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Abstract: Smart devices are more and more present in every aspect of everyday life. From
smartphones, which are now like mini-computers, through systems for monitoring sleep or fatigue,
to specific sensors for the recording of vital parameters. A particular class of the latter regards health
monitoring. Indeed, through the use of such devices, several vital parameters can be acquired and
automatically monitored, even remotely. This paper presents the second generation of VITAL-ECG,
a smart device designed to monitor the most important vital parameters as a “one touch” device,
anywhere, at low cost. It is a wearable device that coupled with a mobile app can track bio-
parameters such as: electrocardiogram, SpO, skin temperature, and physical activity of the patient.
Even if it not yet a medical device, a comprehensive comparison with a golden standard
electrocardiograph is presented to demonstrate the quality of the recorded signals and the validity
of the proposed approach.

Keywords: mobile healthcare; telemedicine; ECG; EKG; electrocardiogram; pulse oximetry;
wearable device; portable hospital; instrumentation amplifier; low-power sensors

1. Introduction

Pervasive dissemination of smart, low-cost, simple-to-use devices has deeply affected modern
society. The continuously increasing availability of new sensors together with the development of
new algorithms that analyze and learn from this data has led both scientists and companies to the
creation of systems, which improve everyday life. Examples of such technologies are: smartphones,
which are able to connect people all over the world and make them easily share contents, safety
equipment for cars, and wearable devices for health monitoring.

A wide range of applications exploits smartphones and their set of embedded sensors (e.g.,
accelerometers or GNSS). Dominicis et al. [1] reported an example of an application of such paradigm.
Smartphone-based systems are used for electrocardiogram (ECG) acquisition [2,3] and multichannel vital
signal monitoring [4]. Crema et al. [5] present a solution that exploits smartphones to monitor driver vital
parameters and measure his stress. In an alternative approach, wearable devices can be equipped with
specific sensors [6,7]. For the same purpose, Deng et al. [8] propose a vision-based system.

Infrared cameras and motion sensor are used in Mandal et al. [9] to monitor sleep, detect sleep
disorders and improve sleep quality. Alickovic and Subasi [10] applied support vector machines for
automatic sleep stage classification. Axisa et al. [11] reported smart clothes for real time monitoring.

One of the most promising fields of application of such an approach is the telemedicine sector. The
possibility of continuous patient monitoring while remotely performing a medical exam without the need
of being inside of a hospital, opens tremendous scenarios for the future development of healthcare.
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Today, there are no tools that allow physicians to remotely control patients” health or perform
medical examinations. A representative example of this are the after-surgery hospital procedures.
Indeed, even for basic surgeries, patients need to remain in hospital under medical observation to
reduce the possibility of arising of any possible medical complication, which may lead to severe
consequences [12,13]. At the current state of the art, it implies, even for small, easy surgeries, the need
to remain in the hospital occupying a bed, which could, instead, being used for a subject with a more
severe condition. While the person is in the hospital bed, several vital parameters are checked [14].
The main ones are:

e  Heart activity

e  Blood oxygen saturation
e  Blood pressure

e  Temperature

e  Tatigue

e  Perspiration

In addition, physicians may need to perform other more specific exams, e.g., blood tests or
urinalysis, to gather a deeper insight about patient state of health [15,16]. Actually, in most cases,
especially for day surgery, the exams listed above are enough to evaluate medical conditions and
decide if a patient is likely to be discharged from hospitals without incurring any complication or if
it is better to keep the subject under observation.

The current approach implies to have at the same time and in the same place:

e  Multiple medical instrumentations, one for each parameter to be monitored (e.g., saturimeter,
electrocardiograph, thermometer, etc.).

e  Specialized personnel trained to execute properly the different exams and able to read its
outcome (e.g., the ECG) correctly, that is, to make a valid diagnosis.

e A bed available for the patient.

Obviously, as per [17-20], also for basic surgery, the hospitalization cost per patient per day
becomes quite high.

This work is an extension of our previous work [21] where the authors provided the initial
experimental results of ECG WATCH, our first generation wireless device.

This paper presents the second generation of this device, see Figures 1 and 2, together with a
complete comparison with a golden standard electrocardiograph.
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Figure 1. VITAL-ECG: top view.
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Figure 2. VITAL-ECG: acquisition in progress.

