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Abstract

Background

The QuasaR™ device measures color PPG, which can then be post-processed to derive biometric parameters such
as heart rate (HR), heart rate variability (HRV), respiratory rate (RR), and blood oxygen saturation (SpO,). The
QuasaR™ device uses a novel optical sensor (color sensor) to measure changes in the skin color over time, i.e.
photoplethysmography (PPG) instead of a photodiode. In this feasibility study, we describe the basic signal
processing involved in the post-processing of the color PPG signal in measuring the biometric parameters, both
while the subject is at rest and moving at a particular speed.

Objective

QuasaR™ device is a smart wearable biometric tracking device that can help subjects continuously track their
health and well-being both at home and at a clinical setting. The QuasaR™ device will sit on the chest (upper
sternum) and will be held in position with a strap. The QuasaR™ device also measured additional parameters such
as the type of movement, number of steps per unit time, core body temperature and GPS based location. The
QuasaR™ device's smart dashboard (QuasaR™ continuous monitoring platform) reports the biometric and
movement parameters on a timeline and can automatically tag medically significant events, such as a sudden rise
in heart rate.

Methods

In the first part of this study, we report the underlying algorithms used by the QuasaR™ device to compute the
biometric parameters. In the second part of this study the reliability of the QuasaR™ device and strap system in
measuring biometric parameters on four subjects both at rest and running at two particular speeds. In the third
part, we report how the QuasaR™ strap system was optimized to deliver the required perpendicular pressure so
that it reliably measures biometric parameters from the subject’s chest, while the subject is resting.

Results

We analyzed four subjects (Mean age is 31 years, weight is 82 kg, height of 176 cm). For QuasaR™ device while
the subject is resting, the measured heart rate {FFT (fast Fourier transform) Avg=78.9 BPM, Min= 60.4 BPM,
Max=96.6 BPM}, and heart rate variability (RMSSD - Avg=113.52 ms, Min=30.1 ms, Max=262.0 ms) is correlated
with the gold standard instrument method. In this study, we avoided computing parameters like RR and SpO; since
the color PPGs are captured over 10 seconds, and it is too short a window to derive meaningful results.

Conclusions
QuasaR™ can measure all two biometric parameters, i.e. heart rate and heart rate variability reasonably accurately.
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Introduction

The health and wellness tracking industry has been disrupted with the advent of wearable devices [1]. We now
have consumer grade thermometers [2], pulse monitors [3]- [5], pedometers [6], sleep trackers [7], calorie trackers
[8], and blood sugar monitors [9], that can continuously track one or more biometric parameters. However, the
most widely used variants are perhaps wristband based activity trackers like Fitbit, Jawbone, Garmin and Apple
Watch which combines pedometers with green light based photoplethysmogram (PPG) to track HR. Apple Watch
has additional single-lead electrocardiograph (ECG) to intermittently track HR more reliably. These wristband based
activity trackers are often targeted at the so-called fitness enthusiasts to motivate them to walk a minimum number
of steps per day and therefore live healthier lives. Fuelled by the popularity of wrist-band based wearable
companies, other wearable companies have introduced FDA approved and EMR compatible medical devices to be
used in a hospital or at home. Companies such as Vitalpatch and Biotricity use single-lead ECG based devices,
whereas Snap40, Valdic and CouldDX use optical PPG based instruments to track one or more biometric
parameters in clinical settings. Smart clothing companies such as Athos, Hexoskin, Myontec and Clothing+ designs
and manufactures their own ECG based smart apparel target only professional athletes and coaches.

Professional athletes and coaches are also using GPS trackers coupled with single lead ECG based heart rate
trackers to monitor endurance.

A 12-lead ECG is the gold standard signal that is used for monitoring HR and HRV. Single-lead ECG technology can
also measure HR and heart rate variability (HRV) accurately, however miniaturizing and integrating them with
fabrics in the apparel for regular use at an affordable price is a challenge. PPG sensors are less invasive (does not
require electrical leads to touch the body) and therefore allow the subject to move freely. Besides, additional
biometric parameters such as respiratory rate and blood oxygen saturation can be derived from PPG sensors. In
this study, we aim to establish the basic working principle of a new type of PPG sensor (color PPG sensor) that can
do multiple parameter tracking but has the accuracy of a single-lead ECG sensor.

