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a  b  s  t  r  a  c  t

Diagnosis  of  heart  disease  requires  that  a medical  practitioner  investigate  heart  auscultations  for  irregular
sounds,  followed  by echocardiography  and  electrocardiography  tests.  These  expensive  tests  also  require
specialized  technicians  to  operate.  We  present  a low-cost,  patient-centered  device for  the  initial  screening
of  the  heart  sounds  that can  be  potentially  used  by the users  on themselves.  They  can  later  share  these
readings  with  their  healthcare  providers.  We  have  created  an  innovative  mobile-health  service  platform
for analyzing  and  classifying  heart  sounds.

The presented  system  enables  remote  patient-monitoring  by  integrating  advanced  wireless  commu-
nications  with  a customized  low-cost  stethoscope.  This  system  also  permits  remote  management  of  a
patient’s  cardiac  status  while  maximizing  patient  mobility.  The  smartphone  application  facilitates  record-
el-Frequency Cepstral Coefficient
idden Markov Model

ing,  processing,  visualizing,  listening  to,  and  classification  of  heart sounds.  We  build  our  classification
model  using  the  Mel-Frequency  Cepstral  Coefficient  and  Hidden  Markov  Model.  This  application  is  tested
in a hospital  environment  to collect  live  recordings  from  patients  with  positive  results.  The smartphone
application  correctly  detected  92.68%  of  abnormal  heart  conditions  in clinical  trials  at  UT  Southwestern
Hospital.

©  2018  Elsevier  Ltd. All  rights  reserved.
. Introduction

The latest generation of smartphones has become an essential
ommodity due to its variety of sensors, powerful computing capa-
ility, high memory capacity, and open source operating systems
hat encourage application development. Apart from communi-
ation, smartphones also provide services and applications such
s daily planners, cameras, web surfing, navigation, health appli-
ations, etc. Being palm-sized, they allow for easy mobility and

ortability. Hence, the mobile health (mHealth) sector is very

nterested in mobile applications that provide remote-monitoring
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health care services. mHealth is also used for illness surveillance,
patient tracking, and collecting health information.

1.1. Motivation

Interpretation of heart sounds is subjective and requires a medi-
cal expert to identify sound abnormalities. Currently, patients with
abnormal cardiac sounds must visit a health professional to get
diagnosed. The medical practitioner uses a stethoscope to do an
initial screening that entails listening for irregular sounds from the
patient’s chest. Next, the practitioner employs echocardiography
and electrocardiography tests for further diagnosis.

In this process, the practitioner evaluates properties of heart
sounds to identify irregularities, such as the number of heart
beats and gallops, intensity, frequency, and duration. Because
heart sounds are generated in low frequencies, human ears tend

to miss certain sounds as the high frequency sounds may  mask
the lower ones. To improve evaluations, traditional stethoscopes
were innovated into digital stethoscopes which incorporate a small
microprocessor. This microprocessor attenuates high frequency
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ignals and amplifies heart sounds, enabling physicians to hear
lean cardiac sounds. In addition, with digital stethoscopes, com-
uter applications have become available to assist physicians in
isualizing and identifying types of heart sounds. However, the cost
f this diagnostic tool is high, so patients still need to visit a hospital
r clinic to get diagnosed. Five major products are currently avail-
ble in the market: CardioSleeve [1], SensiCardiac [2], Eko Core [3],
eartBuds [4], and Thinklabs [5]. At this time, only Eko Core and
hinklabs are customized electronic stethoscopes that also work
ith a smartphone application and desktop application software.
owever, the software only records, displays, and shares heart

ounds. Their computer and smartphone software also does not
rovide analytics for or determine the type of heart sound. A physi-
ian is required to evaluate and identify the sounds. HeartBuds, a
imilar device, is a custom-made acoustic amplifier. CardioSleeve,

 3-lead electrocardiogram (ECG) combined with a digital stetho-
cope, has a smartphone application to visualize ECG and heart
ounds via Bluetooth. The software calculates the systolic perfor-
ance index as an indication of ejection fraction to assess heart

ailure and displays the value of isovolumic contraction, isovolumic
elaxation, RR interval, PT interval, and QRS interval obtained from
he ECG leads. SensiCardiac, a cloud-based software, analyzes heart
ounds recorded from an electronic stethoscope. A user records
eart sounds and sends them to the cloud to interpret if the heart
ound is normal, a class I murmur, or a class III murmur. A class I
urmur can be any systolic or diastolic murmur, while a class III is

 flow murmur.
Apart from these products, Dr. Raj Shekhar of Children’s National

ealth System [6], in a major research project, is building a smart-
hone application called StethAid that allows pediatricians to
iscriminate Still’s murmurs from pathological murmurs in chil-
ren. This allows a physician to establish a child’s murmur as
enign, thus eliminating the need for a cardiac referral. The appli-
ation will work in conjunction with a digital stethoscope.

.2. Objective

This paper focuses on developing an innovative mHealth service
latform for analyzing and classifying heart sounds. This service
nables remote patient-monitoring using advanced wireless com-
unications by integrating a customized low-cost stethoscope
ith a smartphone application. It also permits remote management

f patients’ cardiac status while maximizing patient mobility.
Many developing and under-developed regions lack access to

edical facilities with echocardiograms and specialized doctors
uch as cardiologists, but these regions do have access to mobile
latforms such as smartphones. So, the presented mechanism of
iagnosing heart sounds provides immense value to such popula-
ions [76]. The smartphone application provides capabilities such
s recording, processing, visualizing, listening to, and identifying
ardiac sounds. The recorded sounds are identified as abnormal
hythms such as split sounds, aortic stenosis, pulmonary stenosis,
trial septal defect, ventricular septal defect, mitral valve prolapse,
itral regurgitation, tricuspid regurgitation, aortic regurgitation,

ulmonary regurgitation, tricuspid stenosis, mitral stenosis, flow
urmur, and patent ductus arteriosus.

This work focuses on mobility and remote monitoring, and cen-
ers on the patient or user. This work’s significance lies in presenting

 convenient, independent, and portable device that aid physicians
o monitor a patient’s heart while the patient is remote. Since this
ork is deployed on a smartphone, it makes a novel contribution

o mHealth, mobile, and pervasive computing domain specifically

n the following methods:

) We  use discrete wavelet transform (DWT) and continuous
wavelet transform (CWT) to process heart sounds. DWT  helps
essing and Control 45 (2018) 313–324

to down-sample data and to remove redundant information.
CWT helps to identify valve movement in the heart sound by
calculating the energy level in the signal.

