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ABSTRACT 

Photoplethysmography (PPG) is the predominant technique used by modern wear-
able devices to measure cardiovascular parameters, from simple heart rate and its 
variability to respiratory rate, and cardiovascular age. In clinical practice, PPG is the 
technique behind the pulse oximeter that provides vital information about peripheral 
oxygen saturation – a parameter that modern wearables also measure. The confg-
uration of the sensor in the common refectance mode is relatively straightforward 
with a light source illuminating the skin and an adjacent photodetector detecting the 
backscattered light. The detected intensity is modulated by the light-absorbing cuta-
neous blood volume which has a periodic component that varies with the beating of 
the heart. An important factor in obtaining the signal is the wavelength of the light 
source. Due to the optical properties of the skin chromophores, the penetration depth 
of light varies so that in general in the visible light and in the very near-infrared (NIR) 
part of the spectrum, longer wavelengths penetrate deeper than shorter wavelengths. 
Multi-wavelength PPG (MWPPG) utilizes this by using several wavelengths of light 
simultaneously with the aim of providing information from the large arteries buried 
deep in the tissue to the more superfcial arterioles and capillaries. 

This thesis contributes to MWPPG research by developing a fngertip-based 
method that enables the recording of MWPPG signals under controlled and mea-
surable sensor contact pressure. The method is initially demonstrated with a device 
consisting of fve light-emitting diodes (LEDs) with central wavelengths ranging 
from 465 to 880 nm. The method is then developed further by inverting the typical 
MWPPG sensor setup of (relatively) narrow-band LEDs and a wideband photodiode 
to a confguration consisting of a wideband light source and a spectrometer capable 
of extracting 99 different channels with a range of approximately 434–731 nm. 
Using the oscillometric blood pressure (BP) measurement technique, the method is 
demonstrated to extract BP simultaneously from large arteries using wavelengths 
over 630 nm and from more superfcial vessels using wavelengths under 590 nm. 
The part in the middle, 590–630 nm, forms a transition band where a jump from 
probing superfcial, low-pressure, blood vessels to deeper, high-pressure, vessels 
occurs. The experimental results are corroborated with a Monte Carlo (MC) photon 
propagation model. 

MWPPG signals are then further studied under different levels of sensor contact 
pressure. Static pressure held at relatively high pressure levels is shown to cause 
different responses between the wavelength channels, and, based on the MC results, 
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is hypothesized to reveal information about the blood vessels primarily responsible 
for vasodilation in response to pressure stimulation. Additionally, a separate study 
is performed to study the effects of sensor contact pressure on measured peripheral 
oxygen saturation (SpO2), pulse arrival time (PAT) and pulse waveform features. The 
results show that especially sensitive are the parameters that are based on amplitudes 
or DC level. 

Finally, in the age of rapidly advancing artifcial intelligence, a mathematical 
model is developed to generate synthetic PPG signals. The model can help tackle 
problems related to, for example, dataset sizes, bias, and data privacy. The synthetic 
model is demonstrated with a wearable device that uses convolutional neural 
networks (CNNs) trained with only synthetic data to estimate heart rate (HR) from 
measured signals. The performance of the CNNs often exceeds the more traditional 
methods used to calculate HR, providing a path to apply the synthetic model to more 
complex problems. This is briefy demonstrated by combining the synthetic model 
with another mathematical physiological model to generate synthetic oscillograms 
similar to those obtained with the presented MWPPG instruments. 

KEYWORDS: photoplethysmography, multi-wavelength photoplethysmography, 
microvasculature, microcirculation, blood pressure, synthetic biosignal 
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TIIVISTELMÄ 

Fotopletysmografa (PPG) on nykyaikaisissa puettavissa laitteissa käytetty vallitse-
va tekniikka kardiovaskulaaristen parametrien, kuten sykkeen, sykevälivaihtelun, 
hengitystiheyden ja kardiovaskulaarisen iän, mittaamiseen. PPG-tekniikkaan poh-
jautuu myös kliinisessä käytössä yleinen pulssioksimetri, jolla voidaan mitata 
veren happisaturaatio – parametri, jota myös nykyaikaiset puettavat laitteet mit-
taavat. PPG-sensorin toimintatapa on yksinkertainen yleisesti käytössä olevassa 
heijastukseen perustuvassa tekniikassa: ledi valaisee ihoa ja fotodiodi havaitsee 
takaisinpäin siroavan valon. Ihon veritilavuus, joka vaihtelee muun muassa sydämen 
lyöntien mukaan, absorboi valoa ja moduloi näin fotodiodin rekisteröimää valon 
intensiteettiä. Keskeinen signaalin informaatiosisältöön vaikuttava tekijä on ledin 
aallonpituus. Ihon optisten ominaisuuksien vuoksi valon tunkeutumissyvyys vaih-
telee, ja yleisesti ottaen näkyvän valon ja lähi-infrapuna-alueen alkupään alueella 
pidemmät aallonpituudet tunkeutuvat syvemmälle kuin lyhyemmät aallonpituudet. 
Moniaallonpituus-PPG (MWPPG) hyödyntää tätä käyttämällä samanaikaisesti 
useita eri valon aallonpituuksia, mikä mahdollistaa hemodynaamisen informaation 
saamisen syvällä ihossa sijaitsevista suurista valtimoista että pinnallisimmista 
pikkuvaltimoista ja kapillaareista. 

Tämä väitöstyö edistää MWPPG-tutkimusta kehittämällä mittausmenetelmän, 
joka mahdollistaa MWPPG-signaalien mittaamisen sormenpäästä hallitussa ja mitat-
tavassa sensorikontaktipaineessa. Menetelmää kehitetään aluksi laitteella, joka hyö-
dyntää viittä eri valon aallonpituutta välillä 465–880 nm. Menetelmää kehitetään 
väitöstyössä edelleen kääntämällä tyypillinen MWPPG-sensorikonfguraatio kapean 
aallonpituusalueen ledeistä ja laajan spektrivasteen fotodiodista konfguraatioksi, jo-
ka käsittää laajan aallonpituusalueen valonlähteen ja spektrometrin. Tällaisella kon-
fguraatiolla voidaan mitata 99 eri kaistaa 434–731 nm:n alueella. Kontrolloimalla 
sensorikontaktipainetta oskillometrisestä verenpainemittaustekniikasta tutulla taval-
la, menetelmällä voidaan mitata verenpaine samanaikaisesti sekä suurista valtimoista 
käyttäen yli 630 nm:n aallonpituuksia että pinnallisimmista verisuonista käyttäen al-
le 590 nm:n aallonpituuksia. Näiden väliin jäävä alue, 590–630 nm, muodostaa ns. 
siirtymäalueen, jossa tapahtuu siirtymä pinnallisista, matalan verenpaineen verisuo-
nista syvempiin, korkean verenpaineen suoniin. Mitattuja tuloksia verrataan Monte 
Carlo (MC) -simulaatiomallin tuloksiin. 

MWPPG-signaaleja tutkitaan sitten tarkemmin eri sensorikontaktipaineissa. Mit-
tauksissa, joissa kontaktipaine pidetään verrattain korkeana, havaitaan selkeästi eri-
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laisia vasteita eri aallonpituuskanavien välillä. MC-tulosten pohjalta voidaan todeta, 
että mittauksista saadaan tietoa pikkuvaltimoista, jotka ovat vastuussa verisuonten 
laajenemisesta vastineena paineen aiheuttamaan stimulaatioon. Tämän lisäksi suori-
tetaan tutkimus sensorikontaktipaineen vaikutuksista mitattuun veren happisaturaa-
tioon (SpO2), pulssin saapumisaikaan (PAT) ja pulssiaaltomuodosta laskettaviin suu-
reisiin. Tulokset osoittavat, että erityisen herkkiä ovat parametrit, jotka perustuvat 
aaltomuodon amplitudiin tai DC-tasoon. 

Väitöstyön lopuksi esitetään matemaattinen malli, jolla voidaan luoda synteet-
tisiä PPG-signaaleja. Nopeasti kehittyvällä tekoälyn aikakaudella malli voi auttaa 
esimerkiksi datasettien kokoon, vinoumaan ja tietosuojaan liittyvissä ongelmissa. 
Synteettistä mallia demonstroidaan puettavalla laitteella, jossa suoritetaan synteet-
tisellä datalla koulutettuja konvoluutioneuroverkkoja (CNN) sykkeen arvioimiseksi 
mitatuista signaaleista. Luodut neuroverkkopohjaiset mallit suoriutuvat usein parem-
min kuin perinteisemmät sykkeen laskemiseen käytetyt menetelmät, mikä luo pohjan 
synteettisen mallin soveltamiseen monimutkaisempiin ongelmiin. Tätä esitellään ly-
hyesti yhdistämällä synteettinen malli oskillometrista verenpainemittausta mallinta-
van matemaattisen mallin kanssa. Mallilla voidaan tuottaa synteettisiä oskillogram-
meja, jotka muistuttavat väitöstyössä esiteltävillä MWPPG-instrumenteilla mitattuja. 

ASIASANAT: fotopletysmografa, moniaallonpituusfotopletysmografa, mikroveri-
suonisto, mikroverenkierto, verenpaine, synteettinen biosignaali 
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1 Introduction 

Photoplethysmography (PPG) is the underlying technique in the clinically important 
pulse oximeter and is arguably the most common sensor modality used in modern 
wearable devices to monitor hemodynamic and, more broadly, cardiovascular pa-
rameters, such as heart rate. A telltale sign of the presence of a PPG sensor in a 
wearable device is a light source illuminating the skin. The popularity of this opti-
cal technique is essentially due to its simplicity for the user: the skin is illuminated 
with a light source, and the changes in the light intensity caused by blood volume 
variations are detected, provided that the location of the body contains suffcient 
vasculature. Thus, many easily accessible locations can be used, such as the wrist, 
fnger, ear, or temple with convenient form factors allowing sensor embedding, such 
as watches, rings, earphones, and glasses. The simplicity of the technique is not lim-
ited to the user side of the device, but also extends to the manufacturing side. In its 
simplest form, only a handful of inexpensive semiconductor components, mainly a 
light-emitting diode (LED) and a photodiode together with the accompanying elec-
tronics, are required to construct a PPG sensor. On top of these benefts, PPG signals 
have also shown to contain a wealth of information from which various cardiovas-
cular parameters, in addition to the rather trivial heart rate, can be extracted. PPG 
is therefore an attractive technique regardless of the end product, whether it is a 
consumer-grade or a clinical-grade device. 

PPG is a relatively old technique with its origins dating back to the last half 
of the 1930s. Alrick Hertzman and his colleagues are regarded as pioneers in the 
establishment of the technique. [1] In 1937 they presented observations on the varia-
tion of light transmission through a fnger [2] with subsequent papers describing the 
measurement of PPG signals from the nasal septum [3] and fngers and toes using 
a system consisting of a car headlight [4]. In 1938 a system enabling to measure 
PPG in both relfectance and transmissive mode was presented and demonstrated by 
measuring signals from different parts of the body [5]. Within a few more years they 
had investigated the pulsatile AC and non-pulsatile DC components of the PPG sig-
nal [6], applications of PPG in peripheral vascular disease [7], and the effects of the 
vasomotor response on PPG [8]. 

