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Computer-Assisted
Detection of Systolic
Murmurs Associated
with Hypertrophic
Cardiomyopathy

A Pilot Study

A pilot study was conducted to ascertain the level of agreement between auscultatory
findings derived from heart sound recordings by a cardiologist and the results of a com-
puterbased heart sound analysis algorithm. Heart sound recordings were obtained from
volunteer subjects previously diagnosed with hypertrophic cardiomyopathy. Twenty-
second recordings were obtained at each of 4 standard auscultatory locations on the
precordium in 2 postures: standing and reclining. Detailed auscultatory findings were
derived by a cardiologist, who listened to the heart sound recordings and was blinded to
the study design. The recordings were analyzed by an algorithm that detects heart
sounds and murmurs, and derives associated timing and energy parameters. The algo-
rithm results were compared with the auscultatory findings provided by the cardiologist
and correlated with the medical histories provided by the volunteer subjects.

A high degree of concordance between the medical histories, auscultatory findings,
and computer analyses was obtained. The 1st and 2nd heart sounds were detected with
high sensitivity (90.7 %) and positive predictivity (93.0%). Systolic murmurs were detect-
ed with a sensitivity that increased from 50% for grade 1 to 100% for grades 2-3 and 3.
The signal energy in the mid-frequency range correlated well with murmur grade judg-
ments, and also agreed well with the cardiologist’s judgments of the relative loudness
of murmurs in standing versus reclining postures. The computer analysis algorithm thus
instantiates the objective detection and identification of apical systolic murmurs that are
louder in standing than in reclining postures, such murmurs are a cardinal sign of hyper-
trophic obstructive cardiomyopathy. (Tex Heart Inst J 2004;31:368-75)

here is a clear and immediate need for a cost-effective screening method to

identify young athletes who are at risk of sudden cardiac death due to hy-

pertrophic cardiomyopathy (HCM). Hypertrophic cardiomyopathy is the
most common cardiovascular cause of sudden death in this population, accounting
for about one third of such events.’

Hypertrophic cardiomyopathy is a relatively common autosomal dominant ge-
netic anomaly with heterogenous expression that is characterized by myocardial
cellular disarray in various locations of the ventricles. In its obstructive form
(HOCM), comprising about 40% of cases, there is systolic obstruction to aortic
outflow due to the proximity of the anterior leaflet of the mitral valve and the ven-
tricular septum, enlarged and distorted by the cellular disarray. This obstruction
produces a systolic murmur, audible on auscultation, which diminishes when the
patient squats from a standing position and increases in intensity when the patient
performs the Valsalva maneuver or performs an isometric hand grip.

The nonobstructive form of HCM, comprising about 60% of cases, is character-
ized by myocardial cellular disarray in myocardial locations that do not produce
obstruction and, therefore, do not produce a murmur. However, the alteration of
myocardial ventricular structure frequently produces an atrial diastolic gallop (S,
sound) and a ventricular diastolic gallop (S; sound).?

Other features of HCM that are potential flags in screening situations are a his-
tory of sudden death in close relatives, a history of syncope or near-syncope in the
patient, and an abnormal electrocardiogram, which is found in an extremely high
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percentage of asymptomatic patients. A medical and
family history and physical examination, including
auscultation of the heart, are recommended by the
American Heart Association (AHA) for pre-partici-
pation screening of competitive athletes. Although
auscultation by a competent examiner using suitable
maneuvers would be sufficient to detect a murmur as-
sociated with HCM, the variability of clinical skills
and uneven compliance with AHA guidelines has cre-
ated a situation in which young athletes with HCM
are frequently not flagged for further study before
they engage in competitive sports.>”

This study was designed to assess patients with previ-
ously diagnosed HCM (both obstructive and nonob-
structive) for the presence of heart murmur, murmur
characteristics, change in murmur loudness with pos-
tural change, and detectability of murmurs by comput-
er algorithm.