2) We  can filter and amplify signals without using a digital stetho-
scope by using a modified traditional-stethoscope to collect
heart sounds. This low-cost device is easily available in any phar-
macy. We  study time and frequency resolution of all murmurs
using fast Fourier transform and short-time Fourier transform.
Using these digital processing techniques, we have calculated a
cutoff range to filter the signal, which we  then normalize.

3) We  design a classification model using Mel-Frequency Cepstral
Coefficient (MFCC) and Hidden Markov Model (HMM)  to detect
normal heart sound and 13 types of heart murmurs. The model
also works with split detection technique to determine the split
intervals. Our classification model is built based on frequency
features extracted using MFCC. The model has 4 systolic HMMs
and 4 diastolic HMMs.  We  also use the auscultation area to iden-
tify certain murmurs.

4) We  have designed a heart-sound application using a smart-
phone, and here we  show our software and the graphical user
interface’s overall architecture. This software records and ana-
lyzes cardiac sounds and generates graphs, audio, and electronic
medical records. As this application generates electronic medi-
cal records, we  use an elliptic-curve integrated scheme to secure
data while sharing information with a physician. The details of
the mechanism for securing the data has been presented in a
different paper [78].

The rest of this paper is organized as follows. We  provide a brief
description of the heart and its sounds in Section II, explaining the
origin of normal and abnormal heart sounds with the heart valve’s
movement. The pattern of each murmur and its corresponding aus-
cultation are also discussed here. We  focus on preprocessing the
recorded heart sounds in Section III for accurate split calculation
and classification in later sections. In Section IV, we  provide our
methodology of identifying and measuring split intervals in the
heart sounds. In Section V, we present the classification model used
to determine split intervals and to detect normal heart sound and
13 types of heart murmurs. We  outline the software design of the
heart sound application using a smartphone in Section VI. Finally,
Section VII concludes the paper.

2. The heart

2.1. Heart sounds and murmurs

Heart valves’ movements create audible sounds, usually
described as “lub-dub.” The “lub” sound, also known as the first
heart sound (S1), is heard when the mitral (M1) and tricuspid (T1)
valves close. The M1  closure precedes T1 closure by 20–30 ms.  As
the left ventricle contracts first, the M1  component occurs earlier
than the T1 component. An S1 split (the delay between M1 and
T1) has a typical duration of 100–200 ms  [9]. Its frequency compo-
nents lie in the range of 40–200 Hz [9,10]. An S1 split is considered
pathological if the delay time is above 30 ms  [7–9].

“Dub”, the second heart sound (S2), occurs when the aortic (A2)
and pulmonary (P2) valves shut. S2 has a shorter duration and
higher frequency (range of 50–250 Hz) than S1 [7,10]. Aortic pres-
sure is superior to pulmonary pressure causing the A2 component
to appear before P2. Analysis of the split and the relative intensi-

ties of A2 and P2 can identify the presence of cardiac abnormalities
such as pulmonary stenosis and atrial septal defect. During deep
inspiration, the interval between A2 and P2 prolongs, resulting in
wide splitting. On expiration, the delay is less than 30 ms  [7–9].
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imilar to S1 split, if the interval is above 30 ms,  it is considered as
 pathological case.

Other than “lub-dub”, there are other heart sounds such as
urmurs. Murmurs, both normal and pathological, are a series of

ibrations generated due to the turbulence of blood flow in the
eart. Normal murmurs, also called “innocent” or flow murmurs,
ccur commonly in infants, children, women during pregnancy,
nd adults after exercise [11,12]. This murmur occurs during
he first heart sound. Abnormal murmurs indicate a heart valve
efect such as stenosis (constricted heart valves) and regurgita-
ion (leaking heart valves) [7,13,14]. Murmurs, which often do
ot carry symptoms, are mostly discovered through a stetho-
cope exam, phonocardiography, or echocardiography. However,

 chronic cough, chest pain, and shortness of breath may  indicate
 heart problem.

Murmurs are categorized as systolic, diastolic, and continuous.
ystolic murmurs are heard during systole when the ventricles
ontract. The systolic murmur appears between first and second
eart sounds. A physician can evaluate them as either ejection mur-
urs (aortic stenosis, pulmonary stenosis, or atrial septal defect) or

egurgitant murmurs (mitral regurgitation, tricuspid regurgitation,
itral valve prolapse, or ventricular septal defect) [7,14–16].

Diastolic murmurs are heard during diastole (following systole),
hen the ventricles relax. These murmurs, which appear between

he second and first heart sound, can be diagnosed as either early
iastolic (aortic regurgitation or pulmonary regurgitation) or mid-
iastolic (mitral stenosis or tricuspid stenosis) [7,14–16].

Patent ductus arteriosus is a continuous murmur the physi-
ian hears throughout systole and diastole. Often, the second heart
ound is difficult to detect. The patent ductus arteriosus murmur is

 heart defect wherein the blood vessel connecting the pulmonary
rtery and aorta does not close a couple days after birth, leading to
bnormal blood flow in two major blood vessels.

.2. Heart sounds diagnosis tests

Cardiac auscultation, the act of listening to heart sounds, usu-
lly through a stethoscope, provides the primary tool for first-stage
ardiovascular evaluation used by medical practitioners and emer-
ency responders. However, this method does not provide a
edical record. Besides, the interpretation of heart sounds is sub-

ective and depends on the skills of the health professional.

. Signal preprocessing

In this section, we describe how heart signals are amplified
nd denoised for accurate split detection. Electronic stethoscopes
esemble traditional stethoscopes, but have a microprocessor, a
attery, and signal-processing capability. Currently available elec-
ronic stethoscopes in the market are the WELCH-Allyn Elite
tethoscope [34], Jabes electronic stethoscope [35], 3 M Littmann
lectronic stethoscope [36], Thinklabs One digital stethoscope [5],
nd Eko Core digital stethoscope [3]. The latter three come with
oftware that enables the user to record, view, share, and save heart
ounds. Eko Core and Thinklabs are the only digital stethoscopes to
ork with a smartphone application. Although electronic stetho-

copes can work with computers and smartphones, the current
echnology does not analyze and determine the type of heart sound.
lectronic stethoscopes still require a medical doctor to diagnose
he sound. Many low-resource regions lack qualified physicians and

he costs of a physician visit may  be beyond their patient’s capabili-
ies. Furthermore, these electronic stethoscopes are costly, ranging
rom $199–$499, a cost that might be prohibitive in a region with
ew resources. We  present here a low-cost smartphone application
Fig. 1. Smartphone setup with a customized external microphone.

that is able to preprocess heart sounds locally without the help of
an external resource and transmit them to a specialist remotely.