Pulse/ HR is defined as the number of times the heart beats per minute and heart rate variability (HRV) is defined
as the amount of variance between each consecutive heartbeat. HR is widely used in the assessment of cardiac
health such as predicting myocardial infarctions, and HRV is used in the study of the autonomic nervous system. In
sports medicine, HR combined with speed is used to compute predictors like heart rate-running speed index, which
can then be used to track and therefore improve the cardiac endurance of athletes. HRV as a function of time is
used to determine if an athlete is overtraining. When the patient is not moving, both HR and HRV can be reliably
measured using an optical sensor technology called photoplethysmogram i.e. where the variation of transmissivity
and/or reflectivity of light is measured through the tissue as a function of arterial pulsation [10]- [12], followed by
different signal post-processing approaches [10]-[14]. The wavelength under consideration varies from near-
infrared (NIR) [10] to red or green [11] and even white flashlight [15] for fingertip based sensor systems. The
accuracy in measuring HR and HRV using PPG based approaches can be affected by a variety of factors including,
movement and skin color [16]-[18].

Respiratory rate (RR) is defined as the number of times you breathe per minute and is widely used to predict
respiratory dysfunction and circulatory health of an individual in clinical settings. In sports medicine, RR is seldom
used as it is difficult to measure when the subject is moving. However, RR as a function of exercise intensity can
be used to distinguish between aerobic and anaerobic regimens. Measurement of RR in clinical settings typically
consists of capnography, where the change in concentration or partial pressure of carbon dioxide is measured in
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exhaled respiratory gases, or pneumography, where the movement is measured as a change in pressure [19], [20].
Other less accurate ways of measuring RR include electrophysiological measurements analogous to
electrocardiography (ECG) [21] and/or PPG [10]-[12], [22]. Blood oxygen saturation (SpO.) is defined as an
estimate of the percentage of oxygen bound to hemoglobin in the peripheral blood. It is measured by using a PPG
primarily at the fingertip or the earlobe [23]-[27] and is an approximation of the actual arterial oxygen saturation
(Sa02). SpO, is measured using the ratios of the varying transmissivity of alternating pulses of infrared and red light
on the skin surface [23], due to the differential transmissivity of oxyhemoglobin (HbO2) and hemoglobin (Hb) at
varying wavelengths [25].

In Section Il we first discuss the various experimental setups and then in Section Il we discuss in details the different
operational modes of the device to extract biometric parameters like HR and HRV from color PPG. We avoid
computing parameters like RR and SpO; since the color PPGs are captured over 10 seconds, and it is too short a
window to derive meaningful results. This is followed by Section IV where we discuss the results and validate the
performance of color PPG with standard PPG. In Section V we summarise current findings and discuss future work.

Il. Experimental Device

A. QuasaR™ Device

The QuasaR™ device is built using a custom PCB based and has the following
components, a color sensor made by AMS, 9DoF MEMS sensor, MCU,
Bluetooth module, power management IC, human body temperature sensor,
GPS system. The color sensor with a red and an infrared LED on either side of
it at a distance of 12.5mm is used as the sensor module. The device has two
modes, in the continuous capture mode the IR LED is kept on for 10 seconds,
and the color sensor is set up to capture at 30 frames per second. The
QuasaR™ device is further enclosed in a 3D printed plastic enclosure and is
held in position using a chest-belt where the pressure on the upper sternum
is adjustable. The device is shown in Figure. 1.

QuasaR™

- Powered By -

B Think

Fig. 1. QuasaR™ device and strap system

C. Gold Standard Devices

In order to compare the accuracy of the measurements, we have simultaneously measured the same vitals HR,
HRV, RR, and SpO,, using the following gold standard instruments/methods. HR and HRV were measured using
Polar H10 single lead ECG chest strap (Polar Beat app to pair the device, Polar Flow web app to extract data). HR
and SpO, measurements were obtained using the FDA approved Nonin Connect 3240 Wireless Finger Pulse
Oximeter (Nonin Connect App). RR was self-reported by the subject for a period of 20 seconds. In order to compare
the accuracy of the HR measurements with a standard wristband based wearable device (i.e. measures PPG using
green light and a photodiode), we have simultaneously measured HR using Fitbit Charge2™ (Fitbit App to pair the
device, Pulse Watch app to extract data).
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Ill. Measurement Method

During the continuous color PPG mode, IR LED is kept on for 10 seconds as shown in Fig.2.1. The step by step
process of computing the vitals using the 10 seconds data stream is shown in Fig.2.4. The post-processing involves
first converting the 300 (10 seconds at 30 fps) raw data points from Red, Green and Blue channel to Hue, Saturation
and Value array.

