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Abstract

Objectives—Previous studies have observed an increase in
low frequency diastolic heart sounds in patients with
coronary artery disease (CAD). The aim was to develop
and validate a diagnostic, computerized acoustic CAD-score
based on heart sounds for the non-invasive detection of
CAD.

Methods—Prospective study enrolling 463 patients referred
for elective coronary angiography. Pre-procedure non-inva-
sive recordings of heart sounds were obtained using a novel
acoustic sensor. A CAD-score was defined as the power ratio
between the 10-90 Hz frequency spectrum and the 90-300 Hz
frequency spectrum of the mid-diastolic heart sound. Quan-
titative coronary angiography analysis was performed by a
blinded core laboratory and patients grouped according to
the results: obstructive CAD defined by the presence of at
least one > 50% stenosis, non-obstructive CAD as patients
with a maximal stenosis in the 25-50% interval and non-
CAD as no coronary lesions exceeding 25%.We excluded
patients with potential confounders or incomplete data (n =
245). To avoid over-fitting the final cohort of 218 patients
was randomly divided into to a training group for develop-
ment (n = 127) and a validation group (n = 91).
Results—In both the training and the validation group the
CAD-score was significantly increased in CAD patients
compared to non-CAD patients (p < 0.0001). In the
validation group the area under the receiver-operating curve
was 77% (95% CI 63-91%). Sensitivity was 71% (95% CI
59-82%) and specificity 64% (95% CI 45-83%).
Conclusion—The acoustic CAD-score is a new, inexpensive,
non-invasive method to detect CAD, which may supplement
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clinical risk stratification and reduce the need for subsequent
non-invasive and invasive testing.

Keywords—Coronary artery disease, Heart sounds, Diag-
nostics.

INTRODUCTION

Coronary artery disease (CAD) is one of the leading
causes of death worldwide. Patients with suspected
stable coronary ischemic syndromes and low to inter-
mediate risk usually undergo non-invasive testing as
the initial work-up. Modalities such as computerized
tomographic angiography (CTA) or myocardial sci-
entigraphy are preferred over exercise stress testing
before referral for coronary angiography (CAG).
However, several studies demonstrate a low prevalence
of CAD and revascularization rate in patients referred
for CTA and CAG.?’ Despite increased use of CTA
and other non-invasive modalities such as stress
echocardiography and myocardial perfusion imaging,
these tests have disadvantages like radiation and pa-
tient discomfort and still the low prevalence in patients
undergoing CAG remains a challenge.'”

In the 1960s Dock reported about diastolic mur-
murs in patients with CAD, referred to as the “Dock’s
Murmur’*®. Subsequently, Semmlow ef al. documented
that CAD introduces changes in the frequency distri-
bution of diastolic heart sounds a sensitive
accelerometer was used for recording of diastolic heart
sounds from patients undergoing CAG.'*?* Early
studies required a soundproof room' to identify the
relative energy increase in the 300-1200 Hz frequency
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band, presumed to relate to murmurs originating from
post-stenotic turbulence. Although the diagnostic
accuracy was acceptable,” the method was impractical
with excessive influence of both ambient and physio-
logical noise. Recent research has focused on applica-
bility, realistic settings, robust equipment and with
larger sample sizes.”'%**2%?7 Recently, investigations
have compared Makaryus et al. tested a multichannel
heart sound algorithm in patients referred to CTA.>!7
It’s well established that low frequency heart sounds
such as the third and the fourth heart sounds”'® are
markers of cardiovascular diseases and the most recent
and largest studies in this field used very low frequency
(< 100 Hz) diastolic heart sounds to differentiate
CAD and non-CAD patients.”***3! In the present
study, we present some of our earliest research in non-
invasive method for detection of CAD based on
analysis of low frequency heart sounds. In contrast to
recent studies based on multi feature machine learn-
ing?** or deep learning® we focus on direct analyse
and quantification of the diastolic frequency spectrum
of heart sounds.

METHODS

The study was performed in patients referred for
elective CAG at Rigshospitalet, University Hospital of
Copenhagen, Denmark, during March 2010 to March
2011 (ClinicalTrials.gov Identifier NCT01090947). The
study was approved by the Danish Data Protection
Agency (H-1-2009-142), the Regional Ethics Commit-
tee, and followed the principles in the declaration of
Helsinki. Consent was obtained from all patients be-
fore participation. The population was randomly dived
into a training group used for development of the
algorithm and a validation group for blinded valida-
tion of the algorithm.