Section 2 presents the state of the art. Section 3 describes in detail the VITAL-ECG device. Section
4 shows the device testing. Finally, Section 5 yields the conclusions.

2. State of the Art

With respect to the state of the art, in order to be properly monitored, a patient should lie in a
hospital bed while being connected to sophisticated machines [22], which are not portable or
wearable, and whose outcome requires specialized personnel to be interpreted.

In healthcare facilities, the current medical standard requires ECG to be acquired using an
electrocardiograph and ten wired electrodes, which record twelve leads at the same time. In the
market are already present portable solutions that can record, simultaneously, a 12-lead ECG, filter
it, and look for any alteration in the acquired signal [23-25]. They still use wired electrodes that
should be applied by trained personnel. On the contrary, devices like [26] are wireless and do not
need physicians to be used; unfortunately their acquisitions are of too low a quality to be used for
diagnosis.

Pulse oximeters are either part of a multi-parameter station (heart rate, blood oxygen saturation,
and temperature) or stand-alone finger devices (heart rate and SpO:). Finger devices can be either
used in medical facilities or at patient home; can compute perfusion index and do not require wires;
the more recent devices allow, also, to send data to mobile phone apps. Devices such as [27] are
reliable enough to be used for diagnosis; however, due to the need of being worn on fingertips, they
are not suited for continuous utilization and acquisition because it would be very uncomfortable for
users.

Body temperature is acquired, at present, with digital readout thermometers or using bulb
thermometers and manual readings. Then, temperature needs to be transcripted either on a paper or,
more recently, digital, clinical folder, which prevents an automatic diagnosis.

Physical activity can be monitored with many non-medical devices, already available in the
market, such as Fitbit [28]. Their outcome is, often, too approximated to estimate the amount of
fatigue of a patient. They typically require system initialization and manual readings and
transcription in the clinic folder. This approach is not, at all, automatic; then, the risk patients do not
perform it as often as required is quite high. As a consequence, they cannot be classified as medical
devices and recordings cannot be used for diagnosis.

VITAL-ECG presented in this paper was designed on a precise request of two Italian healthcare
facilities. None of the mentioned approaches acquire all the vital parameters while, at the same time,
being a wireless, wearable, friendly device for anytime, anywhere acquisition without the need of a
physician or medical expertise.

3. VITAL-ECG

VITAL-ECG is a smart wristband developed by the Neuronica Lab of the Politecnico di Torino
based on another device, previously designed in the same laboratory, called ECG-WATCH [29-31],
which handles electrocardiograms.
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VITAL-ECG is a device to acquire the main vital parameters such as heart rate and ECG, SpOs,
skin temperature, and humidity. In addition, it also monitors the level of physical activity. It is low-
cost and wearable. It uses a mobile app for a smartphone or tablet to store, visualize (see Figure 3),
and analyze the acquired signals.

VITAL-ECG has been designed keeping particular attention to the ease of use. One of the main
objectives, in fact, is to grant access to ECG measurement and to atrial fibrillation recognition without
specialized expertise. Acquisitions are performed without the necessity of precise positioning or
calibrations, while the only knowledge required is how to use an Android cellphone or tablet. When
the device recognizes a hazardous situation, such as atrial fibrillation, a simple button on the app
transmits patient location and data to a remote center, or to an assigned physician. In other words,
VITAL-ECG is a tool for hospital to remotely monitor patients by means of real-time vital parameter
acquisition and transmission, without the need of trained specialized personnel to be physically close
to the subject. This telemedicine approach provides physicians a way to keep patient health under
observation, remotely, without the need of physically occupying a bed in a hospital, and, only when
needed, ask for their return to the medical facility for further exams.

Figure 3. VITAL-ECG mobile app: ECG screen.

The Remote Assistance Center has a software complete with the required tools to assert the
patient risk. Amongst the various functions, the tools allow to: view patient data, filter old records,
compare acquisitions, analyze data, store notes, etc.