FFT was the first technique used for analysis of heart sounds
[37,38]. El-Segaier et al. [39] developed a digital algorithm using
STFT (Short-Time Fourier Transform) to analyze first and second
heart sounds and characterize the systolic murmur. Djebbari et al.
[40] analyzed phonocardiogram signals using STFT to measure car-
diac cycle durations and characterize each heart sound’s spectral
frequency. In [73], the authors propose a correlation-based pattern
classifier, which they use to differentiate the heart sounds from the
S3 split. We  have briefly discussed the S3 split in Section IV.

Wavelet transform methods have also been used to study the
heart sound’s behavior. This signal processing technique has been
used to extract feature vectors to categorize heart sounds [41]
and denoise the signals [42]. The technique has also been used to
decompose and reconstruct the signal using only the most rele-
vant frequency range [43]. These relevant studies each use complex
mathematical models such that implementing the models requires
processors with high computation power.

3.1. Setup of smartphone for recording heart sound
Collecting heart sounds data with a smartphone requires a
customized external microphone connected to a smartphone.
Our setup as shown in Fig. 1 [46] has been used in other
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Table 1
Frequency Range For Each Type of Cardiac Signal Obtained By Taking FFT and STFT
[48] of A Normal (First and Second sound) and 13 Abnormal Cardiac Signals.

Cardiac Signal Minimum
Frequency (Hz)

Maximum
Frequency (Hz)

First heart sound 100 200
Second heart sound 50 250
Aortic regurgitation 60 380
Pulmonary regurgitation 90 150
Aortic stenosis 100 450
Pulmonary stenosis 150 400
Atrial septal defect 60 200
Ventricular septal defect 50 180
Mitral regurgitation 60 400
Tricuspid Regurgitation 90 400
Mitral Stenosis 45 90
Tricuspid stenosis 90 400
Mitral valve prolapse 45 90
Patent ductus arteriosus 90 140
Flow murmur 85 300
16 S.R. Thiyagaraja et al. / Biomedical Sign

esearch [44,45]. The microphone’s design consists of an acoustic
tethoscope diaphragm, a hollow tube, a 3.5 mm mini-plug con-
enser microphone with frequency response 50–18,000 Hz, and a
.5 mm microphone adapter for mobile phones. The stethoscope
iaphragm and the hollow tube are attached to the microphone.
he microphone is attached to the adapter, which acts as a sensor
o record heart sounds. The cost of the instrument and material
s $30, considerably less expensive than other solutions commer-
ially available for similar purpose. (A cost comparison with other
vailable products is presented in the Appendix Table A.2.)

.2. Detection of first and second heart sound

The stethoscope diaphragm is placed on one of the four auscul-
ation areas to record heart sounds. The audio data is formatted to

 kHz sample rate and pulse-code modulation (PCM) of 16 bits per
ample. Next, the recorder pulls the audio data from the micro-
hone sensor. The FFT algorithm converts the raw PCM data to

ts discrete Fourier transform to identify frequency domains. We
dentify S1 and S2 using a peak detection method. We  perform the
ransformation to frequency domain on multiple small segments
f PCM data as computations will be faster on small data amounts.

n the peak detection module, since S1 and S2 are in the range of
0 Hz to 200 Hz, we can easily detect S1 and S2 peaks. Once the
eaks are detected, we use the peak-selection method to select the
ppropriate heart sound signals for classification.

Our peak detection method may  detect noisy peaks between the
riginal heart sound signals. According to our observations, the rub-
ing sound of the device’s diaphragm with the chest occasionally
ppears as noise. To eliminate such peaks and other heart sound
ignals where we do not have the required signals, we  use peak
election. Algorithm 1 shows our implementation of this method.
bservation with heart sounds from different patients has shown

hat the timestamp difference between S1 and S2 ranges from 250
o 350 ms  and the timestamp difference between S2 and the next
1 ranges from 350 to 800 ms.  Based on this observation, we select
he peaks that fit within this range.

.3. Noise reduction and signal amplification

The presence of noise in any signal makes it difficult to extract
seful information from it. Therefore, it is important to remove
oise artifacts from the recorded signal to retain the information
bout S1, S2, and murmurs. As the frequency characteristics of heart
ounds need to be studied, we perform two forms of frequency
nalysis. Each type of heart sound falls within a certain range of
requencies.

In previous work [48], 14 heart signals (1 normal including first
nd second heart sounds and 13 abnormal) were analyzed using
ourier transform techniques. A discussion of the frequency spec-
rum of each of the 14 heart sounds is discussed in detail in [48].
ue to limited space, we have summarized the frequency range in
able 1. Most frequency ranges overlap, which provides an advan-
age of setting one threshold value to eliminate high-frequency,
edundant data without compromising every heart sound’s fre-
uency content.

We  find filtering a simple and effective way  to retain
ow-frequency data by suppressing unwanted high-frequency
omponents unrelated to the heart sounds such as noise artifacts
hat include signal spikes and bursts. Zhang et al. [49] uses a But-
erworth low-pass filter to limit the frequency of a recorded signal.
he Butterworth filter is designed to have a maximum flat fre-

uency response with no ripples in the pass-band and zero roll-off
esponse in the stop-band [50,51]. Butterworth filters are mostly
sed as an anti-aliasing filter in data converter applications, audio
pplications, and digital filters for motion analysis.
Fig. 2. Normal Heart Sound and its Corresponding Filtered Signal.

A Butterworth filter with a cutoff frequency at 450 Hz was
designed to attenuate the signals with frequency higher than
450 Hz. Fig. 2 shows an example of a normal heart-sound audio
signal and its filtered form. This signal is being recorded with the
user being still and quiet, and breathing normally. The signal in
cyan color is the heart sound recorded using the setup shown in
Fig. 1. The signal in red color is the filtered signal. Fig. 3 provides an
example of a recorded heart sound with the user creating small
movements such as moving chest and arms. The filtered signal
shows that the noise artifacts are removed and the original signal
is smoothened.

Some electronic stethoscopes come with playback capabilities
in which the recorded signals are preprocessed and amplified so
the user can hear a clean, louder heart sound. We  also implemented
this feature in our smartphone application. As mentioned earlier,
we digitize the audio signal data into 16 bits using PCM. Initially,
each data point has an integer value. When we feed this data to
a low-pass filter, the filtered data contains floating points due to
a frequency response computation. Furthermore, each recorded
signal has a different amplitude range. For example, in Fig. 2, the fil-
tered signal has a range of −144.9 dB to 43.74 dB while in Fig. 3, the
filtered signal has an amplitude range of −60.36 dB to −15.41 dB.

