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Abstract

:

Currently, the only clinically utilized Phonocardiogram (PCG) is an electronic stethoscope used in a hospital or clinical environment. The availability of continuously recorded PCGs can provide a new avenue of research into chronic disease management at home. Researchers have proposed such wearable PCG devices. However, limitations exist in evaluating such devices as PCG recording devices in home-like environments. Here, we evaluate a wearable PCG system in a belt-type form factor with an embedded force sensor, accelerometer, and a single lead ECG to study the feasibility of acquiring diagnostic-grade PCGs while the wearer performs daily activities. We describe qualitative and quantitative exploratory analysis methods for cross-subject comparison of PCG signal quality, wearer comfort, and the impact of activities using Signal-to-Noise (SNR) comparisons and cross-spectral coherence between activity and PCG. The analysis of the data suggests that a common user-chosen method of donning a wearable PCG is not applicable across subjects for obtaining optimal PCG recording quality. We propose a method to calibrate wearable PCG devices using an embedded force sensor and by following a protocol involving feedback from the embedded force sensor to determine the optimal method of wearing the device. Following a similar path to precision medicine using genomic data and the extrapolation of risk, wearable devices with healthcare applications should be developed with the ability to be adapted and calibrated to each individual. In the immediate future this may involve calibration procedures such as those followed in this work, using controlled measurements performed with each patient to tune a device for them.
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1. Introduction


Heart sounds have traditionally been assessed using stethoscopes. Physicians require several years of training to listen to heart sounds and diagnose conditions. PCGs are visual representations of stethoscope readings that can be recorded digitally and can offer more accurate recordings of measurements made by stethoscope without relying on the qualitative assessment of traditional stethoscopes. Additionally, these can be reviewed retrospectively as needed for reassessment. These reasons have motivated the development of wearable PCGs. In addition, wearable PCGs are a new class of devices that have yet to be widely used in clinical practice. There is tremendous potential for their application in cardiac care at home. During a routine physical examination, heart and lung sounds are most often assessed along with blood pressure. ECGs are ordered when there is suspicion of any rhythm-related problems or if the patient complains of palpitations or other discomforts. ECG and heart sound, if monitored together continuously, can open an entirely new avenue for research into chronic disease management and remote health monitoring in general. However, wearable devices for PCG are rarely reported on in the literature. Examples include devices embedded with a novel acoustic sensor in an adhesive patch or a wearable belt form factor. Simultaneous measurement of PCG and ECG has been demonstrated recently using adhesive patch-type electrodes [1,2]. The reported devices can be divided into four categories based on how they are applied to the user.



	
Belts or Bands that are Adjustable and Incorporate the Sensing Device






The construction of such devices can remain modular, with a sensing component that is separable from the belt, allowing the belt or band to be washed as needed and the sensing component to be mounted before use. This makes the device reusable. Belts and bands can be adjusted over a wide range of circumferences of the chest using a clasping or fastening mechanism, meaning that multiple sizes to serve significant variations in the user population’s body habitus can be avoided. However, as a practical matter, belts and bands are liable to shift upwards or downwards on the chest as the user wears the device for a long duration and performs tasks or activities involving movements such as bending forward or sitting in a slouched posture. This may happen because no mechanisms are incorporated within the belt to prevent slipping against the skin. This is a limitation for long-term recording devices, as the device’s position is essential for interpretating the characteristic heart sounds. For example, with the sensors placed predominantly at the level of the sternum or below and on the anatomic left, S1 sounds will be louder than S2 sounds in normal individuals. However, if the sensors are placed above the heart, S2 sounds will appear to be louder than the S1 sounds. Clinically, the placement of a stethoscope is decided based on which part of the heart and heart valves need to be auscultated. Without a mechanism to confirm the location of the sensor relative to the heart, the collected data could lead to misinterpretation.



	
Discrete Hand-Held Devices that can be Placed and Held in Place by a Trained Medical Professional to Ensure Appropriate Positioning of the Heart Sound Sensor






Although not strictly wearable, such PCG measurement devices have reached the stage of commercial adoption [3]. A trained physician or nurse places the sensing element on the appropriate area of the patient’s thorax to auscultate the heart sounds. The fidelity of the measurements is comparable to a traditional stethoscope, and offers the added availability of digitized PCG waveform data. However, as mentioned, these classes of devices are not wearable. They are not suitable for unassisted use by patients at home due to the requirement of placing the sensing element at the appropriate anatomical location.



