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        Abstract



        We develop an autonomous mobile device for continuous monitoring of cardiovascular system functional state, which is based on the assessment of synchronization between the low-frequency oscillations in heart rate and blood flow having a basic frequency close to 0.1 Hz.
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      1. INTRODUCTION


      Development of mobile device for interactive medical care in patients with cardiovascular diseases based on contemporary information technologies is an active area of research in recent years [1-5]. It has been found out that the human health depends not only on the state of different systems in the organism, but also on the quality of their functional interaction. For example, it was shown that the main rhythmic processes governing the cardiovascular dynamics in humans, namely, the main heart rhythm, respiration, and Low-Frequency (LF) oscillations in heart rate and blood flow generally exhibit epochs of synchronization between themselves, which ensure a high adaptability of the cardiovascular system [6-10]. However, this synchronization may be deteriorated at various cardiovascular pathologies, e.g., Acute Myocardial Infarction (AMI) and Hypertension (Htn) leading to a disruption of natural functional couplings within the system of autonomic regulation of cardiovascular system.


      In our earlier study [7], we have proposed a method for quantitative estimation of synchronization between the LF oscillations of heart rate and blood flow having in humans a basic frequency close to 0.1 Hz [11]. It was shown in clinical studies that the proposed method can be used for the choice of drugs for antihypertensive treatment in patients with arterial hypertension [12], for selecting an optimal dose of beta-blocker treatment in patients After Acute Myocardial Infarction (AMI) [13], and for the evaluation of the risk of cardiovascular events in post-AMI patients [14]. Our method was implemented as software intended for the off-line analysis of signals recorded with standard stationary multichannel recorders. The duration of recorded signals in this case is usually rather short.


      In the present paper, we develop an autonomous mobile device for continuous recording of photoplethysmogram (PPG) signal and daily monitoring of synchronization between the LF cardiovascular rhythms. We believethat the analysis of data registered over a long period of time can provide a physician with additional useful information about the interaction of oscillating processes governing the cardiovascular dynamics. In prospect, such device can be used for continuous distant control of patient state and help a physician to assign and correct treatment in time.


      
        1.1. Basic Method of Synchronization Detection


        In our previous studies [7, 12-14], synchronization between the LF cardiovascular rhythms has been analyzed using relatively short time series of experimental signals, which duration did not exceed 30 minutes. The signals of Electrocardiogram (ECG) and PPG measured on the middle finger of the subject’s hand were simultaneously recorded under spontaneous breathing. The signals were sampled at 250 Hz and digitized at 14 bits.


        The LF oscillations in ECG and PPG signals were extracted in a different way. The LF oscillations in PPG manifest themselves as an amplitude modulation of PPG signal. They were extracted directly from the PPG signal using its bandpass filtration in the range of 0.05-0.15 Hz. The LF oscillations in ECG represent a 0.1-Hz frequency modulation of the main heart rhythm. To extract these oscillations, we first obtained a sequence of RR intervals (RRIs), i.e., a series of time intervals between the two successive R peaks. To obtain equidistant time series from not equidistant sequence of RRIs we approximated it with cubic splines and resample with a frequency of 5 Hz. Then we filtered the sequence of RRIs in the bandpass of 0.05-0.15 Hz. Thus, we excluded the linear mixing of analyzed 0.1-Hz oscillations in ECG and PPG signals. After that we determined the phase ϕ1 of LF oscillations in PPG and the phase ϕ2 of LF oscillations in RRIs using the Hilbert transform and calculated the phase difference. To estimate phase synchronization between the considered LF oscillations we used the method based on calculation of synchronization index S [7, 8].

      


      
        1.2. Method of Synchronization Detection Updated for Mobile Device


        In [15, 16] it was shown that synchronization between the different rhythmic processes can be detected even from the analysis of univariate data. Our investigations have shown that it is possible to reject the simultaneous registration of ECG and PPG signals and detect synchronization of LF cardiovascular rhythms from the analysis of only PPG signal. This approach allows us to reduce the device size, weight, and current consumption. Moreover, it considerably simplifies the technical implementation of the device.


        In the present paper, we record only PPG signal and obtain the information on Heart Rate Variability (HRV) from the Pulse Rate Variability (PRV). Instead of a sequence of RRIs extracted from ECG, we extract a series of time intervals between the two successive P peaks in PPG and denote it as a sequence of PP Intervals (PPIs). We filter the sequence of PPIs in the bandpass of 0.06-0.14 Hz to estimate 0.1-Hz oscillations in heart rate. The 0.1-Hz oscillations in PPG are extracted using the same bandpass filtration of PPG signal.