Hence, we  must equalize the recorded signals to the same ampli-
tude range and generate the same quality of audio playback. To do
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Fig. 3. Normal heart sound with the user creating noise artifacts (moving his chest
and arms) and its corresponding filtered signal using Butterworth filter.
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A cardiac cycle shown in Fig. 6 contains a pair of heart sounds
ig. 4. Different lengths of stethoscope tubes used for testing the impact of the
ength on the quality of heart sounds.

his, we first amplify the filtered signal using the following equa-
ion:

(t) = x (t) −  �

�
(1)

here x (t) is the filtered signal, � is the mean of the filtered signal,
nd � is the standard deviation of the filtered signal.

Then, we normalize the amplified signal to have an amplitude
ange of 0–1 using the following equation:

(t) = X (t) − min (X (t))
max (X (t) − min [X (t)])

(2)

The Android media library [4] has an audio application program
nterface for audio playback. It allows the streaming of PCM audio
uffers to the smartphone speaker. This normalized signal will be
sed as audio playback, visualization on the smartphone screen,
nd heart sound classification. If the data is formatted in floating
oints, the amplitude range has to be from −1.0 to 1.0. Normaliza-
ion of the filtered audio signal takes care of this issue.

It is also important to determine that the design of the device

oes not compromise the quality of recorded signals. In particu-

ar, we are interested in the impact the length of the stethoscope.
herefore, we perform signal recording using different length of
ubes (as shown in Fig. 4). Upon testing, we witnessed no issues
essing and Control 45 (2018) 313–324 317

with impedance mismatch, and the length of the tube did not
impact the quality of the heart sounds.

4. Splits in heart sound

Normal splitting or physiological splitting occurs in normal indi-
viduals during deep inhalation. The split occurs due to delayed
closure of P2. This interval narrows during expiration where only
a single sound is heard. This is considered as a normal case. Persis-
tent splitting occurs when A2 and P2 can be heard as two sounds.
Splitting is audible during inhalation and expiration caused by early
closure of A2 or by delayed closure of P2 with a significant variation
in the time interval.

Initially, the split in heart sound is detected using ausculta-
tion methods such as subjective hearing, phonocardiograph, and
electrocardiograph [17–22]. However, the signal analysis depends
on a medical practitioner’s interpretation. Also, the split lies in
a milliseconds range. Hence, it is difficult to quantify the heart
sound properties using these methods. Thus, digital signal pro-
cessing tools increase our ability to reliably diagnose heart sounds.
Among several signal processing methods available, wavelet trans-
form methods have been proven to be able to extract features from
the heart sounds [23–25].

Continuous monitoring and analysis of heart sounds can pro-
vide a detailed documentation of cardiac events and improve
health management. Therefore, a physician’s ability to monitor
heart sounds remotely, outside the hospital environment, is crit-
ical to improved medical care. Attempts have been made to create
portable devices to measure heart sounds. In-home monitoring of
heart sounds has been proposed by Mendoza et al. [26] and Zhing-
wei et al. [27]. A low-cost wearable, battery-free tag for monitoring
heart sounds was developed by Mandal et al. [28].

In this section, we describe a mobile phone based S1 and S2 anal-
ysis for split detection and monitoring using a low-cost, customized
microphone attached to a stethoscope. The detection consists of
three phases. First, the heart sounds are recorded using a cus-
tomized stethoscope. Second, the audio signals are processed using
wavelet transforms and the four components of the heart sounds
– aortic, pulmonic, mitral, and tricuspid – are identified. In the last
phase, we calculate the intervals between each component of the
two heart sounds.

One other sound, S3, may  exist in some patients [47]. While
uncertainty exists regarding the sound’s geneses, when heard with
the patients over 40, physicians have long regarded its presence as a
sign of ventricular dysfunction. Additionally, S3 correlates highly to
decreased cardiac output, reduced ejection fraction, and to elevated
end-diastolic pressures that are most common in heart failure.
However, we have not considered this sound for our study though
it may  be added as a future work.

We  have used Discrete Wavelet Transform (DWT) using the
Daubechies 2 (db2) wavelet to decompose the heart signal into
approximation and detailed coefficients. The approximation coeffi-
cients are iteratively filtered to increase frequency resolution. Once
a desired level of resolution is achieved, the approximation coeffi-
cients are reconstructed to the original scale by up-sampling. This
signal will now contain low frequency information with all of the
high frequency data, such as noise artifacts, removed.

An automated program of measuring the split in heart sounds
was developed using Java to run on the Android platform. The
flowchart of the automation is show in Fig. 5.
– S1 and S2. Once identified, these two  signals are fed into the
algorithm separately to analyze the split interval. First, the S1 is
processed, followed by the S2.
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Fig. 5. Flow chart of identification and automatic measure of the split in first and
second heart sounds.
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Fig. 7. An example of an abnormal cardiac cycle containing normal first heart sound
(S1) and split second heart sound (S2).

Fig. 8. Approximation coefficients after five levels of multilevel wavelet decompo-
sition of S1 from Fig. 7.

Fig. 9. Approximation signal after five levels of multilevel wavelet decomposition
of  S2 from Fig. 7.
ig. 6. A normal cardiac cycle containing first (S1) and second (S2) heart sounds.

.1. Localization of components

The signals are sampled at 8 kHz. A 5-level wavelet decomposi-
ion is applied on the signals. The final approximation coefficients
btained from the final level of decomposition will be in the range
f 0 Hz to 250 Hz.

In Fig. 7, an example of a cardiac signal with S2 split is shown.
his cardiac signal is separated into S1 with length of 1889 sam-
les and S2 with length of 4155 samples. Five levels of successive
avelet transform is performed on the S1 and S2 signals of Fig. 7.

he approximation coefficients obtained are respectively shown in
igs. 8 and 9.
These approximation coefficients are then up-sampled to 8 kHz
o obtain the original length of the signal, as shown in Fig. 10.

A Continuous Wavelet Transform (CWT) is applied to the recon-
tructed signal with a scale parameter of 1–500. The scalogram of

Fig. 10. Reconstruction of approximation coefficients to the original sample length
by  up-sampling low frequency approximation coefficients of (a) S1 from Fig. 8 and
(b)  S2 from Fig. 9.
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Fig. 11. Three-dimensional plot of the continuous wavelet transform coefficients
obtained from Fig. 9, the color bar indicates the percentage of energy for each
wavelet coefficient (a) For S1 (b) For S2.
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Table 2
15 Normal and 28 Abnormal Heart Sounds [29–33] used for automated measuring
of  Split.

