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Abstract—Seismocardiogram (SCG) or mechanocardio-
graphy is a noninvasive cardiac diagnostic method; how-
ever, previous studies used only a single sensor to detect
cardiac mechanical activities that will not be able to iden-
tify location-specific feature points in a cardiac cycle corre-
sponding to the four valvular auscultation locations. In this
study, a multichannel SCG spectrum measurement system
was proposed and examined for cardiac activity monitor-
ing to overcome problems like, position dependency, time
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delay, and signal attenuation, occurring in traditional single-
channel SCG systems. ECG and multichannel SCG signals
were simultaneously recorded in 25 healthy subjects. Car-
diac echocardiography was conducted at the same time.
SCG traces were analyzed and compared with echocar-
diographic images for feature point identification. Fifteen
feature points were identified in the corresponding SCG
traces. Among them, six feature points, including left ven-
tricular lateral wall contraction peak velocity, septal wall
contraction peak velocity, transaortic peak flow, transpul-
monary peak flow, transmitral ventricular relaxation flow,
and transmitral atrial contraction flow were identified. These
new feature points were not observed in previous stud-
ies because the single-channel SCG could not detect the
location-specific signals from other locations due to time
delay and signal attenuation. As the results, the multichan-
nel SCG spectrum measurement system can record the
corresponding cardiac mechanical activities with location-
specific SCG signals and six new feature points were iden-
tified with the system. This new modality may help clinical
diagnoses of valvular heart diseases and heart failure in the
future.

Index Terms—Cardiac diagnostic method, heart failure,
seimocardiography, valvular heart diseases.

I. INTRODUCTION

ARDIOVASCULAR diseases are the leading causes of
death in the world [1], [2]. The mortality rate of car-
diovascular diseases is about 230-1700 per 100,000 popula-
tions, accounting for 24-47% of total death. The detection
and diagnosis of cardiovascular diseases rely on a number of
clinical modalities, including electrocardiogram (ECGQG),
echocardiography, computerized tomography scan, magnetic
resonance imaging, and nuclear myocardial perfusion scan.
ECG plays an important role in the initial diagnosis and am-
bulatory monitoring of cardiovascular diseases. However, ECG
is composed of the summation of cardiac electric signals but
does not represent cardiac mechanical activities. Echocardiog-
raphy is a better modality to exam cardiac function and anatomy.
However, in most medical institutes, echocardiography exam is
costly, time consuming, and usually not immediately available.
In 1939, Starr and Wood recorded the traces of cardiac me-
chanical activities on chest surface, and the recording modality
was named as ballistocardiogram (BCG) [3]. They also reported
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that the smaller amplitude of BCG was associated with shorter
survival in patients with heart diseases [4]. Although limited in-
formation about cardiac function was revealed, the relationship
between cardiac function and the amplitude of BCG was a rea-
sonable explanation. Salerno et al. recorded cardiac vibration
waves by using an accelerometer attached to the sternum, and
the modality was named as seismocardiography (SCG) [5], [6].
The authors compared SCG traces and Doppler echocardiog-
raphy to identify several feature points: Mitral valve opening
(MO), mitral valve close (MC), aortic valve opening (AO), aor-
tic valve close (AC), and cardiac rapid ejection (RE). They
also showed amplitude change in patients received coronary an-
giography followed by nitroglycerin injection or percutaneous
transluminal angioplasty. SCG had been investigated to opti-
mize atrioventricular (AV) and ventricular-to-ventricular delays
in patients with biventricular pacemaker (cardiac resynchroniza-
tion therapy) implantation [7]. The results support the recording
of cardiac mechanical signal for clinical diagnoses of heart dis-
eases. Accordingly, a clinical modality was also developed for
the recording of SCG signals. Later, Crow et al. revealed addi-
tional four feature points including isovolumic movement (IM),
isotonic contraction (IC), peak of rapid diastolic filling (RF),
and peak of atrial systolic (AS) acquired at the tricuspid valve
site [8]. Recently, the cardiac mechanical signal recording has
become an emerging method because the development of mi-
croelectromechanical systems (MEMS)-based accelerometers
make miniaturization of BCG/SCG measurement feasible and
ECG-based systems cannot be shrunk into the scale as integrated
circuit (IC) technology [9]. The recent advances of BCG/SCG
technologies were also detailed reviewed in [ 10] and the authors
suggested that the physiological meanings of the signals must
be studied and discussed further.