Technological advancements, especially in semiconductors (e.g. the invention of 
the LED in the 1960s), have since allowed researchers to improve the technique in 
terms of capability, sensitivity, and reliability. A major breakthrough was the intro-
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Figure 1. Web of Science citation report for the search strings photoplethysmography OR 
photoplethysmogram (upper panel) and ”multi-wavelength photoplethysmography” OR 
”multiwavelength photoplethysmography” (lower panel). The period is from 1968 to 2023. 

duction of an accurate pulse oximeter in 1974 by Takuo Aoyagi [9], which allowed 
non-invasive measurement of blood oxygen saturation and paved the way for the 
clinical use of PPG. In 1983, a pulse oximeter based on LEDs and a photodiode, i.e., 
the components used by modern PPG sensors, was developed [9]. Further advances 
in microelectronics in the 1990s and in the frst decade of the millennium enabled 
the rise of wearables in the early 2010s. Wearables sparked great enthusiasm among 
researchers and launched PPG research onto a new trajectory, which is clearly visible 
in the upper panel of Figure 1 showing the number of PPG related publications and 
citations in the Web of Science database from 1968 to 2023. 

Figure 2 views the same data, but at the level of publication category and for each 
decade, to reveal the prevailing research trends in each decade since the 1980s. In the 
1980s and 1990s, research focused heavily on the medical and physiological aspects 
of PPG. In the 2000s the focus started to shift towards engineering disciplines, and 
by the 2010s engineering topics clearly dominated. The dominance of engineering 
continues in the 2020s but with new favors including the rapidly evolving artifcial 
intelligence research and analytical chemistry, the latter including topics such as the 
estimation of blood hemoglobin content (e.g. glycated hemoglobin in diabetes mon-
itoring) and optimal light wavelength selection. 
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Figure 2. The top seven Web of Science citation report categories for the search string 
photoplethysmography OR photoplethysmogram for each decade since the 1980s. Note that the 
bars sum over 100% because an article can be categorized under more than one category. 

PPG is commonly used to monitor heart rate, heart rate variability (HRV), respi-
ratory rate and the clinically important peripheral oxygen saturation (SpO2). More-
over, given the vast research interest, the technique has also been studied in various 
felds, such as blood pressure [10], sleep analysis [11], vascular age assessment [12], 
atrial fbrillation detection [13], pregnancy monitoring [14], and postoperative pain 
assessment [15]. However, in recent years a new area of research has emerged along-
side single, dual (in the case of a pulse oximeter), and triple wavelength (combining 
a pulse oximeter and typically a green LED for motion robust sensing) PPG sensors, 
coined as multi-wavelength photoplethysmography (MWPPG) in an effort to extend 
the capabilities of PPG. 

MWPPG extends the application of the PPG technique to several wavelengths of 
visible light or near-infrared (NIR) (typically at least blue and/or green, yellow, red 
and infrared (IR)), all measured simultaneously. The potential of MWPPG lies in 
the fact that different skin chromophores have different optical properties depending 
on the wavelength of electromagnetic radiation. This effectively means that dif-
ferent wavelengths of light penetrate into different depths of the skin, with, gener-
ally, in the visible and at the short-wavelength end of the NIR region of the elec-
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tromagnetic spectrum, shorter-wavelength light penetrating less deeply than longer-
wavelength light [16]. Combined with cutaneous vascular anatomy, where large 
blood-conducting arteries are buried deep in the skin with branches of smaller reg-
ulating arterioles arising toward the surface of the skin before branching themselves 
into capillaries [17], the promise of MWPPG technology is to add depth resolution 
to PPG. 

MWPPG is a relatively new technique, with the frst Web of Science result dating 
back to 1995 when a group of Finnish researchers used three wavelengths (560 to 
850 nm) of light to measure PPG signals from dental pulp to assess its vitality [18]. 
However, after that article it took twelve years (2007) before the research picked new 
momentum with an article about a laser-based system that used fve wavelengths (405 
to 1,064 nm) and simple weight-based loading on top of the probe [19]. The different 
waveform shapes and responses of the different channels for breath holding indicated 
that the signals originated from different depths of the skin [19]. In 2016, the small 
time delay, coined as MWPPG pulse transit time (PTT), between the waveforms 
measured at shorter-wavelengths and those measured at longer-wavelengths (470 to 
940 nm) was used to track blood pressure (BP) [20], and was later in 2019 extended 
to demonstrate systemic vascular resistance tracking [21]. In addition, experimental 
MWPPG sensors were also presented in 2019 in [22] (460 to 940 nm) and [23], 
the latter being a chip scale spectrometer based on plasmonic flters (515 to 940 
nm). In 2020 and 2021, initial results of the MWPPG sensor (465 to 880 nm) [24] 
and the subsequent external pressure control and measurement coupled version [25] 
discussed in this thesis were published, respectively. Model development around 
MWPPG PTT extraction continued in 2021 [26]. Simultaneously with the MWPPG 
sensor technology development, Monte Carlo (MC) model simulations investigated 
the origins and penetration depth of different wavelengths of visible light and NIR 
[27; 16]. 

MWPPG research has the potential to provide a broad hemodynamic profle, 
from large blood-conducting arteries to the vessels of the microcirculation. In recent 
years, microcirculation has gained more attention in cardiovascular disease (CVD) 
research, with studies discussing the possible cross-link between micro and macro-
circulation in hypertension [28] and increasing evidence of impaired cutaneous mi-
crocirculation in many CVDs [29]. This thesis contributes to MWPPG research in 
the following ways: 

• Develops a tonometric fngertip-based method for measuring MWPPG signals 
under controllable and measurable external pressure. The method was initially 
implemented as a fve-channel system (Publication I) using fve LEDs with dis-
tinct central wavelengths and a broadband photodiode. It was then expanded 
to 99 channels by reversing the conventional PPG sensor design, employing a 
broadband light source paired with a spectrometer (Publication IV). 
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Figure 3. Graphical abstract of the thesis illustrating the key concepts. i) MWPPG sensor 
technology utilizing the different tissue penetration depth ability of different wavelengths of visible 
light and NIR. ii) The anatomy of the cutaneous vasculature changes from large arteries buried 
deep in the tissue into superfcial small capillaries. iii) BP decreases in the systemic circulation as 
the blood vessels get smaller (A = large arteries, Ar = arterioles, and C = capillaries). iv) External 
pressure exerted on blood vessel walls changes local hemodynamics. As a result, a measurement 
where the sensor contact pressure is gradually increased (a so-called oscillometric measurement), 
leads to unique MWPPG signal responses where shorter-wavelength channels (blue light channel 
in the fgure) show maximal pulsation at lower levels of external pressure than longer-wavelength 
channels (red light channel in the fgure). Note that for illustration purposes the presented PPG 
signals are in fact the AC components extracted with a bandpass flter (to remove the large DC 
component) and are presented as recorded by the photodiode, i.e. raw, with the systolic peaks 
pointing down. v) Purely synthetic, yet realistic, PPG signals can be generated with a 
mathematical model. 

• Demonstrates the method in experimental measurements to extract depth-
resolved BP with effectively the shorter-wavelength channels probing the 
more superfcial lower-pressure blood vessels and the longer-wavelength 
channels deeper large high-pressure arteries (Publications I and IV). In 
addition, a MC model is used to gain insights into the results (Publication I). 

• Investigates the effects of sensor contact pressure on MWPPG signals, which 
are typically ignored in most real-world PPG applications (Publication III but 
also I and IV). Best practices / standards regarding PPG sensor contact pressure 
are yet to be established [30; 31]. 

• Develops a parametric model to generate purely synthetic PPG signals with au-
tomatic labeling of waveform onsets. The applicability of the model is demon-
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strated by training convolutional neural network (CNN) models with the gener-
ated synthetic signals and then testing the trained CNN models on real-world 
signals recorded with a developed wearable device (Publication II). Further-
more, the fexibility of the synthetic model is briefy demonstrated by coupling 
it with another mathematical model modeling oscillometric BP measurements, 
resulting in a model that essentially generates synthetic oscillograms similar 
to those recorded in Publications I and IV. At a time of rapid developments in 
artifcial intelligence (AI), realistic synthetic data can help address problems 
related to biased training data, privacy requirements, and dataset sizes [32; 33]. 

A graphical abstract presenting the key concepts of this thesis is illustrated in Figure 
3. 
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2 Literature Review 

This chapter introduces the relevant literature and theoretical background needed to 
understand the results presented in Chapter 5. Considering that fnger-based PPG 
measurements are the central unifying element in each publication forming this the-
sis, the review starts by exploring the structure and optics of the human skin before 
introducing the concept of PPG. Subsequently, an examination of other optical sens-
ing techniques for the cutaneous vasculature is provided to contextualize PPG. Fi-
nally, a brief overview of the techniques available to obtain hemodynamic responses 
from the cutaneous vasculature is provided, noting that three of the four underlying 
thesis publications used controlled external pressure as a stimulus. 

2.1 Human Skin and Cutaneous Vasculature 
2.1.1 Skin Structure 

The skin is the largest organ in the human body and acts as a barrier against the 
surrounding environment. The outermost layer of the skin is the epidermis, which 
protects against physical, microbial, and chemical attacks. The layer also acts as 
a regulating layer for water release, preventing dessication. [34] Keratinocytes and 
melanocytes, the latter responsible for manufacturing and distributing melanin, form 
approximately up to 90% and 10%, respectively, of epidermal cells [35]. In partic-
ular, the epidermis does not contain any blood vessels. The thickness of the epider-
mal layer varies greatly depending on the body location from as thin as 0.02 mm in 
the face to 0.8–1.44 mm in friction ridge skin found, for example, on the fngertips 
[35; 36]. 

The layer beneath the epidermis is the dermis, which is made up primarily of 
collagen. The dermis contains a rich set of systems and structures, including lymph 
channels, nerve fbers, hair folies, sebaceous glands, sweat glands, and blood ves-
sels. [35] The dermis plays an important role in regulating body temperature through 
sweat glands and superfcial blood vessels that act as a thermal radiator [37; 17]. 
Most importantly, the dermis is home to the cutaneous microcirculation responsible 
for providing nutrients and oxygen to surrounding tissue and removing metabolic 
waste products [17]. The thickness of the dermis is between 2–5 mm [38]. 

The deepest layer of the skin, below the dermis, known as the hypodermis or 
subcutis, is composed of connective tissue and fat cells [35]. In addition to acting 
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Figure 4. Anatomy of the skin: capillary loops (A), superfcial plexus (B), ascending arterioles (C), 
arteriovenous anastomoses (D), and deep horizontal plexus (E). Reprinted with permission from 
[38]. Copyright 2020 American Physiological Society. 

as an energy storage, fat cells are grouped together by collagen fbers, forming a 
cushion that absorbs external impacts and thus protects deep tissue [35; 37]. An 
illustration of the skin structure is presented in Figure 4. 

