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Cardiovascular diseases are the most common cause of death worldwide, and in the fight
against them is a high demand for inexpensive and robust methods for monitoring the condition
of the cardiovascular system. One of the solutions with the most potential could be optical wrist-
worn heart rate measurement devices. At its simplest form, a wrist-worn heart rate monitoring
device has a light emitting diode (LED) to illuminate the tissue, a photodetector to detect the
intensity of the reflected light, and a simple electric circuit with a small battery, making it truly
inexpensive.

Optical heart rate (OHR) measurement devices utilize photoplethysmography (PPG) which is
traditionally used for monitoring blood oxygen saturation in a clinical environment. Wrist-worn
OHR devices, however, are currently most popular among athletes, as they have replaced heart
rate bands around the chest by being more comfortable to use. The ease of using wrist-worn
OHR devices is one of the main factors for the great potential that wrist-worn OHR devices have
in detecting cardiovascular diseases.

The PPG signal is currently considered too vulnerable to error, and even though there are
currently many clinical applications under research or evaluation for wrist-worn OHR devices, it
is commonly considered that the current state of wrist-worn OHR devices is more for estimating
heart rate than the robust monitoring of it. Therefore more research on PPG devices and signal
quality and possible error factors is necessary.

One of the possible error factors that has not been studied enough is the effect of the subject’s
skin tone. There have been suggestions that darker skin tone could attenuate the PPG signal,
which could lead to more errors in the signal and therefore affect the heart rate monitoring accu-
racy. Other factors that could possibly affect the measurement results are the wavelength and the
intensity of the LEDs of the OHR device.

In this thesis three of the possible error factors above are addressed. The effect of skin tone
is studied by having subjects with different skin tones and measuring the heart beat intervals with
an OHR device as well as a reference electrocardiograph (ECG) device. The measurement period
included resting phases as well as activity phases, such as walking, typing on a computer and
cycling. The effect of the wavelength and intensity were studied with similar study protocol and
reference ECG, but all the subjects were wearing OHR devices on both of their wrists. The three
wavelengths studied in this thesis are peak wavelengths of 525 nm, 573 nm and 593 nm. The two
intensity levels of the LEDs are determined by the driving current of the LED. Lower intensity
devices will have 25 mA driving current on each LED, totaling 50 mA current and higher intensity
devices 50 mA on each LED, totaling 100 mA current.

In the measurement results there can be seen a correlation between reliably detected beat
intervals and skin tone, as subjects with darker skin tones had lower amount of reliable beat
intervals detected. The amplitude of the PPG signal was lower with darker skin tones, as the
higher amount of melanin caused higher absorbance in the tissue, making the PPG signal more
vulnerable to noise and other error factors.

From the wavelength measurement results, devices with peak wavelengths of 525 nm and
573 nm had better signal quality than a device with peak wavelength of 593 nm. However, there
were no real differences between 525 nm and 573 nm.

The intensity of the LED did not seem to have as big an effect as was thought it would be. The
device with higher intensity performed slightly better than the device with lower intensity. How-
ever, it was detected during this study that the intensity of the device seems to have a higher
effect if the subject has decreased blood flow for any reason.

Keywords: Photoplethysmography, wavelength, skin tone, Fitzpatrick scale, inter-beat-
intervals, intensity, optical heart rate
The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Sydan- ja verisuonisairaudet ovat yleisin kuolinsyy maailmalla, jonka vuoksi tarve edulliselle
seka luotettavalle kardiovaskulaariselle monitoroinnille on suuri. Yksi potentiaalisimmista ratkai-
suista ovat optiset rannesykemittarit. Yksinkertaisimmillaan rannesykemittari sisaltda valonlah-
teen eli LEDin (engl. light emitting diode), joka hohtaa valoa kudokseen, valokennon, joka havait-
see kudoksesta takaisin heijastuneen valon intensiteetin, seka yksinkertaisen virtapiirin virtalah-
teineen, minka vuoksi rannesykemittarit ovat potentiaalisesti halpa ratkaisu sydamen monitoroin-
tiin.

Optinen sykemittaus hyddyntaa photoplethysmografiaa (PPG), jota on kaytetty sairaaloissa
pitkdan veren happisaturaation monitoroinnissa. Rannesykemittarit ovat kuitenkin talla hetkella
suositumpia urheilijoiden keskuudessa, silla ne ovat korvanneet suurelta osin rinnalle tulleen sy-
kevyon kayttdmukavuutensa vuoksi. Kayttdmukavuutensa ja -helppoutensa takia rannesykemit-
tarien potentiaali kardiovaskulaarisia sairauksia vastaan taistelussa onkin niin suuri.

PPG signaalia pidetdan yleisesti herkkana virheille ja optisia sykemittareita kaytetaankin talla
hetkella enemman sykkeen arvioimiseen kuin tarkkaan mittaamiseen. Uusia tutkimuksia kuitenkin
tehdaan jatkuvasti, jotta rannesykemittareista voitaisiin saada tarpeeksi luotettavia kliinisia tutki-
muksia varten.

Mitattavan henkilon ihonvari on yksi mahdollisista virhelahteista, jonka vaikutusta PPG sig-
naaliin ei ole vield tutkittu tarpeeksi. Tummemman ihonvarin on esitetty vaimentavan PPG sig-
naalia, mika puolestaan tekisi signaalista entistd herkemman virheille ja vaikuttaa taten sykemit-
tauksen tarkkuuteen. Myds optisen sykemittarin kayttdma aallonpituus, seka valon intensiteetti-
taso ovat mittaustuloksiin vaikuttavia tekijoita.

Tassa diplomitydssa tutkitaan edelld mainittujen tekijdiden vaikutusta. Ihonvarin vaikutusta tut-
kitaan mittaamalla sykevaleja seka optisella sykemittarilla, etta referenssi ECG (engl. electrocar-
diogram) laitteella. Mittaukset suoritetaan useille eri ihonvarin omaaville koehenkildille. Mittaukset
pitavat sisallaan lepoa, kavelya, tietokoneella kirjoittamista ja kuntopyoralla polkemista. Aallonpi-
tuuden ja intensiteettitason vaikutusta tutkitaan samalla mittausprotokollalla, mutta naissa mit-
tauksissa koehenkilGilla on referenssi ECG laitteen lisédksi optinen sykemittari molemmissa ran-
teissa, joissa on joko eri aallonpituus tai intensiteettitaso toisiinsa verrattuna. Tutkimuksissa kay-
tettdvat kolme eri aallonpituutta ovat 525 nm, 573 nm ja 593 nm. Intensiteettitason vaikutusta
tutkitaan kahdella eri tasolla, jotka ovat maaritetty ledien tulovirran avulla. Pienemman intensi-
teettitason omaavissa laitteissa yhdelle ledille tuleva virta on 25 mA ja korkeamman intensiteetti-
tason laitteissa 50 mA. Jokaisessa laitteessa on kaksi ledid, nostaen kokonaistulovirran alem-
massa intensiteetin laitteissa 50 mA:iin ja korkeamman intensiteetin laitteissa 100 mA:iin.

Mittaustuloksissa on nahtavissa selkea korrelaatio ihonvarin ja signaalista havaittujen hyva-
laatuisten sykevalien valilla, tummemmilla ihonvareilla hyvalaatuisten sykevalien maaran ollessa
pienempi. PPG signaalin amplitudi on pienempi tummemmilla ihonvareilla, silld suurempi mela-
niinin maara imee itseensa suuremman maaran mittaukseen kaytettavasta valosta. Taman seu-
rauksena PPG signaali on herkempi kohinalle ja muille virhelahteille.

Aallonpituuden vaikutuksen tutkimustuloksista selviaa, etta laitteet, joissa kaytettiin 525 nm ja
573 nm aallonpituuksia, tuottivat parempi laatuista signaalia kuin laite, jossa oli kdytdéssa 593 nm
aallonpituus. 525 nm ja 573 nm aallonpituuksien mittaustulosten valilla ei ollut merkittavia eroja.

Intensiteettitason vaikutus oli tuloksissa odotettua pienempi. Korkeampi intensiteettitason
omaava laite sai keskimaarin hieman parempia tuloksia kuin matalampi intensiteettitason laite,
mutta erot ovat pienia. Tutkimuksen aikana kuitenkin huomattiin, ettd korkeamman intensiteetilla
on suurempi vaikutus, jos mitattavan henkilén verenkierto on jostain syysta heikentynyt.

Avainsanat: Photoplethysmography, aallonpituus, ihonvari, Fitzpatrickin asteikko, sykevalit,
intesiteettitaso, optinen sykemittaus
Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of death globally according to the
World Health Organization (WHO), causing an estimated 17.9 million deaths a year
worldwide [1]. More than every third death in Finland in 2017 was caused by a CVD [2].
Effective heart monitoring could prevent some of the CVD deaths, which is one factor to
explain why optical heart rate (OHR) monitoring devices are currently subjects of many

research projects.

Optical heart rate measurement offers multiple advantages over the traditional electro-
cardiography (ECG). The instrumentation and the electrodes on the skin makes the ECG
signal monitoring inconvenient outside of a hospital, while the optical monitoring system
can be as simple as a single wrist-worn monitoring device. The easiness of an optical
monitoring device would offer a lot of applications, which are not possible for ECG de-
vices, but the issues with optical measuring devices are their vulnerability for signal er-

rors.

Instead of measuring the electrical activity of the heart, a wrist-worn optical monitoring
device utilizes a reflective photoplethysmogram (PPG) signal to provide the heart rate
(HR) data. The PPG signal is obtained by illuminating the skin and measuring the
changes in light absorption. The amount of absorption depends on the volume of blood
in the tissue, which changes with each pulse of the cardiac cycle. The PPG system in its
simplest form only requires a light source and photodetector, which are normally a light-
emitting diode (LED) and a photodiode, which makes the PPG system inexpensive. [3]
While cardiovascular diseases are one of the most common causes of death in the whole
world, an inexpensive and easy to use heart rate monitoring devices are in high demand.
The popularity of smart wristbands and other OHR monitoring devices has increased
lately. Especially in sports, OHR devices are replacing the heart rate belt as it is more

comfortable to use.

The PPG waveform is a common sight in hospitals, as pulse oximeters have been utiliz-
ing PPG for oxygen saturation measurements for a long time. PPG as a standard clinical
monitor is an important diagnostic tool as well. Having PPG and ECG waveforms avail-
able for practicing clinicians decreases the chance of misdiagnosis, as it is unlikely to

have a simultaneous error in both signals, since they are vulnerable to different error



sources. PPG can be, for example, used to detect cardiac arrhythmias, as it is sensitive

to any irregularities in the pulses and allows fast detection of atrial fibrillation. [4]

Wrist-worn PPG devices, however, differ from traditional pulse oximeters. Traditional
pulse oximeters utilize PPG obtained from transmissive absorption, which is commonly
measured from fingertip, ear lobe or tip of a toe. The wrist worn devices use the reflective
PPG signal. Even though currently the wrist-worn OHR devices are mostly used for fit-
ness and wellness applications, monitoring the heart rate from the wrist with PPG has
huge potential in clinical applications as well. There are numerous studies of clinical ap-
plications for wrist-worn OHR devices, such as monitoring cardiac arrhythmias [5], esti-
mating oxygen level saturation, measuring sleep quality [6] and continuous blood pres-
sure monitoring [7]. The high potential of the wrist-worn OHR device in the fight against

CVDs is that it is more adept for monitoring around the clock in daily life.

1.1 Aims of the study

The purpose of this thesis is to further analyze factors that affect the quality and robust-
ness of wrist-worn OHR device. The OHR devices used for all the measurements in this
study are Aino devices manufactured by PulseOn Oy, Espoo, Finland [8]. The aim of this

thesis is to answer the following questions:
1) Does darker skin tone have a negative effect on the quality of the PPG signal

2) Which of the following three LED peak wavelengths 525 nm, 573 nm and 593 nm

can provide the highest amount of robust beat intervals with the highest accuracy
3) Does increasing the intensity of the LEDs improve the PPG signal quality

As the PPG is essentially a measurement of how much light gets absorbed by the tissue,
it has been suggested that the higher amount of melanin in darker skin tones would affect
the PPG signal quality, as melanin is known to be highly absorbent to light [9]. To study
this, the heart rates of 36 subjects with different skin tones were measured with a PPG
device and a reference ECG device for total of 35 minutes, including phases of resting,
walking, typing with a computer and cycling on a stationary bike. From the collected data

the average accuracy of the heart beat intervals were evaluated for different skin tones.