However, most investigators recorded BCG or SCG signals
using a single accelerometer placed on the sternum, where sum-
mation of cardiac vibration was acquired. The single-channel
recording method does not define the exact sources of signals
and is not able to differentiate the location whenever an ab-
normal finding is detected. Therefore, Zanetti and Tavakolian
suggested multichannel SCG to record complete signals from
a whole heart in a review article [11]. It is better for the de-
tection of cardiac diseases with multichannel signal acquisition,
which may partly reduce the influence of signal attenuation and
timing delay in the single-channel method. Moreover, no re-
search article about the multichannel SCG had been published
so far.

Sarlabous et al. first introduced mechanocardiography
(MCQG) as an alternative name of SCG or BCG to represent
the signal recording of cardiac mechanical activities [12]. Al-
though MCG is more meaningful and precise to represent the
mechanical vibrational signals from cardiac activities, the term
SCG is used to avoid confusion in the readers. In this study,
we sought to develop a multichannel SCG technique to record
location-specific signals and to identify more feature points as
compared to the single-channel SCG. Cardiac mechanical vibra-
tions are generated by valvular motion, blood flow, myocardial
contraction, and relaxation. Four accelerometers were placed
at the clinically four valve auscultation sites in this study. We

hypothesized that the multichannel SCG system could record
location-specific waveforms, and the cardiac mechanical char-
acteristics could be extracted from the location-specific traces to
discover new feature points. The analysis of SCG and Doppler
echocardiography in 25 healthy subjects was conducted to
identify the new feature points and to determine the timing
sequence of these new feature points.

Il. MATERIAL AND METHODS

This study was reviewed and approved by the Institutional
Review Board (IRB) of the Chang Gung Memorial Hospital.
Twenty-five healthy subjects, 13 males and 12 females, with
no known cardiac conditions were enrolled in this study. Writ-
ten and informed consents were obtained from these subjects.
The ECG and multichannel SCG signals were simultaneously
recorded and compared with echocardiographic images in the
proposed system framework.

A. System Framework—SCG, ECG,
and Echocardiography

The multichannel accelerometer-based SCG spectrum mea-
surement system synchronized with echocardiography was pro-
posed to obtain location-specific SCG waveforms and to extract
new SCG feature points (see Fig. 1). The self-built system in-
cluded three subsystems: the multichannel SCG measurement,
the three-lead ECG recording, and the synchronous data collec-
tion subsystems. The multichannel SCG measurement system
was composed of multiple accelerometer sensing modules and
an embedded microcontroller system board. The accelerome-
ter sensing modules were placed at four valvular auscultation
sites for SCG signal acquisition and were connected to the em-
bedded microcontroller system board for data processing and
conversion. The analog SCG and ECG signals were amplified,
filtered, and transferred to the host computer through the syn-
chronous data collection subsystem for data processing, storage,
and display.

All the accelerometer sensing modules were electrically iso-
lated to avoid electrical interference. The core of the sensing
modules was the accelerometer (LIS331DLH, from STMicro-
electronics, Geneva, Switzerland), which was set for a sensing
range of £2 g at a 12-bit digital data resolution and a sen-
sitivity of 1 mg (1 mg = 271Y g, i.e., 1/1024 g, where g is
the gravitational acceleration). The embedded microcontroller
system board in the multichannel SCG measurement subsys-
tem was equipped with the microcontroller (ADuC7020, from
Analog Devices Inc., Cambridge, MA, USA), which commu-
nicated with multiple accelerometer sensing modules using
an inter-IC (I*’C) interface. Data were collected by the mi-
crocontroller, processed, and converted to analog signals with
the built-in digital-to-analog converters, and subsequently con-
nected to the synchronous data collection subsystem (Power-
Lab 16/35, from AD Instruments, Dunedin, New Zealand).
At the meantime, the output analog signals from the bio am-
plifier of the three-lead ECG signals were also connected to
the synchronous data collection subsystem. As the results, all
the SCG and ECG signals were sampled at a frequency of
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Fig. 1.