Patients and Methods

Those in attendence at the 2003 Annual Meeting of
the Hypertrophic Cardiomyopathy Association in
Morristown, New Jersey, were invited to participate in
the study. Volunteers were enrolled with informed
consent under an institutional review board-approved
protocol and completed a brief medical history form.
Heart sound recordings were subsequently obtained
from the volunteer subjects, with use of an electronic
stethoscope (E-Scope® I, Cardionics, Inc.; Webster,
Tex) connected to a laptop computer. The subjects
were auscultated in 2 postures, standing and reclining,
by a registered nurse in a quiet, private room. During
this procedure, heart sounds were recorded for each
posture at 4 standard locations on the precordium
at the point of palpated maximum impulse: the 2nd
intercostal space at the right (2R) and left (2L) sternal
borders, the 4th intercostal space at the left sternal
border (4L), and the apex. In the reclining posture, the
apex recording was obtained in the left-lateral decu-
bitus position. At each auscultatory site, a 20-second
recording of the subject’s heart sounds was acquired.

The auscultatory recordings were made under
computer control, using a voice-guided protocol and
graphical user interface, and were evaluated automati-
cally for data quality. Signals that were clipped, or
were too loud or too faint, were discarded. Each aus-
cultatory site was recorded until an acceptable signal
quality was obtained.

The auscultatory recordings were meticulously au-
dited by a cardiologist blinded to the study design
(JB), who has long-term experience in listening to
heart sound recordings. Each recording was played
back through high-fidelity headphones and listened to
repeatedly until the cardiologist was confident of the
precise auscultatory findings. Grades were assigned to

Texas Heart Institute Journal

Detection of Systolic Murmurs Associated with Hypertrophic Cardiomyopathy

the murmurs in accordance with the following guide-
lines: Grade 1 is a barely perceptible murmur that re-
quires listening carefully to several heartbeats before
it is discerned; grade 2 is easily audible; and grade 3 is
loud. Murmurs that are grade 4 or higher are defined
as being palpable. Since heart sound recordings alone
were available for consideration, no murmurs were as-
signed a grade higher than 3.

Spectrograms of each auscultatory recording were
computed and examined independently of the car-
diologist. The spectrogram of heart sound recordings
can be used generally to determine the location of the
Ist and 2nd heart sounds, level of background noise,
presence or absence of murmur, timing, and spectral
properties.® Acoustic characteristics evident in the spec-
trogram were noted for each heart sound recording.

Each heart sound recording was also processed by a
computer heart sound analysis and murmur detection
algorithm. The computer algorithm identifies the st
and 2nd heart sounds,’® resolves the recording into a
sequence of systolic and diastolic intervals, and assess-
es the presence or absence of murmurs in each systolic
and diastolic interval. The algorithm computes and
reports the median and standard deviation of the in-
stantaneous heart rate, along with the percentage of
analyzed beats that contain murmurs. The algorithm
also displays the recorded signal, and highlights on the
displayed signal the duration and amplitude of mur-
murs detected in the signal (Fig. 1). The algorithm
computes and displays the median normalized mid-
range signal energy for each third of the systolic and
diastolic intervals (Fig. 2).

The auscultatory findings derived by the cardiolo-
gist from the heart sound recordings were then com-
pared with the medical histories, in order to correlate
auscultatory findings with physiological conditions
and to confirm or disconfirm expected auscultato-
ry consequences of the reported medical conditions.
Next, the spectral properties of the signals were com-
pared with the auscultatory findings to identify and
confirm spectral properties associated with the vari-
ous auscultatory findings. Finally, the murmur de-
tection algorithm results were compared with the
auscultatory findings, spectral properties, and med-
ical history information to evaluate the accuracy of
the murmur detection algorithm, and to correlate the
murmur results (presence or absence) with ausculta-
tory characteristics, spectral properties, and medical
conditions. These comparisons were made in order to
evaluate the automatic detection of systolic murmurs

associated with HOCM.

Results

Twelve subjects were enrolled in the study and com-
pleted the protocol: 9 men and 3 women, whose ages
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Patient Name: l—

Recorded: 07-Jun-2003 11:27:31

Posture: Standing

Hemodynamic parameters
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Fig. 1 Results of analysis of heart sounds for 1 subject (case 6) show summary hemodynamic and auscultatory findings, a
selected segment of each heart sound recording, annotations of S, and S, events, and red shading to highlight murmur timing
and relative amplitude.