The LED wavelength affects the penetration depth of the light. In traditional pulse oxime-
ter the used wavelengths are red and near infrared (660 — 900 nm) which both have
rather deep penetration depths. However, it has been noticed with wrist-worn PPG de-
vices that the signal is less vulnerable to error if it has lower penetration depth [10] and

the most frequently used wavelength in wrist-worn OHR device is between 520 nm and



580 nm. In this study there are three wavelengths being compared, which are teal (525
nm peak wavelength), green (573 nm peak wavelength) and yellow (593 nm peak wave-
length). The comparison is done by subjects wearing an OHR device with one wave-
length on each wrist. As there are three wavelengths, but each subject has only two
wrists, some of the subjects were monitored with teal and yellow wavelengths and others

with teal and green wavelengths.

The increase in intensity of the LED could have a positive effect on the results. In reflec-
tive PPG the photodetector is measuring the intensity of the reflected light and therefore
increasing the intensity of the illuminated light to the tissue should also increase the in-
tensity of the reflected light. The effect of the increased intensity of the LED is studied in
this paper by doubling the LED driving current of one of the OHR devices, while also
measuring with another OHR device with same wavelength but lower intensity from the
other hand. In this study the effect of the intensity is studied with OHR devices having

green and teal colored LEDs.



2. BACKGROUND THEORY

Photoplethysmography is traditionally measured from the finger, toe or ear lobe in a clin-
ical environment, but in this paper, the focus is on measuring the PPG from the wrist.
Therefore, the background theory concentrates more on wrist-worn PPG devices and
their development and potential. Chapter 2.1 is focusing on PPG signal and applications.
Skin tone and the Fitzpatrick scale are discussed in Chapter 2.2. Chapter 2.3 presents

some related studies of wrist-worn PPG devices.

2.1 Photoplethysmography

Photoplethysmography was first founded by Alrick Hertzman in 1937. Hertzman’s device
is presented in Figure 1. Hertzman named it photoelectric plethysmograph, “plethysmos”
coming from Greek word for fullness, as he believed that he was measuring the fullness
of the tissue. Hertzman wrote a series of papers on physiology due to his discovery, as

well as about the potential of the PPG waveform. [4]
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Figure 1. PPG device by Hertzman. Figure modified from [11].

Photoplethysmography is a common waveform to see in hospitals. It has been used in
pulse oximeter for years and it has also been used for measuring pulse transit time (PTT)
and to detect cardiac arrhythmias. [4] The standard pulse oximeter measures the PPG

signal from the finger with transmissive absorption. Transmissive absorption means that



the light emitted by the monitoring device will travel through the tissue and the photode-
tector is on the other side of the tissue, measuring the amount of light absorbed by the

tissue. Transmissive PPG device is presented in Figure 2.
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Figure 2. Pulse oximeters in clinical environments commonly measure PPG from fin-
gertip [12]. Cross-section of transmissive PPG device shown on the right. Figure modi-
fied from [6].

Reflective photoplethysmography is a measurement of reflected light from the tissue.
The method can be used to measure the heart rate from a wrist by emitting light to the
tissue and measuring the reflection. The amount of blood near the surface of the skin
varies during cardiac cycles. As the heartbeat causes ejection of blood (pulse) it will
increase the pressure in the arteries causing expansion and increasing the amount of
blood in the measurement area. The variation in the amount of blood in the tissue, tar-
geted by the emitted light, alters the amount of absorbed light and therefore changes the
intensity of the reflected light. More simply put, a reflective PPG signal is the intensity of

the reflected light in waveform. The method is shown in Figure 3.

Emitter Detector

Artery Pulse Wave

Emitter Detector

Artery Pulse Wave

Figure 3. Reflective PPG operating principle. The reflection of the emitted light depends
on the amount of blood absorbing the light and therefore the pulses can be detected.
[13]



The Beer-Lambert law can be used to determine and explain the absorbance of the tis-
sue. The absorbance through a slab of a material or solution is often calculated with

Equation (1) as a transmittance is converted into the absorbance:
IT
~-InL= A, (1)

where A is absorbance, Iy is intensity of light before interacting with the tissue and Iris

the intensity of light after interacting the tissue. [14]

The Beer-Lambert law can be presented with Equation (2), where the absorbance is
directly connected to the molar attenuation coefficient ¢, the concentration of the absorb-

ing solute ¢, and the distance that the light travels inside the sample d:
A = ecd. (2)

Equation (2) can be used to better explain the increased amount of absorbance of a
pulse, as seen with PPG. As the base level of absorbance in the tissue is better to de-
termine with Equation (1), as the structure of the tissue can be unknown. Equation (2)
can be applied to the blood as arterial blood concentration increases, it directly increases
the absorbance as well. [14] While the Beer-Lambert law explains well the absorbance
of the tissue in theory, using it in practice is not that simple. As the pulse changes the
shape and size of artery, the distance d changes as well as the concentration of the

blood in the tissue.

2.1.1 PPG waveform and comparison to ECG
As PPG waveform is the signal output from photodiode, it can be divided into two com-

ponents, alternative current (AC) and direct current (DC). AC is the component that
changes as the amount of blood in the tissue changes between the systolic and diastolic
phases of the cardiac cycle and DC is caused by light absorption of the tissue that does
not vary, such as muscles, fat and venous blood. The raw output of photodetector with
AC and DC components separated are shown in Figure 4. However, when the PPG
waveform is displayed on a clinical monitor, it is always inverted so it would go in the

same direction as the arterial pressure waveform. [4]
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Output of Photodector

Time

Figure 4. Raw output of PPG device with DC and AC parts separated [4].

The size and values of AC and DC components vary among people and there is no
known way to calibrate a PPG signal. Physiological differences between people cause
different sizes of AC and DC components in the PPG waveform, so the magnitudes of
the signal cannot be compared. [4] The DC component corresponds to the absorbed
amount of light in the structure of tissue and the average blood volume of arterial and
venous blood. However, it is not completely immune to changes, as it changes slowly
with respiration. [15] Figure 5 shows the AC and DC components in both tissue and PPG

signal.
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Figure 5. The sources of AC and DC components of the PPG signals. The steady part
(DC) is caused by non-pulsatile components of the artery blood, whereas the pulsatile

(AC) component is follows the changes in pulsatile component of the artery blood [15].

As the AC component follows the phases of cardiac cycle, it can be used to determine
the heart rate. The AC component also follows well the arterial pressure, which makes
sense, since when the pulse travels inside an artery it increases the pressure locally

where it’s traveling. Figure 6 shows the relation between ECG, arterial blood pressure

(ABP) and PPG signals.

P O T

Figure 6. The correlation between ECG, ABP and PPG signals. As it can be seen, the
interval between two consecutive heart beats can be detected from each of the signals.
[16]



2.1.2 Applications of PPG

The heart rate is extracted from the PPG signal in the same way as it is from ECG signal,
from the time interval of adjacent peaks. In ECG the time interval of R peaks (called R-
R interval or RRI) are used as it is the easiest point of the signal cycle to be compared
accurately. In the same way, the peaks from the PPG signal are used by detecting inter-
beat-intervals (IBIs). The IBI and RRI reflect the time between two subsequent heart-

beats and therefore can be used to calculate the frequency of heart beats.

In a clinical environment both ECG and PPG signals are usually available, which in-
creases the reliability of HR from PPG, as it is more vulnerable to error. Additionally,
having both signals available allows calculations of pulse transit time (PTT) which can
be used with HR for continuous estimation of the systolic blood pressure (SBP) and di-
astolic blood pressure (DBP). [7] As the PPG in a clinical environment is most often
measured from the finger, toe or ear lobe, the interval of R-peak in ECG and peak in
PPG signal gives the time it takes for the pulse to travel from the left ventricle to the PPG
measurement point. However, this could be one application for wrist-worn PPG devices
in the future, as some consumer available smart watches even have simple ECG moni-
tors in them [17]. The continuous blood pressure estimation is important since there are
currently no non-invasive ways to measure continuous blood pressure (BP), and BP is
one of the most important vital signs of the cardiovascular system and general health.

[7]

Probably the most used application for PPG signal is arterial blood oxygen saturation.
Pulse oximeter oxygen saturation (SpO3) is used to estimate the true oxygen saturation
of hemoglobin in arterial blood (SaO,) [18].

Pulse oximetry is based on the fact that oxyhemoglobin (O2Hb) and deoxyhemoglobin
(HHb) absorb light differently depending on the wavelength of the light. The O-Hb ab-
sorbs a higher amount of near infrared (IR) light (~940 nm wavelength) than HHb, but at
lower than ~790 nm wavelengths HHb absorbs a higher amount or light than O,Hb. SpO2
value is a ratio of concentrations of oxygenated hemoglobin and total hemoglobin. It is
evaluated with modulation index R, which is a ratio of absorption at higher and lower
wavelengths and can be calculated with the following formula, presented in Equation 3.

[18] The value of SpO: is usually presented with percentages:

Ared,AC

R — Ared,DC, (3)

AIR.AC
AIR,DC

where Arq and Ajr are absorbances on different wavelengths and R is a double ratio of

the AC (pulsatile) and DC (non-pulsatile) components of the absorption of two different



10

wavelengths. SpO; is most often measured from the finger or earlobe. However, also
wrist-worn oximeters have been developed in recent years and there are currently mul-

tiple options available for consumers.

Another physiological measurement which can be detected from a PPG signal is respir-
atory rate. PPG signal is modulated by respiratory rate with three factors, as presented
in Figure 7. The factors are respiratory-induced frequency variation (RIFV), the respira-
tory-induced intensity variation (RIIV) and the respiratory-induced amplitude variation
(RIAV). RIFV can be seen in PPG signal as the HR increases during inspiration and
decreases during expiration. RIIV is shown as variation of perfusion baseline, which is
caused by exchange of blood between the pulmonary circulation and the systemic circu-
lation. This exchange is a result of the intrapleural pressure variation, which is caused
by volume variation of lungs during respiration cycle. RIAV is corresponding to decrease

in cardiac output due to reduced ventricular filling. [19]
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Figure 7. The components used for detecting respiratory rate from PPG [19].

The identification of the peaks and troughs of the PPG waveform is the base for multiple
methods of extracting the respiratory-induced variation. However, the extraction of res-
piratory-induced variation signals from PPG is not that simple. The robust estimation of

respiratory rate from PPG is challenging, especially because of movement artifacts. [20]

2.1.3 Error sources and artifact beats
As the PPG signal is the intensity of the light that the photodetector of the device is

seeing, movement of the device can cause a high amount of error to the signal. With
wrist-worn devices the movement of the arms while walking is already more than enough

to cause a high amount of error to the PPG signal, as seen in Figure 8, where the PPG
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signals of a healthy volunteer at rest are presented on the top, and while walking on the

bottom.

PPG
at rest

PPG
walking

0 2 4 6 8 10
Time [s]

Figure 8. The effect of the movement to PPG signal demonstrated with recording of

healthy volunteer at rest and during walking [21].

As Figure 8 demonstrates, the HR is easy and robust to measure while the subject is
resting. However, with movement there are multiple peaks in the signal, which makes it
hard to separate the real peaks caused by pulse and the artifact peaks caused by move-
ment. Error caused from movement is typically addressed as motion artifacts and is
caused by the displacement of the PPG sensor over the skin or changes in skin defor-
mation. Motion artifacts can cause the real beats to be missed as well as the formation
of false beats, which causes incorrect results of HR calculations. [22] To remove the
artifact beats, PPG devices can estimate each pulse with pulse quality index (PQlI). PQI
is based on morphological features of each individual pulse as well as the general signal
waveform. Pulse height (amplitude) and number of local peaks are, for example, features
that affect to the index. [5]

The accuracy of the wearable OHR devices has been questioned recently, as reporting
and evaluation methods of error sources are inconsistent with manufacturers [22]. In
addition to motion artifacts, darker skin tones are also suspected to cause more error in

HR readings of wearable PPG devices.