2.1.2 Cutaneous Vasculature 

The most intricate structure and functions of the cutaneous vasculature are contained 
within the dermis. The blood vessels branched from the large vesssels in the deep 
tissue penetrate the hypodermis and connect to a plexus of horizontal arterioles and 
venules at the interface of the hypordermis and dermis, as also illustrated in Fig-
ure 4. From this plexus emerge ascending arterioles and venules that connect to an 
upper plexus of horizontal blood vessels in the papillary dermis. Capillary loops 
arise from this plexus toward the boundary of the epidermis before turning down 
and changing to post-capillary venules in the same upper plexus. [17] In glabrous 
skin, found, for example, in the palms and palmar side of the fngers, there are also 
numerous arteriovenous anastomoses that directly connect arterioles and venules to 
help regulate body temperature [38; 39]. This terminal vascular network contained 
within the dermis forms the cutaneous microcirculation, and the microvessels within 
it are responsible for oxygen transfer to the tissue (more specifcally the capillaries), 
transportation of hormones and nutrients to tissue cells, and removal of metabolic 
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byproducts. Microcirculation also plays a role in mediating the immune system and 
maintaining the proper function of parenchymal cells. Due to these vital functions, 
microcirculation is argued to be the most important compartment of the cardiovas-
cular system. [40] 

The blood vessels in the microcirculation are the smallest in the human body, 
consisting of the smallest resistance arteries (diameter < 150 µm), arterioles, capil-
laries and venules [38]. The capillaries have an inner diameter below 10 µm, whereas 
the diameter of arterioles varies from approximately 15 µm just before the capillaries 
up to approximately 100 µm at the border of the dermis and hypodermis [17; 41]. 
The venous counterparts, venules, are somewhat larger [41]. 

The structure of the blood vessel varies between the different types. Capillaries 
and postcapillary venules are essentially tubes consisting of a single layer of en-
dothelial cells that are in direct contact with the blood, surrounded by the basement 
membrane [41]. The basement membrane of capillaries has cells called pericytes that 
allow the regulation of vessel diameter and, therefore, vascular tone [38; 41]. Arte-
rioles and arteries instead have a more complex structure, although the inner layer 
similarly consists of a single layer of endothelial cells. The surrounding layer con-
sists of predominantly vascular smooth muscle cells (VSMCs) which can modulate 
the diameter of the vessels, and thus vascular tone. The volume fraction of VSMCs 
increases as the vessel diameter decreases, increasing the ability to modulate vessel 
diameter. [38] Importantly, VSMCs are in close proximity to the endothelium, mak-
ing frequent tight junctional contacts, which is crucial in the regulation of vascular 
tone [38; 17]. The outermost layer consists of, for example, elastin and collagen, 
which provide structural support. In the cutaneous microcirculation, this layer also 
has a high density of sensory, sympathetic, and parasympathetic nerve fbers that 
pass close to VSMCs, and thus together play a signifcant role in the regulation of 
vascular tone. [38] 

The blood vessels of the microcirculation are indeed crucial in the regulation of 
blood fow. Approximately 80% of the total pressure drop from the aorta to the vena 
cava occurs within these vessels, with the steepest pressure gradient found in the 
arterioles [41], as illustrated in Figure 5. In the arteriolar segment of the capillary 
loop, the blood pressure is approximately 40 mmHg [42], while in the capillary it 
ranges from approximately 10 to 20 mmHg [42; 43; 44; 45]. 

2.1.3 Cutaneous Microcirculation in Disease 

Many diseases are associated with impaired microvascular function, such as coronary 
artery disease (CAD), diabetes mellitus, obstructive sleep apnea, heart failure, obe-
sity, and hypertension [47], and several studies have investigated the link between 
CVDs and cutaneous microcirculation [48; 49; 50; 51]. For example, CAD patients 
have shown impaired microvascular function in reactivity tests performed with laser 
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Figure 5. BP in the different blood vessels of the systemic circulation, based on [46]. The largest 
pressure drop occurs in the arterioles that regulate the blood fow to be suitable for the capillary 
functions. 

Doppler fowmetry (LDF) and laser speckle contrast imaging (LSCI) [52; 51] while 
hypertensive patients have shown reduced skin blood fow [53] and vasoreactivity 
[54], and impaired recruitment of perfused capillaries [55]. However, it is still un-
clear whether microvascular dysfunction is responsible for the development of car-
diometabolic diseases or is a result of it [38]. In hypertension, for example, micro-
circulation and macrocirculation are tightly interconnected, forming a vicious circle 
where increased total peripheral resistance due to microvascular alterations increases 
the mean BP. Then again, this has damaging effects on the microvasculature over 
time, leading to an even greater increase in total peripheral resistance and mean BP 
[28]. 

Taking into account the increasing evidence for impaired skin microcirculation 
in many CVDs, the possibility of it as a model of generalized microvascular function 
has been presented [56]. However, studies, although numerous, are still not able to 
provide suffcient evidence to draw such conclusions considering their heterogeneity 
in methods, differences in patient populations, and even weaknesses in study de-
signs [38]. Thus, more studies are needed to further investigate the link between 
skin microcirculation and diseases. The non-invasive access of skin microcirculation 
ensures its attractiveness for technological and clinical research. 

2.2 Tissue Optics 
2.2.1 Optical Properties of the Skin 

The propagation of light within a turbid medium such as the skin is defned by re-
fection, refraction, scattering, and absorption. In the spectrum of visible light, ap-
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Figure 6. Absorption coeffcients of some of the main skin chromophores as a function of 
wavelength. The fgure is based on the data collected by Steven Jacques and Scott Prahl and 
published on their website [60; 61; 62; 63]. 

proximately 4–7% is refected by the surface of the skin, while the remaining portion 
is refracted [57; 58]. Therefore, at the boundaries of different media, the refractive 
indices determine how light propagates from one layer to another [35]. While light 
propagates in the skin, it experiences scattering events that alter the direction as a 
result of interaction with small regions with optical properties that differ from the 
surroundings [58]. Only a very small fraction of the light is inelastically scattered 
(i.e., with a change in wavelength), while the vast majority (more than 99%) is elas-
tically scattered [35]. The propagation can result in either photons escaping the skin 
into the outside medium (e.g., air) or absorption by the medium where the photon 
energy is thermally dissipated [35]. 

The interaction of light with the skin is, therefore, determined by the optical 
properties of the skin. In the epidermis and dermis, absorption in the spectral range 
of visible light, see Figure 6, is mainly determined by melanin and blood (in practice 
hemoglobin and its derivatives), respectively, [35; 59] while water dominates in the 
NIR range [35]. In the hypodermis, lipids are the strongest chromophores in the vis-
ible and NIR range [59]. Scattering is higher in the epidermis than in the other two 
skin layers due to the epidermal melanin content. In the dermis, scattering is domi-
nated by collagen fbers, with collagen also playing a role in the scattering properties 
of the hypodermis along with elastin. In general, scattering dominates absorption by 
at least one order of magnitude in the visible and NIR part of the spectrum [35]. 
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2.2.2 Beer-Lambert Law 

Beer-Lambert law (BLL) is commonly used to analyze light attenuation through a 
sample, defning absorbance or optical density (OD) as [64; 65]: ( ) 

OD = log �0 = � · � · � = �� · �, (1)
� 

where � is the transmitted intensity, �0 is the incident light intensity, � is the molar 
extinction coeffcient, � is the molar concentration, � is the sample thickness, and 
�� is the sample absorption coeffcient. However, the law assumes that attenuation 
is dominated by absorption, and if instead scattering is signifcant, the trajectories 
of the photons passing through the sample are much greater than the straight line 
distance � between the light source and the detector, as illustrated in Figure 7a. [64] 
Note that the fgure essentially describes the confguration of a transmissive PPG 
sensor (discussed later in Chapter 2.3). 

A modifed version of the Beer-Lambert law was introduced in [66] to take into 
account the fact that scattering is indeed signifcant in human skin tissue, given as: ( ) 

OD = log �0 = � · �� · �� + �, (2)
� 

where � is a pathlength factor dependent upon the absorption and scattering coef-
fcients �� and ��, and the scattering phase function (in practice an experimentally 
determined correction factor for ��), �� is the distance between the light source and 
the detector, and � is an unknown geometry dependent factor. However, because a 
simple parameter � does not consider the empirically observed non-linear relation-
ship between OD and ��, and � is typically unknown, Equation 2 is commonly not 
used as such [66]. Instead, the differential version of the modifed BLL is used to 
relate an infnitesimal change in OD to a change in absorption, given as [67]: 

�OD = ⟨�⟩���, (3) 

where ⟨�⟩ is the differential pathlength [68; 64], which is the mean pathlength of 
detected photons [67; 64; 65], and depends on ��, ��, source-detector confguration, 
scattering phase function and the geometry of the medium [67]. The only assumption 
in the equation is that changes in �� are spatially uniform [67]. The dimensionless 
ratio of ⟨�⟩/�� is known as differential pathlength factor, DPF [69; 67]. Thus, an 
infnitesimal change in OD is given as: 

�OD = DPF · �� · ���. (4) 

For a fnite change: 

ΔOD = DPF · �� · Δ��, (5) 
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Figure 7. Beer-Lambert law (BLL). a. BLL assuming a non-scattering tissue and transmissive 
measurement where the light source and the detector are placed on the opposite side of the 
sample. b. Modifed BLL assuming a scattering tissue and refectance measurement where the 
light source and the detector are placed on the same side of the sample. Refectance mode 
measurement relies on backscattering where light is scattered back from the tissue into the 
detector. 

where: ( ) ( ) ( ) 
�0 �0 �1ΔOD = log − log = log ,
�2 �1 �2 

(6) 

and thus Equation 5 becomes: ( ) 
�1log = DPF · �� · Δ��,
�2 

(7) 

where �1 and �2 are the detected light intensities at two different states of tissue [65]. 
Values of DPF have been defned experimentally under different conditions, and 
varies typically between 3 and 6 for tissue [69]. The modifed BLL is illustrated in 
Figure 7b, and in essence describes the confguration of a refectance PPG sensor 
(discussed later in Chapter 2.3). 

In conclusion, according to the modifed BLL, changes in detected light intensity 
are primarily related to changes in the absorption properties of the medium. The 
modifed BLL has been used, for example, to extract blood fow information from 
diffuse correlation spectroscopy measurements [64] and to extract arteriolar pulse 
from refectance MWPPG signals using a layered tissue model with a layer-wise 
absorption weighting system [20]. 

2.2.3 Monte Carlo Photon Propagation Modeling 

Light transportation in tissue can be modeled using an MC based computational 
method where packets of photons are recorded as they scatter and absorb in tissue, 
governed by statistical sampling of probability density functions. The photon packets 
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Figure 8. Simulated fuence rates for a 6-layer skin model with the dark yellow representing the 
dermis and the light yellow subcutaneous fat. The fgure shows values for both direct and diffuse 
light sources with different fuence rates as a percentage of the incident light value. The fgure is 
from [16], used under CC BY. 

are launched one-by-one into a tissue being modeled, and each packet is propagated 
in a series of small steps during which they can scatter, absorb, refect internally or 
transmit out of the tissue. The propagation of a photon packet continues until it is 
either absorbed by the tissue or transmitted out of the tissue. [70] The details of MC 
light propagation are extensively discussed in [70; 71; 72; 73]. 

The input to an MC model is a tissue volume that specifes the 3D shape of the 
sample and the different types of tissue within it. The tissue volume can have several 
layers of different types of tissue [71] and even arbitrary shapes with heterogeneous 
tissue properties can be modeled by constructing the tissue model from volumetric 
pixels known as voxels [72]. Different light sources (e.g., Gaussian beam, laser 
beam, and isotropic source) can also be easily included in the simulation model. The 
assumed light source dictates the initial trajectory for a photon packet. For example, 
in the case of a laser beam, the initial trajectory is typically assumed to be downward 
perpendicular to the tissue model. 