Study Population

The initial population included 463 patients. Pa-
tients were recruited consecutively by the hospital staff
prior to the CAG examination. The inclusion criteria
were: age larger than eighteen years, referred to a
diagnostic CAG examination due to suspected CAD,
in a stable condition. The initial exclusion criteria
were: patients with acute coronary syndrome, previous
coronary artery bypass grafting, heart transplanted, or
pregnancy. To simplify the signal analysis, we further
excluded patients with arrhythmias (N = 58), mitral
valve stenosis and aortic incompetence which all causes
diastolic murmurs (N = 26), those with previous bio-
logical or mechanical valve surgery (N = 9) and
patients suffering severe chronic obstructive pul-

monary disease (N = 38). Furthermore, to reduce
complexity, we excluded patients with recordings
classified as noisy in a manual review or by the algo-
rithm internal quality control (N = 77), and record-
ings where the diastasis period, defined as the period
between the third and the fourth heart sound, was
shorter than 100 ms (N = 30). A few with insufficient
clinical data or interpretable angiograms (N = 7) were
excluded.

The remaining 218 patients were randomly
(60%:40%) divided into a training group (N = 127)
and a validation group (N = 91). The validation group
was blinded to the authors under the development and
test of the method.

Recording of Heart Sounds

Heart sounds were recorded at the hospital depart-
ment prior to invasive CAG examination with a novel
acoustic sensor (Acarix®), and a dedicated acquisition
system, see the Fig. 1.'>% Recordings were performed
at the chest wall from the left 4th intercostal space with
patients placed in a supine position. To make the
recording procedure more robust and less depended on
the operator, the acoustic sensor was attached with a
double adhesive patch to the chest wall. A recording
lasted 3 min. The first minute was used to ensure
steady state. The patient was then asked to hold the
breath in 4 recording periods of 8§ s to limit respiration
noise. Between each respiration pause, the patient
rested in 20 s. Only the 4 periods without respiration
were used in the further analysis.

Algorithm for Pre-Processing of Heart Sounds

A dedicated signal processing and classification
algorithm was developed in MATLAB, (The Math-
Works Inc., Massachusetts, US). Since the coronary
flow usually peaks in the diastolic period, the diastolic
heart sounds were the focus of the algorithm. To limit
the analysis to the diastolic period, the recordings were
automatically segmented into diastolic and systolic
periods using an automatic segmentation method.*
The beats were then aligned according to the second
heart sound (S2) using cross correlation, see the central
figure. The diastolic periods were then high-pass fil-
tered with a 4th order Butterworth filter with cut-off
frequencies at 10 Hz. To limit the influence of ambient
noise, noisy diastoles were discharged automatically
using the approach described in by Schmidt er al.”!
Recordings with less than 8 remaining beats were ex-
cluded as noisy recordings as previously mentioned.
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The Acoustic CAD-Score

The previous study of heart sounds from an elec-
tronic stethoscope®® and an initial analysis of the
recordings in the training group showed an increased
power of the diastolic heart sound at frequencies below
100 Hz in CAD patients compared to non-CAD
patients.’! This increase was observed approximately
200 ms after the onset of S2 and continued through
most of the diastole. To quantify these changes, we
estimated the power spectrum density (PSD) of the
diastasis period using the Welch’s method. The dias-
tasis period was automatically identified as the silent
period between the third heart sound (S3) and the
fourth heart sound (S4). A whitening filter, that makes
the PSD of the average non-CAD patient from the
training group flat, was applied to reduce spectral
leakage. Since the absolute amplitude of heart sounds
is influenced by several factors, the low frequency
power in the 10-90 Hz range is divided by the power in
the 90-300 Hz range, see the central figure and formula
(1). The 10, 90 and 300 Hz limits were identified using
an empirical approach in the training data. To ensure a
normal distribution, the power ratio was log trans-
formed.

Correction for Age, Gender and BMI

It is known from other technologies related to car-
diac vibration, such as ballistocardiography, that there
is a relationship between the low frequency chest
vibrations and age. Furthermore, it is likely that the
distance between the heart and the microphone influ-
ences the power ratio. Without correction, the power
ratio correlated with gender (r = 0.29), age (r = 0.03)
and BMI (r = — 0.26). The power ratio was therefore
corrected using multivariate regression. Since the age
of the patient population is rather high, we expanded
the age variation by including heart sounds recorded
from 30 younger asymptomatic patients (mean age
27.4 years and STD: 9.1). This population is consid-
ered a low-risk population. Before correction, the ratio
was correlated with gender (r = 0.29), age (r = 0.03)
and BMI (r = — 0.26). The corrected power ratio was
then scaled as a score which covered a range between 0
and 100. The scale was adjusted such that 25 was the
optimal threshold according to a Bayesian Classifica-
tion criterion. The acoustic CAD-score is described in
formula (1) where Cgmi AgeGender 18 the correction
factor related to BMI, age and gender.