AC/DC ratio of the PPG signal can affect signal quality as well. If the amplitude of the
AC part of the signal is small, it is more vulnerable to electrical noise. The electrical noise
is caused by the electrical circuit of the OHR device. Noise occurs on all signal circuits
and therefore a high signal-to-noise ratio (SNR) is important for PPG devices for robust

measurement results.
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2.1.4 Effect of the LED wavelength

As pulse oximeters have been the most used PPG application in the past and they usu-
ally operate with red and near IR wavelengths (660 - 900 nm), those were considered
for a long time as optimal wavelengths for PPG devices. However, after studying the
PPG signal more, several studies have shown that AC/DC ratio of the PPG waveform is

actually much higher around green light wavelength, between 520 and 580 nm. [23]

The penetration depth of the green light is not as deep as the red or near IR light. Red
and near IR light has been reported to penetrate relatively deep, 0.8 — 1.5 mm, into a
living tissue, whereas the green light penetrates only around 0.6 mm. [23] However, as
the AC component is more important for the PPG analysis, and with a reflective PPG
measurement the penetration depth is not as important, most of the wrist-worn PPG de-
vices utilize light between 520 and 580 nm wavelength. The lower penetration depth of
shorter wavelengths makes them more sensitive to blood circulation changes near the
surface of the skin and it has also been argued to be less vulnerable to signal artifacts
caused by movement [10]. Blue light wavelength (around 470 nm) has also been studied
for PPG devices and is suggested to have comparable accuracy to green light wave-
length [24]. Blue light wavelength has an even lower penetration depth compared to
green wavelength. Both blue and green wavelengths have superior SNR compared to

red wavelength according to a study by Lee et al. [25]

2.2 Different skin tones

The Fitzpatrick scale (FP) divides skin tones to six different classes. The Fitzpatrick scale
was developed by Thomas B. Fitzpatrick in 1975 to estimate the response of the different
skin types when exposed to ultraviolet (UV) light. Class 1 is the lightest on the Fitzpatrick
skin tone scale with close to no resistance to UV radiation and class 6 is the darkest skin
tone with highest resistance to UV radiation. All six classes of the FP scale are shown in

Figure 9.
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Figure 9. FP scale 1 - 6 from left to right, figure modified from [26].

The skin can be divided into two primary layers: epidermis and dermis. The epidermis is
the outer layer and the amount and type of epidermal melanin is the main factor that
determines the skin pigment and UV sensitivity. Melanin has two main chemical forms,
eumelanin and pheomelanin. Eumelanin is a more dark pigment whereas pheomelanin
is fairer. Eumelanin is much more efficient at blocking UV photons than pheomelanin,
and therefore making the darker pigment skin less susceptible to sunburns and lowering

the skin cancer risk. [27]

Epidermis 0 —— . ——___«—5tratum Cormeum
Dermis %j— Capillary Loop
Subcutis «— Blood Vessel

Figure 10. Cross-section of skin, showing the different layers [28].

Hemoglobin in the dermis layer and melanin in the epidermis are generally considered
the two substances to dominate light absorption in skin tissue. While hemoglobin’s ab-
sorption is well studied, the variation and complexity of melanins makes it hard to model
the broadband absorbance spectrum for the epidermal layer. [29] Although the absorp-
tion of melanin is highest around UV wavelengths, it also absorbs visible light, making

absorbance of the light of PPG devices higher for dark skinned people [22]. Since the



14

penetration depth of the light is related to the amount of absorption of the light, the pen-

etration depth should be lower for darker skin tones [30].

I ] 1] v V Vi
Pigmentary phototype
(Fitzpatrick scale)
R S __Z

Figure 11. The correlation between skin tone and amount of melanin illustrated. Modi-
fied from [27].

Melanin increases the light absorbance in the epidermal layer, where there is no blood
supply. As the target layer for a PPG device is sub-epidermal, the light attenuation in the
epidermal layer has been suggested to weaken the reflected light. However, since the
epidermal layer does not have blood supply, the higher absorbance caused by dark pig-

mentation should not modify the overall shape of the PPG waveform. [9]

2.3 Related studies

PPG devices have been studied for a long time and recently focused more on consumer
wearables and wrist-worn devices, through an increased number of applications for PPG.
However, as Nelson et al. state in their paper, “Guidelines for wrist-worn consumer wear-
able assessment of heart rate in biobehavioral research”, the replicability and reproduc-
ibility of the studies suffer from the lack of standardization of data collection and pro-
cessing procedures. As examples of inconsistent reporting, Nelson et al. list technologi-
cal factors such as device type, firmware versions and sampling rate, and as biobehav-
ioral variables such as body mass index and wrist dominance and participant character-
istics such as skin tone. [31] All of these could have an influence on heart rate measure-
ment, and a lack of addressing those makes comparing different studies to each other
more complicated. While keeping this in mind, it is still beneficial to take a look at other

research results.

Bent et al. [22] studied six different OHR devices including four consumer available wear-
ables and two devices under research. The setting for the study is rather close to this
study, as the effect of skin tone and activity are evaluated and OHR data was compared
to HR from reference ECG. In their study Bent et al. found out that the device type affects
highly on the HR accuracy, and with consumer devices the accuracy correlated with cost

and release date of the device, with higher cost and more recently released devices
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having higher accuracy as well. The average accuracy with all subjects dropped signifi-
cantly during activity measurements compared to resting, but Bent et al. did not find a

real change in accuracy between different skin tones. [22]

The correlation of skin tone and accuracy of OHR devices have been found, however, in
some other studies. Spierer et al. [32] studied two different commercial OHR devices
and found that one of the devices performed worse on subjects with darker skin tone.
However, when comparing the testing methods of Spierer et al. and Bent et al., the for-
mer had more rigorous activities and the reference for OHR devices was measured with

a heart rate chest strap instead of an ECG.

Bennett et al. [9] also stated in their paper “Influence of skin type and wavelength on light
wave reflectance” that the modulation with dark brown skin was significantly lower than
with other skin types. They studied one PPG device with four different wavelengths;
470nm, 520nm, 630nm and 880nm. They found out that 520 nm displayed greater mod-
ulation during the resting than other wavelengths regardless of skin types, and that dur-
ing the exercise condition 470 nm and 520 nm showed better signal-to-noise ratios than
630 nm and 880 nm wavelengths. [9] This study was done already in 2013, which makes

it one of the early studies of wrist-worn PPG devices.

In more recent study, Lauterbach et al. [33] studied the accuracy and reliability of a com-
mercial wrist-worn pulse oximeter in different simulated altitudes. The subjects of the
study were placed inside a customized environmental chamber and by adjusting the
fraction of inspired oxygen they simulated altitudes of 12,000; 10,000; 8,000; 6,000; and
900 ft (circa 3700; 3000; 2400; 1800 and 270 meters). The results of the commercial
device were compared to a medical-grade pulse oximeter. They measured blood oxygen
saturation and HR with both devices and with an exception of the highest altitude, the

differences in readings of the devices were minimal. [33]

The accuracy of PulseOn OHR monitoring device during sleep was evaluated by Parak
et al. [34] In their study they compared the detection rate of beat-to-beat intervals from
PulseOn’s wrist-worn PPG device and an ECG based reference device. The results they
got with 10 subjects were showing that PulseOn’s OHR device was able to detect over
99% of the heartbeats and had a mean absolute error of 5.94 ms in beat-to-beat inter-
vals. The results are highly accurate and allows the device to be used for long term heart

rate variability (HRV) monitoring during sleep. [34]
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3. MATERIALS AND METHODS

All the measurements for this study were done in the Health and Assistive Technology
(HeAT) laboratory in Tampere University. All the subjects volunteered for the study, after
being informed with both written and spoken information. All the subjects also read and
signed a consent to participate in the study. The ethicality of the study was reviewed by

the Ethics Committee of the Tampere region at Tampere University.

The study protocol is presented in Chapter 3.1. ECG and PPG signals are measured
from each subject. For ECG measurement five electrodes are placed on each subject,
two under the collar bones, two on the lower ribs and one on the waist on the left side.
Before the electrodes are placed, the skin is cleaned with a disinfectant wipe and dead
skin cells are removed by scratching. PPG signal is measured with a wrist-worn device
presented in Chapter 3.2. All the subjects are wearing one, two or four wrist-worn PPG
measurement devices during the measurement protocol. The subjects are presented in

Chapter 3.3 and the methods for data analysis in Chapter 3.4.

3.1 Study protocol

The study protocol is presented in Table 1. The length of the protocol in total is 35
minutes and it includes 5-minute phases of resting, walking in a treadmill, typing on a
computer and riding a stationary bicycle as well as another 15 minute resting phase. For
the last 5 minutes of the 15 minute resting phase, the PPG devices are turned 180 de-

grees to measure the heart rate from the palmar side of the wrist.

Table 1. Study Protocol.

Task Length
Resting 5 min

Walking on a treadmill, about 4 5 min

km/h, adjustable

Typing on computer keyboard 5 min

Cycling on a stationary bicycle 5 min

Resting 10 min
Resting, wrist-worn sensors 5 min

turned 180 degrees
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During the resting phases the subjects are advised to stay still, so the error caused from
movement would stay as low as possible. The walking pace was adjustable by the sub-
ject, but the subjects were advised to set the walking speed to around 4 km/h. During
the typing phase the subjects were given a document that they can rewrite for 5 minutes.
The height of the stationary bike saddle was adjusted before starting the measurements,
so it would not be disturbing the measurements. The resistance of the bike was preset
to medium, however, subjects were able to change the resistance, and were advised to
bike hard enough that their heart rate would go up. During the second resting the lights
were dimmed in the part of the laboratory with the bed, so the subjects could relax and
rest better. For the last phase the wrist-worn sensors were turned by the researcher while

the subjects were lying as still as possible.

3.2 Measurement devices

The optical heart rate monitoring device used in this study carries a development phase
name Aino, and is manufactured by PulseOn Oy, Finland. Aino is shown in Figure 12.
Aino has a 25 Hz sampling frequency and utilizes interpolation to improve the accuracy
of the inter-beat interval estimation. In this study Aino was used with a total of five differ-
ent presets including two different intensity levels and three different wavelengths. Ref-

erence names and used presets are shown in Table 2.

Figure 12. Optical heart rate measurement device Aino, manufactured by PulseOn Oy.
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Table 2. Reference names

Reference name Wavelength (peak) nm Intensity
Green Aino 573 low
Teal Aino 525 low
Yellow Aino 592 low
Bright Green Aino 573 high
Bright Teal Aino 525 high

The wrist straps of Ainos are made from silicon, which is a biocompatible material. The
straps were tightened enough around the subject’s wrists that the device stayed still,

minimalizing the error from movement of the device.

Aino uses 2 LEDs for measurements and the intensity of the LEDs is determined with
the amount of current driven through them. The lower intensity devices’ LEDs get a cur-
rent of 25 mA each, with total of 50 mA, and the high intensity ones use 50 mA for each
LED, totaling 100 mA. The higher current consumption will decrease the lifetime of the
battery, but it was irrelevant for the purpose of this study, as the measurement times

were so short, and the devices were charged before each measurement if needed.

The device used for ECG measurement was eMotion FAROS 360® ECG monitor by
Bittium Biosignals. Faros is able to measure a 5-lead (3-channel) ECG signal with low
noise, high 24-bit resolution and up to 1 kHz sampling frequency. Faros was used with
disposable Ag/AgCI gel electrodes, Ambu Blue Sensor L-00-S, manufactured by Ambu
Medica. FAROS is shown in Figure 13.

Figure 13. ECG monitoring device FAROS, manufactured by Bittium Biosignals.
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3.3 Subjects

Subjects of the study are healthy volunteers from all six groups of the Fitzpatrick skin
tone scale. The average age of subjects is 29.5 (sd 4.67). A total of 59 volunteers par-
ticipated. 19 of the subjects were female. The subjects are identified by three different
descriptors depending on how many OHR devices they were wearing during the meas-
urements. For the effect of skin tone measurements the subjects had only one Aino de-
vice, and are identified as s-subjects. Ten of the subjects were measured with a total of
four OHR devices, two on each arm, and are referred to as sb-subjects, and the subjects
that were measured with one Aino on each wrist are called sc-subjects. For some of the
sc-subjects the measurements were done more than once, but always with two OHR

devices at a time.

For the effect of the skin tone measurements 36 volunteers were measured with low
intensity Green Aino. Ten of the subjects were measured with four OHR devices, which
were low and high intensity Green Ainos on the wrist side and low intensity Teal and
Yellow Ainos on the elbow side. Eight sc-subjects were measured with Teal and Yellow
Ainos, ten with high intensity Teal and Green Ainos, and 12 with OHR devices with the
same wavelength on both wrists but with different intensities for the effect of the intensity
measurements. The placements of the devices in two and four device measurements

are shown in Figure 14.

Figure 14. A) The placement of OHR devices during measurements with one device on
each wrist. B) The placements of the four OHR devices during the measurements with

two devices on each wrist.