When the optical properties of the skin (see Figure 6 for absorption coeffcients 
of some of the main skin chromophores) are mapped with tissue volume and the 
characteristics of a light source, it is possible to estimate the penetration depth of 
light into the skin by launching a large number of photon packets into the tissue vol-
ume. In general, the penetration depth of light into the skin increases with increasing 
wavelength in the visible-light range [16]. This is due to the monotonically decreas-
ing melanin absorption and simultaneously decreasing hemoglobin absorption [35]. 
At approximately 600 nm there is a steep decrease in hemoglobin absorption, result-
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ing in a steep increase in penetration depth [16]. The penetration ability begins to 
decrease after approximately 900 nm [16], at which point the absorption due to water 
and lipids begins to gradually increase [35]. The wavelength range of 600–1,300 nm 
is commonly known as an optical window because of the increased penetration depth 
of light into the skin [35; 74]. Figure 8 presents the simulated fuence rates for a six-
layer tissue model and for different thresholds of the incident light value according 
to [16]. Assuming that the optical penetration depth is the point at which the incident 
light has attenuated to approximately 1/� (≈ 0.37) [75], penetration depth of light 
ranges from the upper part of the dermis for wavelengths below 450 nm to perhaps 
slightly into the subcutaneous fat for wavelengths between 800–850 nm, assuming 
a diffuse light source. For a direct light source the penetration depths are greater. 
Note that besides the type of the light source, the estimated penetration depths are 
greatly affected by the assumed tissue volume (e.g. thicknesses of different layers) 
and optical properties (e.g. concentration of blood). 

2.3 Photoplethysmography 
PPG is an optical technique in which the skin is illuminated with a light source and 
variations in light intensity caused by changes in blood volume are recorded with a 
photodetector [1]. As a non-invasive and easy-to-use technique (the only minimum 
requirement is suffcient skin contact), PPG sensors are widely used to monitor hu-
man cardiovascular activity, especially in wearables, such as smart watches and smart 
rings. The sensor can be constructed to work in transmissive or refectance mode, as 
shown in Figure 10, where the former refers to sensors where the probed tissue is 
placed between the light source and the photodetector, and the latter refers to sensors 
where the light source and the photodetector are located next to each other, with both 
components facing the tissue [76]. Refectance mode sensors are more typical in 
practical applications, as the sensor construction allows free placement on the body 
with suffcient vasculature, for example wrist, temple, ear canal, chest, and fngers. 
Clinical applications typically use fnger or toe clip form factor with the transmissive 
mode sensor confguration to ensure that the signal is infuenced by the large arteries 
[77], considering that the detected light passes completely through the fnger/toe. 

PPG signal consists of a large non-pulsatile quasi-DC component and a superim-
posed pulsatile AC component [1; 76], as illustrated in Figure 9. The terms DC and 
AC are borrowed from electromagnetism, where they are used to describe constant 
or slowly varying and periodically varying current/voltage, respectively. The ratio of 
the AC amplitude to the baseline DC level ranges from less than 1% to greater than 
10% [78]. In fact, this AC/DC ratio is also known as the perfusion index and, as 
suggested by the name, is used as an estimate of perfusion. The DC component is re-
lated to the tissue composition and the average blood volume [1; 76] and to external 
and device-specifc factors [76], such as ambient light and the brightness of the light 
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+

Figure 9. An example of a typical PPG signal together with its DC component and markers for the 
waveform onsets and systolic peaks. The zoomed-in section shows two waveforms inverted so 
that the systolic peaks point up – a style often used in PPG waveform illustrations. The PPG signal 
has been fltered with a lowpass flter with a cutoff frequency set at 8 Hz to remove high frequency 
noise. The DC component has been extracted with a lowpass flter with a cutoff frequency set at 
0.5 Hz. 

source (i.e., LED driving current). The DC component is infuenced by vasomotor 
activity, breathing, and Traube-Hering-Mayer waves [1; 76]. 

The AC component varies with the beating of the heart, decreasing during systole 
as blood is pushed through the aorta to the periphery and increasing during diastole. 
However, because of similarity with the arterial pressure waveform, PPG AC wave-
forms are often inverted so that the systolic peak points up, as illustrated in Figure 
9. Unsurprisingly, heart rate (HR) and HRV are typical parameters along with the 
respiratory rate to extract from the AC component. However, the waveform contains 
a signifcant amount of additional information, and the branch of research studying 
the waveform morphology is known as pulse wave analysis (PWA). PWA is based 
on extracting numerous features from the waveform using the characteristic points 
(e.g., systolic peak, dicrotic notch, and diastolic peak) of the waveform, revealing in-
formation on the cardiovascular state [77]. PPG features have been shown to provide 
information on arterial stiffness / aging, stroke volume, systemic vascular resistance, 
and BP [79; 77]. PPG has also been used to extract jugular venous pulse from the 
neck [80]. 

An important application of PPG is the pulse oximeter which is widely used in 
clinical settings to monitor SpO2. The technique uses two wavelengths from red 
and NIR part of the electromagnetic spectrum, and utilizes the difference in oxyhe-
moglobin and deoxyhemoglobin absorption by selecting the two wavelengths from 
both sides of the isosbestic point at approximately 800 nm (see Figure 6), i.e., de-

16 



Literature Review 

Tissue

Transmissive
PPG

rPPGMWPPGReflectance
PPG

Figure 10. Photoplethysmography (PPG)-based sensing techniques. i) In a refectance PPG 
sensor, the LEDs and the photodiode(s) are next to each other on the skin. ii) In transmissive 
mode, the LEDs and the photodiode(s) are on the opposite side of the measurement site. In 
practice, this limits the confguration to thin extremities of the human body, i.e. fngers, toes and ear 
lobes. iii) Multi-wavelength photoplethysmography (MWPPG) sensors have several LEDs with 
each emitting light at different wavelength. The sensor confguration is in practice limited to 
refectance mode if shorter wavelengths of light (approximately wavelengths below red light) are 
used. iv) Remote photoplethysmography (rPPG) technique uses an external light source or even 
ambient light to illuminate the skin and a camera to record the faint pulsations of the cutaneous 
blood vessels. 

oxyhemoglobin absorbs more red light than IR and oxyhemoglobin absorbs more IR 
than red light. The ratio 

�����/����� 
� = (8)

����/���� 

can be accurately related to SpO2 by performing a clinical calibration over a wide 
range of SpO2 values. 

Finally, the working principle of PPG can be explained with the modifed BLL. 
In the context of PPG, � denotes the unprocessed PPG signal recorded by the pho-
todetector, as shown in the Figure 7b for a refectance PPG sensor. Assuming a 
steady-state measurement condition where ⟨�⟩ remains constant (essentially neglect-
ing changes in the scattering coeffcient, e.g. due to moving red blood cells (RBCs)), 
variations in the PPG signal are primarily attributed to changes in tissue absorption 
(Equation 5), predominantly from blood absorption. This is because within the visi-
ble and NIR spectrum, hemoglobin is a major absorber (see Figure 6), and, moreover, 
the volume of blood at any given time is modulated by the pumping activity of the 
heart. Thus, the signal � refects blood volume changes over time. 

17 



Jukka-Pekka Sirkiä 

2.3.1 Multi-Wavelength Photoplethysmography 

MWPPG is the simultaneous application of the PPG technique to multiple wave-
lengths of light, as shown in Figure 10. A typical MWPPG sensor consists of a 
wideband photodiode and several LEDs with different wavelengths driven one af-
ter another using time-multiplexing. Currently, there is no single defnition for the 
number of different wavelengths a sensor should have to be labeled as MWPPG. 
For example, in multispectral and hyperspectral imaging, the former refers to de-
vices recording fewer than 20 non-continuous wavelengths, while the latter refers to 
devices recording a large number, over 20, equally distributed wavelengths [38]. Al-
though such defnitions do not help to draw a line on how many channels MWPPG 
sensors should have at minimum, they do imply that all LED and photodiode based 
sensors, regardless of the number of channels, would in practice be MWPPG sensors 
because it is unlikely that the different LED spectra would be evenly spaced from 
each other. Then again, under such a defnition, spectrometer-based MWPPG sensor 
confgurations, as discussed in this thesis, would deserve a new term, hyperspectral 
PPG given (very close to) equal wavelength spacing and number of wavelengths 
close to a hundred or possibly even more. In the opinion of the author of this thesis, 
an MWPPG sensor should include at least three wavelengths to distinguish it from 
dual-channel pulse oximeters. Based on the results presented later in this thesis, an 
even more restrictive defnition could be justifed to require that suffcient parts of the 
spectrum containing different physiological information are included, meaning that 
MWPPG sensors should have wavelengths at least in the blue, green, yellow, and red 
light and NIR part of the spectrum. 

The dependency between the wavelength of light and the penetration depth abil-
ity into the skin, as detailed in Section 2.2.3, and the structure of the cutaneous vascu-
lature, as detailed in Section 2.1.2, are the reasons for developing MWPPG sensors. 
Longer wavelengths, such as red light and NIR, are able to penetrate down to the 
large blood-conducting arteries buried deep in the tissue, while shorter wavelengths, 
such as blue and green light, can only probe the smaller, more superfcial blood ves-
sels, namely capillaries and arterioles. A practical demonstration of this are the ex-
perimental results showing that PPG waveforms measured with blue light are delayed 
compared to the waveforms measured with NIR [81; 24; 25]. Thus, PPG signal infor-
mation content depends on wavelength, and since MWPPG sensors typically contain 
LEDs with peak wavelengths at the shorter and longer ends of the visible light spec-
trum (or even NIR), information from different depths and thus different parts of the 
vasculature can be obtained simultaneously. The use of shorter wavelengths of light 
(in practice wavelengths shorter than the red light), actually means that MWPPG 
sensors typically work in refectance mode because shorter wavelengths of light are 
not able to penetrate through fngers and toes, where transmissive PPG sensors are 
typically attached. 
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Early MWPPG research with fve wavelengths from 405 to 1,064 nm showed 
that the channels show different waveform shapes and respond differently to breath 
holding and increasing probe contact pressure [19]. Another early research study 
showed that skin and muscle perfusion can be separately measured using green light 
with short LED-photodetector distance and IR with long LED-photodetector dis-
tance, respectively [82]. Indeed, in addition to wavelength, the distance between the 
light source and the photodector is a factor that affects PPG penetration depth, with 
greater distances leading to higher penetration depths [27]. 

MWPPG has in recent years seen steady increase in research activity. The afore-
mentioned delays between the MWPPG waveforms have been used to extract arteri-
olar PTT with the aim of it being a single-point alternative to the more common PPG 
and electrocardiography (ECG) based pulse arrival time (PAT) [20]. Later the same 
research group demonstrated the delays in continuous MWPPG-based BP measure-
ment [21]. The feasibility of MWPPG based blood glucose monitoring by estimating 
glycated hemoglobin levels has also been studied [83] as well as automatic illumi-
nation adapting to the skin type (from light to dark) [84]. Recently, perhaps on the 
more technical side, the coupling of MWPPG sensors with systems enabling the vari-
ation of the sensor contact pressure to extract oscillometric measurements has been 
demonstrated in [85] and in the publications leading to this thesis [25; 86; 87]. Re-
cent technical advances also include spectrometric approaches in which the sensor 
confguration is effectively reversed: the photodiode is replaced with a spectrometer 
and the several LEDs are replaced with a wideband light source. Both plasmonic 
flter-based on-chip spectrometers [23; 88] and laboratory grade spectrometers [87] 
have been demonstrated. 