	
Sensing Elements that are Incorporated into a Garment






There are very few examples in the literature of garments incorporating sensors for PCG measurement. Sapsanis et al. presented a StethoVest with an array of microphones for cardio-acoustic mapping embedded in a vest [4]. Garments made of textiles are the most natural materials for wearables because they are worn daily. Garments cover a large surface area of the body, meaning that multiple sensors can be embedded while maintaining a discreet appearance for the user’s privacy, and are less cumbersome to use compared to belts, bands, or adhesives. However, sizing and fitting garments is a critical consideration for obtaining high-quality heart sound signals, especially during movement, because sensing elements embedded in garments can move relative to the skin. Conformal fitting of such garments to a widely varying population with differences in gender, body habitus, and BMI requires personalized garment fitting. Such an endeavor is unsustainable from a cost perspective.



	
Adhesives Used to Apply Sensors at Specific Anatomic Locations






Adhesives can be formulated with different strengths, ranging from mild adhesives for temporary or short-term use to strong adhesives meant to hold devices against the skin for several days, even up to seven days [5]. First, adhesives can ensure that the device remains at the location on the skin where it is placed. Second, the relative movement between the sensing element and the skin can be minimized. Finally, they are easy to apply by users and patients themselves. However, adhesive-based devices first require patients to know the exact anatomical location where the sensor should be placed, which can be challenging and can lead to user errors in which the sensors are placed at different locations from one use to the next. Second, adhesives can lead to skin irritation when used for long durations or repeatedly used at the same location on the skin.



On balance, the belt type of wearable PCG device is the most convenient to apply and adjust as needed in order to explore the relationship between subjective comfort and objective quality of the data. The primary limitation of the belt-type form factor is the potential for slipping or upward or downward movement of the belt. This can be mitigated with the use of clothing gripper materials that are widely used nowadays in undergarments and sportswear. Therefore, the present research evaluates a belt-type sensor. Notably, despite the various approaches evaluated in the literature, no articles have described a protocol for measuring PCGs while performing daily activities. Motion artifacts are the most prominent cause of noise in these signals; they can corrupt measurements to the point of being wholly unusable, or worse, misleading, meaning that physicians may draw the wrong conclusions and misdiagnose patients. It is crucial to establish a more specific plan for evaluating the limits of such devices. Table 1 presents the various wearable PCG devices proposed by researchers in the literature.



There is scarce data available for wearable phonocardiograms. Even for devices proposed during research, there has not been very much evaluation of how data quality might change during daily activities or of how it changes from subject to subject or for the same subject from one use to the next. We believe two important aspects need to be addressed in the development of wearable PCG devices. The first is the aspect of designing and discovering novel sensors that are suitable for wearable devices [10,11,12,13,14]. Notably, the repeatability, performance, and reliability of this aspect must be presumed before proceeding to the second aspect, namely, real-world performance analysis of wearable PCGs on subjects performing common ambulatory activities. The former has received considerable attention, as it is the first and most critical component of wearable PCG device design. The latter, however, has not received adequate attention. The reasons may include the challenges involved in performing human testing or a lack of proposed frameworks for real-world evaluation of such devices. Therefore, the present research focuses on the following:




	
Obtain PCG recordings using a wearable belt-mounted form factor sensor during daily activities to explore noise types introduced by movement and other noise sources.



	
Explore how signal characteristics change from subject to subject and depending on how subjects wear the device. The findings are specific to devices that use a belt form factor to apply a heart sound recording system.








We designed a wearable system for PCG acquisition as well as sensors for activity and force between the audio sensor and the skin. In addition, a protocol for a controlled study was followed in order to allow PCGs to be recorded during controlled movements and activities. The data acquired through this protocol enable a novel analysis methodology that could be used to calibrate such belt-mounted wearable PCGs for individuals.



The remainder of this paper is organized as follows. In Section 2.1, we describe the construction of the WPAS device used for testing. In Section 2.2, we describe the protocol for acquiring data while subjects perform different tasks that emulate common daily activities. In Section 2.3, we describe the data analysis methods applied to the collected data, along with the goal of each analysis method and the reason for performing the analysis. In Section 3, we present the results of the methods described in Section 2. In Section 4, we discuss the limitations of the present study and the scope of additional research. Finally, we summarize and conclude our findings in Section 5.




2. Materials and Methods


2.1. Device Design and Description


A testbed was designed for heart sound measurement in a wearable form factor. The experimental testbed, called the Wearable Phonocardiogram Acquisition System (WPAS), includes a sensing element and instrumentation to support the digitization of signals. The sensing element consists of heart sound sensors using a MEMS Microphone, an ECG measurement channel, and a three-axis accelerometer. The sensing element is mountable on any belt using Velcro. A nylon belt with Velcro fastenings was used to hold the device in place on the test subjects. A sensor hanging freely or mounted on an unstable substrate, such as everyday clothing, may encounter motion artifacts and a low signal-to-noise ratio, whereas a belt design offers adequate reinforcement to the sensor component, reduces relative motion between the component and the body, and provides an adequate yet comfortable way to don a wearable device.