Patient 4261 Reclining Posture at Apex

L L
EDI MDI

Patient 4261 Standing Posture at Apex

L L
EDI MDI

Fig. 2 Example display of normalized mid-range energy for
1 subject (case 2) in the reclining (top) and standing (bottom)

postures.

EDI = early diastolic interval;, ES| = early systolic interval;
LDI = late diastolic interval; LS| = late systolic interval;
MDI = mid-diastolic interval; MSI = mid-systolic interval
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ranged from 30 to 71 years (mean, 53 years). The in-
terval since diagnosis with HCM or HOCM, when re-
ported, ranged from 3 months to more than 15 years.

Eleven subjects reported a diagnosis of hypertrophic
cardiomyopathy; the remaining subject reported
HCM in the family (a son). Four of the subjects re-
ported having HOCM: none of these reported sur-
gical repair, but one reported having an implanted
dual-chamber pacemaker.

Ten subjects reported a history of a heart murmur,
which included all 4 who had HOCM. One subject
reported having had rheumatic fever, 1 reported a
heart attack, 5 reported mitral valve prolapse (MVP),
and 5 reported having cardiac pacing devices implant-
ed. Two of the 5 subjects with MVP also reported
HOCM. Various corrective surgeries were also report-
ed, including heart transplantation and myectomy
(Table I).

The study resulted in 96 auscultatory recordings
(12 subjects X 4 sites X 2 postures). Auscultatory find-
ings were obtained from all recordings.

Auscultatory Findings. The auscultatory findings are
summarized in Table II. Of the 4 reported cases of
HOCM (cases 2, 3, 4, and 6), the cardiologist detect-
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TABLE I. Summary of Medical History Responses

Case Obstr. Heart Pace- Rheum.
No. Age Sex HCM HCM Attack MVP Murmur maker Fever Therapy

1 69 M Y N — Y Y — — Heart transplantation
2 30 M Y Y — — Y — — —
3 59 M Y Y N N Y Y N Dual-chamber pacer
4 63 F Y Y — Y Y — — —
5 39 M Y — Y Y Y Y — —
6 63 M Y Y Y Y N N —
7 40 M * — — — — — — —
8 71 M Y — — — — Y — Myectomy/myotomy
9 52 F Y — — — Y Y — —
10 68 M Y — — — Y Y — —
11 56 M Y — N Y Y N N —
12 30 F Y — — — Y — Y Myectomy

Totals 53 9M/3F 11 4 1 5 10 5 1 —

Dash = no response; F = female; HCM = hypertrophic cardiomyopathy; M = male; MVP = mitral valve prolapse; N = no;
Obstr. = obstructive; Rheum. = rheumatic; Y = yes

*HCM was reported in this subject’s son.

TABLE Il. Summary of Auscultatory Findings

Case Comments
No. S, S, Sounds Murmur of Cardiologist
1 Normal Normal ES Grade 1 at 2L only
2 Normal Splitting not S, Pansystolic grade 2 or Sounds like HOCM,;
heard 3 at all sites louder standing
3 Normal Fixed Early, mid-systolic grade 1 ASD? RBBB?
splitting murmur at all sites; grade 2 at 2L
4 Normal Splitting not ES? Murmurs at all sites; Sounds like HOCM,;
heard grade 2-3 at 2R, apex louder standing
Loud Normal None
6 Loud Normal Murmurs at all sites; Two murmurs: MR (+ AS?);
grade 3 at apex slightly louder on standing
7 Loud Normal oS Grade 1 diastolic at apex
(S:7)
Normal Normal Grade 1 at 2L only
9 Normal Normal Grade 1 at all sites; Most suggestive of innocent
grade 2 at 4L murmur; softer on standing
10 Loud Normal 0S None Mild MS?
(S:7)
11 Normal; Normal; None
split persistent
widens split, widens
on insp. on insp.
12 Normal Normal Early, Murmurs at all sites; Softer on standing
MSC grade 3 or higher at apex