400 Hz in the data collection subsystem and the synchro-
nized data consisting of multichannel SCG and ECG sig-
nals were transmitted to the host computer. An echocardio-
graphic system (GE Healthcare, VIVID 7, Little Chalfont,
U.K.) with a 2.5-MHz phased-array multifrequency transducer
(M4S) was used. The M-mode and Doppler images from
echocardiographic system were recorded and synchronized with
ECG signal. The timing of valvular opening and closing was
identified with m-mode echocardiographic images. The timing
of peak blood flow through each valve was identified using
pulse-wave Doppler images. Tissue Doppler was used for left
ventricular wall motion of the six segments.

The whole data processing flow is very similar with the work
described in [13], where the collected raw signals went through
denoising process and then features were extracted before signal
classification. The results present in this paper are the novel find-
ings in multichannel SCG spectrum system during the feature
extraction with the proposed framework.

B. Testing Procedures

Simultaneous SCG and ECG signals were acquired from 25
healthy subjects at supine position. The schematic diagram of
sensor placement is shown in Fig. 2(a). Four SCG sensors were
placed at the heart auscultation sites for mitral, tricuspid, aortic,
and pulmonary valves. Three ECG leads were placed at right
and left arms and the left leg. We chose lead I ECG traces as
the standard lead for data analysis and comparison. Heart and
respiratory rates were checked to make sure that the subjects
were in stable and resting condition during data acquisition.
Each subject received three sessions of 5-min data acquisition
with a 5-min break between sessions.

Echocardiography was performed immediately after the SCG
and ECG recording by a single echocardiographer. Lead I ECG
was recorded with three electrodes placed at the same locations
as in the SCG testing. Standard parasternal long, parasternal
short, apical four chamber, apical two chamber, and apical long
views were performed for all image recording and measure-

System framework of the proposed multichannel accelerometer-based SCG spectrum measurement system and echocardiography.

ments. The timing of valvular opening and closing was iden-
tified with m-mode echocardiographic images. The timing of
peak blood flow through each valve was identified using pulse-
wave Doppler images. Tissue Doppler was used for left ven-
tricular wall motion of the six segments. After the images were
obtained, cine loops were transferred to a computer for the
offline analysis using the GE EchoPAC dimension system.
Fig. 2(b) shows the location-specific SCG traces and echocardio-
graphy images with synchronized ECG signals, for new feature
point identification.

C. Data Analysis

Similar methodology as in [8] for data analysis was adopted to
find the relationship between SCG traces and echocardiography
images was adopted in this research. The acquired SCG traces
and echocardiographic images were synchronized and aligned
on the R-peak of ECG signals from both systems for at least
three consecutive similar R-R intervals of the lead I traces. By
simultaneously comparing SCG traces and echocardiography
images, the onset timings of the cardiac activity events iden-
tified in echocardiography images by an experienced cardiolo-
gist are then mapped to the multichannel SCG traces acquired
from each valvular site. As the results, feature points of SCG
traces representing corresponding cardiac events could be ex-
tracted. This kind of visual inspection of echo images are also
well accepted in clinical practice. Continuous variables with
normal distribution were expressed as the mean + standard
deviation, and categorical variables were expressed as number
(percentage).

[ll. RESULTS

Table I shows the characteristics of the 25 healthy subjects
in this study. Both male and female subjects are included with
age range of 21-28 in males and 20—40 in females. The subjects
did not have history of valvular heart diseases, coronary artery
diseases, congenital heart diseases, cardiomyopathy, major sys-
temic diseases, or taking regular medications.
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TABLE |
CHARACTERISTICS OF TEST SUBJECTS

Gender group Number of subjects Age Height (m) Weight (kg) BMI
Male 13 21-28 1.65-1.8 54-101 18.7-32.6
Female 12 20-40 1.54-1.69 45-78 18.97-29
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Fig. 3. Nine SCG feature points reported previously in Tricuspid
channel.