S PSD(10 — 90 Hz)
>~ PSD(90 — 300 Hz)
+59.7 + CBMI,Age,Gender

Acoustic CAD-score = 79.910g(
(1)
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Coronary Angiography

The coronary angiography images were analysed
with quantitative coronary angiography (QCA) by an
independent core-lab. Patients with at least one
diameter reduction = 50% were defined as patients
with obstructive CAD. Patients, where the most
extensive identified stenosis had a diameter reduction
less than 50%, but higher than 25%, were defined as
non-obstructive CAD. Patients without any identified
stenosis above 25% in the QCA analysis were defined
as non-CAD patients.

Statistical Analysis

The statistical difference across the three groups
(non-CAD, non-obstructive CAD and obstructive
CAD) was evaluated using analysis of variance (AN-
OVA), and the classification performances were mea-
sured using the area under the receiving operator
characteristic curve (AUC). Sensitivity and specificity
were estimated when the CAD-score was used as a
binary classifier (CAD-score > 25 = high risk, CAD-
score < 25 = low risk).

Logistic regression analysis was used to compare the
CAD-scores to other risk factors. A logistic regression
model was built to classify non-CAD patients from
obstructive CAD patients using the CAD-score, gen-
der, age, hypertension, BMI and diabetes as indepen-
dent variables. Hypertension was defined as a systolic
blood pressure above 140, or if the patient received
medication for high blood pressure. The independent
variables were standardized to zero mean and a stan-
dard deviation at one. The standardized coefficients
were used to rank the influence of each variable and t-
statistics were used to estimate the significance of each
variable. All statistical analyses were conducted in
MATLAB (The MathWorks Inc., Massachusetts, US).

To test if the location of the stenosis and the number
of diseased vessels influence the CAD-score, patients
were grouped according to the number of diseased
vessels (1, 2 or 3). Patients with single vessel disease
were further grouped as right coronary artery (RCA),
left anterior descending (LAD) or left circumflex artery
(LCX) depend on the location of the significant
stenosis. Left main was included in LAD. The sensi-
tivity and the mean CAD-score were estimated in each
group, and a potential difference between the vessel
groups was validated using ANOVA.
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RESULTS

The QCA analysis of the training group identified
79 obstructive CAD patients, 33 non-CAD patients
and 15 patients with non-obstructive CAD, whereas
the validation group included 58 obstructive CAD
patients, 25 non-CAD patients and 8 patients with
non-obstructive CAD. The baseline characteristics and
CAD-score can be seen in Table 1. The CAD-score
differed significantly across the three groups (non-
CAD, non-obstructive CAD and obstructive CAD) in
both the training and the validation group. The CAD-
score was significantly lower in non-CAD patients
compared to obstructive CAD patients in both data-
sets. The mean CAD-score was 21.6 £+ 10 and 32.4 £+
11 in non-CAD and obstructive CAD patients,
respectively, in the validation group (»p < 0.0001), and
21.8 &+ 7.3 and 32.2 £+ 12 respectively, in the training
group (p < 0.00001). However, the non-obstructive
CAD patients did not differ significantly from the
obstructive CAD patients in either dataset (p = 0.79
and p = 0.19), but this group did differ significantly
from the non-CAD patients in the training group (p =
0.004), but not in the validation group (p = 0.25).
There was no statistically significant difference
between the CAD-score in the training group and
validation group (p = 0.79). The distribution of the
score in both the training and the validation group are
seen in the central figure.

The mean PSD’s from obstructive CAD and non-
CAD patients are seen in Fig. |1 from both the training
and the validation group. A clear increase in energy
below 100 Hz in obstructive CAD patients is observed
in both datasets.

Diagnostic Accuracy of the CAD-Score

When the CAD-score was used to separate the non-
CAD patients from obstructive CAD patients the
AUC was 78% (95% CI 68-88) in the training group,
and 77% (95% CI 63-91) in the validation group

(Fig. 2). The sensitivity and specificity of the CAD-
score were 73% (95% CI 64-83%) and 76% (95% CI
61-90%), respectively, in the training group, and 71%
(95% CI 59-82%) and 64% (95% CI 45-83%),
respectively, in the wvalidation group. Combining
patients classified as non-obstructive CAD (25 to 50%
reduction in diameter stenosis) with the non-CAD
patients, the AUC drops to 71 (95% CI 61-80%) in the
training group and 73 (95% CI 62-84%) in the vali-
dation group (Fig. 3).