2.3.2 Remote Photoplethysmography 

Remote photoplethysmography (rPPG), as illustrated in Figure 10, is a technique that 
applies the principles of PPG to a remote monitoring system using a video camera 
instead of a sensor in direct contact with the skin [89; 90]. This allows contactless 
monitoring in situations where a subject, such as a person driving a car [91] or a 
neonate in an incubator [92], cannot be assumed to conveniently maintain contact 
with a PPG sensor. The illumination can vary from ambient illumination to an ar-
tifcial light source or some sort of combination [93]. The video camera can range 
from high-speed cameras to low-cost webcameras, with a typical sampling rate of 
30 fps or less [93]. The vast majority of studies use cameras with typical red, green 
and blue channels, although, e.g., fve-band cameras [94] and cameras working in 
the NIR region [95] have also been demonstrated. 

The general pipeline for processing video frames into a plethysmogram includes 
signal extraction and signal estimation phases [96]. In the signal extraction phase a 
region of interest (ROI) is detected from the frames, the face being the typical target 

19 



Jukka-Pekka Sirkiä 

as it is usually not covered and is well perfused [93]. The face is commonly detected 
using machine learning (ML) methods, after which the fnal ROI is defned as the 
whole face or some subset of pixels or even multiple subsets of pixels in the case 
of a dynamic ROI [96]. The ROI is then tracked through every frame as the sub-
ject moves, and from each frame a raw signal is extracted using spatial averaging 
for each color channel [90; 96]. In the signal estimation phase, individual signals 
are fltered to remove unwanted noise before using one of the color channels, typ-
ically the green channel, or a combination of the channels (dimensional reduction) 
[90; 96; 93]. Typical methods to combine channels include blind source separation 
methods (e.g., principal component analysis and independent component analysis) 
and model-based methods (e.g., skin illumination models) [96; 93]. Heart rate is the 
most commonly calculated parameter, but rPPG signals have also been used to ex-
tract HRV, respiratory rate, and SpO2, to detect atrial fbrillation [97] and to extract 
the jugular venous pulse [98]. 

The rPPG signal quality and the accuracy of the parameters are generally not 
as good as with contact PPG due to the inherently greater number of error sources, 
especially movement-related errors [95]. Furthermore, the probing depth of rPPG 
is less than in contact PPG [99], which likely contributes to errors with respect to 
contact PPG. Moreover, especially in SpO2 estimation the typical 3-channel RGB 
camera is challenging because it forces to use the blue or green channel in combina-
tion with the red channel, and, as described earlier, such a pair probes different parts 
of the vasculature, with the blue/green channel mostly modulated by the arterioles, 
while the red channel is modulated by the large arteries [99]. 

2.3.3 Synthetic Photoplethysmography Signals 

Synthetic data is data that does not originate directly from the observable real world, 
that is, does not result from a real-world process. Instead, synthetic data is gener-
ated using models that try to replicate some real-world process. Synthetic data has 
become a prominent alternative to gathering large dataset required by AI models, 
providing unbeatable cost effectiveness given that data can be generated instantly 
as required. Synthetic data can also help address the problem of bias in medical 
data, which can arise due to homogeneous study participants (e.g., socioeconomic 
factors, gender, and age), and imbalanced classes. Even the use of a single type of 
device, such as PPG sensor, can lead to a situation where the data does not generalize 
well. [32] Finally, data privacy aspects are ever more important as regulators tighten 
the rules related to data, such as the General Data Protection Regulation (GDPR) 
2016/679 of the European Union (EU). 

There are several techniques to generate synthetic data, including ML-based 
generative models (e.g. generative adversarial networks (GANs)), parametric mod-
els, and physical simulations [32; 100]. Parametric models and physical simulation 
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models generate inherently privacy-secure data assuming that the models are purely 
mathematical. With regards to PPG signals, synthetic signals have been created us-
ing parametric models that combine Gaussian functions [101; 102; 103] or Gaussian 
functions with log-normal functions [104]. These models reconstruct the PPG pulse 
waveform by adjusting the parameters of the Gaussian function so that the collec-
tive bumps form the intended waveform. In addition, more intricate physiological 
PPG models have been devised, which simulate cardiac function, including the heart 
chambers, valves, and systemic circulation [105]. GAN models producing synthetic 
PPG signals have also been demonstrated [106]. 

2.4 Other Optical Sensing Techniques of the Cuta-
neous Vasculature 

2.4.1 Near-Infrared Spectroscopy 

Near infrared spectroscopy (NIRS), visualized in Figure 11, also sometimes referred 
to as diffuse optical spectroscopy (DOS), leverages the property that biological tis-
sues scatter and absorb less electromagnetic radiation in the NIR spectrum compared 
to the visible light range [107], enabling a relatively deep penetration depth of a few 
centimeters [108], even up to 8 cm [109]. There are three types of NIRS, namely 
continuous wave, frequency domain, and time domain. Continuous wave NIRS il-
luminates the sample with constant intensity and measures changes in the intensity 
of the detected light. The frequency-domain technique modulates the emitted light 
intensity and measures both the intensity and phase shift of the detected light, with 
the phase shift corresponding to the time of fight of the photons, which is the time 
it takes from the photons to propagate through the sample. The time-domain tech-
nique measures this time directly by emitting very short pulses of light into the tissue 
and recording the arrival time of the photons. [108; 109; 110]. The time of fight 
information provides rich information about the tissue properties and can be used to 
extract absolute values for oxy- and deoxyhemoglobin concentrations. In contrast, 
the continuous wave technique can only measure changes in concentrations, but has 
a signifcantly simpler design, a lower cost, and is easy to use [108; 110]. The fol-
lowing text focuses on the continuous wave technique which is the most prevalent of 
the three. 

In its simplest form, the construction of a NIRS system reminds that of a PPG 
system, requiring only an LED and a photodiode. Similarly to a pulse oximeter, by 
having at least two wavelengths around the isosbestic point of oxyhemoglobin and 
deoxyhemoglobin at around 800 nm, tissue oxygenation can be computed [108]. The 
optimal wavelengths tend to be within the optical window (≈ 650–950 nm) where 
NIR absorption by tissue components is low (see Section 2.2.1). The exact optimal 
two wavelengths are debatable, for example, < 780 nm and 830 nm or 704 nm and 
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Figure 11. Spectroscopy-based techniques, from left to right. i) Near infrared 
spectroscopy (NIRS) uses an NIR emitter and a photodetector to probe deeper tissue. Besides the 
selection of wavelengths, also the distance between the emitter and detector is a defning factor. ii) 
Diffuse correlation spectroscopy (DCS) uses a long-coherence laser and a photon counting 
device. iii) Hyperspectral imaging (HSI) uses a wideband light source and a hyperspectral camera. 

887 nm [108]. By employing three or more wavelengths, it becomes possible to 
separate more chromophores, such as oxyhemoglobin, deoxyhemoglobin, and water. 

As with PPG, the distance between the light source and the detector is also an 
important factor to consider, as it affects the probing depth, with longer source-
detector distances being more sensitive to deeper tissue [108]. Several different 
source-detector distances can be used simultaneously, enabling image reconstruc-
tion. Although NIRS terminology can be loose, systems with more than four chan-
nels and capable of producing 2D images are called infrared topography, while sys-
tems capable of producing 3D images are called infrared tomography. The latter is 
also known as diffuse optical tomography or diffuse optical imaging. [108] 

NIRS is extensively used in brain function monitoring, where the technique is 
known as functional NIRS (fNIRS). The technique is able to detect relative changes 
in oxyhemoglobin and deoxyhemoglobin concentrations in response to increased 
cerebral blood fow. The increase in blood fow is caused by activation of a cer-
tain brain area in response to the execution of a task to meet the increased metabolic 
demand for oxygen and glucose [110]. Other uses of NIRS include assessing tissue 
oxygenation [111] and muscle oxygenation [112], the latter made possible by the 
deep penetration ability of NIRS. 

2.4.2 Diffuse Correlation Spectroscopy 

Similarly to NIRS, DCS, visualized in Figure 11, uses NIR radiation for deeper 
penetration ability, but unlike in NIRS, the source is a laser. An important property 
of the laser is the coherence length (typically ∼10 m), which should be longer than 
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the spread of the path length distribution of the photon trajectories defned by the 
optical properties of the tissue and the source-detector distance, which can even be 
a few centimeters. [113] The coherent light endures multiple scattering in tissue 
resulting in an interference pattern known as the speckle pattern (see Section 2.4.5 
for more details). The moving RBCs in the blood vessels buried in the tissue alter the 
pattern causing it to fuctuate rapidly [114]. These fuctuations can be detected with 
a photomultiplier, but more often a single-photon counting avalanche photodiode is 
used [113]. By collecting photons from a single speckle / few speckles, intensity 
variation over time can be recorded and used to calculate a temporal autocorrelation 
function [113; 114; 115], which is related to the motion of scatterers, i.e., RBCs 
[114; 116; 115]. 

Given that the technique measures RBC movement, it provides a measure of 
blood fow [116], and is commonly used to measure cerebral blood fow but also 
other tissue blood fow [116], for example, in tissue faps [117]. DCS can be extended 
to tomography, known as diffuse correlation tomography (DCT), using arrays of 
sources and detectors [117; 115]. 

2.4.3 Hyperspectral Imaging 

HSI, visualized in Figure 11, is an imaging technique that provides 2D images with 
spectral information in each pixel. In essence, the output is a 3D dataset, also known 
as a hypercube with 2D spatial information and 1D spectral information in each spa-
tial point. [118; 119] The spatially-resolved spectral content enables the discrimina-
tion or classifcation of samples, which is not possible with conventional color imag-
ing techniques. [118] A closely-related technique to HSI is multispectral imaging, 
which differs with respect to the channel capabilities. HSI typically refers to devices 
recording a large number, over 20, equally distributed channels (wavelength bands), 
while multispectral imaging systems have fewer than 20 noncontinuous channels 
[38]. 

There are three main types of HSI techniques: spectral scanning method, spatial 
scanning, and snapshot imaging [118]. In spectral scanning, 2D images are obtained 
one-by-one for different wavelength ranges by adjusting the wavelength of light ei-
ther at the detector (camera) or illumination side with spectral flters. In spatial 
scanning, a spectrometer is used to obtain spectral data from a single point, and then 
spatially scanned across the desired target region. Finally, in snapshot imaging, mul-
tiple narrow-band flter arrays are placed on top of a camera sensor to obtain both 
spatial and spectral information without any scanning. Compared to the scanning 
methods, it is fast but compromises spatial and spectral resolution. [118] 

The spectral ability of HSI provides information about the different tissue chro-
mophores, which can be used in disease screening, detection, and diagnosis [120; 
121]. The spectral data can be used to assess tissue perfusion and blood oxygena-
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tion [120], for example to quantify tumor angiogenesis and tumor metabolism [121]. 
Besides cancers, HSI has also been used to detect diabetic foot ulcers and peripheral 
vascular disease [120]. 