A. SCG Feature Points Identified Previously

All feature points reported previously were also observed
using the proposed multichannel SCG measurement system. As
shown in Fig. 3, the nine feature points identified previously by
Crow [8], including MC, IM, AO, IC, AC, MO, RE, peak of RF,
and peak of AS can be identified in the SCG traces acquired at
the conventional tricuspid valve site.

B. New SCG Feature Points

In this study, six new feature points that have never been
investigated in previous BCG/SCG/MCG research works were
identified at the corresponding valvular locations (see Fig. 4):
Left ventricular lateral wall contraction peak velocity (LCV),
septal wall contraction peak velocity (SCV), transaortic valvu-
lar peak flow (AF), transpulmonary peak flow (PF), transmitral
atrial contraction peak flow (MF,), and transmitral ventricu-
lar relaxation peak flow (MFg). The naming rules for these
six new feature points were introduced below: The first letter
indicates the source of the cardiac activities, (e.g., “A” stands

(b)

(a) Locations of SCG sensor placement. (b) Synchronized SCG traces, echocardiographic images, ECGs, for feature point identification.

for transaortic valve, “L” stands for left ventricular lateral wall,
“M” stands for transmitral valve, “P” stands for transpulmonary
valve, and “S” stands for septal wall); the second and/or third
letters indicate the types of cardiac activities, (e.g., “F” stands
for peak blood flow and “CV” stands for contraction peak my-
ocardial velocity). The detailed description of each feature point
is provided as follows.

1) LCV Feature Point: A left ventricular LCV feature point
was identified by matching the mitral valve SCG traces
with the tissue Doppler images of the left ventricular lat-
eral wall, as shown in Fig. 4(a). The LCV feature point
represents the instant at which left ventricular lateral wall
contracts at peak velocity. It is compatible with the phys-
iology that left ventricular lateral wall contraction at peak
velocity, pushing the left ventricular apex toward the chest
wall, which is the acquisition location of this SCG recording
site.

2) SCV Feature Point: An interventricular SCV feature
point could be identified by matching the tricuspid valve SCG
traces with the tissue Doppler echocardiography images of
the interventricular septal wall, as shown in Fig. 4(b). The
tricuspid valve acquisition site was used because the inter-
ventricular septum is beneath the tricuspid valve SCG acqui-
sition site. The SCV feature point represents the instant at
which the septal wall contracts at the peak velocity. It is com-
patible with the physiology during cardiac systole, at which
the interventricular septum moves toward posterior wall, mak-
ing a downward shift of the chest wall. The time difference
between SCV and LCV provide the information about syn-
chronicity of LV contraction, and the relationship between
SCV and LCV may be applied clinically to evaluate cardiac
dyssynchrony.

3) AF Feature Point: AF feature point was identified by
matching the aortic valve SCG traces with the pulse-wave
Doppler echocardiographic images of the aortic valve [see
Fig. 4(c)]. The AF feature point represents an upstroke transaor-
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Fig. 4. Six new feature points identified. (a) LCV feature point, (b) SCV feature point, (c) AF feature point, (d) PF feature point, and (e) MFg, feature

point and MF, feature point.

tic blood flow following AO in the aortic valve SCG trace. The
pattern is compatible with the physiology of rapid blood flow
ejection through the aortic valve to the aorta. Interestingly, the
AF feature point was a downward notch in the mitral valve SCG
traces, and the pattern is also compatible with volume reduction
of the left ventricle at the moment of rapid blood flow ejection.

4) PF Feature Point: Similar to the AF feature point, the PF
feature point was identified by matching the pulmonary valve
SCG trace with the pulsewave Doppler echocardiographic im-
ages, as shown in Fig. 4(d). The PF feature point represents
an upstroke of transpulmonary blood flow following pulmonary
valve opening. The upstroke pattern is compatible with the phys-
iology of rapid blood flow ejection through the pulmonary valve
to the lung.