The Value array is then used as the color PPGyr. If the device is set up as such the Red channel is always brighter
than Green or Blue channels, the Value channel is effectively the Red channel.

HR is computed by passing the PPGyr signal through an appropriate alternate least square filter to remove baseline
drift and subsequently performing FFT to locate the frequency of the highest peak. RR could have been computed
by looking at the highest peak in the 0.18 to 0.5 Hz region, of the FFT signal. HRV is computed from PPGr using a
peak counting algorithm.

IV. Results and Discussions

A. Participants and Recruitment

Random selection of 4 subjects who volunteered to be part of the study from within the office space of the National
Digital Research Centre (NDRC), Dublin 8, provides us with a convenient sample. Of the 4 healthy subjects 100%
(n=18) were men, and the mean age was 31 years. The participants had an average weight of 82 kg, average height
of 176 cm. All subjects were accepted for testing except those under the with skin type VI on the Fitzpatrick scale.
Sex was not a criterion for exclusion from the study. Other exclusion criteria include refusal to give voluntary
written informed consent. Testing was done in a room with ambient lighting and temperature.
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Fig. 2. (1) Continuous color PPG for computing biometric parameters HR, HRV and RR. (2) Flowchart showing the step by step process of
capturing color PPG and computing biometric parameters HR, HRV, RR and SpO2 (3) Flowchart showing the step by step process of capturing
continuous color PPG and computing biometric parameters HR, HRV and RR

B. Continuous color PPG while the subject is sitting

The goal of this study is to determine if QuasaR™ device can measure color PPG from the chest. This study involved
subjects sitting still with QuasaR™ device strapped onto their chest with a QuasaR™ strap for up to 5 minutes for
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each reading. The device first records five readings (once a minute) and then computes the color PPG and then
subsequently calculate HR, HRV, RR and SpO.,. Simultaneously the subject wore a Polar H10 ECG chest strap on
the chest, a Fitbit Charge2™ on the wrist and a Nonin Connect 3240 Wireless Finger Pulse Oximeter was clipped
on the digit (finger) for the same length of time. The subjects also self-counted and reported the number of breaths
they took for the duration of the first one minute. During this study, one of the authors helped the subject position
the sensor module, and incrementally increase the pressure by tightening the elastic chest-belt until the device
could measure HR reliably. Readings at two different pressure settings were obtained in quick succession. The
duration of the experiment was approximately 15-20 minutes.

In order to visually compare the continuous color PPG, we first plotted the readings in Figure. 3. Initial visual
inspection shows that pressure setting 2 is the best. Pressure setting 1 has poor quality PPG.

Subject 1 Subject 2 Subject 3 Subject 4

Pressure 2 \»_w

Fig. 3. Continuous color PPG while the subject is at rest.

C. Continuous color PPG while the subject is jogging on a treadmill

Once we got reliable results using the device, we wanted to measure how additional movement affects the accuracy
of the measurements. This study involved subjects walking at 2 predetermined speeds (3km/h and 5km/h) on a
treadmill with QuasaR™ device strapped onto their chest with a QuasaR™ strap for up to 5 minutes for each reading.
The device first records five readings (once a minute) and then computes the color PPG and then subsequently
calculate HR, HRV, RR and SpO,. The subjects also wore the gold standard devices like the rest set up. Like the
previous section, during this study one of the authors helped the subject position the sensor module, the pressure
on the module was kept constant (Pressure Setting 2) Readings at two different jogging speeds were obtained in
quick succession. The duration of the experiment was approximately 10 minutes.

In order to visually compare the continuous color PPG, we first plotted the readings in Figure. 4. Results for all
subjects at all speeds were quite noisy due to movement artefact i.e. clear PPG could not be obtained.

Color PPG Using QuasaR™ Device © 2019 Think Biosolution



i 7

Subject 1 Subject 2 Subject 3 Subject 4

Fig. 4. Continuous color PPG while the subject is jogging.

D. Comparison of HR and HRV measured using QuasaR™ using peak counting and
fast Fourier transform

We further compute HR and HRV form the continuous color PPG. HR is computed by passing the PPGjr through
an appropriate filter to remove baseline drift, and subsequently performing FFT to locate the frequency of the
highest peak.

We then determine the efficacy of the HR results by visually comparing the FFT peak from continuous color PPG
signal with baseline removed as shown in Figure. 5.A. for rest and in Figure. 6.A. while the subject is jogging. We
then determine the efficacy of the HRV results by visually comparing the peaks identified with peak finding
algorithm on the color PPG with baseline removed as shown in Figure. 5.B. for rest and in Figure. 6.B. while the
subject is jogging.