The MEMS microphone is sandwiched between two layers of biocompatible silicone sheets. The silicone sheets help to elevate the microphone’s input port away from the skin to avoid noise caused by brushing against the skin. Two flexible resistive force sensors are included on either side of the MEMS microphone to act as proxies for the force between the belt and the skin and for the distance between the microphone and the surface of the skin. Figure 1 provides a three-dimensional illustration of the sensing element. Figure 2 illustrates the placement of the sensing element on the thorax. Figure 1 illustrates the location of the sensors on the body when worn. One channel of ECG is acquired in the Lead II position. The primary purpose of the ECG is to serve as an additional marker for identifying heartbeats by identifying R peak timings in ECG waveforms and aligning the heart sounds with heartbeats. The accelerometer is included in the data acquisition unit and is affixed to the nylon belt. This accelerometer is positioned where it is most likely to capture all movements in the protocol.



A software application was developed using MATLAB R2021a, MathWorks Inc, Natick, MA, USA. The WPAS Software Application is a custom-designed software application built using MATLAB (MathWorks Inc.) that communicates with the WPAS Signal acquisition unit over Bluetooth. The software application sets the current time on the electronics unit and initiates recording data on it. The software application further provides a means to log the time at which each activity in the protocol is initiated.




2.2. Protocol for Data Acquisition


The measurements from the sensors described in Section 2.1 are used to guide experimentation on the impact of the tightness of the belt and PCG signal quality in the presence of various movements. The overall study flow is depicted in Figure 3. The study was reviewed and approved by the Institutional Review Board (IRB) at the Pennsylvania State University (IRB # STUDY00018016).



After subjects began to wear the device and recording of data was initiated, a commercially available FDA-cleared electronic stethoscope (Eko Core, Eko devices Inc. Berkeley, CA, USA) was applied to the subject’s body as closely as possible to the location of the sensing element of the WPAS and data were recorded from the stethoscope. It was not possible to place the sensors of the two devices at the same location on the subject’s thorax; they would mutually interfere, as both the WPAS and Eko devices require flush contact between the silicone sheet and stethoscope diaphragm with the skin, and cannot be placed at the same physical location on the subject’s thorax for auscultation. The Eko diaphragm and the input port of the WPAS MEMS component were thus placed adjacent to each other on the subjects’ skin, with the separation not exceeding 1.5 inches between the center of the diaphragm of the Eko device and the WPAS MEMS input port. Furthermore, perfect time synchronization across devices with millisecond precision is infeasible. Instead, three physical finger-tap stimuli on the thorax of the subjects near both sensors were used as fiducial time markers for retrospective synchronization of the data from the two devices. This step was performed to obtain a validation reading in order to compare the timing of heart sounds with the measured heart sounds. Figure 4 illustrates the manifestation of the physical tap stimuli and the alignment of the S1 and S2 sounds between the Eko Core device and the WPAS. After this initial simultaneous recording of PCG using Eko and WPAS was performed, the remainder of the protocol (Table 2) was followed with only the WPAS worn by the subject. The Eko device is not intended to be used as a wearable device, and thus was not applied during performance of the activities listed in Table 2.



The subjects were then asked to perform a sequence of movements as listed in Table 2. The intent was to emulate most movements that are likely among patients at home. Moderate or high-intensity exercise movements were not included, as they seemed to corrupt the PCGs entirely and were not helpful diagnostically. The first eight movements emulated everyday movements, the ninth emulated speech, and the rest emulated the impact of posture on the PCG measurements. These activities were repeated upon setting the force values between the WPAS and the skin at three qualitative levels as deemed by the subjects: loose (the sensing element barely touches the skin), comfortable (the sensing element is in flush contact with the skin), and uncomfortable but bearable (the sensing element is in full contact with the skin and the subject can perform all movements without difficulty). Preset levels of force in the sensing element could not be achieved among subjects with higher BMI. Specifically, force levels in the range of 7–9 Newtons could not be achieved without causing discomfort to some of the subjects. Therefore, a subjective scale was chosen to control the extent to which the WPAS belt was tightened to reach the force levels. The subjective levels were defined as follows:




	
“Loose” when the WPAS sensing element was just touching the skin during Stand Still 1.



	
“Comfortable” when the WPAS sensing element was in flush contact with the skin, with the WPAS belt feeling similar to a typical undergarment.



	
“Uncomfortable” when the WPAS belt was secured as tightly as possible within tolerable limits, with the subject feeling no discomfort in the form of pain or difficulty performing the activities in Table 2.