5) MF, and MFy Feature Points: The MFy and MF, fea-
ture points were identified by matching the mitral valve SCG
trace with the pulse wave Doppler echocardiographic images.
As shown in Fig. 4(e), these two upstrokes on the SCG traces are
compatible with the physiology of mitral inflow, which pushes
the left ventricular apex toward the chest wall, where the mitral
valve SCG acquisition site is located.

C. Timing of the New Feature Points

Similar to ECG parameters, such as PR interval, QRS dura-
tion and QT interval, timing of the feature points may vary beat
by beat and subject by subject. However, the normal ranges of
the feature point timing events may be useful for the clinical
diagnosis. In this study, the timing of each feature point was

TABLE I
TIMING OF SIXx NEW FEATURE POINTS

AT (Event_Time-R_peak) (ms)

Subject LCV scv AF PF MFr  MF,
group MV)  (TV) (AV) PV)  (MV)  (MV)
Male 730+ 9204 12804 1260+ 479.0+ 885.0+
23 53 9.3 8.1 53.8 105.7
Female  73.0+ 920+ 1300+ 1300+ 5650+ 821.0+
11.8 10.1 8.2 10.2 55.1 102.5
A 0% 0%  -1.56% —3.17% -17.9%  7.23%

A Percentage of differences between genders ((Male — Female)/Male* 100).

defined as time lag from the peak of R wave of ECG in each
cardiac cycle. The values were derived from ten consecutive
beats in each subject. Table II shows the summarized results
(average and standard deviation of the onset timing from R-
peak) and Fig. 5 shows the sequence of timing of these new
feature points in a cardiac cycle. The timing of AF and PF are
very close to each other. Among the test subjects, some subjects
have AF occurring before PF and others have PF occurring be-
fore AF. This is because that the timings of transaortic valve
and transpulmonary valve flow are very close and are variable
physiologically in each subject, their sequence depends on sev-
eral factors, such as intrinsic heart conduction (the presence of
bundle branch block), the presence of valvular heart diseases,
the presence of pulmonary hypertension, or respiratory cycles
(inspiration or expiration). Because of the similarity in timing,
we defined the AF and PF feature points in aortic and pulmonary
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TABLE IlI
DIFFERENCES BETWEEN SCG AND ECHOIDENTIFIED FEATURE POINTS IN
CARDIO CYCLE (ms)

Feature point  Mean  SD
LCV -14 26
SCcv -1.7 4.6
AF -1.1 3.6
PF -1.1 3.2
MFy 9.3 22
MFg 2.8 22

sites, respectively, by matching the results of echocardiography
and SCG.

In Table II, significant difference (—17.9%) of the MFy, fea-
ture point timing between male and female subject groups is
also observed. This is because that the feature point MFy; is re-
lated to transmitral valve flow of left ventricular relaxation, fol-
lowing ventricular contraction. The timing of transmitral valve
relaxation is directly linked to QT interval, which is associated
with action potential duration in cardiomyocytes [14]. In pre-
vious studies, women have longer QT interval [15] and action
potential duration is also longer in female animals [16], [17].
The findings indicate that female subjects have a longer sys-
tolic duration and later relaxation, leading to the later MFg
timing.

The standard deviations shown in Table II represent the inter-
subject variability of the feature points identified in this paper.
Larger standard deviations on some feature points mean that
they are having wider range of the onset timing among different
subjects. However, the onset timing of these feature points are
with less variation, i.e., smaller standard deviation, on the same
subject, which are not shown in this table.

In addition, similar methodology described as in [8] to mea-
sure the difference in the SCG- and ultrasound-identified feature
points in the cardiac cycle was adopted. The differences were
computed by subtracting the timing of the SCG feature point
from the echo point. The mean and standard deviation of the
differences are analyzed and shown in Table III. Negative value
means that the SCG feature point occurred later than the echo-
identified feature point. Differences were referenced to R point

. MFg
Mitral /\U,j\,,f A%
Tricuspid S
Aortic | \, p
PF
Pulmonary
ECG \
250 0 250 500
Time(ms)

Fig. 6. Matching the new feature points to tricuspid valve SCG.
in ECG wave and were determined by subtracting R to SCG
time from R to echo.