2.4.4 Laser Doppler Flowmetry 

LDF technique, as illustrated in Figure 12, is based on illuminating the tissue with a 
monochromatic laser light and detecting the Doppler frequency shift caused by mov-
ing RBCs scattering the light. The concentration of the RBCs affects the fraction 
of Doppler-shifted light, whereas the average velocity of the RBCs affects the mag-
nitude of frequency broadening. Commercial LDF systems, however, report only a 
single value that, under ideal conditions, refects the product of these two properties 
of RBCs. [122; 123] The recorded values, or fux, are reported in arbitrary units, i.e., 
the technique cannot provide values in absolute, physiologically meaningful, units 
[123]. Monte Carlo modeling has shown that the penetration depth of LDF is less 
than 1 millimeter [122]. 

LDF is an established method for measuring microcirculatory blood fow, not 
only from the skin but also from, e.g. muscle, brain and liver tissues [122], and 
is accurate in measuring fast changes in skin blood fow, but suffers from a small 
probing volume of just 1 mm3. Together with the heterogeneity of skin perfusion, 
LDF shows great spatial variability and relatively poor reproducibility. An extension 
of the technique, laser Doppler imaging (LDI), tackles this by scanning the area of 
interest with the laser beam, producing 2D images. However, the technique is slow 
and, thus, fast changes in skin blood fow are diffcult to measure. [124] 

2.4.5 Laser Speckle Contrast Imaging 

LSCI, visualized in Figure 12, uses a laser light source to illuminate a diffuse object 
and registers backscattered light with a camera with a limiting aperture in front of it. 
The aperture causes diffraction of the coherent light that is observed by the camera 
as speckle patterns. If the object contains mobile scatterers, such as red blood cells in 
biological tissue, the speckle patterns fuctuate in intensity because of (constructive 
and destructive) interference of light waves as they recombine, assuming an exposure 
time longer than the speckle fuctuation time. This causes the speckle patterns to blur 
and thus a reduction in the speckle contrast, i.e., a pattern of bright and dark areas, 
is observed. [125; 126; 127] Given the random nature of the speckle phenomenon, it 
can only be described statistically [126]. An important measure in LSCI is speckle 
contrast, which is defned as: 

�(�, �) = 
�� 

, (9)
�� 
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Figure 12. Laser-based techniques. i) Laser Doppler fowmetry (LDF) uses a laser coupled with a 
photodetector. ii) Laser speckle contrast imaging (LSCI) uses a laser and a camera. iii) 
Photoacoustic imaging (PAI) uses a laser and an ultrasound transducer to detect the pressure 
waves due to thermoelastic expansion. 

where �� and �� are the standard deviation and mean of the pixel intensities around 
the pixel � (�, �) given a neighborhood of � pixels [125; 126]. Typically � of 5 
or 7 is used as a compromise between statistics and spatial resolution [126]. Impor-
tantly, this measure, �, is inversely related to scatter fow velocity, and as a result 
the blood vessels carrying the fow of red blood cells appear darker against a lighter 
background [125]. In addition to blood fow dynamics, LSCI can also be used to 
study the vascular structure due to its highly detailed images of the vasculature. 

Although LSCI has attracted a lot of attention in recent years, the underlying 
technique dates back to the 1960s. In the early 1980s, the technique attracted 
renewed attention in terms of the underlying mathematical theory, and by the 1990s 
digital technology had suffciently advanced, allowing digital imaging methods. 
[126] Nowadays LSCI is mainly used in the medical feld in cerebral blood fow 
monitoring, dentistry, wound and burn assessment, and microcirculation research. 
In microcirculation research, LSCI can visualize superfcial microvascular fow with 
a spatial resolution of tens of micrometers. The camera-based approach also allows 
for a wide feld of view, and assuming a fast camera, the technique essentially 
combines the advantages of LDF and LDI, namely good temporal and spatial 
resolutions, respectively [124]. Furthermore, compared to LDI and its scanning 
technique, LSCI is simple and inexpensive because it requires only a laser diode 
and a digital camera [128]. The drawback of LSCI is its sensitivity to movement 
artifacts that decrease the speckle contrast [124; 129]. 
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Speckle plethysmography (SPG) is a subset of LSCI in the sense that it is based 
on the analysis of video frames produced by an LSCI system, with the end result 
being a single value for each video frame [130]. The resulting timeseries, i.e. SPG 
signal, reminds a lot of PPG signal, as visualized in [130], but they indeed have a 
fundamental difference in that PPG signal is primarily modulated by blood absorp-
tion whereas SPG signal is modulated effectively by RBC scattering. SPG has been 
shown to produce higher signal-to-noise ratios in low perfusion conditions [130] but 
the advantage of PPG is its signifcantly simpler design. 

2.4.6 Photoacoustic Imaging 

PAI, illustrated in Figure 12, is an optoacoustic imaging technique that uses a very 
short (nanosecond scale) pulsed laser to illuminate the skin. The molecules in the 
skin absorb the photons and the optical energy is converted into heat. The result-
ing temperature rise leads to thermoelastic expansion that generates pressure (ultra-
sound) waves. These waves are detected with an ultrasonic transducer or an array of 
ultrasonic transducers. [131; 132; 133; 37] The technique utilizes the low scattering 
of acoustic waves in tissue – 1,000 times less than for light – to obtain high spatial 
resolution at depths of up to centimeters [37; 131]. 

There are two main implementations of PAI, categorized according to the im-
age formation method: photoacoustic (PA) tomography and PA microscopy (PAM). 
PA tomography uses an array of ultrasound transducers arranged in 2D (linear or 
curved) or 3D spatially to reconstruct the image, providing cross-sectional or vol-
umetric images [134; 131]. In addition, more sophisticated computational methods 
can also be used in the image reconstruction phase, known as PA computation tomog-
raphy (PACT) [37]. PA tomography has an imaging depth of several centimeters, but 
does not have suffcient resolution to image superfcial vasculature [131]. PAM uses 
a focused ultrasound transducer for image reconstruction and can be confgured in 
two settings depending on the targeted imaging depth and spatial resolution [37]. 
Acoustic resolution PAM (AR-PAM) uses weak optical and tight acoustic focusing 
[131] with a lateral resolution of tens of micrometers and an imaging depth of 1–10 
mm [37]. Optical resolution PAM (OR-PAM) then again uses tight optical focusing 
[131], which enhances the lateral resolution to even sub-micrometer but with a cost 
of decreased imaging depth of less than 1 mm [37]. Thus, the choice of PAI imple-
mentation is depended on the targeted vascular compartment, with OP-PAM being 
the most suitable for superfcial vascular imaging. 

PAI has been extensively used in human skin imaging, especially in skin cancer 
and skin disease, such as psoriasis, research [133; 135]. In addition to visualizing the 
cutaneous vasculature, PAI is able to provide functional and molecular biomarkers by 
quantifying vascular density and blood fow velocity. In addition, spectroscopic PAI 
can extract melanin concentration and oxygen saturation of hemoglobin. The total 
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hemoglobin concentration can also be calculated using a wavelength corresponding 
to an isosbestic point in the oxy- and deoxyhemoglobin spectra. [37] 

2.4.7 Optical Coherence Tomography 

Optical coherence tomography (OCT) is an imaging technique that uses interfer-
ometry, detailed in Figure 13, to obtain high-resolution cross-sectional images of the 
internal microstructure of samples. An interferometer measures the cross-correlation 
between refected light from a sample and a reference. In a typical Michaelson 
interferometer-based setup low-coherence light is directed onto a beam-splitter with 
one beam directed onto a sample and another onto a reference. [136; 137; 138]. 
The back-scattered light from the sample is interfered with the reference light and 
is detected by a photodetector at the output of the intereferometer [136; 137]. In a 
time-domain system, the reference mirror is moved with respect to the beam splitter 
to measure optical delay, effectively measuring backscattered light from one depth 
in the sample at a time. Higher scan rates (hundreds of images per second vs. a 
few images per second) can be obtained with frequency-domain and spectral-domain 
techniques, where Fourier transformation is used to compute the sample refectance 
profle. In these techniques, depth information is effectively collected from all depths 
in parallel. [138] 

OCT is commonly compared to ultrasound due to its somewhat similar spatial 
resolution [138]. OCT axial resolution is in the micrometer range, whereas a high-
frequency ultrasound (50 MHz transducer) has a resolution smaller than 100 µm. In 
terms of probing depth comparison, OCT achieves a probing depth of 1–3 mm when 
the light source is in the range 1,300 nm, while ultrasound achieves approximately 
1.4 mm. [139; 136]. Lower-frequency ultrasound can achieve penetration depths 
on the order of centimeters, though with a signifcant decrease in resolution [136]. 
In skin morphology analysis, OCT is able to reveal fner details and provide higher 
precision to determine geometric dimensions [139]. Besides skin, OCT is especially 
widely used for retinal imaging and to guide coronary stenting and in research on 
coronary artery disease and acute myocardial infarction [138]. 

2.4.8 Videocapillaroscopy 

Videocapillaroscopy, illustrated in Figure 14, is a refected light microscopy tech-
nique in which the capillaries of the skin are directly observed with a handheld de-
vice consisting of a magnifying lens system (typically in the order of 200) and a video 
camera. The technique allows to observe only capillaries with circulating RBCs as 
the vessels walls are invisible. [140; 141] 

Typically, the technique is used to study the nailfold capillaries which are easily 
observable considering that they are parallel to the surface of the skin. This allows 
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Figure 13. Schematic of interferometry, which is the underlying technique used in optical 
coherence tomography (OCT) [137]. 

morphological study of capillaries, for example, enlarged capillary loops, giant cap-
illaries, and in general capillary dimensions. [140; 141] In other parts of the skin, the 
technique can only provide the density of functioning capillaries as the capillaries 
are perpendicular to the skin and show up as red spots [140]. Videocapillaroscopy 
is the gold standard for screening for systemic sclerosis and Raynaud’s phenomenon 
[141]. 

2.4.9 Orthogonal Polarization Spectral Imaging 

OPS technique, visualized in Figure 14, uses linearly polarized light and a polarizing 
beam splitter together with a lens to illuminate a circular area of skin of approx-
imately 1 mm in diameter. The refected and backscattered light from the tissue 
travels through the beam splitter and an orthogonal polarizer behind it into a video 
camera. The polarizer ensures that most of the refected (polarized) light cannot pass 
through, whereas light that has gone through multiple scattering events within the 
tissue can pass because it is depolarized. Absorbing material, such as blood vessels 
with light absorbing RBCs, in the foreground is effectively back-illuminated by the 
observed light. [143; 145] 

Videos recorded with OPS can be analyzed for functional capillary density, RBC 
velocity and small blood vessel diameter [143; 146]. At the time of its invention, 
OPS offered a signifcant improvement over nailfold videocapillaroscopy because it 
enabled the evaluation of any microcirculatory bed [147]. It has also been regarded 
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Figure 14. Microscopic techniques, from top left to bottom right. i) Videocapillaroscopy [142]. ii) 
Orthogonal polarization spectral imaging (OPS) [143]. iii) Sidestream dark feld imaging (SDF) 
[144]. iv) Incident dark feld illumination (IDF) [144]. 

as a bedside imaging technique that has resulted in general recognition of the impor-
tance of monitoring microcirculation in critically ill patients [148]. 