        Relationships between HRV and PRV have been investigated in literature [17-20]. We found out that the sequence of PPIs closely coincides with the sequence of RRIs (Fig. 1). Since P peaks in PPG are less sharp than R peaks in ECG, their extraction is more difficult. As the result, some PPIs slightly differ from the corresponding RRIs. We compared the values of synchronization index S calculated from bivariate data (ECG and PPG) and univariate data (only PPG) recorded from five healthy subjects and five patients after AMI. The difference between these S values did not exceed 2% both for healthy subjects and patients. Therefore, the index S can be estimated using only PPG signal.

      


      
        1.3. Novel Mobile Device for Monitoring of Cardiovascular System State


        To develop a mobile device for daily monitoring of synchronization of LF oscillations in heart rate and blood flow, one should solve a number of technical problems. The device must have small size, light weight, and low energy consumption. It should provide a quality of signal registration sufficient for detection of synchronization. At first we have developed a prototype, which daily recorded the signals of ECG and PPG. However, it was rather large with the size of 160x80x20 mm, weight greater than 200 g, and current consumption of about 100 mA.


        We developed a mobile device with self-contained power supply for 24-hour recording of PPG signal. The device includes a PPG sensor with digital output, elements for control and indication, communication channel for connection to personal computer, flash card, Atmel megaAVR microcontroller controlling the operation of all elements in device, and autonomous power supply system including 3.7 V Li-Pol battery and low-dropout linear voltage regulator. The photo of experimental setup is given in Fig. (2). The device has the size of 90x50x13 mm, weight of 80 g, and current consumption of about 30 mA.


        [image: ]
Fig. (1)

        Comparison of RRIs (black color) and PPIs (red color).

        [image: ]
Fig. (2)

        Photograph of the mobile device.

        The device is placed on the hand and PPG sensor is placed on the finger (Fig. 3). The PPG sensor consists of reflective optocoupler which include an infrared emitter and phototransistor and register finger PPG, 24-bit sigma-delta analog-digital converter, preamplifier, and anti-aliasing filter. The digital output signal of PPG sensor is transmitted to the device via Serial Peripheral Interface. The use of signal quantization directly in the sensor allows us to reduce distortion of the signal during its transmission. We use the whole PPG signal for the analysis.


        [image: ]
Fig. (3)

        Placement of device and PPG sensor.

        At this stage, the PPG signal is registered and saved onto internal flash card using the developed device and then processed off-line in computer using original software for quantitative assessment of synchronization. The device is connected to personal computer via USB at a speed of 2 Mbit/s.


        At the next step we plan to detect synchronization of LF oscillations in RRIs and PPG in real time employing the same microcontroller, which controls the device. To analyze synchronization between these oscillations in real time it is necessary to modify our algorithm of signal processing. In particular, we propose to use a digital finite impulse response (FIR) filter with the bandpass 0.06-0.14 Hz, which can be implemented in real time using microcontroller. To calculate the instantaneous phases of oscillations in real time we plan to implement the Hilbert transform using also discrete digital FIR filter.


        We simulated the situation of PPG signal registration in real time and estimated the computational resources required for detecting synchronization of 0.1-Hz cardiovascular rhythms in real time. It has been that technical characteristics of microcontroller used in the developed device allow us to employ this microcontroller for quantitative assessment of synchronization between the LF cardiovascular rhythms in real time.


        Further, we plan to carry out both the processes of experimental data recording and processing in the same device. We are going to develop a mobile device for 24-hour recording of PPG signal with simultaneous calculation of degree of synchronization between the 0.1-Hz oscillations in heart rate and blood flow in real time. Much attention will be focused on diminution of size, weight, and energy consumption of the device. It should be noted that finger PPG is sensitive to motion artifacts and accurate detection of peaks in PPG in a moving subject is a challenging problem. In our study, we excluded from the analysis the fragments of PPG signal containing many artifacts. To reduce the influence of motion artifacts, we plan to modify the device in future by adding the option of recording the PPG signal from earlobe.

      

    


    
      CONCLUSION


      We have developed the autonomous mobile device for daily recording of PPG signal and original software for calculation of index S characterizing the degree of synchronization between the LF oscillations in heart rate and blood flow. A possibility of detection and quantitative assessment of this synchronization in real time is examined.
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