D. Pattern Variation of Feature Points

In this study, we observed timing or pattern variation of fea-
ture points among different SCG recording sites. The variation
makes the identification of a feature point more difficult with
a single SCG recording site, and this is probably the reason
that these new feature points had not been identified in previous
studies yet. We tried to look for the same pattern by matching
the most similar peak or trough in conventional SCG traces,
which were usually the tricuspid valve site, since the previous
studies acquired SCG signals using a single accelerometer at-
tached to middle sternum only. Fig. 6 shows the association of
these feature points to the conventional SCG recording site (the
tricuspid valve site). Significant location-specific pattern differ-
ences could be seen in the multichannel SCG traces: MF 4 and
MFg feature points presented with prominent upstrokes in the
mitral valve SCG trace but were obscure in the tricuspid valve
SCG trace; AF and PF feature points presented with both up-
strokes in the aortic and pulmonary SCG traces, respectively,
but the tricuspid valve SCG trace showed a negative notch at
that moment.

The reported six new feature points were identified through
the visualized comparison with echocardiography images and
SCG spectrums by synchronously matching with ECG signals.
Also, these feature points are first time reported and identi-
fied with the proposed new multichannel SCG systems, hence,
there is no benchmark to compare with. In this paper, the main
purpose is to report the six new feature points found with the
proposed multichannel SCG system. The comparison of the ac-
curacy of the nine feature points identified in single-channel
SCG measurements and multichannel SCG system will be dis-
cussed in the following articles.

IV. DISCUSSION

The major finding in this study is the new feature points
identified using the multichannel SCG method and the location-
specific SCG patterns. Six new feature points (LVC, SCV, AF,
PF, MFg, and MF, ) were identified by analyzing the acquired
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SCG signals and the corresponding echocardiographic Doppler
(including tissue Doppler) images. These feature points were
not obviously visible in the conventional single-channel sternal
SCG. The multichannel SCG analyses also showed pattern dif-
ferences of the feature points between the corresponding sites
and the conventional sternal site.

A. Advantages of Multichannel SCG

SCGs are the acceleration signals generated in cardiac cy-
cles, consisting of valve opening or closing, blood flow, and
myocardial motion. Some (but not all) of the vibrations are pre-
sented as heart sounds and can be detected by a stethoscope
[18]. Multichannel SCG system records the underneath cardiac
activities with better accuracy, because shorter the distance from
the cardiac valve auscultation site, less the signal attenuation.
Using the new multichannel SCG technique, the specific cardiac
motion generated by the corresponding heart chambers, valves,
or blood flow can be detected more accurately. The location-
specific pattern differences of the feature points help identify
the signal source, and the multichannel SCG may be applicable
in clinical diagnosis of cardiac diseases, such as valvular heart
diseases, heart failure, and ventricular dyssynchrony.

Previous studies used a single accelerometer on sternum,
in conjunction with ECG, phonocardiogram, or echocardio-
gram, for signal acquisition [19], [20]. In this study, signals
were acquired at four cardiac valve corresponding sites, and the
multichannel SCG recording may be considered as a SCG spec-
trum. The idea of SCG spectrum is actually similar to ocean
monitoring using buoy stations, and a single buoy station can
only detect the nearby signals (such as levels of water). Com-
pared with previous studies in which signals of a single spot
were acquired, multichannel SCG can record more details of
each part of a heart, such as differential feature point signals of
each particular sites and their time delay. Moreover, the system
can detect more location-specific motion of each valve or cham-
ber instead of picking up the composite vibration signals of a
whole heart in the conventional sternal SCG. A single-channel
SCG system acquires only vibration over time, and therefore,
the signals are composed of two-dimensional information. On
the other hand, a SCG spectrum contains the vibration amplitude
over time of the 2-D chest surface, representing 4-D informa-
tion of cardiac activities. For example, the upstroke pattern of
AF feature point is compatible with the physiology of rapid
blood flow through the aortic valve to the aorta. Using the mul-
tichannel SCG system, an upright signal can be detected in the
aortic valve feature point; however, at the moment, there was
no significant transition in the tricuspid valve SCG waveform.
The results indicate that SCG traces represent location-specific
cardiac activities.