3.1. System Design
The device design specifications can be resumed in the following points:

e  Two-electrode electrocardiograph. LEAD [, II, and III can be recorded one at a time.

e  Atrial fibrillation monitor that once it detects an irregular rhythm automatically notifies the
assigned physician.

e  Temperature and relative humidity sensing.

e  Gesture recognition sensor, used to count steps, and to wake up the device.

e Pulse oximetry, which can be used to improve heart-rate computation.

e  Bluetooth 4.0+ to connect VITAL-ECG with the mobile app in low-energy.

e  Very-low power consumption with a rechargeable lithium battery with standard USB Micro-B
connector. A full charge should be sufficient for more than a week of normal use.

e Very simple use. Everything should work with the minimum effort possible.

e  Comfortable design with contained dimension and weight.

e  Biocompatibility: both the polycarbonate for the case and wristband, and the electrodes were
chosen among those medical certified as biocompatible to prevent any harms to the user over
long-term usage.

3.2. Circuit Design
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The overall VITAL-ECG hardware circuit is displayed in Figure 4 and its block diagram is shown
in Figure 5. The only signal directly acquired by the microcontroller is the ECG, whilst the other sensor
modules autonomously perform their acquisitions transmitting their data to the microcontroller only
upon request. The microcontroller stores the received data and the acquired ECG in its internal FLASH
memory until a Bluetooth device is ready to receive it. Once the data has been sent, the device
automatically returns to a low-power state, in which it will remain until the next acquisition.

Eectrade +
EL1 Bs 3 } & 11
() H rot ~ [ A~
~ < s RE .
< 6 INAD ut 5 4y
M TI_nazas L. MM
J— .
e / w5 o = ’
“EL2 — 4 Ly V- - |
Electoic } } s
4
< e

28
2

u
[N
1_~"TI_OPA4330
ouT
3 65V
N

Figure 5. ECG analog front-end.
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Figure 6. Block diagram representing the system architecture.

The system is intended to be as simple as possible in order to spare PCB space and power
consumption. It also needs to be light and small enough to be placed into a wristwatch box. For this
purpose, every component has been selected in its smallest and flattest package.

3.3. ECG Front-End

The ECG front-end schematic is shown in Figure 6. It consists of an instrumentation amplifier,
which is directly connected to the electrodes, and two op-amps used as HP, and LP filters. The heart
of the front-end is the instrumentation amplifier, implemented with the INA333 [32], from Texas
Instruments, which has a very low power consumption of 150 uW, a CMRR higher than 100 dB, and
a built-in RFI filter. Furthermore, its relatively high resistance to ESD—4 kV HBM and 1 kV CDM —
allow to avoid the use of an ESD suppressor. An OPA4330 op-amp [33] has been chosen because of
its low power consumption and high price-to-performance ratio.

The HP filter is obtained with a single pole LP filter closed in loop to the INA333 reference. Since
the circuit works with a monopolar power supply, a reference voltage of 1.65 V (half Vcc, obtained
via decoupled voltage divider) had to be added as a reference. The second and final stage of the front-
end is the LP filter, consisting of a Sallen-Key topology circuit designed using Butterworth
polyonomy. The HP was set to 0.5 Hz, while the LP was set to 40 Hz. Further filtering of ECG signal
is then performed with digital filters.
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As stated in the last section, the circuit is not intended to be used during Bluetooth transmissions
since it only transmits data after the end of acquisitions. However, having a 8 MHz corner frequency,
the INA333’s built-in RFI filters are enough to highly reduce any possible interference with the
Bluetooth RF front-end, or any similar frequency signal (e.g., Wi-Fi). Any remaining interference is
then filtered by the LP filter with over —200 dB attenuation for frequencies over 4 MHz. As a matter
of fact, all the acquisitions ever made with VITAL-ECG are performed in presence of multiple mobile
phones—and any sort of connected devices nearby —without showing any sign of signal degradation.

3.4. Electrodes

Since one of the main goals of VITAL-ECG is the ease of use, dry electrodes were the only logical
choice. Wet electrodes require gels, or disposable elements, producing garbage, and making the ECG
acquisition considerably more uncomfortable. On the other hand, dry electrodes have poor
performance when compared to wet ones. Furthermore, they are usually made of expensive metals,
like silver, that also tend to oxidize easily. Albeit it is unquestionable that wet electrodes offer better
performance over dry ones, their discomfort in this kind of device does not justify the improvement
of the signal, which is already acceptable—for the purpose of the VITAL-ECG—with rigid metal
electrodes. In order to select the best electrode material, in terms of cost and performance, several
experiments were carried out on different materials, such as silver, copper, heavily oxidized silver,
heavily oxidized copper, gold, and steel. Although in the end stainless steel was chosen as the best
compromise, further tests are required in order to find a better solution. Finally, stainless steel
provides biocompatibility over long-term usage on the wrist; indeed, it is one of the standard
materials for building watches.

