow sufficient time for diastole and therefore,
diastolic coronary perfusion.

Abbreviations: EMAT - electromechanical activation time, %EMAT - the proportion

of the RR interval that the EMAT occupies; LVST - left ventricular systolic time; %LVST
- the proportion of the RR interval that the LVST occupies; S3 - third heart sound.

heart failure patients [34-38]. Roos et al. studied
37 patients undergoing cardiac catherization with
contemporaneous acoustic cardiography. There
were strong correlations between S3 strength and
LV end-diastolic pressure (R = 0.982 in patients
with LV systolic dysfunction) and EMAT and LV
maximum dP/dt (R = -0.961 in patients with LV
systolic dysfunction). In addition, the technology
augments B-type natriuretic peptide [39] in the
identification of patients with heart failure [40-
42]. In a study of 164 outpatients with suspected
heart failure, Zuber et al. [40] found that 42% of
the patients had BNP in the non-diagnostic re-
gion and the use of acoustic cardiography im-
proved the positive likelihood ratio from 2.3 for
BNP alone to 69 for detection of LV dysfunction.
Further, since all the acoustic cardiographic pa-
rameters are continuous measurements, the tech-
nology can be used to determine changes in the
haemodynamic status of patients (eg in response

to spontaneously changing clinical conditions or
following the administration of therapy). In a
study of 376 patients presenting to the emergency
department with suspicion of heart failure,
Collins et al. found that 58% of patients with
heart failure had an S3 while after treatment with
diuretics or vasodilators the proportion of heart
failure patients with an S3 was 29% [44]. A spe-
cific example of the value of detecting changes in
haemodynamic status would be the ability to fol-
low patients who are receiving cardiotoxic
chemotherapeutic agents such as doxorubicin and
other anthracycline derivatives, which at present
involves repetitive echocardiographic studies.

Besides the udtility in the management of
chronic heart failure patients, Collins et al. [43-
44] have shown that acoustic cardiography is use-
tul in the early and accurate detection of acutely
decompensated heart failure (ADHF) patients in
the emergency unit. Collins et al. concluded that
the acoustic cardiographic S3 is highly specific for
primary heart failure when they compared the
performance of an acoustic cardiographic S3 to
physician auscultation of an S3 in a population of
343 patients admitted to the emergency room
with undifferentiated dyspnoea (sensitivity, speci-
ficity, positive predictive value, negative predic-
tive value for acoustic cardiograph were 34%,
93%, 66%, 7% and for auscultation were 16%,
97%, 84%, 3%) [43]. Comorbidities such as
COPD, obesity, heavy smoking and other pul-
monary issues make the initial diagnosis difficult
for the physician. The third heart sound helps
with the early identification of ADHF and its
presence in these patients has significant prognos-
tic [9, 45] and economic implications [46].

Detection of ischaemia

Since acute myocardial ischaemia exhibits
both ECG and haemodynamic abnormalities,
acoustic cardiography is an ideal method of evalu-
ating patients with chest pain. Such an application
includes using the technology in stress testing.
ECG and heart sound data constitute orthogonal
types of diagnostic data that can independently
corroborate the presence of ischaemia. Employ-
ing this strategy is analogous to the well-estab-
lished practice of using echocardiographic or
radionuclide data to augment the ECG in stress
testing. As shown in figure 8, acoustic cardiogra-
phy yields reliable results under stress testing.
Not only the absolute values of acoustic para-
meters at maximum heart rate but also the trends
help to distinguish between patients with normal
physiological responses to stress versus the patho-
logical trends specific for ischaemic patients. Pre-
liminary results by Zuber et al. [47] show promise
that the trends in acoustic cardiography can in-
crease the diagnostic value of the ECG stress test
significantly. In a study population of 426 patients
who had 12-lead ECG, acoustic cardiography,
echocardiography and BNP testing, Efstratiadis
et al. found that patients with anterior ischaemia
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had greater echocardiographic (ejection fraction,
end-diastolic volume index, left atrial volume) and
acoustic cardiographic abnormalities (percent
EMAT) compared to those with inferior is-
chaemia or no ischaemia on the ECG [72].