Types of Cardiac Signals No of cardiac signals Contains split?

Normal 15 No
S1  split 2 Yes, S1
S2  split during inspiration 2 Yes, S2
S2  split with persistent splitting 3 Yes, S2
Wide S2 Split 3 Yes, S2
Paradoxical S2 split 2 Yes, S2
S1  split and S2 split 1 Yes, S1 and S2
Atrial septal defect 3 Yes, S2
Ventricular septal defect 3 Yes, S2
Mitral stenosis 3 No
ig. 12. Cross section of the three-dimensional signal in Fig. 10 (a) S1 with M1
located at 899) and T1 (located at 990); (b) S2 with A2 (located at 1346) and P2
located at 1859).

he CWT  coefficients in three-dimensions is shown in Fig. 11. Dark
lue and yellow represent the low and high percentage of energy,
espectively. This range of colors indicates the percentage of energy
hat exists in each wavelet coefficient.

The cross-section of a three-dimensional graph of Fig. 11 is
hown in Fig. 12. To create Fig. 12, we look at the two-dimensional
calogram [48] that shows the percentage of energy for each sam-
le. Since the opening and closing of heart valves produce the

ighest amount of energy, the row with the highest percentage
alue will be chosen as the cross-section of the scalogram. For the
1 signal in Fig. 10(a), M1  is located at sample 899 and T1 at sample
90. For the S2 signal in Fig. 10(b), A2 is located at sample 1346
Pulmonary stenosis 3 Yes, S2
Aortic stenosis 3 No

and P2 at sample 1859. In Section IV − B, we will use these sample
locations to calculate the time difference between the two samples
and then use it to determine the presence of split in heart sounds.

4.2. Split calculation

Once the two  components of a heart sound is detected, the time
interval between is calculated using the following equations:

S1 split = | Location ofT1 − Location ofM1
sampling frequency

|  (3)

S2 split = | Location ofP2 − Location ofA2
sampling frequency

|  (4)

Since locations of components are in a number of samples, the
difference in the number of samples has to be divided by the sam-
pling frequency to obtain the interval in number of seconds. From
Fig. 12, the time interval between M1  and T1 for the cardiac sig-
nal of Fig. 8 is 11 milliseconds. Since the time interval is less than
30 milliseconds, this cardiac signal has a normal S1. However, the
time delay between A2 and P2 is 64 milliseconds—or abnormal.
Therefore, S2 has a split.

This automation technique was tested on 15 healthy individu-
als and 28 individuals with abnormal heart sounds obtained from
online databases [29–33]. Table 2 lists the types of signals used
for validating the automation. A wide variety of heart sounds have
been included for the split detection.

Table 3 shows the calculated split intervals of a selected signals
from Table 2. We  have presented the mean and standard deviations
for the heart signals from Table 2. The presence or absence of split is
determined from these measured values. As we can see, our system
can correctly detect the presence or absence of split in heart signals.

5. Classification of heart sounds

In this section, we describe our classification model that directly
classifies processed heart sound signal as explained in Sections III
and IV.

The process of automatic diagnosis of valvular heart disease
started more than 50 years ago. Gerbag et al. [52] proposed an
automation technique using a threshold-based method to classify
phonocardiogram data. More recently, machine learning tools such
as Support Vector Machine (SVM), Artificial Neural Network (ANN),
and HMM  have been used to classify heart sounds. ANN was one
of the first widely used approaches to classify heart sounds [53].
Homomorphic filtering and k-means clustering are also used as

feature extraction techniques with ANN to classify heart sounds
into normal, systolic murmurs, and diastolic murmurs [55]. ANN
was also used to screen innocent and pathological cases in children
[56]. Turkoglu et al. [54] used wavelet entropy and STFT to extract
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Table 3
Calculated Split intervals of A Sample Cardiac Signals From Each Type in Table 2.

Cardiac
Signal

Mean (ms) Standard Deviation (ms)

S1
Split Interval

S2
Split Interval

S1
Split Interval

S2
Split Interval

Split Detected?

Normal 11.69 12.61 8.90 10.27 No
S1  split 55.96 17.99 15.46 17.27 Yes, S1
S2  split during inspiration 7.50 78.36 3.09 61.40 Yes, S2
S2  split withpersistent splitting 9.47 65.98 9.76 18.04 Yes, S2
Wide  S2 split 5.30 124.57 1.97 19.01 Yes, S2
Paradoxical S2 split 12.09 73.40 2.25 9.79 Yes, S2
S1  split and S2 split 45.36 70.25 – – Yes, S1 and S2
Atrial  septal defect 9.90 65.96 8.23 29.61 Yes, S2
Ventricular septal defect 6.62 76.24 7.00 10.73 Yes, S2

4.22 11.04 No
3.35 13.51 Yes, S2
11.48 22.06 No
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Table 4
List of Murmurs used For The Presented Classification Model.

Systolic Murmurs Diastolic Murmurs Continuous Murmur

1. Aortic stenosis 9. Aortic regurgitation 13. Patent ductus arteriosus
2.  Pulmonic stenosis 10. Pulmonic regurgitation
3.  Mitral regurgitation 11. Mitral stenosis
4.  Tricuspid regurgitation 12. Tricuspid stenosis
5.  Mitral valve prolapse
6. Atrial septal defect
7. Ventricular septal defect
8. Flow murmur

Table 5
Heart Sound Types and Number of Training and Test Data Obtained From
[29–33,72,79].

Heart Sounds Training Data Test Data

Normal (N) 27 26
Aortic stenosis (AS) 23 22
Pulmonic stenosis (PS) 17 16
Mitral regurgitation (MR) 19 14
Tricuspid regurgitation (TR) 15 14
Mitral valve prolapse (MVP) 16 16
Atrial septal defect (ASD) 8 8
Ventricular septal defect (VSD) 7 7
Flow murmur (FM) 5 4
Aortic regurgitation (AR) 19 15
Pulmonic regurgitation (PR) 12 8
Mitral stenosis (MS) 21 15
Tricuspid stenosis (TS) 17 17
Mitral stenosis 10.57 14.19 

Pulmonary stenosis 9.95 59.22 

Aortic  stenosis 11.38 16.70 

eatures of heart sound and classify them into normal and abnormal
ases.

Support Vector Machine (SVM) is another machine learning
ethod used to classify heart sounds. Within SVM, Wu  et al. [57]

rst use wavelet transform to extract the characteristics of PCG sig-
als; then, they classify their results as normal, mitral stenosis, or
itral regurgitation. In another early attempt, Samjin et al. [58]

ropose a spectral analysis method using a normalized autoregres-
ive power spectral density curve along with SVM to classify normal
nd 6 abnormal cases.