3.4 Data analysis (processing)

The focus of the data analysis in this study was on the timing and length of inter-beat
intervals (IBl) and RR intervals (RRI). The data analysis was done with Python and
Matlab. The IBIs from the PPG signal and RRIs from the ECG signal were gathered first
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and aligned. The timing and the length of the intervals were compared to find the corre-
sponding intervals from the other signal. After the good quality IBls are matched with
corresponding RRI, mean error (ME), mean absolute error (MAE), mean absolute per-
centage error (MAPE), root mean square error (RMSE) were calculated from the inter-
vals. The percentage of paired intervals from the total number of RRIs was also used for

the analysis. The data analysis of this study was done post-hoc.

The effect of the skin tone was analyzed with average values of each Fitzpatrick group
compared to each other, and comparing the results of different wavelengths and inten-
sities was done by comparing average values, as well as results from individual subject

separately.

The different phases of the study were analyzed by cutting the original data into 5 minute
sections. The measurements were done by running time and this has been taken into
account when cutting the data into phases. The real start and end time of each phase
were written down during the measurements and are used with buffer to make sure that

the periods when subject is between two phases were not included.

After the measurements, the data from the PPG devices was synchronized with the data
from the ECG. As each of the devices, PPG and ECG, had their own clock, the timing of
the heart beats did not occur simultaneously on each device. That is why the data needed
to be synchronized, as shown in Figure 15. IBls measured from the PPG devices were
paired with RRI measured from the ECG device by comparing the length of the beat-to-

beat intervals as well as the lengths of the adjacent inter-beat intervals.

PP
RR

PPG

ECG

Y

Time (s)

Figure 15. The ECG and PPG data synchronization pairs IBls from PPG and RRIs from
ECG. [16]

After synchronization, the data can be shown in a graph as seen in Figure 16. On the x-

axis of the graph is the measurement time, and on the y-axis is the beat-to-beat interval
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time. The blue marker shows the IBls from PPG signal and the red marker the RRIs from
the ECG signal. The yellow marker on the graph shows the IBIs that are marked as
unreliable by the PulseOn algorithm. After the synchronization, Python code is used to
calculate the number of paired IBls, shown as reliable beats in the graph, as well as the
error values from the length of the interval compared to its paired RRI.
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Figure 16. Data after synchronization. Blue trace is showing the inter-beat interval
measured with PulseOn’s PPG device (marked as PO IBI) and brown cut-off line is
showing the reference inter-beat interval from ECG device. Yellow trace shows the un-

reliable beats.

As seen from Figure 16, the first 300 seconds (5 minutes) of the data has very few un-
reliable beats and reference interval (from ECG) and IBI (from PPG) are close to each
other. This is the first resting phase. During the activity phases, it can be seen that the
amount of errors and unreliable beats are increased, as the movement of the arm is
shaking the devices as well. During the walking and cycling phases the reference beat
interval is shorter than during the other phases, which is caused by physical activity. A
shorter beat interval means a higher pulse rate, which is a normal and wanted reaction
during the activity phases. However, as the yellow marker shows, none of the IBIs during
the walking phase are considered reliable by the PulseOn algorithm, and very few of the

IBIs are marked as reliable during the typing and cycling phases. The start of the second
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resting phase can be spotted easily from the graph as the amount of reliable beats in-
creases significantly and the error of the interval is minimal again. A small peak of error
in the middle of the second resting phase is the part where the device has been turned

180 degrees to measure from the palmar side for the last 5 minutes (300 seconds).

3.4.1 Error calculations and correlation coefficient
In this analysis mean error (ME), mean absolute error (MAE), mean absolute percentage

error (MAPE), and root mean square error (RMSE) are used to compare the signal qual-

ity and accuracy of the measured IBls.

Mean error is calculated by formula (4). It is the average of the errors of paired IBls.
Since the error can be positive when IBI is longer than RRI it is paired with, or negative
when [Bl is shorter than the paired RRI, these can cancel each other out. Mean absolute
error is calculated with formula (5). MAE differs from ME as it uses absolute values of

each error before calculating the average.

ME =12

n

Yicatier — tirri (4)

1
MAE =~ Yicq Itier — tigrril, (9)

where trr/is the beat interval from reference ECG, t5 is the beat interval measured with

OHR device and n is the amount of paired IBls.

Mean absolute percentage error is calculated with formula (6). MAPE shows the relative
error in percentages, as the heart beat intervals differ from person to person, same MAE
can be relatively different for two different subjects.

MAPE =1 yn usi—tirril o 400y (6)
n i=1

Ui RRI

Root mean square error is the last error value that is going to be used in the data analy-
sis. RMSE is calculated with formula (7). RMSE is the square root of the average of

squared errors, which means that it emphasizes large errors.

RMSE = \/Z?:l(fi,uel—fi,RRI)2 7)

n

Other values used in the analysis are the number of IBls that are less than 20 ms different
from their reference RRI, marked as ei20 beats in the tables, as well as the number of

IBIs that are more than 50 ms different from the reference RRI, marked as ei50 beats.

Correlation coefficient is used to show correlation between subject’s skin tone on Fitz-

patrick scale and the amount of good quality inter-beat intervals detected from the PPG
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signal. The coefficient is marked with R and it shows if there is any correlation between
the amount of good quality IBls and the skin tone on Fitzpatrick scale. The coefficient
can have a value between -1 and +1. As the Fitzpatrick scale increases linearly from
lightest to darkest skin tone, the correlation coefficient would be negative if the amount
of good quality IBls would drop for darker skin tones. If there is no change in the amount
of good quality IBIs the coefficient would get value of 0, and if the amount of good quality
IBls increase as the skin tone increases on the Fitzpatrick scale, the correlation coeffi-
cient gets a positive value. Closer the value of coefficient is to a positive or negative 1,
higher the correlation is between the amount of good quality IBls and the skin tone on

Fitzpatrick scale.
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4. RESULTS AND DISCUSSION

As mentioned previously, the focus of the data analysis in this paper is on the reliability
and length of IBls. Therefore, the focus of the discussion will be on the resting phases,
as there are a lot more reliable beat intervals during the resting phases. During activity
phases, the movement of the subject causes artifact beats and other errors to the signal

and therefore the amount of reliable beat intervals is small.

In general, the results of the second resting phase are expected to be better than the
first resting phase, since immediately before the second resting phase the subject has
exercised and therefore should have an increased heart rate and superficial blood flow

compared to the first resting phase.

The results are presented in three different sections. Firstly, in Chapter 4.1 the effect of
skin tone is discussed. Chapter 4.2 reviews the effect of the LED’s wavelength, and
Chapter 4.3 examines the effect of the LED’s intensity. The activity phases are briefly

discussed in Chapter 4.4.

4.1 Effect of skin tone

For studying the effect of skin tone, only one wavelength and intensity was used to re-
move other factors from the analysis. Green Aino with low intensity (50 mA driving cur-
rent) and 573 nm peak wavelength is used for this study. A total of 36 subjects with an
age range of 22-40 years (average 29.9, sd 4.9 years) were measured for this analysis.
Table 3 shows the subjects’ ID, skin tone on Fitzpatrick scale, age, sex and results of

percentage of paired IBls, ME, MAE, MAPE and RMSE during the whole measurements.
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Table 3: The percentages of paired IBls and error values during the whole measure-

ment period for each subject.

sl 3 39 M 47.3 0.4 1.65 0.2 2.47

s2 2 25 F 38.5 -0.37 8.18 1.16 17.95
s3 3 25 M 41.8 1.32 7.49 1.09 31.42
s4 3 40 M 49.7 45.04 48.88 7.36 149.87
s5 2 37 M 41.5 0.28 3.8 0.42 6.2

s6 4 34 M 46.9 6.99 16.03 2.25 64.47
s7 5 35 M 224 2.62 7.74 1.05 34.56
s8 4 34 M 47.2 17.37 24.66 3.99 110.97
s9 3 23 F 39.7 -1.09 7.12 0.86 29.42
s10 2 24 F 55 1.13 10.24 151 26.93
s11 5 34 M 46.7 4.88 8.73 1.47 47.97
s12 6 35 M 42.7 7.13 12.43 2.12 54.97
s13 5 28 M 36.6 1.99 9.79 1.45 47.33
s14 4 27 M 49.4 -0.76 6.93 1.06 14.16
s15 4 27 M 44.5 1.04 6.9 0.84 33.31
sl6 4 32 F 44.3 0.29 231 0.32 3.09

s17 4 22 M 45.1 7.41 14.02 2.44 71.45
s18 1 25 F 45.4 6.48 10.78 191 65.99
s19 2 31 M 50.5 8.95 16.99 2.76 78.25
s20 4 25 M 53.9 11.32 15.58 3.11 94.71
s21 3 37 M 50.6 3.49 9.04 0.97 39.32
s22 2 27 M 49.7 0.09 3.75 0.51 12.95
s23 6 27 M 45.1 -1.34 5.54 0.57 26.49
s24 2 26 M 44.3 1.4 5.4 0.73 25.32
s25 1 24 F 46 34.14 39.57 8.05 160.11
s26 6 33 M 35 -0.1 4.32 0.69 6.19

s27 5 31 M 43.2 1.85 6.52 0.95 24.88
s28 6 30 F 33 2.04 8.12 1.47 31.86
s29 6 36 F 4.1 3.88 14.04 2.62 44.36
s30 6 31 M 21.9 10.41 21.91 3.02 100.41
s31 5 29 M 47 0.36 3.82 0.49 6.19

s32 5 29 M 43.8 0.38 4.43 0.61 7.87

s33 6 30 M 7.2 -2.14 10.55 1.13 22.22
s34 5 25 M 324 5.29 10.2 131 34.8

s35 2 26 M 53.3 -0.96 5.83 0.8 23.95
s36 6 34 M 27 -0.59 8.92 0.9 25.22

Subjects s29 and s33 are removed from further analysis, as a deeper look in their results
showed inconsistency, which is probably caused by an external factor, such as the de-

vice being loose and causing unwanted error from movement. Even though both of the
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removed subjects represent darker skin tones, no further conclusions can be made from
this.

The percentage of the paired IBI's in function of Fitzpatrick skin tone scale is shown in
Figure 17. Table 4 shows the average percentage of paired IBls, ME, MAE, MAPE and
RMSE for each skin tone group. For the analysis, the subjects were divided into three
categories: lighter skin tones with FP 1-2, medium skin tones with FP 3-4 and darker skin
tones with FP 5-6. In tables 5 — 8 the average percentage of paired IBls and errors are
shown for different phases of the study for each skin tone group.

Figure 17 shows the percentages in function of Fitzpatrick scale group number of re-
maining subjects. The correlation coefficient between the Fitzpatrick scale group and
percentages is R = -0.544.
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Figure 17. Percentages of reliably paired IBls in function of skin tone.
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Table 4. Average values of paired IBls and error values during the whole measure-

ments for light skin tones, medium skin tones and dark skin tones.

1-2 47.13 5.68 11.62 1.98 46.41
3-4 46.70 7.74 13.38 2.04 53.72
5-6 36.68 2.69 8.65 1.24 34.52

Tables 5 to 8 show the average values during different phases. The activity phases in-

cludes walking on a treadmill, typing on a computer and biking on a stationary bike.

Table 5. Average values of paired IBls and error values during the first resting period

for different skin tone groups.

1-2 98.27 0.63 5.11 0.56 8.64
3-4 96.78 0.37 4.25 0.46 7.73
5-6 67.26 0.15 7.98 0.91 12.79

Table 6. Average values of paired IBls and error values during the second resting

phase for different skin tone groups.
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Table 7. Average values of paired IBls and error values during the palmar side meas-

urements for different skin tone groups.

1-2 91.91 -0.05 4.71 0.55 11.20
34 94.67 -0.42 4.25 0.48 9.33
5-6 84.07 0.68 5.24 0.67 10.19

Table 8. Average values of paired IBls and error values during the activity phases for

different skin tone groups.

1-2 11.37 83.60 115.95 21.90 179.03
3-4 14.69 90.68 129.15 21.78 208.83
5-6 4.02 91.75 126.80 21.71 186.40

From Table 9 it can be seen that the correlation is highest during the first resting phase.
During the second resting phase and the palmar side measurements the percentage of
paired IBls from the darker skin tones were higher than during the first resting phase,

which decreases the correlation coefficient.

Table 9. Correlation coefficients between skin tone (FP) and percentage of paired I1Bls

during different phases of the study.

Measurement Correlation
period coefficient
Whole measurement -0.544
First resting phase -0.571
Second resting phase -0.481
Palmar side measurement -0.362
Activity phases -0.262
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The increase of heart rate and blood flow between the first and the second resting
phases, due to physical activity, can be seen especially with the darker skin tones, where
the reliability percentage increases dramatically. This can also be seen as a lower cor-

relation between the FP and paired-% of IBls during the second resting phase.