2.4.10 Sidestream Dark Field Imaging 

In SDF, illustrated in Figure 14, tissue is illuminated by a ring of LEDs placed con-
centrically and outside a light guide leading to a video camera. The light guide blocks 
the direct refectance of light from the tissue surface into the lens system inside the 
light guide. Thus, the light guide is optically insulated from the illuminating LEDs. 
The photons entering the light guide are the result of light scattering within the il-
luminated tissue, and as in OPS, absorbing material, such as RBCs, appears dark 
against a white/grayish background. Furthermore, the illuminating LEDs are pulsed 
in synchrony with the camera frame rate to improve the image quality of the moving 
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RBCs. The central wavelength of the LEDs is selected according to the isosbestic 
point in the absorption spectra of oxygenated and deoxygenated hemoglobin, at 530 
nm, to ensure light absorption independent of the oxygenation state of the RBCs. 
[149] 

SDF is regarded as the second generation of hand-held microscopes [147]. Com-
pared to the frst generation, OPS, it produces clearer images of the superfcial mi-
crocirculatory network due to stroboscopic illumination that prevents smearing of 
RBC and reduces image blurring due to movement of the probe/tissue [149; 147]. 
Additionally, the focusing depth of SDF is shallower than in OPS, reducing the in-
terference of lower vascular structures [149]. SDF is able to measure all the same 
parameters as OPS. 

2.4.11 Incident Dark-Field Illumination 

Unlike in SDF where the LEDs illuminate the tissue perpendicularly, in IDF, illus-
trated in Figure 14, the LEDs are positioned in an angle to utilize the principles of 
dark-feld illumination [150]. This ensures that only scattered light from the sam-
ple is collected [151]. The measurement system is otherwise rather similar to SDF, 
i.e., a light guide with a lens system is in the middle of a conical object, guiding 
the light to a camera, and the LEDs are pulsed only for a very short time of 2 ms in 
synchronization with the video camera [147]. 

IDF is considered as the third generation of hand-held microscopes [147]. The 
commercial implementation of the technique, CytoCam (Braedius Medical, The 
Netherlands), has provided improved optical resolution and almost three times 
larger effective feld of view compared to SDF based devices. However, this is at 
least to some extent due to technical improvements, for example, the commercial 
implementations of SDF used analogue video cameras whereas CytoCam is based 
on a digital video camera [144]. 

2.5 Summary of Optical Sensing Techniques 
The presented techniques can be loosely grouped into PPG-based (PPG, MWPPG, 
and rPPG), spectroscopy-based (NIRS, DCS, and HSI), laser-based (LDF, LSCI, and 
PAI, although DCS also uses a laser), intereferometry-based (OCT), and microscopy-
based (videocapillaroscopy, OPS, SDF, and IDF). However, the techniques can also 
be grouped based on which dominates more, absorption or scattering. The PPG-
based techniques are clearly based on absorption as the waveform is the result of 
varying blood volume modulating, by absorption, the amount of backscattered light. 
NIRS is similarly based on absorption as it takes advantage of the lower absorption 
of hemoglobin in the NIR range and, moreover, the technique of measuring oxygen 
saturation is based on the oxy- and deoxyhemoglobin absorption spectra. Similar 
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argumentation can be used for HSI. PAI is also clearly in the same group, as acous-
tic waves are the result of thermal expansion due to absorption. LDF then again is 
clearly based on scattering, since it detects the light scattered by moving RBCs, as 
are DCS and LSCI where the fuctuation of the speckle pattern is caused by moving 
particles scattering coherent light. The interferometery forming the basis in OCT is 
essentially based on registering scattered light from a sample. In human skin light 
scattering dominates over absorption (see also Section 2.2.1), and thus the contrast 
of light absorbing structures, such as microvessels, is low [152]. Therefore, video-
capillaroscopy is also more affected by scattering. Finally, OPS, SDF, and IDF all 
had different technical ways to ensure that only backscattered light is collected, so 
they also fall under scattering. 

Table 1 provides a summary of the optical techniques presented. In terms of 
simplicity, PPG and MWPPG stand out from the rest, requiring only simple semi-
conductor components without complex optics or the risks of, for example, laser 
light. The drawbacks are that they can only provide 1D signals with rather poor 
spatial and depth resolution compared to some of the imaging techniques. However, 
technical simplicity, low cost, and a potentially rich set of parameters make MWPPG 
a suitable candidate for use outside of clinical practice, i.e. in modern wearables. 

Table 1. Comparison of the presented optical techniques used to study cutaneous vasculature. 

Technique and 
principle 

Wavelength Penetration depth Parameters Refs. 

PPG – Measures 
blood volume 

variations with a 
semi-narrow-band 

LED and a 
photodiode 

Typically green for 
single wavelength 
and red & IR for 
dual wavelength 

Depends on the 
wavelength and 
light source -

detector distance, 
from < 1 mm (blue 

light) to a few 
centimeters (IR 

with large 
source-detector 

distance) 

HR, HRV, SpO2, 
BP-related PTT (in 

dual-sensor 
confguration), 
respiratory rate, 
arterial stiffness, 
jugular venous 

pulse, and cardiac 
arrhythmia 

[1; 153; 
76; 79; 

77; 
154] 

MWPPG – Same 
operating principle 
as in PPG but uses 
several different 
wavelengths of 

light 
simultaneously 

Typically ranges 
from blue light to 

NIR 

Same as in the case 
of PPG but probes 

different depths 
simultaneously 

All the same as for 
PPG but 

additionally 
microvascular PTT 

and potentially 
blood glucose 

[20; 21; 
85; 

155; 
86] 

Continued on next page 
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Technique and 
principle 

Wavelength Penetration depth Parameters Refs. 

rPPG – Same 
operating principle Ambient light / 
as in PPG but uses broadband light 
a video camera and 
either ambient or 
broadband light 

source to acquire 

source, in essence 
uses the three 
channels of an 

RGB camera, or 

Depends on the 
camera channel, 

however less than 
in contact PPG 

HR, HRV, oxygen 
saturation, PTT, 

and respiratory rate 
[96; 93] 

signals from a alternatively a NIR 
distance of up to camera 
several meters 

NIRS – Uses NIR 
radiation and large 

source-detector 
distance to measure 
oxygen saturation 
from deep tissue 

∼700–2,500 nm 

Centimeters, even 
up to 8 cm, 

depending on the 
tissue and 

source-detector 
distance 

Cerebral perfusion 
and oxygenation, 
peripheral tissue 

and muscle 
oxygenation 

[108; 
109; 
112; 
110] 

DCS – Measures 
blood fow in deep [116; 

tissues by 113; 
analyzing 

fuctuations in 
∼785 nm 

Centimeters, less 
than that of NIRS 

Cerebral and tissue 
blood fow 

117; 
114; 

scattered coherent 156; 
light caused by 115] 
moving RBCs 
Hyperspectral 

imaging – 
Captures 2D 
images with 

spectral 
information in each 

pixel 

Varies from visible 
light to NIR 

Depends on the 
wavelength and 

light source, from 
< 1 mm to several 

millimeters and 
even deeper 

Tissue perfusion, 
tissue oxygenation 

[119; 
120; 
118] 

LDF – Laser 
illuminates skin 
while a detector RBC fux (product [122; 

records the 
Doppler frequency 

630–830 nm 1–1.5 mm 
of RBC 

concentration and 
123; 
128; 

shift caused by average velocity) 157] 
moving RBCs 

scattering the light 

LSCI – Observes 
changes in speckle 
pattern caused by 

moving RBCs 

Typically between 
600 and 900 nm 

Depends on the 
wavelength of the 

laser diode, for 
example for red, < 

1 mm 

Blood fow, RBC 
velocity; SPG can 
provide many of 

the same 
parameters as PPG 

[127; 
125; 
158] 

Continued on next page 
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Technique and 
principle 

Wavelength Penetration depth Parameters Refs. 

OCT – Uses 
interferometry to Detailed [136; 

obtain 
high-resolution 

∼ 1,300 nm 1–3 mm 
cross-sectional 

images of 
138; 
137; 

cross-sectional vasculature 133] 
images 

PAI – Short pulse High resolution 
of a laser is fred at images of the 
tissue and partially cutaneous 

absorbed by 
molecules, the 
resulting heat 

induces a pressure 
rise propagating as 
an acoustic wave 

500–650 nm (for 
studying the 
cutaneous 

vasculature) 

OR-PAM: < 1 
mm; AR-PAM: 

1–10 mm; PACT: 
several centimeters 

vasculature, 
vascular density, 

blood fow velocity, 
melanin 

concentration, 
oxygen saturation 

[37; 
131; 
133; 
132; 
135] 

that is detected and total 
with an ultrasonic hemoglobin 

transducer concentration 

Videocapillaroscopy 
– Microscope with 

bright LED 
illumination and a 

video camera 

White LEDs ∼200 µm 

Nailfold capillary 
morphology 

(shape), capillary 
dimensions, and 

functional capillary 
density 

[140; 
159; 
141; 
160] 

OPS – Uses an 
optical system to 

pass only light that 
has experienced 

multiple scattering 
within the tissue 

Light source 
centered around 

548 nm 

Typical depth of 
focus is ∼0.2 mm, 
at maximum 1 mm 

Functional 
capillary density, 

RBC velocity, and 
small blood vessel 
diameter (down to 

10 µm) 

[143; 
145] 

SDF – Uses pulsed 
light synchronized 

with a video 
camera to record 

scattered light from 
the tissue 

LEDs with a 
central wavelength 

of 530 nm 

Focusing depth is 
shallower than in 

OPS. 

Functional 
capillary density, 

capillary diameter, 
and RBC velocity 

[149; 
161] 

IDF – Uses dark 
feld illumination 

Total vessel 
density, 

microvascular fow 
to guarantee that LEDs with a index (RBC [148; 

only scattered light central wavelength < 1 mm velocity related), 162; 
from the tissue is 
recorded with a 
video camera 

of 530 nm proportion of 
perfused vessels, 

and perfused vessel 
density 

163] 
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2.6 Techniques to Obtain Hemodynamic Responses 
from the Cutaneous Vasculature 

Several techniques can be used to stimulate the cutaneous vasculature to study hemo-
dynamic responses. Such techniques are also known as reactivity tests as they allow 
assessment of microvascular reactivity when the microvessels are challenged. Com-
mon techniques are summarized in Table 2 with brief descriptions below. 

Thermal Stimulus 

Thermal stimulus includes local heating and local cooling. In local heating, also 
known as local thermal hyperemia, the skin is heated to approximately 42–44 ∘C for 
at least 30 minutes. Rapid initial increase in skin blood fow is observed within 10 
minutes of start and a plateau after 20–30 minutes of heating [164]. If heating con-
tinues for more than 45–50 minutes, skin blood fow reverses towards baseline [140]. 
In contrast, local cooling causes an initial rapid decrease in skin blood fow due to 
vasoconstriction, followed by transient vasodilation, and prolonged vasoconstriction 
[164]. The best reproducibility has been obtained by cooling to 15 ∘C for 30 minutes 
[165]. 

Another cooling challenge is the so-called cold-pressor test in which a limb, 
such as a hand or a foot, is immersed in cold water while simultaneously measuring 
biosignals from, e.g., the other hand that is not immersed in water. The effects of 
immersion in water can be observed in signals due to systemic sympathetic activation 
[140]. 