In patients with spontaneously occurring
chest pain, acoustic cardiography can detect both
angina (whether stable or unstable) and acute
myocardial infarction. This application contrasts
with the use of biomarkers such as troponin and
creatine phosphokinase that require myocardial
necrosis to become elevated. In addition to its

Figure 9

ECG and sound tracings in tachycardia.

The upper panel (a) shows an ECG tracing of a rapid wide-complex supraventricular
tachycardia. The sound tracing beneath shows that the S1s associated with each beat
are both uniform and of high amplitude. The lower panel shows contour maps that
also reveal uniformity of both the QRS complexes and the S1s.The lower panel (b)
shows an ECG tracing of ventricular tachycardia. The sound tracing beneath shows
that the S1s associated with each beat are highly variable and many of them have very
low amplitude. The lower panel shows contour maps that also reveal uniformity of the
QRS complexes, but marked variability of the S1s.

Abbreviations: ECG - electrocardiogram; HR - heart rate; S1 - first heart sound.
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value in improving the diagnosis of ischaemia, the
haemodynamic information that acoustic cardiog-
raphy provides can determine if an episode of
either angina or myocardial infarction is accom-
panied by systolic dysfunction [48]. Such a deter-
mination would help physicians stratify patients
with respect to their risk of adverse outcomes.

Detection and evaluation of murmurs

A frequent application of traditional phono-
cardiography has been the identification, timing
and characterization of heart murmurs. Since
acoustic cardiography provides a printed display
of the sound tracing, it also permits the reader to
visually identify both systolic and diastolic mur-
murs and to analyze their relationships to both
the ECG and the heart sounds. Although the
sound sensors are placed in the V3 and V4 posi-
tions for most purposes, they can easily be moved
to any location on the body (eg in the aortic and
pulmonary areas of the precordium).

Mass diagnostic screening

The ease of use and low cost of acoustic car-
diography makes it highly practical for mass
screening large populations of patients. Marijon
et al., [49] proposed echocardiographic screening
for early detection of rheumatic heart disease in
areas where the disease is endemic (eg sub-Saha-
ran Africa and Southeast Asia). However, the real-
ity of conducting systematic echocardiographic
screening in such countries is limited because of
resource constraints. Although acute rheumatic
fever is no longer common in developed coun-
tries, idiopathic hypertrophic subaortic stenosis
remains the most common cause of non-trau-
matic sudden death in young people [50]. By
readily providing simultaneous ECG and heart
sound data, acoustic cardiography could be useful
in screening young people for this disease (eg
prior to their participation in strenuous sports).

In addition, for screening of patients for left
ventricular systolic dysfunction, acoustic cardio-
graphy has improved performance as compared to
the standard criterion of QRS duration >= 120
msec. Warner et al. found that the sensitivity of
QRS duration >=120 msec was 23% with speci-
ficity of 97% for detection of echocardiographic
LV ejection fraction <50% whereas % EMAT at
similar specificity had significantly improved sen-
sitivity of 37% (p <0.02), and the presence of
either had a sensitivity of 53% at similar speci-
ficity (p <0.001) [73].

Evaluation and detection of sleep apnoea
Obstructive and central sleep apnoea are as-
sociated with an increased risk of both heart fail-
ure and myocardial ischaemia [51-53]. With its
ability to reveal both ECG and haemodynamic
abnormalities, acoustic cardiography performed
during sleep could reveal evidence that sleep ap-
noea is present. Besides ECG and haemodynamic
parameters, acoustic cardiography is capable of
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Figure 10

22-hour continuous
Holter recording of
acoustic cardiogra-
phy parameter in a
subject with systolic
heart failure on opti-
mized diuretic ther-
apy.

The strength of the
third heart sound is
normal during the
day (below the
threshold of 5) indi-
cating that fluid lev-
els are adequately
adjusted. During the
night phase, when
the subject is at rest
in supine position,
the strength of the
third heart sound in-
creases drastically,
which suggests that
the heart is not able
to handle the in-
creased volume ade-
quately.
Abbreviations: S3 -
third heart sound; hh
— hours; mm — min-
utes; ss — seconds.
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Figure 11

Acoustic cardiography recording on a subject with a biventricular pacemaker at two different pacing rates.