3.5. Pulse Oximeter

Pulse oximetry is a non-invasive measurement of a person’s peripheral oxygen saturation
(SpO2) [34]. The typical configuration of a pulse oximeter requires two LEDs, one emitting red light,
and the other one infrared light; and a photodiode, which measures the reflected light from the patient.

In the VITAL-ECG, pulse oximetry is implemented with a MAX30102 [35]. The main advantage
of using an integrated circuit is that the LEDs and photodiode are embedded in the same die, as well
as the optics required to work. This allows a drastic reduction in PCB space and, most importantly,
the manufacturing complexity of the final board. Another advantage of the integrated solution is that
acquisition, post-processing, and SpO: calculation are all performed before being sent to the
microcontroller, which then will require no further operation on the data.

3.6. Temperature and Humidity

Temperature and humidity are both acquired by an HT5221 [36]. This IC is a factory calibrated, low
power, ultra-compact sensor that contains a 16-bit ADC, and communicate with the microcontroller
via SPL.

3.7. Motion Sensor

The motion sensing in VITAL-ECG is obtained with an MPU-9250 [37]. This is a nine-axis motion
tracking device that combines a three-axis accelerometer, three-axis magnetometer, three-axis
gyroscope and a digital motion processor (DMP) all in a small QFN package. It contains nine 16-bit
ADCs (one for each axis), and programmable digital filters. The DMP allows to perform basic gesture
recognition, such as tilts, and is capable of triggering interrupts with a dedicated pin.

The main use of the motion sensor is step counting, and to wake up the device. However, in the
future it could be possible to implement advanced gesture recognition to assert hazardous events,
such as falling.

3.8. Power
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The device is powered by a single 3.7 V LiPo battery with 190 mAh capacity. The battery voltage
is then regulated at 3.3 V with the MAX1759 [38], which is a low noise buck-boost voltage converter
that does not require an external inductor, thus minimizing PCB space.

The power circuitry section also includes the MAX1555 [39], which is an integrated circuit that allows
to safely charge the battery taking care of the required protection, such as overcharging, short-circuit,
overheat, polarity exchange, etc. The battery is charged through a standard USB type micro-B connector,
which requires the same cable used to charge modern cellphones ensuring maximum versatility.

The total power consumption of the device depends on its use, which may vary from an average
value of around 160 uW (measured value), when in standby, to an average value of 30 mW (measured
value) when transmitting. In a normal use scenario (no more than three acquisition per day), this
would optimistically allow recharging the battery around once every two months.

3.9. Microcontroller

The microcontroller chosen for VITAL-ECG is the CC2640R2F, from Texas Instruments [40]. This
microcontroller is specifically designed for low power wireless sensing applications. In fact, its very
low power consumption ranges from 9 mW in full speed operation, to 2 uW in standby. To further
improve its power consumption, this microcontroller contains an ultra-low power sensor controller
that allows the integrated 12 bit ADC —amongst other peripherals—to work autonomously from the
CPU, which can be selectively disabled to save energy during acquisitions. Finally, the main reason
why it was chosen is the integrated Bluetooth transceiver, which only requires a small patch antenna
in order to work, hence a very small PCB area and implies also an easier implementation.

In order to improve battery performances, the CC2640R2F is put in shut-down mode whenever
possible. For this purpose, the MPU-9250 is exploited to awaken the device when the user taps three
times on the top electrode.

3.10. Bluetooth

The integrated RF transceiver in CC2640R2F is compatible with Bluetooth low energy (BLE) 4.2
and 5.0 specifications [41].

It is extremely unlikely that VITAL-ECG will require long range Bluetooth transmissions since
the form factor is a watch. For this reason, it was possible to design the antenna as a low gain patch
antenna, hence obtained with a PCB trace. This not only ensures the minimum space occupation on
the board, but it also limits the total power consumption of the device to less than 13 mW during
transmission. In order to further reduce power consumptions, Bluetooth communication is limited to
a single transmission burst at the end of the acquisition, besides the unavoidable start signal.