2L and 2R = 2nd intercostal space at left and right sternal borders (respectively); 4L = 4th intercostal space at left sternal border; AS
= aortic stenosis; ASD = atrial septal defect; ES = ejection sound; HOCM = hypertrophic obstructive cardiomyopathy; insp. = inspira-
tion; MR = mitral regurgitation; MS = mitral stenosis; MSC = midsystolic click; OS = opening snap; RBBB = right bundle branch block
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ed systolic murmurs in all 4 cases, at all 4 sites; the
murmurs were loudest at the apex (in 3 subjects) and
at 2L (in 1 subject). The murmurs were “louder on
standing” (in 2) and “slightly louder on standing” (in
1). No comment about postural differences in loud-
ness was made for the 4th HOCM subject, who was
judged to have faint murmurs (grade 1) at all sites ex-
cept 2L, where a grade 2 murmur was heard. This
subject also had a dual-chamber pacemaker; it may be
that the ventricular pacing for this patient was adjust-
ed to resolve the obstruction and thus largely extin-
guished the murmur.

An S, was heard in 1 subject (case 2); in that subject
and another (case 4), HOCM was suspected. In a 3rd
subject (case 6), 2 murmurs were audible; one was
typical of mitral regurgitation, and the second, possi-
bly of aortic stenosis. A fixed-split S, was heard in 1
subject (case 3), consistent with dual-chamber pac-
ing. There was thus good agreement between auscul-
tatory findings and medical history, particularly with
regard to the presence of murmurs and the suspicion
of HOCM.

Of the 7 remaining cases of HCM reported as non-
obstructive, murmurs were self-reported in 6. Of
these 6, the cardiologist discerned murmurs in only 3
(cases 1,9, and 12). One of these 3 had undergone
heart transplantation; in this subject, a grade 1 mur-
mur was detected at 2L only. Another of these 3 sub-
jects had undergone a septal myectomy (case 12), and
murmurs were found at all sites, with grade 3 or high-
er at the apex. There were no surgical procedures re-
ported for the other 3 subjects reporting murmurs, in
whom no murmurs were detected.

Of the 2 subjects not reporting murmurs (cases 7
and 8), murmurs were discerned by the cardiologist in
both cases: a grade 1 apical diastolic mitral obstructive
murmur was found in the subject with no reported
HCM (case 7), and a grade 1 murmur was found at
2L only, in 1 subject (case 8), who reported a left
ventricular myectomy/myotomy. Table III presents a
summary of the murmurs heard, according to grade.

No systolic clicks were detected in any of the 5 sub-
jects reporting MVP; of these subjects, an ejection
sound was heard in 1 (case 1) and was suspected in
another (case 4). A systolic click was detected in 1 pa-
tient not reporting MVP (case 12).

Spectral Analysis Results. Spectrograms of the heart
sound recordings were computed using a standard sig-
nal processing toolbox and were compared with the
time-domain heart sound signals by a scientist (TO)
highly experienced in signal processing and analysis.
This analysis of the recorded signals and their spectra,
independent of the auscultatory findings provided by
the cardiologist, led to the identification of all systolic
murmurs except for 2: the grade 1 diastolic murmur
auscultated at the apex in case 7, and the grade 1 sys-
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tolic murmur auscultated at 2L in case 8. Thus, spec-
tral and signal analysis achieved an 80% sensitivity to
grade 1 murmurs and a 100% sensitivity to murmurs
above grade 1. There were no false-positive murmur
detections by analysis of the spectra. No systolic clicks
were identified by spectral analysis.

Murmur Detection Algorithm Results. The computer
heart sound analysis program was evaluated by com-
paring the S, and S, time-indices generated by the
computer algorithm against the set of reference an-
notations, using a window of 100 ms around the fi-
ducial points. The computer algorithm was found to
have good sensitivity (90.7%) and positive predictivi-
ty (93.0%) for these data (see Table IV).