HMM  is another notable method which has been proven to
e effective for modeling heart sounds [59,60]. The combination
f MFCC and HMM  is more popular in classifying the heart mur-
urs [61–63]. This approach was first used in speech recognition

64–66].
One of the primary issues with the current studies in heart sound

lassification is data selection. These studies are limited as they
ften have difficulty in distinguishing between normal, abnormal
ases, and murmur types. Furthermore, the heart sound recordings
sed do not contain any noise artifacts. We  have used a combination
f MFCC and HMM to design our classification model to increase our
bility to distinguish between normal and abnormal heart sounds
s well as to be able to identify a larger variety of murmurs. We
elected this technique because of its ease of implementation in
eal time classification and because we would still be able to extract
pectral features of a variety of heart murmurs.

Elmahdy et al. [74] have also built a classification model using
MM  and MFCC coefficients as features for improved recognition of
eart murmur. Chen et al. [75] use deep neural networks by k-mean
lustering of MFCC features of heart sounds signals to recognize S1
nd S2 heart sounds. Karar et al. [77] use a classification tree method
o classify heart sounds into one normal and three abnormal cases

 aortic valve stenosis, aortic insufficient, and ventricular septum
efect.

In this study, we use 16 types of heart sounds (1 normal heart
ound, S1 split, S2 split, and 13 murmurs) to build and test a classi-
cation system in a smartphone. (The types of heart murmurs that
re used in this study are shown in Table 4.)

.1. Data collection

The heart sounds were collected from online sources [29–33]
nd Dr. Daniel Mason’s CDs, which contain a comprehensive col-
ection of heart sounds [72]. The amount of training and test data

or each type of heart sound is shown in Table 5. We  added Gaus-
ian white noise to test data to simulate a real-time signal. We
reprocessed these test data as explained in Section IV before we

ed them into our classification model. Since signals were recorded
Patent ductus arteriosus (PDA) 17 17
Total 223 199

with different sampling rates, we first down sampled to 8 kHz and
normalized. (We  selected 8 kHz for the sampling rate because the
live audio recorded from our customized external microphone was
sampled at this rate.) Next, we  extracted features of the signals
using MFCC and used the training data to train the HMMs with a
forward-backward algorithm.

5.2. Classification model

Mel-frequency Cepstral Coefficient (MFCC), a highly popular
method used in extracting features in automatic speech recog-
nition, allows identification of audio signal components such as
frequency and energy intensity while discarding redundant data
such as noise artifacts. MFCC, first introduced by Bridle and Brown
in 1974 [67], resembles the human auditory system. Mel scale is a

logarithmic scale because human perception of frequency contents
is non-linear. Since heart sounds are also heard by humans, MFCC
becomes a good candidate algorithm to extract features of the heart
sounds.
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Table 6
Accuracy of classification model with all possible combinations of Hmm  States,
Frame Size and No. of MFCCs.

HMM
states

Frame size
(samples)

No. of MFCCs

8 12 16

2 128 85.09 82.61 85.09
2  256 84.47 86.96 78.26
2  512 92.52 84.47 87.58
3  128 79.50 85.09 81.37
3  256 91.30 85.09 88.82
3  512 80.75 80.75 75.78
4  128 83.85 78.88 81.37
4  256 85.71 85.09 86.34
4  512 80.12 79.50 78.26

Table 7
Accuracy in classifying each type of heart sounds from Table 5.

Heart sounds Accuracy Accuracy without
Auscultation area

Normal (N) 76.92 61.53
Aortic stenosis (AS) 72.72 45.45
Pulmonic stenosis (PS) 81.25 43.75
Mitral regurgitation (MR) 78.57 35.71
Tricuspid regurgitation (TR) 71.42 27.27
Mitral valve prolapse (MVP) 100.00 81.25
Atrial septal defect (ASD) 87.50 –
Ventricular septal defect (VSD) 100.00 –
Flow murmur (FM) 75.00 50
Aortic regurgitation (AR) 66.66 26.66
Pulmonic regurgitation (PR) 80.00 50.00
Mitral stenosis (MS) 86.66 73.68
Tricuspid stenosis (TS) 100 88.23
Patent ductus arteriosus (PDA) 88.24 47.05

Table 8
Number of heart sounds classified as normal or abnormal from test data in Table 5.

Input Results

Normal Abnormal Correctly Classified
S.R. Thiyagaraja et al. / Biomedical Sign

A Hidden Markov model is a Markov process in which the sys-
em has hidden discrete states. The model also provides transition
robabilities of moving from one state to another. In this system, a
equence of emissions is observed without knowing the sequence
f the hidden states or whether there is a one-to-one correspon-
ence between the emission and the hidden state [68–71]. To
ompute the maximum likelihood estimates for the HMM  param-
ters, the forward-backward algorithm is used. HMM is commonly
sed in pattern recognition or as a classification tool in automatic
peech recognition and gesture recognition.

Our classification model is built with 8 HMMs:  normal sys-
olic, midsystolic, late systolic, holosystolic, normal diastolic, early
iastolic, mid/late diastolic, and holodiastolic, where the first four
odels are systolic murmur models and the latter four are diastolic
urmur models.

The following list shows how each murmur is associated with a
odel:

ASD-midsystolic and split detected in S2.
AS/PS- midsystolic and normal diastolic.
MVP-late systolic and normal diastolic.
FM-late systolic and normal diastolic.
MR/TR-holosystolic and normal diastolic.
N-normal systolic and normal diastolic.
VSD-holosystolic and split detected in S2.
AR/PR-normal systolic and early diastolic.
MS/TS −normal systolic and mid/late diastolic.
PDA-holosystolic and holodiastolic.

After training the HMMs,  we use the test data results from
able 5 to validate our classifier. In this initial step the normal-

zed heart sound is segmented into first (S1) and second (S2) heart
ounds. Next, we feed the S1 into systolic murmur models and the
2 into diastolic murmur models. Next, our computational model
alculates the likelihood of each model. Finally, our model classifies
he heart sound based on the maximum likelihood of systolic and
iastolic murmurs.

The maximum likelihood estimate may  sometimes lead to two
lassified signals. For example, maximum likelihood in midsystolic
nd normal diastolic leads to AS and PS. To distinguish between
he two, the auscultation area is used for further classification. For
xample, for AS the auscultation point is the aortic area whereas
or PS the auscultation point is the pulmonic area. Depending on

hich auscultation point was used to acquire the heart sound, the
ignal can be correctly classified.