4. Experiments

To assess the quality of the VITAL-ECG, its ECG acquisitions have been compared with those of a
professional electrocardiograph on 36 healthy subjects. The system chosen as reference is the General
Electric MAC2000 (Boston, USA) [42]: an electrocardiograph widely used in hospitals and known for
its reliability. The experiments consisted in five contemporary acquisitions of VITAL-ECG and
MAC2000 for each subject. All data obtained was then analyzed to assess potential differences in the
acquisitions.

The MAC2000 was equipped with four stainless steel electrodes—the same used in the VITAL-
ECG—and they were placed on the patient according to Einthoven’s triangle: right hand, left hand, and
left leg [43], while the fourth is placed on the right leg to reduce interferences. This configuration allows
to obtain three channel acquisitions: LEAD I, LEAD II, and LEAD III. However, since most of the
acquisitions using VITAL-ECG are taken from the left hand to the right hand, only LEAD I is taken in
consideration for the results analysis. In fact, for the experiments here proposed the acquisitions of VITAL-
ECG were performed between the right wrist and the left thumb, thus obtaining a LEAD I signal.

Since the purpose of this analysis is to assert the quality of the proposed device, all the results
shown in this paper are obtained from healthy resting subjects, thus avoiding all kind of movements
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that would introduce unnecessary motion artifacts. The experiments start with the patient seated and
in a relaxed condition. Then five series of ten second acquisitions are performed interspersed with
one minute of rest, during which data is saved and the following acquisition is set up.

Through the experiments, the device has also been stressed to test its resilience to alterations
both in the working environment, e.g., electromagnetic fields, and the patient, e.g., after some sports.
In both cases, the system has not shown any significant modification in the acquired signal, which
was not automatically removed during the app filtering.

Finally, in one-third of the experiments, the volunteers have been asked to wear the device an
whole day and to perform as much acquisitions as possible to check if the acquired signal were
consistent over time or if, on the contrary, they were affected by some noise. The resulting VITAL-
ECG recordings did not show any alteration except in case of battery discharge; at this purpose, a
firmware routine has been added to check battery voltage, to block acquisitions when this kind of
situation occurs and to signal it to the app and, consequently, to the user.

4.1. Bland—Altman Plot

The first parameter that was taken into account in order to compare VITAL-ECG and MAC2000
ECG’s quality is the heart-rate estimation through a Bland—Altman plot. Bland-Altman plots are
normally used to compare two measurement systems by plotting differences between the same
measurement in the ordinate, and its average on the abscissa.

Bland Altman plot
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Figure 7. Bland—Altman plot for the VITAL-ECG and MAC2000.

Figure 7 presents the Bland—Altman plot for the VITAL-ECG and MAC2000, where each blue point
corresponds to a pair of heart-rate measurements, represented by their difference and mean. The plot
exhibits a zero-mean value, with less than 5% of data variation around the maximum, which means
that on average there is no difference between the heart-rate measured by the two systems.
Furthermore, cross-correlation (XC) between the two heart-rate detections has been evaluated. The
results confirm measurement’s consistency with XC close to 90.5%. As a consequence, VITAL-ECG
heartbeat measurements are consistent and it can be stated the device correctly estimates the heartbeat.

4.2. Power Spectral Density

The second parameter investigated to assert VITAL-ECG’s quality is the ECG signal itself.
Albeit electrocardiogram is a quite old and very-well known topic in literature, asserting its
quality is not a trivial task, especially when an analytical standpoint is required. A study about the
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ECG signal manifold and intrinsic dimensionality is presented in [44]. In the following, both
frequency and time domain analyses have been used to evaluate ECG signals.

Power spectral density (PSD) represents how the signal’s energy is distributed among the
frequency spectrum, which is also correlated to the information content of the signal among the
spectrum. Although there are many different methods better suited to estimate PSD, for simplicity’s
sake in this study the squared discrete fast Fourier transform (FFT) module has been chosen.
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Figure 8. Power spectral density (PSD) between 0 and 45 Hz for VITAL-ECG (red) and MAC2000 (green).