B. Clinical Implication

Cardiovascular diseases are the top leading cause of death
in United States and Canada in the past decades, account-
ing for about 30% of annual mortality [21]. Successful
treatment of cardiovascular diseases depends on accurate
diagnoses and early treatment. The most commonly available

clinical cardiac diagnostic tool is ECG, which provides impor-
tant information for diagnosis of myocardial ischemia, infarc-
tion, and arrhythmias. Basically, ECG reveals cardiac electrical
activities rather than the information of cardiac contractile func-
tion or valvular motion. For now, the diagnoses of cardiac con-
tractility dysfunction and valvular diseases usually require other
diagnostic tools, such as echocardiography. However, echocar-
diography is usually costly and labor consuming, requires both
subspecial personnel and expensive equipment, and is not im-
mediately available in most medical institutes. The development
of a cheaper and easily available diagnostic tool to detect cardiac
mechanical activities may help make prompt diagnoses, espe-
cially for inpatient and emergency departments. The concept of
SCG spectrum is proposed and the acquired signals are location
specific. For example, in this study, the transaortic valve flow
signal was very different in the signals from mitral and aortic
sites, indicating that the recording sites are important. The new
technique might make the clinical diagnosis of specific diseases
possible in the future.

C. Limitations

We placed only four SCG sensors at the cardiac valve aus-
cultation sites, and signals originated from other parts of a heart
might be missing, such as left ventricular anterior and posterior
walls. More detail signal acquisition may be required using an
SCG sensor array.

V. CONCLUSION

In this study, six new feature points, i.e., LCV, SCV, AF,
PF, MFg, and MF, of cardiac activity events were identified
with the proposed multichannel SCG spectrum measurement
system. The multichannel SCG measurement system, forming
a SCG spectrum, provides the measurement of location-specific
vibration signals originated from cardiac activities. The sys-
tem may avoid time delay and signal attenuation, and hence, it
can detect more accurate and more detailed feature points. The
proposed multichannel SCG measurement system is a promis-
ing technology for cardiac mechanical signal recording, and, in
conjunction with ECG, which records electrical cardiac signals,
may become an important diagnostic tool to evaluate cardiac
contractility and valvular function. At present, this research is
in IRB phase. Once enough data are collected from normal and
patient subjects in IRB experiments, the system will be ready
and available for clinical use.

REFERENCES

[1] E. S. Ford et al., “Explaining the decrease in U.S. deaths from coronary
disease,” N. Engl. J. Med., vol. 356, pp. 2388-2398, 2007.

[2] W. Rosamond et al., “Heart disease and stroke statistics—2007 update: A
report from the American heart association statistics committee and stroke
statistics subcommittee,” Circulation, vol. 115, pp. 169-171, 2007.

[3] L StarrandF. C. Wood, “Twenty-year studies with the Ballistocardiograph:
The relation between the amplitude of the first record of “Healthy” adults
and eventual mortality and morbidity from heart disease,” Circulation,
vol. 23, pp. 714-732, 1961.

[4] 1. Starr and F. C. Wood, “Studies with the ballistocardiograph in acute
cardiac infarction and chronic angina pectoris,” Amer. Heart J., vol. 25,
pp. 81-101, 1943.



LIN et al.: IDENTIfiCATION OF LOCATION SPECIfiC FEATURE POINTS IN A CARDIAC CYCLE USING A NOVEL SEISMOCARDIOGRAM SPECTRUM

449

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

D. M. Salerno et al., “Seismocardiographic changes associated with
obstruction of coronary blood flow during balloon angioplasty,” Amer.
J. Cardiol., vol. 68, pp. 201-207, 1991.