The increased blood flow during the second resting phase should increase the AC part
of the PPG signal, as there should be a higher amount of absorption caused by increased
blood flow of each pulse. The results back this up, since during the second resting phase
the average percentage of paired IBls from all the subjects is 89.62 %, which is higher
than during the first resting phase (84.89 %). The probable reason why darker skin tones
improve more could simply be that there is more room for improvement. The penetration
depth of the same wavelength LEDs is lower for darker skin tones and therefore in-
creased blood flow to the arterioles close to the surface of the skin makes it possible for
the device to detect IBls more reliably. Figure 18 shows 10 second sections of the raw
PPG signal for subject s26 (FP6) during the first resting phase and the second resting
phase. During the second resting phase the amplitude of the AC part of the PPG signal
increased due the increased blood flow. This makes the signal also less vulnerable to
error from noise, and therefore increases the detection of reliable beats from the PPG
signal. The average amplitude during the first resting phase shown in the graph is
0.06x10* ADC units and the average amplitude during the second resting phase shown
in the graph is 0.13x10* ADC units. The ADC units are the digital output of the PPG

device.
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Figure 18. The amplitude during the second resting phase has increased from the first

resting phase, making the signal less vulnerable for noise. Data from subject s26.
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Even though there is slight drop of the percentage of paired IBIs for lighter skin tones,
FP 1-4, the percentages from the first resting phase were already so high that there could
not be real improvement, while there might have occurred random movement that could

cause percentages to drop slightly.

During the palmar side measurements the correlation between FP and percentage of
paired IBls is smaller than other resting phases. When looking at the percentages, for
FP1-2 the average percentage drops to 91.91 % which seems like a big drop from the
second resting phase (97.34 %) but the reality is that as the number of subjects is so
small, that a drop from one subject is affecting the average greatly. Table 10 shows each
FP 1-2 subject percentages during each resting phase. From Table 10 it can be seen
that the main cause of the drop in average is s5 dropping from 99.6 % during the second
resting phase to 80.7 % during the palmar side measurement. However, slight drops can

be seen from other subjects as well, but in general the percentages remain high.

Table 10. Percentages of paired IBls for each subject with light skin tone (FP 1-2) dur-

ing each of the resting phases.

Subject 1st resting % 2nd resting % Palmar side %
s2 92.1 84.4 82.7
s5 100 99.6 80.7
s10 100 96.9 97.4
s18 99.3 99.0 88.8
s19 100 98.5 97.9
s22 100 100 98.6
s24 94 .1 97.9 97.8
s25 99.7 99.8 91.9

The FP3-4 group have more or less the same percentage of paired IBls during the pal-
mar side measurements as during other resting phases. However, the FP5-6 group has
an increase in the percentage of paired IBls during the palmar side measurements com-
pared to other resting phases. This (and decrease in FP1-2 groups paired IBI percent-
age) causes the correlation between FP and paired IBls to decrease during the palmar

side measurement. The results might be caused by lighter skin tone on the palmar side
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of the wrist, as a person with a darker skin tone tends to have a bigger difference between

the skin tone on the palmar and the dorsal side of the wrist.
Error statistics

Average errors shown in Table 4 for the whole measurements show that average error
values are lowest for the darkest skin tones. The average MAE for the FP5-6 group is
8.65 ms while for the FP3-4 it is over 1.5 times higher, 13.38 ms. Also MAPE for the FP5-
6 is 1.24 %, while for the FP3-4 it is 2.04 %. The FP1-2 group is in between the other
two groups in all of the average error values, but closer to the FP3-4 group. However,
the error values are only calculated for paired IBls. As the darker skin tone group has
fewer paired IBls, there are also fewer intervals that could cause error. As seen from
Table 8, the error values during the activity phases are much higher than during the
resting phases. At the same time it can be seen that the FP5-6 group has a lower amount
of paired IBls during the activity phases, which means that they affect the average of

whole measurements less than with groups with lighter skin tones.

Looking at the first resting phase average errors from Table 5, the FP5-6 group has the
highest MAE, MAPE and RMSE averages. The lowest error values on those categories
are with FP3-4 group, but the values of FP1-2 group are very close. FP3-4 has MAE of
4.25 ms while FP5-6 has almost double at 7.98 ms. FP1-2 has 20 % higher MAE than
FP3-4 at 5.11 ms.

The error values during the second resting phase are similar to the first resting phase as
can be seen from Table 6. The FP3-4 still has the lowest error values on MAE and MAPE
as during the first resting phase and the FP5-6 group has the highest averages in all four
error categories. However, similarly as with percentages of paired IBls, also the error
values are closer to each other during the second resting phase. The numerical value of
MAE has dropped with each skin tone group, and the FP5-6 with 5.60 ms MAE is less
than 1.5 times higher than FP3-4 group’s 3.77 ms MAE.

During the palmar side measurements the average MAEs increase slightly again, as can
be seen from Table 7, but the order remains the same. The FP3-4 group has lowest
MAE, MAPE and RMSE averages. However, the average RMSE is highest this time with
FP1-2 group.

The MAE values during the resting phases are shown in boxplot in Figure 19. From this
it can be seen that the median values are highest with the FP5-6 group in each of the
resting phases, while the FP1-2 and the FP3-4 groups’ medians are close to each others.
The difference between first and third quartile during the first and second resting phases

are much smaller for the FP1-2 and the FP3-4 group than for the FP5-6 group. From the
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error averages as well as from the boxplot can be seen that the darker skin tones of the

FP5-6 group affect the signal quality, causing higher amount of error to the IBI results.

Mean absolute errors
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Figure 19. MAE boxplot during resting phases. From the sizes of the boxes can be
seen that MAE values are in general lower for lighter and medium skin tones than for

darker skin tones.

As in both analyses, the percentage of paired IBls and error values, the FP5-6 group is
performing worse than the other groups, it is safe to say that skin tone has an effect on
the performance of an OHR device. However, the amount of subjects is small and to get
more reliable results, further research is needed. Noticeable is also that the FP3-4 group
performed really well in both analyses, so it cannot be stated that the lighter the subject’s

skin tone is, the better performance one will get with an OHR devices.

When comparing raw PPG signal of three subjects from different FP groups: s18 (FP1),
s01 (FP3) and s12 (FP6), shown in Figures 20-22, it can be seen that the amplitude of
the signal varies a lot between the subjects. This is partly caused by the skin tone but
also by the device, which is trying to amplify the signal to get a better SNR. Even though
from the figures that show whole measurements raw PPG signal cannot be stated much,

they demonstrate well that the absolute value of the PPG device’s output can vary a lot
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and should not be compared. More meaningful is comparing the amplitudes and SNR

from the raw signals.
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Figure 20. Raw PPG signal of subject s18 with FP1 skin tone for the whole measure-

ment.
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Figure 21. Raw PPG signal of subject sO1 with FP3 skin tone for the whole measure-

ment.
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Figure 22. Raw PPG signal of subject s12 with FP6 skin tone for the whole measure-

ment.

Zooming into a small fraction of first resting phase for each of the subjects shows better

the PPG waveform of the subjects, shown in Figures 23-25. Each figure shows five sec-

onds of measurement data.
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Figure 23. The raw signal of subject s18 (FP1) during first resting phase has an ampli-

tude around 2.2x10* ADC units.
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Figure 24. The raw signal of subject s01 (FP3) during the first resting phase has an
amplitude around 2.5x10* ADC units. The signal is very clean and does not have much

noise in it.
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Figure 25. The raw signal of subject s12 (FP6) during the first resting phase has an
amplitude around 0.25x10* ADC units, which is significantly lower than s01 or s18. Sig-

nal has also worse SNR compared to signals from s01 or s18.

From Figures 23-25 it can be seen that subjects with lighter skin tones provide cleaner
PPG signal, with better SNR. However, it is good to mention, that all of these subjects,
s18, s01 and s12 had high paired IBI percentages during the first resting phase, meaning
that the OHR device was able to detect almost all the heart beats from each waveform.
For comparison in Figure 26 is shown the PPG signal from the same period of subject
s26 (FP 6), which had one of the worst paired IBIl percentages during the first resting

period. As it can be seen, the SNR is very poor in it.

52
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Figure 26. Some parts of the raw signal of subject s26 (FP6) during the first resting

phase are so full of noise that detecting beat intervals reliably is impossible.

4.2 The effect of wavelength

The effect of wavelength is evaluated by comparing results from the same subject wear-
ing one wavelength on one wrist and another wavelength on the other wrist. This way
the conditions for both Ainos are as close to the same as possible and they can be com-

pared directly with each other.

4.2.1 Yellow and teal compared
A total of eighteen subjects were measured with an OHR device with teal colored LEDs

(525 nm peak wavelength) on one wrist and an OHR device with yellowish colored LEDs
(593nm peak wavelength) on the other wrist. The LEDs’ driving current (intensity level)
of both devices were low: 25 mA per LED. Ten of the subjects were measured when
having simultaneously two other OHR devices and eight of the subjects were wearing
only Yellow and Teal Ainos during the measurements. The subjects wearing a total of
four OHR devices during the measurements are referred to as sb-subjects and the sub-

jects with one OHR device on each wrist are referred to as sc-subjects.

Sb-subjects were set up with the following OHR devices; on the wrist side of the right
arm an Aino with green colored LEDs (573 nm peak wavelength) with low intensity level
(25 mA driving current per LED) and on the elbow side an Aino with teal colored, low
intensity level LEDs. On the left arm sb-subjects had an Aino with green colored LEDs
with high intensity level (50 mA driving current per LED) on the wrist side and on the
elbow side an Aino with yellow colored LEDs with low intensity level. The setup of four

OHR device measurements was presented in chapter 3.3.
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Sb-subjects

The Yellow and Teal Ainos were both on the elbow side of each arm and therefore should
not be affected as badly from having four measurement devices as the ones on the wrist

side. The paired IBI percentages for sb-subjects are shown in Table 10.

Table 10. Percentages of reliably paired IBls of Yellow and Teal Ainos from sb-sub-

jects during the resting phases.

ID FP Age Sex Yellow Teal Yellow Teal Yellow Teal Yellow Teal
sbl 6 27 M 30.9 459 28 95.2 747 99.5 939 96.2
sb2 5 30 M 30.7 28.7 87.4 100 56.3 57.1 525 21.7
sb3 4 26 F 419 431 98.2 100 99.5 100 91.5 97.1
sbh4 3 4 F 435 439 100 100 98.6 994 76.2 98.4
sb5 4 28 F 349 451 86 96.6 99.2 993 6.1 95.9
sbh6 4 34 F 326 397 722 927 922 99.7 51.9 74.1
sb7 3 27 F 205 349 264 435 42.6 80 64.6 93.8
sb8 1 26 F 456 413 98.9 100 98.6 100 88.2 33.1
sbh9 4 26 F 39.5 455 91 100 90.1 916 55.1 94
sb10 4 24 F 23.1 25 782 726 36.3 34.1 48.7 91.3

Averages 28.9 343 393 76.6 90.1 78.8 86.1 62.9 79.6

From Table 10 it can be seen that an Aino with teal colored LEDs was able to get a
higher average percentage of paired IBls during every phase of the measurements.
When taking a closer look at each subject, an Aino with yellow LEDs was able to get a
higher average percentage of paired IBls during the whole measurements with two out
of 10 subjects. During the first and second resting phases, however, sb10 is the only
subject that had a higher paired percentage with a device having yellow LEDs. During
the palmar side measurement two of the subjects had higher paired I1BI percentage with

Yellow Aino.

During the first resting phase Yellow Aino was able to get more than 97% paired IBI
percentage with three subjects, while Teal Aino was able to get more than 97% with five
subjects. However, Yellow Aino had a couple of really low paired IBI percentages with
subjects sb1 (28 %) and sb7 (26.4 %), while Teal Aino had only one subject with lower
than 50 % paired IBls: sb7 (43.5 %). The paired percentages in these cases are so low
that it seems likely that the device was affected either by the placement higher on the

arm, the wrist side device, or the straps of the devices were not tight enough.