The CAD-Score and Subgroups

The training group and the validation group were
pooled to one dataset to further analyse the CAD-
score. The classification performance of the CAD-
score was similar in females, AUC = 77% (95% CI
65-89), and males, AUC = 77% (95% CI 67-87). As
seen in Table 2 the CAD-score was numerically more
sensitive in patients with 3-vessel disease compared to
2-vessel or single vessel disease, however not reaching
statistically significance (p = 0.31). There was a similar
sensitivity for detection of CAD between the 3 major
coronaries (p = 0.44). Dividing the stenosis location
into either distal, mid or proximal show a slightly
lower CAD-score when the stenosis was placed distal,
but this was not statistically significant (p = 0.86).

Multivariate Analysis

As seen in Table 1, both age and the proportion of
patients with high blood pressure differed significantly
between the non-CAD, non-obstructive CAD and the
obstructive CAD patients. However, the CAD-score
was clearly the domination predictor of obstructive
CAD in the multiple regression analysis, see Table 3.
Only the CAD-score and hypertension contributed
significantly to identification of obstructive CAD
patients in the logistic regression analysis.

TABLE 1. Baseline characteristics and CAD-score for the training and validation group.
Training group Validation group

Non-CAD Non-Ob. CAD Ob. CAD Non-CAD Non-Ob. CAD Ob. CAD p-value*
n 33 15 79 25 8 58
Female 15 (45%) 3 (20%) 24 (30%) 10 (40%) 1 (12%) 17 (29%) 0.055
Age 60.9 +£ 9.7 61.8 + 8.6 64.8 + 11 58.7 +£ 9.9 58.2 + 9.8 63.8 £ 9.4 0.011
BMI 28.5 + 4.3 26.6 + 4 28.4 + 4.6 26.5 + 3.8 30.2 £ 3.3 28.1 £ 4.7 0.64
Hypertension® 27 (82%) 13 (87%) 75 (95%) 18 (72%) 8 (100%) 55 (95%) 0.001
Diabetes 1 (3%) 5 (33%) 16 (20%) 6 (24%) 1 (12%) 11 (19%) 0.27
CAD-score 21.8+ 7.3 31.3 £ 15 32.2 + 12 21.6 £ 9.7 26.7 + 14 324 + 11 < 0.00001

“Statistical difference between Non-CAD, non-obstructive CAD and obstructive CAD according to ANOVA.
2Systolic blood pressure above 140 mm Hg or if the patient receives medication for high blood pressure.
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(a) Heart sounds acquisition system (c) Estimated frequency spectrums of diastasis heart sound

PSD's of Diastasis heart sounds after whitening filter
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FIGURE 1. Visualizations of the steps in the estimation of the CAD-score. (a) A dedicated system to acquire Heart sounds. (b)
Hearts segmented into individual heart beats and aligned to S2. (c) Diastolic power spectrums of a non-CAD and an obstructive
CAD patient (PSD = power spectrum density). (d) The equation for estimation of the CAD-score from the Diastolic power
spectrums. (e) Distribution of the CAD-score in the training group and validation group.
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FIGURE 2. The diastolic power spectrums for obstructive CAD (red) and non-CAD patients (green) in the training and the
validation group. The full line is the average power spectrum density (PSD) from all obstructive CAD patients and the dashed line is

the average PSD from all non-CAD patients. As seen is the energy of sound higher at frequencies below 100 Hz in the obstructive
CAD-patients.
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DISCUSSION

The robust difference between the CAD-score in the
obstructive CAD patients and non-CAD patients in
both the training group and the blinded test/validation
dataset confirms a change in the low frequency distri-
bution of diastolic heart sounds in obstructive CAD
patients. Thereby the initial findings observed with an

Receiver operating characteristic curve
T T frmrmrm— LT~

True positive rate

02F Training group g
————— Validation group
Identity line
0 L L L |
0 0.2 0.4 0.6 0.8 1

False positive rate

FIGURE 3. Receiving operator curve for both the training
and the validation group, when the CAD-score was used for
distinguishing obstructive CAD patients from non-CAD
patients.

electronic stethoscope®® are confirmed by the current
study. The data obtained in the current study with the
prototype device was used for further development of
the CAD-score algorithm, e.g. by inclusion of adaptive
noise cancelation to remove noise from the audio
recordings. Furthermore, the current study underlines
the findings of the recent studies based on fully
developed systems.>*' The contribution of the current
paper is the demonstration that low frequency diastolic
heart sound is increased in subjects with CAD and that
a simple quantification of the diastolic frequency
spectrum can provided valuable information in the
assessment of patients with suspected CAD.