As depicted in Figure 1, the computer algorithm re-
ports the summary hemodynamic and auscultatory
findings in text format and displays a selected seg-
ment of the recorded signal for each auscultatory site,
with annotations of the detected S, and S, events, and
indications of the presence of murmurs using shaded
boxes to indicate the relative murmur amplitude and
duration.

The computer algorithm detected murmurs in 36
of the 96 recordings, as summarized in Table V. When
compared against the murmur judgments and mur-

TABLE Ill. Summary of Murmurs and Grades
Determined by Listening

Murmur Grade Subjects (by

Auscultated Sites Highest Grade)

None 42 3

Grade 1 (barely audible) 26 3

Grade 1-2 2 (not highest)
Grade 2 (faint) 14 2

Grade 2-3 4 1

Grade 3 (moderately loud) 8 3

Total 96 12

TABLE IV. Sensitivity and Positive Predictivity for S, and
S, Detection

Positive
Sensitivity Predictivity
S, (N=2071)* 91.3% 93.6%
S, (N=2012)* 90.1% 92.3%
Average 90.7% 93.0%

*The true number of S, (N=2071) and S, (N=2012) events was
determined by hand annotation of each file. The number of
S, and S, events were unequal due to edge effects in the 20-
second recordings.
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mur grades determined by the reference cardiologist,
the algorithm generated 1 false-positive finding (speci-
ficity = 97.6%) and 35 true positives (sensitivity =
64.8%). When the murmur grade was taken into ac-
count, the algorithm detected 50% of grade 1 or grade
1-2 murmurs, 71% of grade 2 murmurs, and 100%
of grade 2-3 and grade 3 murmurs.

As noted above, 1 subject was found to have a grade
1 apical diastolic murmur; this murmur was correctly
detected and reported by the algorithm (Fig. 3).

Signal Energy Results. The computer algorithm also
computes and reports a measure of the normalized
signal energy in the mid-frequency range during sys-
tole and diastole. For each recording, the average mid-

TABLE V. Sensitivity of Murmur Detection Algorithm by Murmur Grade

Murmurs Murmurs
Auscultated, by Grade Sites Detected Sensitivity

None 42 1 *

Grade 1 (barely audible) or 1-2 28 14 50%
Grade 2 (faint) 14 9 71%
Grade 2-3 4 4 100%
Grade 3 (moderately loud) 8 8 100%
Total 96 36 65%

*There is no sensitivity corresponding to the subject in whom no murmur was auscultated; in those recordings (N=42), only 1
murmur was detected by the algorithm (false-positive), which corresponds to a specificity of 97.6%.

Aortic [2R)

0s5F T T
51 52

Patient Name: I

07-Jun-2003 10:43:50
Standing

Recorded:

Posture:

1 1

15 2
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2L: Mo rmurmur:
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Fig. 3 Detection by algorithm of grade 1 apical diastolic murmur unreported by the subject (case 7). Red shading highlights

murmur timing and relative amplitude.
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range signal energy is computed for each third of the
systolic and diastolic intervals, for each beat, normal-
ized by the total mid-range energy in the recording.
This method is similar to one described for comput-
ing mid-systolic energies with reference to a synchro-
nous electrocardiographic recording.” The median
value of each of these normalized energy levels is com-
puted and displayed in the form of a bar graph (Fig.
2).

The median systolic signal energies were stratified by
the cardiologist’s judgments of the presence or absence
of murmurs, and by grade, for detected murmurs.
Since the murmurs detected were almost all systolic,
only systolic energy values were evaluated. The systolic
energy measure was found to correspond well to mur-
mur grade judgments: there were 4 subjects with sys-
tolic energies that were clearly higher at all sites than
those of the other subjects; these subjects were those
identified with grade 2 or higher murmurs at more
than 1 site. The remaining 8 subjects were those with
grade 1 murmurs or no murmurs, or a grade 2 mur-
mur at only 1 site. More precisely, the mean systolic
energies for grades 0, 1, and 2 were determined to be
distinct using a 1-tailed, 2-sample, unequal variance
Student’s #-test, with P <0.05 considered significant
(Table VI). (We treated the absence of murmur as
grade 0.) The mean murmur energy for grade 3 mur-
murs was found to be distinct, at P=0.038.