The difference of the average percentages of the paired IBls is smaller during the second

resting phase, as the average of Yellow Aino increased from 76.6 to 78.8 %, and the
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average of Teal Aino dropped slightly from 90.1 to 86.1 %. However, Teal Aino had really
good results (>97 %) for 6 out of 10 subjects, one more than during the first resting
phase. The small drop in Teal Aino’s average percentage is caused by big drops with
subjects sb2 from 100 to 57.1 %, and sb10 from 72.6 to 34.1 %. The drops could be
caused by sweat or small misplacement of the device during the activity phases. One
subject (sb7) had a major increase with Teal Aino between the resting phases, from 43.5
to 80 %. Yellow Aino had really good results with four out of 10 subjects during the sec-
ond resting phase. A major increase in paired IBl percentages can be seen with sb1 (28
to 74.4 %), sb5 (86 t0 99.2 %), sb6 (72.2 to 92.2 %) and sb7 (26.4 to 42.6 %), while large
drops can be seen with the same subjects, sb2 (87.4 to 56.3 %) and sb10 (78.2 to 36.3

%), as with Teal Aino.
Errors

The average error values are shown in Table 11. As can be seen from Table 11, Teal
Aino has lower average MAE, MAPE and RMSE values during each of the resting
phases, while also averaging higher on the amount of IBls with maximum of 20 ms error
to the reference RRI. The average error values for both of the devices are lowest during

the second resting phase. MAE values are presented in boxplot in Figure 27.

Table 11. Error averages of sb-subjects with Yellow and Teal Aino compared.

Phase Aino ei50  ei20 ME MAE MAPE RMSE
(ms) (ms) (%) (ms)

Whole Yelow 12.1 10343 0.723 8.615 1.157  32.99

measurement Teal 7.1 12075 0669 5.008 0.685 16.151

1st resting phase Yellow 1.3 241 0.097 6.722 0.806 15.649
Teal 1.6 283.1 0.918 5.001 0.629 13.904

2nd resting phase Yellow 1.9 498.4 0.593 5.224 0.697 11.776
Teal 2.1 545.8 0.312 4.417 0.597 9.684

Palmar side Yellow 1.6 171.7 0.212 7.723 1.019 13.928
measurement Teal 1.3 228.4 -0.412 6.679 0.878 11.919
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Figure 27: MAE values of the resting phases shown in a boxplot for sb-subjects meas-

ured with Yellow and Teal Ainos.

From the boxplot it can be seen that Teal Aino has slightly lower MAE in general. The
only exceptions being sb5 during the first resting phase with 13.12 ms MAE and sb2
during the second resting phase and palmar side measurements with 10.49 ms and
25.73 ms MAE respectively. However, median value of MAE is clearly lower for Teal

Aino in each of the resting phases.
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Figure 28: Raw signals of subject sb8 (FP1). The upper waveform is measured with
yellow wavelength and the bottom waveform with teal colored wavelength. Both wave-

forms are from the first resting phase.

When looking at raw signal during the first resting phase, it can be seen that with Yellow
Aino’s signal there is slightly more noise in the signal. In addition, the average amplitude
is higher with Teal Aino, even though it can be difficult to see from the Figure 28, as the
scale is different for each signal. For Yellow Aino the average peak-to-peak value is 0.1
x10° ADC units and for Teal Aino it is 0.5 x10° ADC units.

Sc-subjects

Unlike sb-subjects that had total of four monitoring devices, sc-subjects were measured
with only one device on each wrist. Eight subjects were measured with Aino device hav-
ing teal color LEDs (525 nm peak wavelength) in one hand and Aino yellowish color
LEDs (593nm peak wavelength) with in the other hand. The LED driving currents of both
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devices were low, 25 mA per LED. The results of paired IBls during the whole measure-

ments and resting phases are shown in Table 12.

Table 12. The paired IBI percentages for teal and yellow wavelength from sc-subjects.

ID FP Age Sex VYellow Teal Yellow Teal Yellow Teal Yellow Teal

sc5 3 28 F 40.9 42.5 99.3 100 90.8 94.2 88.5 95.1
sc6 2 27 M 43.9 44.8 97 100 94.8 96 94.2 97.7
sc7 3 29 M 45.4 49 98.8 100 97.6 100 70.5 93.2
sc8 2 32 F 50 52.4 97.7 100 98.1 100 100 98.8
sc9 2 26 M 43.6 44 853 891 943 96.8 99.4 93.9
sc10 6 32 M 37.4 46.2 76.8 89.3 80.6 93 84.8 90.1
scll 3 27 M 36.3 41.3 689 915 925 93.9 68.2 84.7
scl2 3 32 M 46.2 47.9 98.9 96 96.7 92.5 95.8 95.4
Averages 29.1 43.0 46.0 90.3 95.7 93.2 95.8 87.7 93.6

As can be seen from Table 12, Teal Aino has a better average on each phase, as it did
also with sb-subjects. During the whole measurements, Teal Aino had a higher percent-
age of paired IBIs than the Aino with yellow colored LEDs on every subject. During the
first and the second resting phases, only subject sc12 had a higher percentage on Yellow
Aino than Teal Aino. However, during the first resting phase Yellow Aino had over 97%
paired IBls with five out of eight subjects, whereas Teal Aino had over 97% with four out
eight subjects. Yellow Aino also had a couple of lower results with subjects sc10 (76.8%)
and sc11 (68.9%) while Teal Aino had good results on both of the subjects with 89.3%
and 91.5%.

During the second resting phase the average percentage difference of paired IBls be-
tween yellow and teal wavelengths was smaller, which was caused by the increased
percentage of paired IBls with subjects sc10 and sc11 with Yellow Aino. While the aver-
age percentage of Teal Aino remained the same as it was during the first resting phase,
Yellow Aino’s increased with almost 3 percentage points. Teal Aino was still able to get
higher results in seven out of eight subjects, with the lowest percentage of paired IBls
being 92.5%. Even though Yellow Aino appears to be more positively affected by the
increased blood flow during the second resting phase compared to the first, Teal Aino is
still detecting the IBls more reliably.

During the palmar side measurements Teal Aino had once more higher average per-

centage of paired IBls. While most of the results for each subject are pretty similar during
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this phase, subjects sc7 and sc10 have differences of 22.7 and 16.5 percentage points,

with Teal Aino having higher results.
Errors

The average error values for whole measurement and the resting phases are shown in
Table 13. As can be seen from Table 13, Teal Aino has smaller average MAE, MAPE
and RMSE values during all of the resting phases. The difference is highest during the
first resting phase and gets lower for the second resting phase, as it also does with the
amount of paired IBls. The average error values for both of the devices improve from the
first resting to the second resting, meaning that the average accuracy of the IBIs is better
during the second resting phase for both of the wavelengths. Yellow Aino’s MAE im-
proves more from the first resting to the second resting phase: from 8.72 ms to 5.40 ms.
However, Teal Aino is still better during both phases, with 5.11 ms and 4.27 ms MAE,
respectively. During palmar side measurements Yellow Aino’s error values increases
again compared to the second resting phase, while for Teal Aino MAPE remains at 0.49

% and RMSE even slightly decreases from 12.08 ms to 10.05 ms.

Table 13. Average error values during resting phases for yellow and teal wavelengths

with sc-subjects.

Phase Aino ei50 ei20 ME MAE MAPE RMSE

(ms)  (ms) (%) (ms)

Whole Yellow 16.75 1186.38 2.25 9.68 1.33 39.18
measurement Teal 14.38 1287.88 235 8.72 1.24 30.57
1st resting phase Yellow 1.75 233.25 -0.83 8.13 0.91 15.59
Teal 0.00 264.75 -1.36 5.11 0.54 6.81

2nd resting phase Yellow 1.75 523.88 -0.42 5.40 0.62 12.42
Teal 1.63 542.25 -1.04 4.27 0.49 12.08

Palmar side Yellow 1.25 241.50 -0.46  6.03 0.70 14.77
measurement Teal 0.50 261.38 -0.73 430 0.49 10.05

The boxplot shown in Figure 29, shows that the median MAE value is lower for Teal Aino
in each of the resting phases, while also the dispersion is higher with Yellow Aino. From
Figure 30 can be seen that the raw signal of subject sc6 is following the same pattern as
the subject sb8, shown earlier in Figure 28, as the Yellow Aino’s signal seems to be
slightly more vulnerable to noise, and the amplitude is small compared to Teal Aino’s
raw signal. The peak-to-peak value of PPG pulses in Yellow Aino’s data is about 0.1 x
10° ADC units, while Teal Aino’s is 0.35 x 10° ADC units.
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Figure 29. MAE for sc-subjects during the resting phases are presented in boxplot for

teal and yellow wavelengths.

From Figure 30 it can be seen that the raw signal of subject sc6 is following the same
pattern as the subject sb8, shown earlier in Figure 28, as the Yellow Aino’s signal seems
to be slightly more vulnerable to noise, and the amplitude is smaller compared to Teal
Aino’s raw signal. The peak-to-peak value of PPG pulses in Yellow Aino’s data is about
0.1 x 108 ADC units, while Teal Aino’s is 0.35 x 10° ADC units.
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Figure 30. Raw signals of subject sc6 (FP2). The upper waveform from Yellow Aino,
and waveform of Teal Aino is shown on the bottom. Both waveforms are from the first

resting phase.

Summary

Teal Aino was able to detect and pair IBls with better percentage than Yellow Aino with
both sb and sc-subjects. Both of the wavelengths had higher average results with sc-
subjects which shows that the devices were affected by the other devices with sb-sub-
jects. The difference in the results was smaller with sc-subjects than with sb-subjects,
however, in both measurements the Teal Aino had clearly higher amplitude in the AC
part of the PPG raw signal. This can explain why it is less vulnerable to noise and other
error factors. Yellow Aino was able to improve more from the first resting phase to the
second resting phase, which implies that the increase in amplitude caused by the in-

creased blood flow is more needed with yellow wavelength.
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4.2.2 Teal versus green
The teal and green wavelengths are compared with higher intensity levels. The results

are shown in Table 14. Teal and Green were compared only with sc-subjects that had

one device on each wrist.

Table 14. IBI percentages of Teal and Green Aino for sc-subjects.

ID FP Age Sex Green Teal Green Teal Green Teal Green Teal
sc3 3 22 F 41.8 44.2 99.6 100 85.7 97.8 85.2 87.7
scd 3 39 M 56.3 55.8 98.6 100 100 100 99.2 98.7
sc5 3 28 F 46.2 45.5 99.3 98.6 95.9 97.1 97.7 98.5
sc7 3 29 M 49.5 47.2 100 100 99.7 97 98.5 93.2
sc8 2 32 F 52.2 60.3 99.7 100 100 100 95.2 93.5
sc9 2 26 M 45.2 46 96.9 96.6 99.4 99.5 96.6 99.7
sc10 6 32 M 435 38.3 96.2 93.3 94.6 82 86.2 86
scll 3 27 M 43 43.2 100 99.3 95.8 96 86.4 89.7
scl12 3 32 M 41.3 45.5 99.2 100 90 97.9 91 95.9
sc13 5 33 M 42.5 51.3 99.1 100 75.7 79.8 71.8 85.2
Averages 30.1 46.2 47.7 98.7 98.8 93.7 947 90.8 92.8

When comparing the percentages of paired IBIs, the results are very similar. The aver-
age percentage of paired IBls during the whole measurements are 46.2 for the device
with green LEDs and 47.7 for the device with teal LEDs. Out of 10 subjects Teal Aino
had better coverage during the whole measurements in six cases. In all cases the results
were close to each other. During the first resting phase both wavelengths averaged over
98% of paired IBls. Teal Aino had less than 95% paired IBls with one subject during the
first resting phase, whereas for Green Aino the lowest percentage was 96.2 during the
first resting phase. Both Teal and Green Aino were able to detect almost all IBls (>97%)

during the first resting phase with eight out of 10 subjects.

During the second resting phase the average percentage of paired IBls dropped for both
wavelengths. Green Aino had an average of 93.7% and Teal Aino averaged 94.7%. Teal
Aino was able to get over 97% paired IBls with seven subjects, while Green Aino reached
97% with four subjects during the second resting phase. Both of the wavelengths had
two subjects under 90% paired IBls during the second resting phase. One of them is the

same subject, sc13, with green wavelength pairing 75.7% of the IBIs and teal wavelength
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79.8%, which are the lowest results for both wavelengths. The most likely reason for
lower results with sc13 is that there has been some movement during the second resting
phase. Short spikes can be found from the raw PPG signal of sc13 as can be seen from

Figure 31. These spikes could be caused by movement.
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Figure 31: Small spikes can be seen in the raw PPG signal during the second resting

phase of sc13 (FP 5), which could be caused by movement (Teal Aino).

During palmar side measurements the average percentages for both wavelengths are
lower than during the second resting phase, as Green Aino averages 90.8% and Teal
Aino 92.8%. Both wavelengths were able to get over 97% paired IBls from three of the
subjects during the palmar side measurements. Both of the wavelengths have over 90%
on six of 10 subjects. These six subjects were the same for both wavelengths. The larg-
est difference between Green and Teal Ainos during the palmar side measurements is
with subject sc13, where the device with teal LEDs was able to pair 85.2% and the device

with green LEDs was able to pair 71.8% of the IBls.