Diagnostic Potential

The diagnostic performance showing an AUC at
73% (95% CI 62-85%) in discrimination obstructive
CAD patients from other patients, significantly ex-
ceeds most AUC values (56-73%) reported from ECG
stress testing using the Duke score.”'"'%3* Compared
to ECG stress testing and other test modalities an
Acoustic CAD-score system has several advantages.
Examinations with the Acoustic CAD-score are very
fast, less than 15 min in total, and a test will be easy to
use for medically trained personal. In addition, the
CAD-score examination does not cause any risk to the
patient as other modalities.””'* The relatively simple
hardware, a good microphone and a micro processer

TABLE 2. Obstructive CAD patients divided into groups according to number of diseased vessels and in case of single vessel
disease, the diseased vessels.

Diseased vessels n n CAD-score > 25 CAD-score mean + STD Sensitivity% (95% Cl)
Single vessel 73 53 30.9 £ 11 73% (62-83)

RCA 31 23 32.5 + 11 74% (59-90)

LAD 27 19 29+ 8 70% (53-88)

LCX 15 11 31.1 +£ 13 73 % (51-96)

Distal 18 11 30.5 + 15 61.1% (36-83)

Mid 27 22 32 +£9.39 81.5% (62-94)
Proximal 15 12 325+ 7.16 80% (52-96)

Two vessels 44 31 34.2 + 14 71% (57-84)

Three vessels 20 15 332+9 75% (56-94)

TABLE 3. Ranked standardized coefficients from logistic regression analysis.

Estimated standardized coefficient p-Value
CAD-score 1.1137 < 0.0001
Hypertension (yes = 1) 0.46414 0.01
Age 0.1492 0.49
BMI 0.091843 0.64
Diabetes (yes = 1) 0.088928 0.65
Gender (male = 1) — 0.0080408 0.97
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might facilitate low cost examinations. These charac-
teristics make the CAD-score suited for use outside
major hospitals, for instance in the doctor’s office in
primary care, thereby the CAD-score test might al-
ready be used at the first patient encounter for risk
stratification in symptomatic patients. Combined with
risk stratification based on traditional risk factors and
symptoms, the CAD-score might be used to guide if
further examinations are necessary.

The study demonstrates that the CAD-score in non-
obstructive CAD patients (25-50% stenosis) does not
differ significantly from the obstructive CAD patients.
Thereby the CAD-score’s capability shown in this
study is more to identify changes in the coronary
arteries than identifying stenosis that are exactly above
50% diameter reduction.

Signal Source

Previous heart sound algorithms have used the high
frequency analysis of coronary artery murmurs. In the
current study we did not include high frequency fea-
tures due to noise contamination of the higher fre-
quency bands. The cause of the low frequency change
is unidentified, but the low frequency sound is likely
due to oscillations in the myocardium. These oscilla-
tions might be due to altered diastolic filling patterns
or changes in resonate frequencies of the coronary
artery system due to stiffening of the arteries. The final
hypothesis is in line with Jin-Zhao et al.’s findings that
a stenosis in the coronary arteries will cause a low
frequency component to shift to lower frequencies."?
However, recently Becker et al. demonstrated that
temporal occlusion of the coronary arteries also caused
a shift towards lower frequencies,® which might indi-
cate that the contraction patterns influence the low
frequency heart sounds.

Study Limitations

In the current study a large number of patients were
excluded (28%) due to comorbidities like arrhythmia,
valve disease and chronic obstructive pulmonary dis-
ease. Furthermore, patients with poor audio record-
ings due to noise and patients with short diastases were
excluded (25%). Thereby the current results might not
be descriptive of broader clinical populations and a
device where less than 50% of the patients qualified for
analysis might be of low clinical value. A recent sys-
tem>*3! has used adaptive noise cancelation to remove
noise from the audio recordings, this allowed the
acoustic score to be calculated in more than 90% of the
patients.®' In the current study we did not control ei-
ther patient medication or coffee intake before the
acoustic measurements. We did not see a significant
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difference in CAD-score across the number of diseased
vessels, however, post hoc power analysis showed a
relative weak power at only 47% for this analysis.

CONCLUDING REMARKS

The results of this early clinical study suggest that
CAD alters the diastolic heart sound and increases the
relative power of the low frequency heart sound. In a
controlled population, the current study demonstrates
a diagnostic potential of the acoustic CAD-score, and
that the CAD-score provides substantial information
in addition to traditional risk factors such as age, high
blood pressure and gender. Therefor the CAD-score
might provide a diagnostic test for CAD. In contrast to
the existing diagnostic modalities, the heart sound
method is low cost, easy to train and use with the
potential to available in the general physician office or
provide more widespread CAD diagnostic capabilities
in low-income countries.
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