The mid-frequency systolic energy was also com-
pared, by auscultatory site, for each subject, for both
the standing and the reclining postures. Because the
systolic energy measure is normalized by total signal
energy, it supports comparison of relative murmur
energies between sites and postures. For reference,
the systolic energies for the apical site are depicted in
Figure 4. The systolic energy measure was markedly
higher in the standing posture than in the reclining
posture for 3 subjects (cases 2, 4, and 6). These 3 sub-
jects were the ones identified by the cardiologist as
having murmurs that were either “louder on stand-
ing” or “slightly louder on standing.” The energy dif-
ference between the standing and reclining postures
was greater for the 2 “louder on standing” subjects

70 4

60

50

40 -

Energy (dB)

30 4

20

1 2 3 4 5 6 7 8 9 10 11 12
Subject Index
B Reclining O Standing
Fig. 4 Median, normalized, apical systolic mid-frequency
energies for each subject in the reclining and standing
postures.

than for the “slightly louder on standing” subject.
Moreover, the systolic energy measure was markedly
lower in the standing posture in case 12; the cardiolo-
gist’s judgment for this subject was, correspondingly,
“softer on standing.” Apical signal energy measures
for these 4 subjects were relatively high, and murmurs
for these subjects were judged by the cardiologist to
be grade 2 or 3.

The algorithm correctly identified apical systolic
murmurs for these 4 subjects (cases 2, 4, 6, and 12) in
both the standing and the reclining postures. The 3
subjects who had murmurs that were identified as
having higher apical systolic energy in the standing
posture were subjects who reported having HOCM.
Thus, exactly those 3 reported HOCM cases that
were flagged by the cardiologist as having apical sys-
tolic murmurs “louder on standing” were identified
by the algorithm as having apical systolic murmurs
with higher systolic energies in the standing posture.

Discussion

We have described a method for automated acquisi-
tion and analysis of heart sounds; the method auto-

TABLE VI. Comparison of Energy Measure with Murmur Grade

No. of Mean Median Min Max
Grade Sites Energy Energy SD Energy Energy P Value
0 42 1.79 1.70 0.67 0.4 3.3 —
1 26 4.45 3.00 3.28 0.6 13.3 0.001
2 20 8.06 6.35 4.42 2.5 17.3 0.003
3 8 11.96 11.70 4.96 5.5 19.3 0.038

SD = standard deviation
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mates a standard auscultatory examination using a
voice-guided protocol in combination with a dynam-
ic graphical user interface. The auscultatory data ac-
quisition process includes immediate data quality
assessment and feedback, is intuitive and easy to fol-
low, can be efficiently and quickly completed, and
provides a consistent and repeatable procedure.

The signal processing algorithms provide an analy-
sis of the auscultatory data that is objective and stable;
it removes intra- and interobserver variability and
provides an archival record of acoustic signals and
auscultatory findings. The acquisition protocol can
be administered by someone less highly trained than
a physician, and the results of the analysis can be re-
viewed by a cardiologist or other physician.

The results of the computer analysis of heart sounds
obtained from a small population of subjects with pre-
viously diagnosed hypertrophic cardiomyopathy show
accurate detection of the S, and S, events on the basis
of the acoustic signal alone, and sensitive and specific
detection of heart murmurs of grade 2 and higher.
The algorithm identified 3 subjects with apical sys-
tolic murmurs with high mid-frequency signal energy
and with higher energy in the standing posture; these
subjects reported HOCM. In addition, the algorithm
correctly identified a previously unreported grade 1
apical diastolic murmur.

The complex computer algorithm used for this
study, if clinically validated on a larger scale, could be
used to assist professionals in pre-participation sports
screening in order to flag HOCM, the serious condi-
tion that is most frequently implicated in sudden car-
diac death in young athletes. The algorithm is not
designed to identify auscultatory concomitants of non-
obstructive HCM; this is an area for future work.
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