As these results show, green and teal wavelengths seem to be able to detect the IBIs
with very similar percentages and, at least with the 10 subjects studied, a real difference

cannot be seen.
Errors

The average error values for each wavelength are shown in Table 15. As it can be seen
from the table, Teal Aino has lower average ME, MAE, MAPE and RMSE from whole

measurements than Green Aino.
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Table 15. Average error values for teal and green wavelengths.

Phase Aino  ei50 ei20 ME MAE MAPE RMSE
(ms) (ms) (%) (ms)

Whole m. Green 25.1 1298.7 3.333 10.732 1.613 45.623

Teal 19.8 1345.9 0.739 8.195 1.227 31.652

1st resting p. Green 0.6 285.2 -0.942 4.744 0.527 11.89
Teal 0.4 285.4 -1.115 4.352 0.474 9.956

2nd resting p. Green 1.6 538.1 -0.996 3.911 0.465 10.684
Teal 1 542.9 -0.909 3.913 0.465 8.992

Palmar side m. Green 2.3 225.3 -2.49 6.576 0.714 16.154

Teal 2.2 229.3 -2.605 7.089 0.778 19.074

During the first resting phase the average error values are closer to each other than when
looking at the whole measurements. ME is slightly higher for Teal Aino with -1.115 ms to
Green Aino’s -0.942 ms but MAE is higher for Green Aino with 4.744 ms to Teal Aino’s
4.352 ms. MAPE and RMSE are also higher for Green Aino, but as in ME and MAE, the
margins are really small. When comparing the error values one subject at the time, it can
be seen that there are no real differences between wavelengths there either. Subject
sc13 is the only subject that has more than 0.8 ms difference in MAE between the wave-
lengths: 6.03 ms MAE with green wavelength and 3.76 ms MAE with teal wavelength.
MAEs during the resting phases are shown as boxplot in Figure 32. It can be seen that

the median values are very similar during each phase for both of the wavelengths.
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Figure 32: MEA values for Green and Teal Aino during different resting phases shown

in boxplot.

The error values during the second resting phase are slightly smaller than during the first
resting phase, but a real difference between the wavelengths still cannot be seen. Aver-
age MAPE is even exactly the same for both wavelengths with 0.465 %. Most of the
subjects have almost the same error values on both devices but sc10 stands out by
having RMSE of 29.82 ms with Teal Aino and 12.51 ms with Green Aino. The other error
values are also slightly higher for teal wavelength than green wavelength with sc10, but
the percentage of paired IBls is 12.6 percentage points higher for Teal Aino than Green
Aino. This means that there are IBls that Green Aino did not mark as reliable, that Teal
Aino did, but the error on those IBIs is higher and probably the reason why Green Aino

did not reliably detect them.

During the palmar side measurement the average error values are higher than during
other resting phases. During this phase the averages with Teal Aino are slightly higher
than Green Aino on all ME, MAE, MAPE and RMSE. However, the values are once again

very close to each other.
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Examining the raw PPG waveform of the signals confirms what the statistical analysis
has also shown, that there is not much difference between Green and Teal Aino. Figure
33 shows a small portion of the raw signal of subject sc11 during the first resting phase.
As it can be seen, the amplitude of the signal is similar for both wavelengths, with aver-

age peak-to-peak value of the AC part being around 0.3 x10° ADC units.
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Figure 33. The raw signals of subject sc11 (FP 3).Top waveform is raw signal of Green
Aino and on the bottom is raw signal from Teal Aino. Both waveforms are from the first

resting phase.

What is noticeable is that both of the wavelengths seem to be as vulnerable to the effect
of the subject’s skin tone, as lower intensity green wavelength, which can be seen when
comparing the waveforms of sc11 to sc10. Subject sc10 was the only subject measured
with high intensity Green and Teal Ainos who has a skin tone of FP 6. The waveforms of

sc10 for both of the wavelengths are shown in Figure 34. During the first resting phase
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both of the wavelengths were able to detect and pair IBIs with high percentage from

subject sc10, but the amplitude of the signal is approximately half of subject’s sc11 (FP
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Figure 34. The top waveform is raw signal of Green Aino and on the bottom is raw sig-
nal from Teal Aino for subject sc10 (FP 6) during the first resting phase. The effect of

the skin tone can be seen when signals are compared to Figure 33.

4.3 The effect of intensity of the LED

Besides LED wavelength, intensity is another factor which can have an effect on the
PPG signal. The effect of LED intensity was studied with both teal and green wave-

lengths. The measurements were done with each subject having the same wavelength
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with lower intensity (driving current 50 mA) and higher intensity (100 mA driving current)
devices on different wrists. A total of 22 subjects were measured with two different inten-
sity level OHR devices. Ten of the subjects were part of four device measurements and
therefore are discussed separately in Chapter 4.3.1 and referred as sb-subjects. The

rest of the subjects, referred as sc-subjects, are discussed in Chapter 4.3.2.

4.3.1 The effect of intensity: sb-subjects

The Ainos on the wrist side during the four OHR device measurements were affected by
the wristbands of the Yellow and Teal Ainos. The outer wristbands decreased the blood
flow to the tissue, where the wrist side OHR devices were measuring the PPG signal.
This explains the extremely low average of paired IBls of lower intensity Green Aino. The

results of the wrist side OHR devices are shown in Table 16.

Table 16. Paired IBI percentages for high and low intensity Green Aino with sb-sub-

jects.
Byl -

ID FP  Age Sex Low High Low High Low High Low High
sbl 6 27 M 20.1 48 22 965 749 100 203 96.7
sb2 5 30 M 2.8 35.3 N/A 100 7.1 683 3 51.7
sb3 4 26 F 42.9 44.4 100 975 99.6 100 92.1 98.6
sb4 3 41 F 29.1 47.1 3.5 100 77.1 99.8 97.7 96.1
sh5 4 28 F 30.3 447 278 966 986 99.7 64 883
sb6 4 34 F 4.4 41.9 37 912 191 100 21 95.1
sb7 3 27 F 6.5 45.7 3.8 98 19.7 965 83 96
sbh8 1 26 F 7 47.6 N/A 98.9 193 99 N/A 934
sh9 4 26 F 47.9 451 99.7 98.7 929 916 98 88.5
sb10 4 24 F 1 44.6 06 994 39 973 115 914
Averages 28.9 19.2 44.4 24.1 97.7 512 95.2 37.7 89.6

When comparing the results of low intensity Green Aino and high intensity Green Aino,

which were both measured in similar circumstances, it is clear that the high intensity
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Green Aino was less affected. The low intensity Green Aino was hardly able to get any
results in five out of ten subjects, with whole measurement results of paired IBls less
than 10%. However, the device with high intensity LEDs was able to detect rather con-
sistent results even though there was another wristband decreasing the blood flow to the

tissue.

During the first resting phase the OHR device with high intensity LEDs was able to pair
an average of 97.7 % of the total IBls. The result is extremely high, and therefore it is not
surprising that during the second resting phase the average percentage dropped slightly
to 95.2 %. During the first resting phase the device with lower intensity LEDs had really
good results with only two subjects, sb3 and sb9, with 100 % and 99.7 % respectively.
Most of the result were, however, badly corrupted by the decreased blood flow to the
tissue and therefore the average percentage during the first resting phase was only 24.1
%. The effect of the increase in blood flow caused by activity phases can be seen clearly
in the average percentage of the lower intensity OHR device during the second resting
phase. The average more than doubled to 51.2 %, and when looking at single subjects,

sb1, sb4 and sb5, had more than 70 % increase to the paired IBls.

During the palmar side measurements the high intensity Green Aino kept the high aver-
age paired IBI percentage with 89.6 %. The lower intensity Green Aino’s average per-
centage dropped to 37.7 %, which can be caused partly by blood flow returning to normal

rates, after the subject had been resting for 10 minutes.

Even though this was unintentional, the test with two wristbands lowering the blood flow
for the wrist side OHR devices actually simulates well lower blood flow to the arms, which
is a rather common problem, especially with older people. From the results it seems that
increasing the LED intensity can allow better results for people with weaker blood flow in
their arms. The average error values are shown in Table 17. It can be seen from the error
values as well, that the lower intensity Green Aino was definitely more affected by the

decreased blood flow than the higher intensity Green Aino.
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Table 17. Average error values of high and low intensity devices for sb-subjects.

Phase Intensity = ei50 ei20 ME MAE  MAPE RMSE

(ms)  (ms) (%) (ms)

Whole Low 6.8 562.8 -22.2 49.3 6.8 94.0
measurement High 22.2 1341.2 4.3 9.8 1.6 51.0
1st resting phase Low 0.4 87.5 -335 37.3 5.0 61.0
High 1.4 312.2 1.6 5.2 0.6 15.1

2nd resting phase Low 2.7 323.2 -29.5 4438 5.2 58.0
High 2.7 603.1 1.0 4.7 0.6 12.5

Palmar side Low 0.8 98.7 -60.3 | 66.3 8.1 68.7
measurement High 1.5 264.2 2.1 6.6 0.9 20.2

As the results are clearly corrupted by the other wristbands decreasing the blood flow,
further analysis on error values is not necessary. A small sample of signal waveform
during the first resting phase of each device for subject sb3 (FP 4) is shown in Figure 35.
Noticeable is that sb3 was one of the subjects who was less affected by the decreased
blood flow and that the lower intensity Green Aino was able to detect good amount of

the IBls as well.
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Figure 35: Raw signals of subject sb3 (FP4). The upper waveform is with lower inten-
sity Green Aino and the bottom waveform is with high intensity Green Aino. Both wave-

forms are from the first resting phase.

While the SNR is slightly worse for lower intensity Green Aino, the average amplitude is
very similar around 1.7x10* ADC units for both intensity level's signals for subject sb3.
Figure 36 shows another sample of the waveform, this time from subject sb10 (FP 4),
who was clearly more affected by the decreased blood flow. From the figure it can be
seen that the signal of the lower intensity Green Aino is corrupted with artefacts, making
it hard for the algorithm to detect the IBls reliably. Average amplitude for lower intensity
Green Aino’s signal is 0.7x10* ADC units and 1.2x10* ADC units for the higher intensity

device.
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Figure 36. On the top low intensity Green Aino and on the bottom high intensity Green

Aino for subject sb10 (FP 4) during the first resting phase. As it can be seen, the low

intensity Aino’s signal is full of errors, making it impossible for the algorithm to detect

IBls reliably.

4.3.2 The effect of intensity: sc-subjects
A total of 12 subjects were measured with only one device on each wrist for the effect of

intensity. Three subjects were measured with lower and higher intensity Ainos with green

LEDs and eight subjects were measured with lower and higher intensity Ainos with teal

LEDs. The paired IBI percentages during the resting phases are shown in Table 18.
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Table 18. The paired IBI percentages for high and low intensity Ainos for sc-subjects.

ID FP Age Sex LED Low  High Llow High Low High Low  High
color
scl 5 29 M  Green 43.8 46 905 927 862 93 696
sc2 6 34 M Green 27 453 768 983 456 992 79.3
scd 3 39 M Green 638 563 100 986 100 100  98.7
sc4 3 39 M Teal 623 558 993 100 100 100 96.6
sc5 3 28 F  Teal 425 455 100 986 942 971 945
sc7 3 29 M Teal 49 472 100 100 100 97 946
sc8 2 32 F | Teal 524 603 100 100 100 100 = 98.6
sc9 2 26 M Teal 44 46 89.1 966 968 995 94.4
sc10 6 32 M  Teal 462 383 893 933 93 8 | 953
sc1l 3 27 M  Teal 413 432 915 993 939 96  86.1
sc12 3 32 M | Teal 479 455 96 100 925 97.9 947
scl4 3 24 M Teal 407 332 818 691 902 831 649
Averages 30.9 46.7 469 929 956 91.0 954 889

The effect of the higher intensity seems to be less, when there is no other device de-
creasing the blood flow. Table 18 shows that the paired IBI percentages with higher LED
intensity and lower LED intensity are very close to each other. In total the average values
for each of the resting phases, including palmar side measurements, are better for Aino
with higher intensity LEDs, but the results are close. The difference of the average values
is largest on the second resting phase, where the higher intensity Aino has a higher
average of 4.37 percentage points. However, it is good to take into account that both
lower and higher intensity Ainos had really good results with sc-subjects, as the average

values on both intensity levels during the first and second resting phases are over 90%.