The results show that at rest the FFT signal could find the peaks consistently at rest as shown in Figure. 5.A. During
jogging there are two sets of peaks in the FFT signal one corresponding to the subject’s motion and another to the
subject’s HR as shown in Figure. 6.A. In subject 1-2 the HR peaks are in the range of 2-2.5 HZ and are clearly
distinguishable from the movement peaks at 1.5-2 Hz. In subject 3 who has a lower heart rate both these peaks
overlaps at 1.5-2 Hz. In subject 4 the HR peaks are in the range of 2-2.5 Hz and are clearly distinguishable from the
movement peaks at 0.5-1 Hz.

We are primarily computing HR using the FFT peaks, and then subsequently using peak counting to determine the
peak to peak distance RR. So to compare how accurately the peak counting algorithm works we further compute
HR in BPM by counting the peaks determined by the peak counting algorithm and multiplying it by 6. Of course,
the HR computed form the peak counting algorithm is going to vary from the FFT approach given that (1) a counting
error of one peak will result in a difference of 6 BPM, (2) we are not adjusting for the fact that the PPG signal with

Color PPG Using QuasaR™ Device © 2019 Think Biosolution
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baseline removed still has measurement artifacts at the beginning. The results are reported in Table. I. In order to
visually compare the HR results from the FFT to the peak-counting method while the user is at rest, we also then
compute the co-relation and Bland- Altman plot of the HR as shown in Fig. 6.A.

8

HRYV is computed from IPPG by using a peak counting algorithm. We first measure the peak to peak RR distances
and then use them to compute RMSSD (the square root of the mean of the squares of the successive differences
between adjacent RR) and SDNN (the standard deviation of NN intervals). The results are reported in Table. 1. In
order to visually compare the HRV results from the RMSSD and SDNN, we also then compute the co-relation and
Bland- Altman plot of the HRV as shown in Fig. 6.A.
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Fig. 5. (A) HR computed while the subject is at rest, by measuring the highest FFT peak from continuous color PPG signal with baseline
removed. (B) HRV computed while the subject is at rest, by measuring the RR distance using peak counting algorithm from continuous color
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Fig. 6. (A) HR computed while the subject is jogging, by measuring the highest FFT peak from continuous color PPG signal with baseline
removed. (B) HRV computed while the subject is jogging, by measuring the RR distance using peak counting algorithm from continuous color
PPG signal with baseline removed.
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E. Comparison of HR measured using QuasaR™ with the gold standard wearable
device

In order to visually compare the accuracy of measuring HR using QuasaR™ compared with gold standard devices,
we plotted them as shown in Figure. 7. The gold standard devices include Polar H10 single lead ECG chest strap,
FDA approved Nonin Connect 3240 Wireless Finger Pulse Oximeter and Fitbit Charge2™. The three gold standard
devices were surprisingly similar. The HR results from our color PPG reproduces the trends, but are not as accurate.

This is primarily as heart rate is calculated as the average of the last 10 seconds and the capture time of 10 seconds
is too short.
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Fig. 7. HR computed while the subject is at rest using (A) Fitbit (B) Nonin (C) Polar, and (D) QuasaR

V. Conclusion

In this work, we have introduced a novel hardware paradigm to measure two types of color PPG obtained
from a color sensor and verify their quality to extract biometric parameter. The continuous monitoring color
PPG can be used to compute HR, HRV and RR. We compute HR using FFT and peak counting methods and
compare them. The RR distances obtained from the peak counting approach can be further used to compute
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HRV using RMSSD and SDNN. In this study, we avoided computing parameters like RR and SpO: since the
color PPGs are captured over 10 seconds, and it is too short a window to derive meaningful results. Our
preliminary bench side study with 4 subjects for each device show that this approach is reasonably accurate.
However further studies are required to quantify the effects of body hair, body shape, skin color and extreme
movement on the accuracy of the final results.