2.3. Data Analysis


This section describes the analyses performed on the acquired data.



	
Evaluation of the WPAS system for recording PCGs:






	
Comparison of WPAS to a commercial electronic stethoscope to validate that WPAS captures heart sounds.



	
Assessment of the range of force values observed through the execution of the protocol on each subject.






	
Exploration of the relationship between PCG quality and force and activity measured by WPAS:






	
Analysis of the relationship between loudness of the measured heart sounds and the force values observed by the WPAS sensing element.



	
Analysis of the noise levels in the measured heart sounds during movement compared to the corresponding reference measurements when standing still.



	
Analysis of cross-spectral coherence between activity and heart sound for activities involving movements.






	
Evaluation of the WPAS system for recording PCGs:






	
Search for an individualized optimal force reading to minimize noise levels for each subject.






2.3.1. Comparison of WPAS with a Reference Commercial Electronic Stethoscope


The purpose of this analysis was to validate the ability of the WPAS to capture heart sounds, namely, S1 and S2 sounds, with comparable accuracy to a commercial digital stethoscope. The commercial digital stethoscope chosen for this validation was an Eko Core (Eko devices Inc. Berkeley, CA, USA). The synchronization of sound measurements across two devices that do not share a clock source is technically infeasible. The methodology applied involved two stages. First, a delay approximation method was used to find the time delay between the heart sounds. The delay approximation method relies on finding the lag associated with the maxima in the absolute value of the cross-correlation between the signals [15]. Second, as the delay approximation method yielded an estimate of the delay between the signals from the two devices, the first occurrence of S1 and S2 immediately following the three physical tap stimuli was aligned manually. Heart rate variability is a highly non-stationary process [16,17]. Therefore, a sequence of consecutive heartbeats, even if acquired from the same subject at different times, will not be aligned in time unless they are observed and recorded simultaneously. For validation, the signals aligned following the delay estimation method were charted concurrently in order to verify that each heartbeat and its associated S1 and S2 sounds were synchronized in time across the two devices for at least 10 s.




2.3.2. Time-Domain and Frequency Domain Analysis


Three types of analysis were performed in the time and frequency domains to answer questions based on the data acquired during the study.



First, we investigated the force values associated with each subjective or qualitative level of force or tightness applied to each subject.



Subjects enrolled in the study were asked to wear the WPAS device at three levels of tightness based on their perception of “loose”, “comfortable”, and “uncomfortable but bearable”. The force experienced by the WPAS sensing element was continuously captured throughout the time taken to execute the protocol. Therefore, the force levels could be interpreted retrospectively to determine the extent to which the values differed between the three subject-selected levels of tightness.



Respiration introduces a sinusoidal pattern that is consistent with inhalation and exhalation for each breath in the measured force. Therefore, the RMS value of the force for the duration of a given activity was calculated and used as the representative value for an activity for a subject. The relationship between force and tightness levels chosen by the subjects was analyzed by charting the RMS force values against the levels of tightness for each subject across each activity.



Second, we investigated the relationship between the measured force from the WPAS sensing element and the loudness of the heart sounds measured during each of the activities for each subject.



To address this question, the following steps were performed:




	
For each subject, the heart sound segments associated with each activity were extracted and associated with that subject and activity.



	
The heart sound signals were filtered using a second-order Butterworth filter with a passband between 10 and 900 Hz.



	
Wavelet denoising has been proposed for removing noise from heart sounds by several researchers [18,19,20]. In this analysis, heart sounds were decomposed to three levels using the ‘coif5′ wavelet; a soft threshold was applied using an adaptive threshold value (Equation (1)) as described by Jain et al. [19]:


  T =  {      m e  d  75   ∗  [  1 −  (  v − m e  d  75    )   ]    i f  (  m e  d  75   < v  )        m e  d  75     i f    (   (  m e  d  75   > v  )  & &  (  m e  d  75   < m  )   )        m e  d  75   +  (  m e  d  75   − m  )    i f    (  m e  d  75   > m  )         



(1)







	
To calculate of the signal average or ensemble average, we applied the Pan and Tompkins R-peak detection algorithm [21] on the simultaneously acquired ECG data to find the timestamps of R peak occurrence in the ECG. These peaks serve as fiducial points for each heartbeat. The RR intervals associated with each heartbeat were calculated by computing the first-order difference of the timestamp sequence associated with R peaks in the ECG waveform. A delay offset of   − 0.05 ∗  (   RR   interval   )    was applied to the RR interval sequence to obtain a beat-to-beat interval from the p-wave to the subsequent p-wave. The corresponding timestamps of the heart sound signal were then extracted and an ensemble was generated, as shown in Figure 5b. The ensemble median was then used as the representative heart sound signal associated with an activity for a subject.