The figure illustrates that the selection of the appropriate base rate or the rate-adaptive for a pacemaker patient with systolic
dysfunction can be critical to avoid impairment of diastole and therefore the risk for severely reduced diastolic cardiac perfu-
sion. As shown in the figure, the pre-systole time (EMAT) as well as the systole time (LVST) does not shorten at higher heart
rates; hence diastole, in particular the passive filling time, becomes severely impaired.

Abbreviations: ECG - electrocardiogram; EMAT - electromechanical activation time; LVST — left ventricular systolic time;

S1 - first heart sound; S2 — second heart sound; Q - ECG Q wave.

measuring apnoeic phases, since respiration-in-
duced intra-thoracic pressure differences will in-
fluence acoustic cardiography parameters such as
the amplitude of the first heart sound. Thus, am-
bulatory acoustic cardiography is likely able to
improve the screening for sleep apnoea patients as
well as the assessment of treatment efficacy.

In addition to providing an inexpensive and
convenient initial test for sleep apnoea, acoustic
cardiography could be used in the sleep labora-
tory to augment other data obtained during
polysomnography. A preliminary case study has
shown the relationship between episodes of sleep
apnoea and an increasing S3 [74]. Evidence that
episodes of sleep apnoea are accompanied by ei-

ther haemodynamic deterioration or ischaemia
would aid risk assessment and indicate a need for
specific cardiovascular treatment.

Characterisation of arrhythmias

A persistent clinical challenge is the differen-
tial diagnosis of wide complex tachycardia. Al-
though it may be critical to distinguish ventricular
tachycardia from supraventricular tachycardia
with aberrant intra-ventricular conduction, the
ECG alone is sometimes unreliable [54]. Unrelia-
bility of the ECG is especially likely to be true
when only one or a few leads of ECG data are
available (eg during monitoring, or when the
caregivers have not had extensive training and ex-
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perience in electrocardiography). However, the
availability of heart sound data can be important.
Firstly, since ventricular tachycardia is associated
with greater ventricular dyssynchrony than SVT,
ventricular contraction at similar heart rates is
weaker [55]. This diminishes the intensity of S1
because of the decreased forcefulness of mitral
closure. Secondly, the AV dissociation that charac-
terizes most cases of VI' produces beat-to-beat
variations in S1 intensity [56].

The upper panels within figures 9a and 9b
show linear recordings of simultaneous ECG and
sound data as would be displayed in routine
acoustic cardiographic recordings [57]. The lower
panels of these figures show contour maps of the
amplitudes of both the ECG and sound record-
ings. In figure 9a, the ECG reveals a rapid wide
complex that during electrophysiological study
had been shown to be supraventricular. Both the
linear recording and the contour map show that
the recorded S1’s are of uniformly high ampli-
tude. In figure 9b, the ECG shows a slightly
slower wide complex that during electrophysio-
logical study had been determined to be ventricu-
lar with atrioventricular dissociation. In figure 9b,
both the linear recording and the contour map
show that the amplitudes of the S1 recorded vary
greatly and that many of these amplitudes are
lower than those observed in figure 9a.

Cardiovascular monitoring

In addition to its use in individual or serial
brief recordings, acoustic cardiography can easily
be employed in cardiovascular monitoring, either
in the hospital or in the ambulatory setting. As
discussed above, the heart sound data augments
the ECG, for example, in the detection of is-
chaemia and/or arrhythmias. Unlike the continu-
ous measurement of pulmonary arterial and
wedge pressures, acoustic cardiography is a non-
invasive method of detecting changes in haemo-
dynamic status. Other non-invasive methods of
haemodynamic assessment (eg echocardiography)
are not feasible for intermediate or long term
monitoring.

In particular, the areas of ambulatory — as well
as home — monitoring are in need of a haemody-
namically relevant parameter with prognostic
value, such as the third heart sound, to improve
the management of heart failure patients. As
suggested in the 22-hour ambulatory trend of
the third heart sound in a patient with systolic
dysfunction and on optimized diuretic therapy
(fig. 10), the problem of decompensation through
fluid overload might be best monitored during
the night when the patients are lying down with
low heart rates and the cardiovascular system is
unable to handle the increased venous return.