.3. Accuracy of the classification model

The classification model used for this study is associated with
everal parameters such as number of states in HMMs,  frame size of
he signal while extracting the Mel-frequency Cepstral Coefficient
MFCC), and number of MFCCs used per frame. For the purpose of
xtensive testing, these parameters were varied with all possible
ombinations as follows:

. States of each Hidden Markov Model (HMM): 2, 3, and 4.

. Frame size of a signal (number of samples used in one frame):
128, 256, and 512.

. Number of MFCCs picked per frame: 8, 12, and 16.

The accuracy of our classification model with various combina-

ions of parameters is shown in Table 6. From the table, HMM  with

 states, frame size of 512 samples and 8 MFCCs per frame is the
est combination with an accuracy of 92.52%, the highest in the
able.
Normal 20 6 76.92%
Abnormal 2 171 98.84%

Another problem that must be addressed is accurately iden-
tifying whether a murmur is normal or life-threatening. As with
abnormal heart valve movement, murmurs can be difficult to iden-
tify, complicated by the wide variance in types. Our model needed
to accurately identify not only that the murmur occurs, but also
what type it might be so physicians can determine necessary
actions. The accuracy for each murmur is shown in Table 7. The
number of available patients with murmurs such as ASD, VSD, FM,
and PR is low and, thus, we  do not have as many samples as we have
for the other murmurs. Nevertheless, we have been able to achieve
good accuracy overall across all murmurs as shown in Table 8. In
Table 8, a confusion matrix is shown, which classifies heart sounds
as normal or abnormal. The abnormal heart sounds include all the
heart murmurs. 20 out of 26 normal heart sounds and 171 out
of 173 abnormal heart sounds were correctly classified. As shown
in the table, the probability of incorrectly classifying an abnormal
heart sound as normal is very low (i.e., false negatives accounted
for only 1.16%). This demonstrates the high overall accuracy of the
presented system.

6. Software design of heart sound application
In this section, we  describe the mobile application software that
implements the methodologies described in Sections III, IV, and V
for detection and classification of heart sounds.
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Fig. 14. Screenshot of live record of heart sounds.
Fig. 13. High level architecture of the heart sound application.

The heart sounds software (App) is smartphone software to
ecord and analyze heart sounds. It provides a low-cost, portable
olution to remotely monitor the functioning of a heart. Using the
pp requires an external customized microphone and a smart-
hone with an Android 5.0 and above operating system. The
xternal microphone requires a 3.5 mm adapter for mobile phone,
0–18000 Hz frequency response, −54 dB sensitivity, 1000 ohm

mpedance, and an analog stethoscope. Using this application, the
sers can (i) record, (ii) localize, (iii) view, (iv) listen to, (v) classify,
vi) detect split in, (vii) generate electronic records of heart sounds,
nd (viii) share electronic medical records.

.1. Software design

The high-level architecture of the application is shown in Fig. 13.
Once the Start button is pressed, the heart sound starts appear-

ng on the screen. When the Record button is pressed, the
icrophone starts recording the heart sounds from the stetho-

cope. The recording automatically stops after 10 s and the recorded
ignal is made available for analysis on the results screen. A sam-
le recording is shown in Fig. 14. The blue signal represents the

ive audio signal being recorded while the green dots represent the
otential S1 or S2 peaks.

The App selects the best S1–S2 pairs from the whole record-
ng based on the peak selection method (discussed in Algorithm 1)
or further analysis. The signals are simultaneously used for split
alculation and filtering as explained in earlier sections.

After the signals are processed, the results are displayed as
hown in Fig. 15. The user interface of the results has two  sec-
ions. The upper section displays a visualization of the analyzed
eart sounds. The displayed signal is segmented into two parts—S1

n pink and S2 in red. Blue indicates other signals that were not
elected for analysis. The x-axis is time in milliseconds while the
-axis is the normalized amplitude. The lower section shows the
nitial diagnosis of the signal with details such as patient’s name,
nd date and time of the recording, along with the auscultation area
elected by the user. Next, the screen’s table shows all the selected
ignals along with their split timings and the classification result.

he results of split calculation are displayed in milliseconds. If the
plit(s) is/are more than 30 ms,  the App will indicate the presence
f a split in the first and/or second heart sound. Finally, the result of
he classification is displayed. As shown in Fig. 15, the Share button
Fig. 15. Screenshot showing Detection of S1 and S2.

will produce an electronic record of the heart sound that can be
shared with medical practitioners via e-mail, while the Play button
replays a filtered and amplified audio signal for the user.

A video demonstrating the presented system is available at https://
youtu.be/4chBot2IrVY. This video shows the use of the modified
stethoscope to record heart sounds and the user-interface of the soft-
ware in a smartphone to process and classify the recorded heart sounds.
6.2. Performance analysis

To analyze the App performance, heart sounds are collected
from patients visiting the clinic at UT Southwestern, Dallas. The

https://youtu.be/4chBot2IrVY
https://youtu.be/4chBot2IrVY
https://youtu.be/4chBot2IrVY
https://youtu.be/4chBot2IrVY


S.R. Thiyagaraja et al. / Biomedical Signal Proc

Table  9
Accuracy of Heart Sounds collected from Clinical Trials of Patients at UT Southwest-
ern, Dallas.

Heart sounds Accuracy (%)

Normal 76.19
S2 Split 83.33
Aortic stenosis 68.00
Mitral regurgitation 75.00
Flow murmur 87.00
Aortic regurgitation 66.00

Table 10
Number of heart sounds from Table 9 correctly identified as normal or abnormal
case.

Input Results

Normal Abnormal Correctly Classified
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Normal 21 5 80.76%
Abnormal 3 38 92.68%

lassification accuracy results obtained with the available data are
hown in Table 9. Sufficient data was not available for some types
f murmurs. The test data can be segmented into 21 normal and 41
bnormal heart sounds. The classification of normal and abnormal
eart sounds is shown in Table 10.

. Conclusion and future work

In this paper, we have presented a detailed description of a
martphone-based electronic stethoscope that can record, pro-
ess, and identify 16 types of heart sounds. The presented solution
s portable, low-cost, and does not need a highly trained med-
cal practitioner to operate. Therefore, this system will have
ncredible application as an initial diagnosis tool in non-hospital
nvironments such as homecare, rural areas, and urban clinics. Fur-
hermore, as shown in the results, our method is very accurate and
eliable in the detection of abnormal murmurs in heart sounds.