	
For each activity and subject, the corresponding data segments were segmented using the timestamps captured during the execution of the protocol and manual tuning as needed to find the timestamp for the end of an activity. Ensembles were extracted from these segments for each subject and activity over segments 5 s long, and the corresponding RMS value of the heart sound and the force values were calculated.








The relationship between force and RMS loudness was analyzed using charts of the RMS loudness of ensembles vs. the force RMS values. Linear fit lines applied to these charts were used to estimate the trends in the relationship between force and loudness.



Third, we investigated the relationship between noise levels in measuring heart sounds for each of the activities and the force measured by the WPAS sensing element.



Noise levels are not directly quantifiable in recorded heart sounds, as both the heart sound signal and the noise present in the signals are non-deterministic. Instead of assuming noise variance or manually determining noise levels in the signals, the heart sound signals associated with a set of stationary activities were chosen as the reference signals and any deviation from these reference signals was treated as noise. Table 3 list the activities and the corresponding reference signals used for noise estimation.



The noise level computation procedure is illustrated in Figure 6. Because the length of the signals corresponding to each activity and subject were not the same, the shorter segments were zero-padded to ensure that power spectral density calculations for the noisy segment and the reference segments resulted in an identical frequency resolution. After the power spectral densities were computed, the noise level was computed as follows:


  N o i s e   l e v e l =     ∑   f = 0   f =    F  s a m p l i n g    2     P  S N    ( f )  −  P S   ( f )      ∑   f = 0   f =    F  s a m p l i n g    2     P S   ( f )     



(2)




where    F  s a m p l i n g     is the sampling frequency of the heart sound signal (2000 Hz),    P  S N     is the power spectral density of the signal and noise measured during an activity, and    P S    is the power spectral density of the heart sound signal captured during the corresponding reference activity.



The goal of this type of analysis is to quantify the amount of noise introduced by each activity. In an ideal device, there should be no change in the noise level regardless of the type of activity performed by the subject. Pragmatically, the amount of noise introduced by an activity may have an optimally low level depending on how the WPAS is worn by the subject, specifically in terms of the chosen tightness of the belt in this study. However, this methodology for obtaining individual specific assessments of noise levels and quantifying the same may be extensible to assessment of any other attribute of a wearable device being studied as a modulator of PCG quality during activities.




2.3.3. Cross-Spectral Coherence Analysis


Cross-spectral coherence (CSC) is defined as the Hadamard product of the cross-spectral density and the squared magnitude of the coherence of two signals,  x  and  y .



The cross-spectral density is obtained through a windowed and averaged power spectral estimation method, namely, Welch’s periodogram, applied to the cross-correlation sequence estimate between the signals  x  and  y :


   P  x y    ( ω )  =   ∑   m = − ∞  ∞   c  x y    ( m )  w  ( m )  .  e  − j ω m    



(3)




where    c  x y    ( m )   , the cross-correlation sequence, is defined as


   c  x y   = E  {   x  n + m    y n ∗   }   



(4)




where   E  { . }    is the expected value operator [22].



The magnitude squared coherence [23] is computed as follows:


   C  x y   =      |   P  x y    |   2     P  x x    P  y y      



(5)







Cross-spectral coherence is calculated as


   S  x y   =  P  x y   ⊙  C  x y    



(6)







CSC has been used to assess the coupling between heart rate and blood pressure variability [24] and heart rate and respiration in sleep analysis [25]. In this analysis, the signals are heart sounds and activity across subjects for each activity involving movement. CSC was computed for each level of tightness and activity performed by each subject charted using a point and line chart, as illustrated in Figure 7. The point represents the peak value of the spectrum, and the line represents the frequency range over which the cross spectrum is above the RMS value of the overall cross spectrum. These associations are indicated using green arrows in Figure 7.



The goal of the CSC analysis method used here was to quantify the extent of coupling between the activity performed by each subject wearing the WPAS and the PCG signals captured during those activities. Ideally, the CSC should be zero or infinitesimally small down to machine precision, indicating that the activity captured by the accelerometer has no coherence with the PCG signals captured by the device. Pragmatically, there may be a level of tightness as assessed by the force sensors in the WPAS that is associated with the least amount of coherence between the accelerometer activity and PCG. The methodology used to chart the CSC using a point and line chart was intended to produce a simple visualization of the results of CSC for the purpose of comparison across subjects. This method was used in order to evaluate the possibility that there might be a level of tightness when wearing the WPAS that consistently provided the maximal decoupling between the activity being performed and the PCG signals recorded by the WPAS. This methodology can be extended to evaluate other aspects of a wearable PCG device that may be suspected to modulate PCG signal quality during the performance of activities. In this study, the modulator that we chose to study was the tightness of the WPAS.