Pacemaker therapy

Although the main application of implantable
pacemakers and defibrillators is the treatment of
conduction problems and arrhythmia, their roles

in the monitoring and treatment of heart failure
and ischaemia is increasing. Over the years, im-
plantable pacemakers offered more and more
physiology pacing features such as AV synchro-
nous pacing and rate adaptation, mode switch etc.
However, these features require complex pro-
gramming and fine tuning and are greatly under-
used in clinical practice, one of the reasons being
the lack of simple, reliable tools to assess the im-
pact of various pacemaker settings on haemody-
namic parameters relevant for patient quality of
life and prognosis. Acoustic cardiography pro-
vides the relevant prognostic information [9, 45,
58] and is easy enough to incorporate into the
standard pacemaker follow-up workflow. Specific
areas where the technology has the potential to
make a difference include: the optimization of
rate adaptive parameters, particularly in patients
with systolic heart failure (fig. 11); tilt testing on
patients with vasovagal syndrome; the assessment
of the haemodynamic burden of arrhythmia (fig.
9) and success of arrhythmia therapy including
ablation; the monitoring of the patient’s haemo-
dynamic condition over time to apply appropriate
upgrades in device and drug therapy.

Cardiac resynchronization therapy

Cardiac Resynchronization Therapy (CRT) is
a prominent example in pacing therapy for which
the optimization of device parameter is critical for
patient outcome. CRT has proven to be an effec-
tive method to decrease morbidity and mortality
and to increase quality of life in patients with se-
vere and moderate heart failure and mechanical
dyssynchrony [59-60]. The implantation of a
biventricular pacemaker in such patients leads to
a more synchronous, simultaneous contraction
pattern of the right and left ventricle and to an
improvement in systolic performance of the
heart. The response rate of patients to CRT will
depend on how well the patients are pre-selected,
good placement of the ventricular pacing leads
during device implant and optimization of pacing
delays to maximize preload and minimize intra-
ventricular dyssynchrony. Acoustic cardiography
has proven to be a reliable and cost-efficient alter-
native to echocardiographic methods [61-63].
Toggweiler et al. [58] showed that the optimiza-
tion of pacing delays using acoustic cardiography
not only improves the systolic function in CRT
patients but also yields improvements in exercise
tolerance, and therefore quality of life in these pa-
tients. In this study of 14 patients undergoing
CRT optimization using acoustic cardiography,
ejection fraction rose significantly (from 26.5%
to 31.3%) and left ventricular outflow tract
increased significantly from 10.8 to 13.0 (rela-
tive difference 20.4%), and oxygen uptake at ana-
erobic threshold improved from 12.8 to 14.9
mL.min.kg (16.5%). Furthermore, promising re-
sults suggest that the technology can help with a
better selection of CRT candidates [64], the
placement of the left ventricular lead to optimize
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systolic performance [65] and the avoidance of
phrenic nerve stimulation [66-67].

Potential to enable new heart failure therapy
concepts

A number of device-based therapies have
been developed to prevent the progression of
heart failure and improve systolic function in
those patients. Examples are Left Ventricular As-
sist Devices (LVAD) [68] for patients with se-
verely failing hearts waiting for heart transplants,

Cardiac Contractility Modulation (CCM) [69]

with very low systolic strength and no dyssyn-
chrony and External Counter Pulsation Therapy
(ECPT) [70]. Acoustic cardiography does not
have the potential to exhibit the same capacity for
the optimization of therapy relevant parameter in
those therapies as for the assessment of therapy
efficacy as in CRT. However, it could become the
central element in open and closed loop therapy
systems (ie the smart use of asymptomatic dia-
phragmatic stimulation to improve cardiac output
in patients with severe heart failure [71]).

Conclusions

We conclude that heart sounds and murmurs
provide valuable diagnostic information. The vi-
sual displays provided by phonocardiography in-
creased the amount and accuracy of this informa-
tion. Deriving the systolic time intervals from the
phonocardiogram and the carotid pulse tracing
has provided detailed, non-invasive haemody-
namic data. The recent development of acoustic
cardiography has further increased both the ease
of use and the cost effectiveness of the acoustical

information that can be recorded from the heart.
This new technology offers a wide variety of both

clinical and investigational applications.
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