D. M. Salerno and J. Zanetti, “Seismocardiography for monitoring changes
in left ventricular function during ischemia,” Chest, vol. 100, pp. 991-993,
1991.

F. I. Marcus et al., “Accelerometer-derived time intervals during various
pacing modes in patients with biventricular pacemakers: comparison with
normal,” Pacing Clin. Electrophysiol., vol. 30, pp. 1476-1481, 2007.

R. S. Crow, P. Hannan, D. Jacobs, L. Hedquist, and D. M. Salerno, “Rela-
tionship between seismocardiogram and echocardiogram for events in the
cardiac cycle,” Amer. J. Noninvasive Cardiol., vol. 8, pp. 39-46, 1994.
C. I. Stefanadis, “Bioelectronics: The way to discover the world of ar-
rhythmias,” Hellenic J. Cardiol., vol. 55, pp. 267-268, 2014.

O. T. Inan et al., “Ballistocardiography and seismocardiography: A review
of recent advances,” IEEE J. Biomed. Health Informat., vol. 19, no. 4,
pp. 14141427, Jul. 2015.

J. M. Zanetti and K. Tavakolian, “Seismocardiography: Past, present and
future,” in Proc. 35th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., 2013,
pp. 7004-7007.

L. Sarlabous, A. Torres, J. A. Fiz, and R. Jane, “Evidence to-
wards improved estimation of respiratory muscle effort from diaphragm
mechanomyographic signals with cardiac vibration interference using
sample entropy with fixed tolerance values,” PLoS ONE, vol. 9, no. 2,
2014, Art. no. e88902.

M. Faezipour, A. Saeed, S. C. Bulusu, M. Noyrani, H. Minn, and L. Tamil,
“A patient-adaptive profiling scheme for ECG beat classification,” IEEE
Trans. Inf. Technol. Biomed., vol. 14, no. 5, pp. 1153-1165, Sep. 2010.

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

T. Aiba et al., “Cellular and ionic mechanism for drug-induced long
QT syndrome and effectiveness of verapamil,” J. Amer. Coll. Cardiol.,
vol. 45, pp. 300-307, 2005.

V. S. Chauhan, A. D. Krahn, B. D. Walker, G. J. Klein, A. C. Skanes, and
R. Yee, “Sex differences in QTC interval and QT dispersion: Dynamics
during exercise and recovery in healthy subjects,” Amer. Heart J., vol. 144,
pp. 858-864, 2002.

N. Abi-Gerges, B. G. Small, C. L. Lawrence, T. G. Hammond, J. P.
Valentin, and C. E. Pollard, “Gender differences in the slow delayed (IKs)
but not in inward (IK1) rectifier K+ currents of canine Purkinje fibre
cardiac action potential: Key roles for IKs, beta-adrenoceptor stimulation,
pacing rate and gender,” Brit. J. Pharmacol., vol. 147, pp. 653—-660, 2006.
Y.Zhu, X. Ai,R. A. Oster, D. M. Bers, and S. M. Pogwizd, “Sex differences
in repolarization and slow delayed rectifier potassium current and their
regulation by sympathetic stimulation in rabbits,” Pflugers Arch., Eur.
J. Physiol., vol. 465, pp. 805-818, 2013.

A.J. Delman, “Hemodynamic correlates of cardiovascular sounds,” Annu.
Rev. Med., vol. 18, pp. 139-158, 1967.

C. A. Wick et al., “A trimodal system for the acquisition of syn-
chronous echocardiography, electrocardiography, and seismocardiogra-
phy data,” in Proc. 33th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., 2011,
pp. 6911-6914.

C. A. Wick et al., “A system for seismocardiography-based identification
of quiescent heart phases: Implications for cardiac imaging,” IEEE Trans.
Inf. Technol. Biomed., vol. 16, no. 5, pp. 869-877, Sep. 2012.

D. Mozaffarian et al., “Heart disease and stroke statistics—2015 update:
A report from the American Heart Association,” Circulation, vol. 131,
no. 4, pp. €29-e322, 2015.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