TABLE |
HR {MEASURED IN BPM) USING 3 METHODS FROM COLOR PPG (1) PEAK COUNT CODE, (23 FF'T CODE AND (3) PEAK COUNT MANUAL
Subject 1 Subject 2 Subject 3 Subject 4
Peak Count FET Manual | Peak Connt FET Mannal \ Peak Count FET Manual | Peak Count FET Mannal
Rest - Pressure 1 - 1 84 90.6 78 78 90.6 78 72 724 72 54 66.4 54
Rest - Pressure 1 - 2 78 84.5 78 78 84.5 78 72 724 78 48 60.4 48
Rest - Pressure 1 - 3 84 84.5 66 78 84.5 60 72 724 60 54 60.4 48
Rest - Pressure 1 - 4 496 84.5 66 78 84.5 78 78 724 72 66 102.6 54
Rest - Pressure 1 - 5 72 84.5 66 78 84.5 60 78 78.5 78 48 60.4 48
Rest - Pressure 2 - 1 90 96.6 90 90 96.6 a0 66 724 60 42 724 48
Rest - Pressure 2 - 2 78 84.5 90 78 785 78 72 785 78 48 664 48
Rest - Pressure 2 - 3 90 96.6 90 66 78.5 72 81 724 18 18 6041 18
Rest - Pressure 2 - 4 84 90.6 84 78 84.5 81 7 785 72 48 604 48
Rest - Pressure 2 - 5 78 84.5 78 72 78.5 72 7 785 78 48 604 48
Run - Speed 1 - 1 102 1147 138 102 102,68 156 96 724 120 78 724 108
Run - Speed 1 -2 90 126.8 282 108 108,72 174 90 785 96 78 84.5 126
Run - Speed 1 -3 84 1382 138 102 108,72 168 96 724 132 84 84.5 162
Run - Speed 1 -4 84 144.9 144 102 108.72 162 90 785 204 150 782 162
Run - Speed 1 -5 84 138.9 138 108 108.72 174 84 785 150 78 78.5 126
Run - Speed 2 - 1 78 1208 108 72 126.8 144 96 96.6 120 90 102.6 156
Run - Speed 2 - 2 72 126.8 102 78 151.0 162 78 102.6 156 96 108.7 138
Run - Speed 2 - 3 78 126.8 102 78 120.8 186 96 108.7 108
Run - Speed 2 - 4 78 157.04 132 78 126.8 198 84 102.6 114
Run - Speed 2 - 5 78 163.0 126 78 1208 174 84 102.6 102
TABLE II
IRV MEASURED USING 2 METHODS FROM COLOR PPG (1) RMSSD AND (2) SDNN
Subject 1 Subject 2 Subject 3 Subject 4
RMSSD  SDNN | RMSSD  SDNN | RMSSD  SDNN |

Rest - Pressure 1 - 1 66.6 44.5 122.8 87.5 69.9 84.0 1994 188.6

Rest - Pressure 1 - 2 95.7 75.6 49.9 58.7 93.7 82.0 252.1 178.1

Rest - Pressure 1 - 3 179.7 98.9 118.1 90.8 4.7 36.7 1775 1698

Rest - Pressure 1 - 4 116.5 80.2 116.6 73.7 36.2 33.2 894 61.7

Rest - Pressure 1- 5 60.8 48.7 60.0 46.2 1784 136.3 1546 1333

Rest - Pressure 2 - 1 333 10.5 55.6 18.7 86.1 89.7 738 1369

Rest - Pressure 2 - 2 56.9 74.1 30.1 33.2 1922 1074 | 2209 1897

Rest - Pressure 2 - 3 177.5 129.9 93.2 83.4 167.2 110.5 1483 1528

Rest - Pressure 2 - 4 63.3 50.3 70.0 59.9 165.7 100.5 2142 1800

Rest - Pressure 2 - 5 33.3 31.8 37.6 35.1 80.5 102.1 196.2 1983

Run - Speed 1 -1 29.1 30.2 39.4 23.9 141.7 1099 | 1366  82.1

Run - Speed 1 -2 250.5 176.1 333 21.9 86.4 68.0 171.1 121.7

Run - Speed 1 -3 158.2 136.9 186.4 145.0 271.1 180.4 1554 103.0

Run - Speed 1 - 4 345.7 2109 126.7 103.9 146.6 111.6 99.9 779

Run - Speed 1 - 5 2514 165.6 52.0 33.8 2012 1454 1825 1361

Run - Speed 2 - 1 286.2 198.3 253.8 188.27 190.4 1500 | 217.6 1575

Run - Speed 2 - 2 163.8 1392 194.1 177.9 230.3 1884 | 2626 2459

Run - Speed 2 - 3 2208 113.1 2283 206.0 2594 1560

Run - Speed 2 - 4 214.6 1802 284.9 2287 190:2 1336

Run - Speed 2 - 5 2143 188.2 2674 1572 2110 1920
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