A comparison of our system with previous studies and existing
roducts (Appendix: Table A.1 and Table A.2) shows that our sys-
em can detect and classify more types of heart sounds than any
ther previously published work. Also, our system is one of only
wo systems built on the smartphone platform, making it more
ortable and easy to use. Furthermore, our sample size for test-

ng is one of the highest, making our presented data more reliable.
ompared to other commercial products, our system is a low-cost,
ortable, and efficient solution, with visualization and playback fea-
ures not available in all products. Furthermore, our system can
rovide instant and accurate classification of heart sound that is
ot available with most other available products.

Future work focuses on enhancing the current model to detect
ore abnormal heart sounds such as open snap, gallops, and atrial

brillations. The model can also be improved to detect multiple
urmurs per heart sound. Similar methodologies can also be used

o detect more body sounds such as from lungs and bruits. In this
tudy, due to the source of collected data samples, results are biased
owards the local Dallas, TX population. We  propose analyzing a
ider variety of data collected from a worldwide population to

rain the classification model that will make this an excellent initial
creening tool that can be used reliably throughout the world.
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60] R. Saraç oğlu, Hidden Markov Model-based classification of heart valve disease
with PCA for dimension reduction, Eng. Appl. Artif. Intell. 25 (7) (2012)
1523–1528.

61] S. Chauhan, P. Wang, C.S. Lim, V. Anantharaman, A computer-aided
MFCC-based HMM system for automatic auscultation, Comput. Biol. Med. 38
(2)  (2008) 221–233.

62] L. Zhong, J. Wan, Z. Huang, G. Cao, B. Xiao, Heart murmur recognition based on
hidden markov model, J. Signal Inf. Process. 4 (2) (2013) 140–144.

63] P. Wang, C.S. Lim, S. Chauhan, J.Y.A. Foo, V. Anantharaman,
Phonocardiographic signal analysis method using a modified Hidden Markov
Model, Ann. Biomed. Eng. 35 (3) (2007) 367–374.

64] C.-T. Do, D. Pastor, A. Goalic, On the recognition of cochlear implant-like
spectrally reduced speech with MFCC and HMM-based ASR, IEEE Trans. Audio
Speech Lang. Process. 18 (5) (2010) 1065–1068.

65] G. Talwar, R.F. Kubichek, H. Liang, Hiddenness control of Hidden Markov
Models and application to objective speech quality and isolated-word speech
recognition, Fortieth Asilomar Conference on Signals, Systems and
Computers, IEEE (2006) 1076–1080.

66] D. O’Shaughnessy, Invited paper: automatic speech recognition: history,
methods and challenges, Pattern Recognit. 41 (10) (2008) 2965–2979.

67] J.S. Bridle, M.D. Brown, An experimental automatic word recognition system,
JSRU Rep. 1003 (5) (1974).

68] A.M. Fraser, Hidden Markov Models and Dynamical Systems, Society for
Industrial and Applied Mathematics, 2008.

69] W.  Zucchini, I.L. MacDonald, Hidden Markov Models for time series: an
introduction using R, in: Monographs on Statistics & Applied Probability,
Chapman & Hall/CRC Press, 2009.

70] R.J. Elliott, L. Aggoun, J.B. Moore, Hidden markov models: estimation and
control, in: Stochastic Modelling and Applied Probability, Springer, New York,
2008.

71] L.R. Rabiner, A tutorial on Hidden Markov Models and selected applications in
speech recognition, Proc. IEEE 77 (2) (1989) 257–286.

72] D. Mason, Listening to the Heart: A Comprehensive Collection of Heart Sounds
and Murmurs, Davis, 2000.

73] E. Sejdic, J. Jiang, Selective regional correlation for pattern recognition, IEEE
Trans. Syst. Man  Cybern. – Part A Syst. Humans 37 (1) (2007) 82–93.

74] H.N. Elmahdy, K. Rajoob, M.A. Refaey, M.A. Kotb, Improving the recognition of
heart murmur, Int. J. Adv. Comput. Sci. Appl. (IJACSA) 7 (7) (2016) 1–10.

75] T.E. Chen, S.I. Yang, L.T. Ho, K.H. Tsai, Y.H. Chen, Y.F. Chang, Y.H. Lai, S.S. Wang,
Y.  Tsao, C.C. Wu,  S1 and S2 heart sound recognition using deep neural
networks, IEEE Trans. Biomed Eng. 64 (2) (2017) 302–308.

76] K.L. Kuan, A Framework for Automated Heart and Lung Sound Analysis Using
a  Mobile Telemedicine Platform, 2010 (Online] Available:
http://hdl.handle.net/1721.1/62658 [Accessed: 4.17.2018).

77] M.E. Karar, S.H. El-Khafif, M.A. El-Brawany, Automated diagnosis of heart
sounds using rule-based classification tree, J. Med. Syst. 4 (2017) 1–7.

78] S.R. Thiyagaraja, R. Dantu, P.L. Shrestha, M.A. Thompson, C. Smith, Optimized

and secured transmission and retrieval of vital signs from remote devices,
IEEE/ACM International Conference on Connected Health: Applications,
Systems and Engineering Technologies (CHASE) (2017).

79] Cardiac Auscultatory Recording Database [Online] Available:
http://murmurlab.org/card6/ [Accessed 4.17.2018].

http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0185
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0190
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0195
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0200
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0205
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0210
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0215
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0220
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0225
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0230
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0235
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0240
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0245
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0250
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0255
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0260
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0265
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0270
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0275
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0280
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0285
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0290
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0295
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0300
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0305
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0310
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0315
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0320
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0325
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0330
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0335
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0340
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0345
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0350
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0355
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0360
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0365
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0370
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0375
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0380
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0385
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390
http://refhub.elsevier.com/S1746-8094(18)30110-1/sbref0390

	A novel heart-mobile interface for detection and classification of heart sounds
	1 Introduction
	1.1 Motivation
	1.2 Objective

	2 The heart
	2.1 Heart sounds and murmurs
	2.2 Heart sounds diagnosis tests

	3 Signal preprocessing
	3.1 Setup of smartphone for recording heart sound
	3.2 Detection of first and second heart sound
	3.3 Noise reduction and signal amplification

	4 Splits in heart sound
	4.1 Localization of components
	4.2 Split calculation

	5 Classification of heart sounds
	5.1 Data collection
	5.2 Classification model
	5.3 Accuracy of the classification model

	6 Software design of heart sound application
	6.1 Software design
	6.2 Performance analysis

	7 Conclusion and future work
	Acknowledgments
	Appendix A Supplementary data
	References