2.3.4. Search for Optimal Force for Each Subject


The search for the optimal force level that should be maintained to acquire the best quality of heart sounds from the WPAS was carried out by minimizing the RMS noise levels with respect to the RMS force. The noise RMS levels and associated force RMS levels were computed for each activity and subject as described in Section 2.3.2.



For each subject and activity, the RMS force value associated with the lowest noise level was found and a histogram was generated for each subject, with five bins for the RMS force values associated with minimal noise levels across all activities. The RMS force range associated with the most significant number of minimal noise levels was chosen as the optimal range of RMS force for the WPAS in order to acquire the best quality of heart sound signals for that subject. Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 present an example histogram for one of the subjects.






3. Results


A total of five healthy subjects were recruited (four males and one female). All subjects signed the informed consent form and completed the study. No data were excluded from the analysis. The hypothesis that a generalizable method of donning the WPAS can be applicable to all potential users was not supported by the data collected from the five subjects. Therefore, further enrollment was not justified. However, the personalized calibration method proposed in Section 3.5 requires an increased study population size in order to validate its utility in the general population.



3.1. Comparison of WPAS and Reference Electronic Stethoscope


The heart sound recordings from the WPAS and Eko Core device were synchronized following the procedure described in Section 2.3.1. The heart sounds were then plotted synchronously to manually evaluate the level of alignment and validate that the WPAS device accurately captured heart sounds from all subjects. Figure 9 presents the synchronized charting of data. From Figure 9, the time of occurrence and relative amplitude characteristics of heart sounds (S1 and S2) are synchronized. Therefore, the WPAS captures heart sounds comparable to the Eko device.




3.2. Relationship between WPAS Force RMS and Heart Sound Loudness


As a first step, validation was necessary to confirm that the subjects’ tightness levels increased the force RMS values measured by the force sensors incorporated in the WPAS sensing element. Figure 10 presents a chart of the force RMS values for each level of tightness across subjects and activities. A positive slope trend is observed for all activities across all subjects, with the exception of the prone activity.



The ensemble medians for each activity and each subject were computed. The RMS values of the heart sounds were determined from the ensemble medians for each subject and activity. Figure 11 presents the results of the computation of the ensemble medians for the three levels of tightness for the Stand Still 1 activity for each subject.



In all subjects, an increase in the tightness level, and consequently an increase in the force RMS measured by WPAS, led to an increase in the overall loudness of the heart sounds measured. The relationship between RMS force and heart sound amplitude is further explored in Figure 12 across all activities and subjects. Green backgrounds indicate positive slopes and red indicates negative slopes.



The consistent increase in the RMS amplitudes of heart sounds with RMS of force measured by WPAS is observed for all Stand Still activities (1 through 4) and for walking in a circle. However, the results from the other activities are inconsistent. The slopes of the line fits are not strictly positive for activities other than standing still and walking in a circle. This observation suggests that there may be differences in the relationship between force RMS and heart sound amplitude RMS introduced by confounding factors. One confounding factor may be differences in subject body habitus and the movements introduced by differences in body habitus.




3.3. Relationship between WPAS Force RMS and Noise Levels


Analysis was performed to assess the relationship between force RMS from WPAS and the corresponding noise levels in the acquired heart sounds, as described in Section 2.3.2. Figure 13 shows the result of this analysis.



There are consistent negative slopes for four of the five subjects for left lateral and supine activities. However, subject 5 shows only a marginal inclination towards a negative slope between the force RMS and noise levels in left lateral activity. Similarly, the only marginally negative trend in supine activity is observed for subjects 1, 2, and 5. These findings suggest that the trends across subjects are inconsistent, and a generalized relationship between WPAS force RMS and heart sound levels is not easily discernible.




3.4. Cross-Spectral Coherence between WPAS Activity and Heart Sounds


Analysis of cross-spectral coherence between activities was carried out to discern whether a range of WPAS force values across subjects could decouple activity from the measured heart sounds and reduce the noise introduced by activity. The inherent nature of the activity in question and its dependence on body habitus differentiates the absolute values of cross-coherence between activity and heart sounds across subjects. For example, the bending forward and standing up activity results in greater acceleration and net displacement if the subject performing the activity is tall compared to a shorter subject. A comparison of the absolute values was thus not pursued. Instead, we evaluated whether an increased force RMS as measured by the WPAS shows the same decoupling or coupling pattern between activity and measured heart sounds across subjects. The results as presented in Figure 14 indicate that the pattern of interaction or coupling between activity and the WPAS RMS force is inconsistent across subjects. This further reinforces the conclusion that a generalized choice of force RMS for all subjects is not supported based on the data collected in this study. It is notable that among the activities involving movement, walking in a circle and upper body twist show consistent patterns across four of the five subjects.