During the first resting phase three out of 12 got higher paired IBI percentage with lower
intensity Aino. However, with two of these cases both high and low intensity Ainos got
over 97% paired IBIs. High intensity Aino got over 97% results with eight out of 12 sub-

jects and low intensity Aino with five out of 12 subjects during the first resting phase.

The results from the second resting phase are similar to the first one. Low intensity Aino
has higher paired IBI percentage on three subjects again, while the average is slightly
higher for high intensity Aino. Results of over 97% are seen in eight out of 12 subjects

with high intensity Aino and four out of 12 subjects with low intensity Aino. The biggest

78
95.8
99.2
98.7
98.5
93.2
93.5
99.7

86
89.7
95.9
59.5
90.6
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difference between the first and the second resting phase is with subject sc2, who has
only 45.6% paired IBls with lower intensity device during the second resting phase. The
drop from first resting is so big, that it seems probable, that during the activity phases

the device have moved on the wrist, making it loose for the second resting phase.

During the palmar side measurement average percentages of paired IBls are slightly
lower than during the other resting phases. However, Aino with higher intensity LEDs is
still getting higher results on eight out 12 subjects and four subjects with over 97% cov-
erage. Lower intensity Aino got over 97% results with two subjects during the palmar

side measurements.
Errors

The average error values for both low and high intensity LEDs during the whole meas-

urements and resting phases are shown in Table 19.

Table 19. Average errors for high and low intensity devices during sc-measurements.

Phase Intensity ei50 ei20 ME MAE MAPE RMSE

(ms)  (ms) (%) (ms)

Whole Low 12.17 1264.75 1.35 7.94 1.09 26.76
measurement High 27.92 1244.67 0.61 9.70 1.36 36.56
1st resting phase Low 0.00 258.83 -1.05 4.81 0.51 6.52
High 5.42 257.75 -0.90 6.60 0.75 12.33

2nd resting phase Low 1.33 505.83 -0.99 4,56 0.52 11.90
High 2.58 521.83 -1.02 454 0.53 11.10

Palmar side Low 0.17 212.67 -0.81 4.46 0.50 7.81
measurement High 3.42 209.83 -2.24 814 0.91 18.49

From Table 19 it can be seen that high intensity device has a higher average of €i50
IBls. High intensity device also has higher error averages on MAE, MAPE and RMSE

during the whole measurements.

During the resting phases the situation seems to be the same, higher intensity Aino has
higher average error values on each category, except MAE and RMSE during the second
resting phase. During the second resting phase the error averages between low and high
intensity are generally really close to each other, much closer than during the first resting
phase or palmar side measurements. However, in Figure 37 is presented the boxplot of
MAE during the resting phases. It can be seen from the figure that high intensity Aino
has a couple subjects with really high MAE values during the first resting phase and
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palmar side measurements, which definitely affect the averages as the total number of

subjects is so small.
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Figure 37. MAE of low and high intensity devices for sc-subjects shown in boxplot.
Even though the size of the box is slightly higher for high intensity devices, the median

is lower for high intensity devices during the first and second resting phases.

The boxplot shows that the median value for MAE is actually lower with high intensity
during the first and second resting phase. Dispersion is higher with high intensity, alt-
hough huge difference cannot be seen. Figure 38 shows a small portion of signal wave-

form during the first resting phase of subject sc9 (FP 4).
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Figure 38. Raw signals for subject sc09 (FP 2). The upper waveform is measured with
low intensity Teal Aino and the bottom waveform with higher intensity Teal Aino. Both

waveforms are from the first resting phase.

As Figure 38 shows, the waveforms look rather similar to each other, as both of the
signals are clear and do not have much noise in them. The lower intensity signal has an
average amplitude of 2.1x10* ADC units and higher intensity signal has an average am-
plitude of 3.0x10* ADC units.

4.4 Activity phases

During the activity phases the amount of paired IBIs is generally very low. As the algo-
rithm uses the previous IBls as well as acceleration (movement) of the device to detect

reliable beats from artifacts, it is expected to have more unreliable beat intervals during
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activity phases. Therefore there are hardly any reliable beats to analyze during the ac-

tivity phases. When looking at the signal waveform from multiple different subjects shown

in Figures 39-41, it can be seen that the signals are full of errors and that detecting beat

intervals robustly is almost impossible.
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Figure 39. A short fraction of raw signal of Green Aino from subject s21 while walking.
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Notable is that this is one of the cleanest signals during the walking phase, even

though reliable IBI detecting is still hard with a lot of artifact beats in the signal.
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Figure 40. Raw signal of high intensity Teal Aino from subject sc08 during walking. De-

tecting IBIs reliably is impossible as separating real and artifact beats from each other

cannot be done.
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Figure 41. Raw signal of Green Aino from subject s37 during typing. The movement of
the wrist during writing on a computer was enough for most subjects to create huge

amount of artifact beats to make IBI detection impossible.

Table 20 presents the average values of the paired IBI percentages for each of the five

devices.

Table 20. Average values for each Aino device during the activity phases

Aino Activity phases Walking Typing Cycling
Green 11.53 2.39 13.63 13.11
Teal 4.56 0.09 7.75 8.27
Yellow 7.89 0.26 9.33 10.33
High intensity Green 8.55 0.00 12.83 12.68
High intensity Teal 9.89 0.00 12.09 15.79

Table 20 shows that during the walking phase almost none of the IBls can be detected
reliably. The typing and cycling phases have at least some IBls detected, which is un-
derstandable as the subject is not moving their arms as much while typing on a computer

or holding the handlebar while cycling as they are during walking.

It appears that Green Aino with low intensity had the best results overall during the ac-
tivity phases. During the typing and cycling phases low intensity Teal and Yellow Ainos

could not get to the same level as other devices. As green wavelength was able to get

840
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as good results, as seemed possible, during the typing and cycling phases with both
intensities, it would seem to be less affected by activity than other wavelengths. How-

ever, it is important to remember that the amount of subjects for each device varies a lot.

While many of the commercial OHR devices can estimate subject’s average HR during
exercises, detecting reliably individual heartbeat intervals is not possible for current OHR
devices. However, as this study has shown, during the resting phases OHR devices can
attain very accurate and good results. There are still a lot of variables that need to be
studied more, but it seems likely that in the future the OHR devices can be used even in

clinical environments for detecting cardiovascular diseases.
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5. CONCLUSIONS

The aims of this thesis were to study the effect of skin tone, LED wavelength and LED
intensity levels on the performance of beat-to-beat heart rate monitoring of a wrist-worn
OHR device. The aims of the thesis were reached as the three questions presented in

the introduction were answered. The three questions were:
1) Does darker skin tone have a negative effect on the quality of the PPG signal

2) Which of the following three LED peak wavelengths 525 nm, 573 nm and 593 nm

can provide the highest amount of robust beat intervals with the highest accuracy
3) Does increasing the intensity of the LEDs improve the PPG signal quality

A darker skin tone does indeed have a negative effect on the PPG signal quality accord-
ing to the results of this study. The study results are in line with some previous studies,
such as “Influence of skin type and wavelength on light wave reflectance” by Bennett et
al. [9], where they stated that the dark brown skin had significantly lower modulation than
other skin types. The results of the effect of the wavelength are also consistent with the
same study by Bennett et al. They studied four different wavelengths: 470 nm, 520 nm,
630 nm and 880 nm. Even though the wavelengths are not the same as used in this
study, 520 nm is very close to 525 nm used in this study. Their study results showed that
520 nm displayed better results than other wavelengths and both 470 nm and 520 nm
had clearly better signal-to-noise ratios than higher wavelengths. In this study it was seen
that both 525 nm and 573 nm provided higher SNR than 593 nm wavelength.

The effect of the intensity level seems to be much smaller than was expected. It has not
been studied as much as the effect of the skin tone or wavelength. However, the results
of this study show that it seems to not have an effect for a healthy adult in resting condi-
tions. However, as an unexpected result of this study, it seems like the higher intensity
level of the LED might have significant effect for the quality of the PPG signal when

subject has decreased blood flow in their arms.

The effect of skin tone on an OHR device’s measurement performance was studied with
36 volunteers representing all six Fitzpatrick scale skin tone groups. The IBls from PPG

signal were paired and compared to RRIs from a reference ECG signal.

The results showed that there is a correlation between the amount of reliable IBls and a
subject’s skin tone. The signal quality was better with lighter skin tones, allowing an OHR

device to detect IBIs with better consistency, as well as accuracy. The accuracy was
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evaluated with error statistic, focusing mostly on mean absolute error, which was highest
with darkest skin tones. Also by looking at the raw PPG signal, it was noticed that the

signal-to-noise ratio was worse with darker skin tones.

For the analysis the skin tones were separated into three groups: light skin tones (Fitz-
patrick groups 1 and 2), medium skin tones (FP 3&4) and dark skin tones (FP 5&6).
While the dark skin tone subjects clearly had weaker results, there was no significant

difference observed between light and medium skin tones.

However, the sample size is small and there are factors that are not addressed in the
analysis, such as subjects’ body mass index. Further research is needed to confirm the

results.

The effect of the wavelength was studied as well, with a comparison of three wave-
lengths: yellow (peak wavelength of 593 nm), green (573 nm) and teal (525 nm). The
study was done by subjects wearing an OHR device with one wavelength on one wrist
and another OHR device with another wavelength on the other wrist during the meas-
urements. The teal wavelength was compared first to yellow and then to green wave-

lengths.

The comparison of teal and yellow wavelengths was separated into two sections, as the
first 10 subjects had total of four OHR devices on during the measurements, whereas
the rest of the subjects had only two devices. Having four devices caused the devices
with teal and yellow colored LEDs to be further from wrist than with subjects that were
only wearing two devices. A total of 18 subjects were measured for the comparison. The
results show that teal wavelength was more consistent in getting reliable beats and better
accuracy on the measured IBIs than yellow wavelength. Both of the wavelengths got
better results during the two device measurements compared to the measurements with
four devices. This could be caused by the more optimal placement of the OHR device
closer to the wrist. However, it is also possible that the other device on the wrist side had
affected the device on the elbow side as well, lowering the results slightly for both wave-

lengths.

Teal Aino provided higher amplitude when looking at the raw PPG signal. The accuracy
of yellow wavelength increased more compared to teal wavelength from the first resting
phase to the second resting phase, which is most probably tied to the increase of the
amplitude of the PPG signal due to increased blood flow caused by activity phases. The
lower amplitude of yellow wavelength is more vulnerable to errors, which can be seen in

the results of paired IBls and error values.



65

When comparing OHR devices with LEDs of teal and green wavelength, the results
turned out to be more similar than when comparing teal and yellow. Both of the wave-
lengths provide high percentages of paired IBls, low error values and high amplitude in
the AC part of the PPG signal. The comparison of these two wavelengths was done with
higher driving current to the LEDs of both of the devices, providing higher intensity light.
More research is needed to find a difference between these two wavelengths. However,
it can be stated that both of these wavelengths with peak values of 573 nm and 525 nm
are more suitable for measuring PPG signal from the wrist than yellow wavelength with

peak value of 593 nm.

The effect of the intensity level was studied in two sections as well. A total of 22 subjects
were measured with two different intensity levels. 10 of the subjects were part of the four
device measurements and the other 12 were measured with just one OHR device on

each wrist.

The results of the measurements with only one device on each wrist show that while the
higher intensity level device was able to detect and pair reliable IBls with slightly better
percentage during the resting phases, the difference is minimal. The signal quality and

the amplitude of the signal seems to be rather similar with both intensity levels.

However, with four OHR device measurements, with two wristbands blocking some of
the blood flow to the wrists, the higher intensity of the LED seems to be much better at
detecting IBls reliably. The lower intensity device was clearly corrupted from decreased
blood flow, and without the increase to the blood flow caused by exercise, it was hardly
able to detect any IBls reliably. The OHR device with higher intensity LEDs did not have
the same problem to such a high extent. It was still able to detect most of the IBls reliably

even though there was another wrist band reducing the blood flow.

The final observation is that with one exception, all the OHR devices had better results
during the resting phases when measuring from the dorsal side, rather than palmar side
of the wrist. The one exception, however, is FP5-6 group measured with Green Aino

during the effect of the skin tone measurements.

Further study with more subjects is needed to be confirm the results. As a suggestion,
some of the more interesting points for further studies would be the effect of the intensity
with subjects with lower blood flow, such as elderly people and the possibilities of more
accurate OHR monitoring devices for darker skin tone subjects, which would measure

PPG from the palmar side of the wrist.
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