Results of the PSD are shown in Figure 8, where the red line represents the VITAL-ECG and the
green line represents the MAC2000.

Although by visual inspection there is no significant difference between the two PSDs, a further
analytical analysis was held through cumulative spectral power.

Cumulative spectral power (CSP) is a parameter calculated from PSD with a cumulative sum
normalized with the total power. The curve obtained in this way, CSP(f), is a monotonously raising
function representing the percentage of energy contained by the frequencies below a certain
frequency of interest f.

f
CSP(f) = Z PSD(n) )

According to the argument of this function, it is possible to assess at which frequency the signals
arrive to a certain fraction of total power, and thus of the information content. Therefore, it is possible
to define the median of the PSD, namely the frequency that divides the power in half, and a certain
bandwidth around the median, which has been chosen to 60% for this study. In Table 1 there are
reported the frequencies at which 20%, 50%, and 80% of the total power is distributed, according to
CSP.

Table 1. Cumulative spectrum power frequencies.

System  f20% (Hz) £50% (Hz) f80% (Hz)
MAC2000 55 13.6 31.9
Vital-ECG 4.3 114 25.6
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The values in Table 1 confirm that the information of the VITAL-ECG and MAC2000 is
distributed in a very similar matter, in accordance with Figure 8. In particular, half of the total
information content of VITAL-ECG acquisitions is concentrated in the bandwidth 0-11.4 Hz, which
means that its spectrum is concentrated on slightly lower frequencies than MAC2000 (0-13.6 Hz).
Since most of ECG information is located on low frequencies [45], Table 1 shows that the VITAL-ECG
has better performance in that bandwidth.

4.3. Time Domain Differences

The last comparison between the VITAL-ECG and MAC2000 is in the time domain. For this
analysis, a set of various single heartbeats has been built from random subjects in order to evaluate
point-to-point differences between the measurement systems. For this purpose, the contemporary
acquired signals from the MAC2000 and VITAL-ECG were first normalized, then matching
heartbeats were isolated and compared in couples. Figure 9 shows an example of the heartbeat
acquired with both the VITAL-ECG (in blue) and MAC2000 (in red).
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Figure 9. A single heartbeat isolated from VITAL-ECG and MAC2000 contemporary acquisition.
Table 2 shows the mean difference and the standard deviation between each point of the signal.
Even from this table it is possible to observe that there are not important disagreements, with a mean

difference around 1%, and a standard deviation slightly above 12%. Table 2 further confirms the
previous analyses, showing no significant differences between the acquisitions of the two devices.

Table 2. Mean and standard deviation of time domain differences

Mean (a.u.) Standard Deviation (a.u.)
Difference -0.011 0.1213

As a final note, it is important to remark that although is not very evident from the final ECG
signals, the MAC2000 caused a significant 40 Hz interference on the VITAL-ECG acquisitions,
probably due to the right leg driver. For this reason, the spectral analysis had to be done on signals
acquired without its presence. All other measurements were held using contemporary acquisitions.

5. Conclusions

To ensure patients are healthy, several vital parameters need to be kept under physician control.
These operations imply the use of various medical instrumentations and need a free bed in the
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hospital. Furthermore, results need to be interpreted by specialized personnel, which need to be
physically near the instrumentation at hand. Today, no such portable or wearable solution exists. The
second generation of the VITAL-ECG has been presented. After a detailed and rigorous description
of the circuit, a comparison with the MAC2000 electrocardiograph has demonstrated the correctness
of the adopted approach and its physical implementation. In this sense, the VITAL-ECG is able to
perform different medical exams, which need, in general, different instrumentations, within a single
device. As a matter of fact, the analyses presented in the paper showed no significant difference in
terms of the measured heart-rate, spectral content of information, and time domain differences.

Future works will deal with increasing the number of sensors to make the device able to record
also perspiration, blood pressure, and patient stress/mood. To memorize data directly in the device,
an external peripheral, such as an SD card, will be mounted; as a consequence, the VITAL-ECG would
also be used to carry out continuous monitoring of subjects at risk. To improve the user experience,
the device will be equipped with a display. Finally, the heartbeat algorithm will be improved to
further reduce its uncertainty.

6. Patents

The device presented here is based on patent W0O2018073847A1: Wearable device for acquiring
electrocardiographic signals (ECG) signals.
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