3.5. Search for Optimal WPAS Force for Each Subject


Following the observations described in Section 3.2, Section 3.3 and Section 3.4, the impact of force RMS from WPAS on the quality of heart sounds was inconsistent across subjects. On this basis, a personalized approach was warranted to determine the optimal force RMS for each subject. The approach to finding the optimal force RMS range is described in Section 2.3.4. Figure 15 shows the histogram of the force RMS levels associated with the lowest noise levels across activities for each subject.



Using the force RMS bin associated with maximal members as the optimal range, an optimal force RMS range was determined for each subject. Table 4 lists the optimal range compared to the full range of forces evaluated.





4. Discussion


The WPAS device was designed to capture multiple signals considered potential PCG quality modulators, including activity, posture, ECG, and WPAS force. First, the WPAS measured signals are uncorrelated in terms of their origin and manifestation, meaning that potential interactions with the origin of the PCG, that is, the heart’s mechanical activity, could be ignored. Activity and posture are physical measures of movement, while WPAS force is a physical measurement of the state of the sensing element in the WPAS. As all of the subjects in this study were normal and healthy, the ECG can unequivocally specify the time of occurrence of heartbeats. Second, retrospective time segmentation of the activities in the protocol could be performed programmatically using entered time stamps and verified through manual scanning of the activity signals and static acceleration due to gravity. The latter could then be used to infer the subjects’ posture. Future studies might consider including additional locations of measurements of force and activity, allowing more nuanced differences between the same movements performed by subjects with different body habitus to be studied as potential confounders when associating calibration signals (in this case, force RMS) with the quality of recorded PCGs.



During the execution of the protocol, it was observed that the WPAS belt is susceptible to sliding up or down because of the movements such as bending forward and standing up if worn lower or higher than the level of the sternum. The activities in the protocol did not lead to the belt moving up or down from the initial location if this positioning was ensured. Commercially available devices such as the Zephyr BioHarness (Medtronic. Inc., Boulder, CO, USA) and Equivital LifeMonitor (Equivital Inc., New York, NY, USA) have mechanisms that include an over-the-shoulder harness or incorporation into a compression garment to help maintain the position of the horizontal sensing elements [26]. These solutions may help to secure belt-type devices to the thorax. A further observation regarding the use of a loop and Velcro mechanism to change the tightness of the belt is that fastening the belt more tightly does not apply compression force evenly across the entire belt. As the sensing element cannot be placed near the loop buckle of the belt due to the hard plastic tapping against the sensing element during movement, with higher BMI subjects the tightening of the belt led to discomfort at the site of the loop even before higher force values of 7–9 N could be achieved.



Detailed analysis of the relationship between Force RMS and PCG noise level and between the Force RMS and RMS of the PCG was not pursued as part of this work. Simple linear fit models were presented to assess the extent to which the relationships between Force RMS and PCG noise levels, and Force RMS and RMS of the PCG, are similar across subjects rather than attempting to fit the data to find a relationship. Future studies might focus on developing these relationships in order to better understand WPAS performance.




5. Conclusions


This study explored one of the primary criteria for the comfort of a belt-type wearable PCG device, namely, tightness, as well as how it impacts PCG signal quality. Variation in body habitus across subjects and differences in subjective preferences in how wearable devices are worn can introduce different noise levels and variability into the quality of the measured data. It was observed through analysis of the data that a globally preferred level of force RMS from the WPAS could not be found across the subjects who participated in this study. Therefore, it is desirable to determine a methodology for calibrating wearable phonocardiogram devices with a mechanism to capture the characteristics of particular instances of device use by individual wearers. While the force experienced by the sensing element can serve as a repeatable measure for calibration to each subject, thus is not generalizable across subjects. We have demonstrated the use of force measurements and controlled activities performed while recording to determine optimal wearing characteristics, which can lead to personalized calibration for individual users.
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Figure 1. Illustration of the WPAS sensing component mounted on a belt. 
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Figure 2. On the left, illustration of the standard clinical auscultation placements on the thorax; right, the positioning of the electrodes and sensing element of the WPAS system. 
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Figure 3. Study Workflow. 






Figure 3. Study Workflow.



[image: Electronics 11 02655 g003]







[image: Electronics 11 02655 g004 550] 





Figure 4. Manifestation of the physical tap as recorded by the WPAS and Eko device. 
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Figure 5. (a) ECG signal with sample beat-to-beat interval; (b) ensembles of heart sounds and illustration of the segmentation of S1 and S2; (c) heart sounds corresponding to the ECG with red vertical lines demarcating a single heartbeat; (d) ensemble median of waveforms in (b) and the RMS value of the ensemble median. 
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Figure 6. Procedure for estimating noise level of the measured heart sounds for each activity. 
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Figure 7. Method of creating charts for assessment of CSC across subjects for each activity. 
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Figure 8. Histogram of RMS force levels associated with minimal noise levels across activities. 
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Figure 9. Time-synchronized occurrence of S1 and S2 as captured by Eko Core device and WPAS. 
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Figure 10. Force RMS vs. WPAS tightness levels for all subjects across activities. 
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Figure 11. Overlapping plots in time domain of the ensemble medians representing heart sounds collected during activity Stand Still 1 at three levels of tightness for each subject. 
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Figure 12. WPAS RMS force vs. RMS of heart sound amplitudes across activities for each subject. 
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Figure 13. Relationship between WPAS force RMS and heart sound noise level. 
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Figure 14. Cross-Spectral Coherence between activity and heart sounds measured by WPAS. 
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Figure 15. Histogram of WPAS force RMS values associated with low noise levels in heart sounds across activities for each subject. 
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Table 1. Previous research works in the literature related to the current work.
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	Reference
	Wearable Device Characteristics
	Data Reported for Movement of Activity





	Hu et al., 2012 [6]
	
	
Custom high-sensitivity accelerometer sensor



	
Stethoscope @ 20 KHz





	No protocol described for wearable use scenario; only one snapshot of recording provided



	Shi W. Y. et al., 2016 [7]
	
	
Diaphragm microphone



	
Sensor mounting is not described



	
Stethoscope @ 9.6 KHz





	Recordings performed in static posture; no protocol described for wearable use scenario



	Chen Z et al., 2019 [8]
	
	
Customized piezoelectric membrane sensor



	
Sensor mounted on a belt or strap



	
Stethoscope @ 2 KHz





	No protocol described for wearable use scenario; only one snapshot of recording provided.



	Klum M et al., 2019 [1] & Klum M et al., 2020 [2]
	
	
Gel adhesive electrodes



	
Device supported by adhesives



	
ECG 3 leads @ 1 KHz



	
Stethoscope @ 10 KHz



	
Impedance @ 1 KHz



	
Ambient noise @ 10 KHz



	
Nine-axial IMU @ 950 Hz





	Data reported for supine, lateral, and prone position; no data reported for activity.



	Marzorati et al., 2020 [9]
	
	
Pressure sensor



	
Sensor mounted on a belt or strap



	
Stethoscope @ 2 KHz





	Recordings performed on subjects in a seated posture; testing intent was to produce a device for blood pressure estimation.



	This Work
	
	
MEMs microphone



	
Sensor mounted on a belt or strap



	
Stethoscope @ 2 KHz





	Protocol involved movements that emulate daily activities
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Table 2. List of activities and their duration and/or repetitions.
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	Activity Number
	Activity
	Duration of Activity (minutes)/Number of Repetitions





	1
	Stand Still 1
	1



	2
	Walk around in a circle
	1



	3
	Stand Still 2
	1



	4
	Bend forward and stand up straight
	10 repetitions



	5
	Stand still 3
	1



	6
	Upper body twist (left to right)
	10 repetitions



	7
	Stand Still 4
	1



	8
	Arms Up/down and Arms Side/side
	10 repetitions



	9
	Read Paragraph from Penn State Wikipedia page
	One paragraph at conversational loudness.



	10
	Supine
	1



	11
	Left Lateral
	1



	12
	Right Lateral
	1



	13
	Prone
	1
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Table 3. List of activities that introduce noise in the heart sound signal and the corresponding reference activities that represent the signal.
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	Activity
	Reference for Activity





	Walk in a circle
	Stand Still 1



	Bend forward and stand up
	Stand Still 2



	Upper Body Twist
	Stand Still 3



	Arms up/down, and side to side
	Stand Still 4



	Read Paragraph
	Stand Still 4



	Lying Supine
	Stand Still 4



	Lying Left Lateral
	Stand Still 4



	Lying Right Lateral
	Stand Still 4



	Lying Prone
	Stand Still 4
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Table 4. The full range of force RMS measured by the WPAS for each subject and the corresponding optimal ranges obtained.
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	Subject
	Full Range of Force RMS (N)
	Optimal Range of Force RMS (N)





	1
	[5.14, 11.08]
	[8.9, 10]



	2
	[3.98, 8.37]
	[5.8, 6.7]



	3
	[5.03, 6.80]
	[5.4, 5.63]



	4
	[3.97, 9.58]
	[4, 5.1]



	5
	[4.34, 8.18]
	[5.6, 6.6]
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