Electrical Stimulus 

Electrical stimulus is the application of a small non-noxious electrical current (e.g. 
100 µA as in [166]) to the skin. This causes current-induced vasodilation (CIV) that 
increases the local skin blood fow. [124] The response to electrical current has been 
shown to vary depending on the duration and timing of the current application. For 
example, two 1 minute periods of current application result in a greater response than 
a single 2 minute period. [166] Interestingly, it has also been shown that an intake of 
acetylsalicyclic acid (aspirin) blocks CIV [167]. 

Pharmacological Stimulus 

Iontophoresis of acetylcholine and sodium nitroprusside is widely used non-invasive 
technique to study endothelium-dependent and endothelium-independent, respec-
tively, vasodilation. Iontophoresis is the process of delivering drugs into the skin 
using a low-intensity electrical current to carry charged molecules. This allows for a 
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Table 2. A summary of techniques that are used to obtain hemodynamic responses from the 
cutaneous vasculature. 

Stimulus Technique Description Refs. 
Local thermal 

hyperemia 
Local heating of the skin causes a 

biphasic increase in skin blood fow 
[124; 
158] 

Thermal 
Local cooling 

Local cooling of the skin causes initial 
rapid vasoconstriction which is 

followed by vasodilation and fnally 
prolonged vasoconstriction 

[124; 
158] 

Cold pressor 
test 

Immersion of a body part (typically 
hand) into cold water causes 

pronounced peripheral 
vasoconstriction 

[168] 

Electrical 
Current-
induced 

vasodilation 

Harmlessly small electrical current 
increases skin blood fow 

[124; 
158] 

Anodal 
iontophoresis 

of acetylcholine 

Low electrical current is applied to 
the skin to push molecules of 

acetylcholine into the skin, causing 
endothelium-dependent vasodilation 

[124; 
158] 

Pharmacological Cathodal 
iontophoresis 

of sodium 
nitroprusside 

Low electrical current is applied to 
the skin to push molecules of sodium 
nitroprusside into the skin, causing 

endothelium-independent vasodilation 

[124; 
158] 

Microdialysis 
Drug infusion using semi-permeable 
membranes inserted into the dermis 

[124] 

Reactive 
hyperemia 

Arterial occlusion of a limb causes 
increased blood fow after releasing 

the occlusion 

[124; 
158] 

Mechanical 
Pressure-
induced 

vasodilation 

Non-nociceptive pressure application 
induces sustained vasodilation in 

healthy skin to protect tissue from 
ischemic damage. 

[124; 
158] 

Pressure sweep 
(oscillometry) 

Steadily increasing/decreasing 
pressure alters the loading of the 

blood vessel walls 

[169; 
86] 

rather fast and accurate control of the drug, but the technique suffers from simulta-
neous effects of CIV that can cause confusion. [124; 158] Microdialysis overcomes 
this with the insertion of small fbers with semi-permeable membrances into the der-
mis. This allows accurate control of the drug infusion rate, but on the downside the 
operation is invasive and can cause pain. [124] 

Mechanical Stimulus 

Mechanical stimulus includes techniques that use compression to stimulate the cuta-
neous microvascular vessels. A well-known technique of this type is the occlusion 
of arterial supply to a limb, typically the arm, for a brief period of time. The mag-
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nitude of reperfusion after the ischemic event is known as the reactive hyperemia 
index. There are several reactive hyperemia (RH) techniques, one widely used being 
peripheral arterial tonometry where fnger pressure pulsations are recorded. For a 
healthy individual, the post-occlusion pulsations have noticeably larger amplitudes, 
while the lack of them implies an abnormal response. [170] 

The application of non-nociceptive (i.e., non-painful) pressure to the skin of a 
healthy person causes pressure-induced vasodilation (PIV) to protect tissues from 
ischemic damage. PIV occurs when the external pressure is below 150 mmHg [171] 
and is known to be impaired in elderly and diabetic patients. [124; 158] 

Finally, a steadily increasing/decreasing external pressure, also known as pres-
sure sweep, is the predominant technique used in non-invasive BP monitors. As the 
level of external pressure nears the mean arterial pressure (MAP), the amplitudes of 
the pressure pulse waveforms (also known as oscillations, thus the name oscillome-
try) increase, reaching maximum at a pressure level equal to the MAP. At pressure 
levels above MAP the amplitudes start to decrease. By plotting the amplitudes as a 
function of time, a bell-shaped curve is obtained, the maximum point correspond-
ing to the mean BP of the large arteries. The systolic blood pressure (SBP) and 
diastolic blood pressure (DBP) are then extracted from the curve using more or less 
proprietary algorithms. [172; 173] In a typical BP measurement setup, the external 
pressure is applied with a cuff wrapped around the upper arm, but a recent study has 
shown that the distal phalanx of the fnger is the second best site to measure BP from 
the arm [174]. In addition to a cuff, arterial tonometry and fnger-pressing method 
can also be used to measure BP [175]. Interestingly, the oscillometric waveform 
envelope can also be extracted from a PPG signal, with the extracted BP readings 
showing a strong correlation with brachial intra-arterial pressure readings [169]. 
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3 Aims of the Study 

The original publications had the following aims: 

I Tonometric Multi-Wavelength Photoplethysmography for Studying the 
Cutaneous Microvasculature of the Fingertip 
The aim in this study was to develop a method to extract depth-resolved 
hemodynamic information from the fngertip. For this purpose, a 5-channel 
MWPPG instrument with a mechanism to control and measure the amount 
of external pressure applied to the fngertip was developed. The instrument 
was demonstrated in two measurements where the external pressure was (i) 
ramped above the level of SBP and (ii) held approximately at the level of the 
MAP for two minutes. Furthermore, an MC model simulating the propagation 
of light within a layered tissue model representing that of a fngertip was 
developed to gain understanding of the experimental measurement set (i). 

II Wearable Edge Machine Learning with Synthetic Photoplethysmograms 
The rapid development of AI research puts a pressure on high-quality data 
to train accurate models, while at the same time general public has become 
more aware of the risks related to gathering big data. Simultaneously, AI mod-
els transform from cloud-centric computation to a more edge-based approach 
where models are executed directly on devices that gather the model inputs, 
i.e. sensor data. The aim of the study was to acknowledge these challenges 
by presenting a synthetic PPG model to generate a large amount of privacy-
secure synthetic data and then training CNN models small enough to run on a 
developed wearable PPG device. 

III Investigating the Impact of Contact Pressure on Photoplethysmograms 
Sensor contact pressure can have a signifcant impact on MWPPG signals, 
with too low contact pressure leading to poor signal-to-noise ratio (SNR) and 
excessive motion artifacts while too high contact pressure can occlude the un-
derlying blood vessels, leading to a loss of pulsatile signal. This study aimed 
to investigate the impact of contact pressure on PPG signals with the help of 
an experimental fnger-cuff instrument. The signals were investigated from the 
point of view of: (i) SpO2, (ii) PAT, and (iii) pulse waveform features. 
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IV Non-invasive Hemodynamic Monitoring System Integrating Spectrome-
try, Photoplethysmography and Arterial Pressure Measurement Capabil-
ities 
This study is a continuation of Publication I with the goal of markedly en-
hancing the optical resolution beyond the fve channels to explore signal infor-
mation content as a function of light wavelength during an oscillometric mea-
surement. For this purpose, an instrument integrating a spectrometer, an LED 
printed circuit board (PCB), and a mechanism to regulate the external pressure 
applied to the fngertip was developed. The instrument effectively merges the 
functionalities of PPG, spectrometry, and arterial pressure measurement. 
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4 Materials and Methods 

Each original publication was based on a separate study, and each study included a 
unique instrument. From now on, we will refer to these studies, including human 
studies, and the instruments used in them, with the same Roman numerals as for 
the original publications listed in the previous chapter 3. That is, as an example, 
the original Publication I included Instrument I used in Human Study I. The most 
relevant materials and methods related to the studies are presented below, with more 
details presented in the original publications. 

4.1 Instrument Design 
Custom PCBs included in Instruments I, III and IV, were designed in Autodesk Eagle 
and manufactured and assembled by PCBWay (China). All electronics were enclosed 
in plastic parts designed using Autodesk Inventor Professional CAD software. The 
same software was used to design all mechanical parts of the instruments. The parts 
were 3D printed with the Creality CR-20 Pro (China) 3D printer based on the fused 
flament fabrication technique. 

4.2 Software 
The frmware of Instrument I was programmed in C using the nRF5 software devel-
opment kit (SDK) by Nordic Semiconductor (Norway). The rest of the instruments 
were likewise programmed in C but using the Espressif Internet-of-Things Develop-
ment Framework (ESP-IDF). The reason for changing the framework from Nordic 
Semiconductor to Espressif (China) was that the latter was deemed more suitable for 
edge machine learning used in Instrument II. Good experience with the framework 
encouraged to use Espressif system on a chips (SoCs) also for Instruments III and 
IV. 

A graphical user interface (GUI) was developed for Instruments I, III and IV to 
facilitate the convenient acquisition of signals. The GUIs were programmed using 
the cross-platform PyQt toolkit. Given that Instrument II is a wearable device that 
functions as a standalone device without the need for computer instructions, it was 
not necessary to develop a GUI program. Instead, the stored data were fetched from 
the fash memory using a simple Jupyter Notebook with a serial connection. 
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In study II, a mobile application was developed using the cross-platform Flutter 
SDK. The application connects to Instrument II via Bluetooth Low Energy to receive 
the heart rate values predicted by the embedded ML model. 

All data analysis was performed with Python 3. The analysis codes relied heavily 
on the standard Python libraries for numerical analysis and scientifc computation, 
namely NumPy and SciPy. 

4.3 Signal Processing 
PPG signals were fltered with zero-phase (fltflt) Butterworth flters. Butterworth 
flter is well suited for biosignal analysis, as it does not include pass- and stop-band 
ripple unlike, for example, type I and II Chebyshev flters that are also used at times 
in PPG signal analysis [77]. The DC components were extracted with 0.2 Hz (In-
strument I) or 0.5 Hz (Instruments III and IV) fourth-order low-pass flters. The AC 
components were extracted with band-pass flters with the lower cutoff frequency 
set to 0.5 Hz, while the upper cutoff frequency was 5 (Instrument II), 8 (Instruments 
I and IV) or 10 Hz (Instrument III). These cutoff frequencies ensure that the main 
frequency band of 0.5–5 Hz in a PPG signal is included [76]. The variation in the 
upper cutoff frequency was mostly due to application-specifc matters. For example, 
in the wearable device (Instrument II) a lower cutoff frequency of 5 Hz was used to 
suppress artifacts due to movement. The order of the flter was two for the wearable 
device and four for the other instruments. The wearable device had a lower order 
flter because the flter was also applied online in the device, and thus computation 
complexity was a factor in flter construction. 

ECG signals were also fltered with a fourth-order Butterworth flter. The band-
pass flter cutoff frequencies were set at 2 and 40 Hz for signals recorded with Instru-
ment II and 0.5 and 40 Hz for those of Instrument III. These cutoff frequencies were 
deemed appropriate for heart rate measurement, given that the QRS complex of the 
ECG wave typically falls within the frequency range of 8–50 Hz [176]. 

PPG signal waveform feet and peaks were detected with the automatic multi-
scale peak detection (AMPD) algorithm presented in [177] for the signals recorded 
with Instruments I, III and IV. Instrument II used a CNN model to detect waveform 
feet along with some well-known peak detectors (see Section 5.4.2). ECG R wave 
peaks were detected with the Pan-Tompkins algorithm [178]. 

4.4 Human Studies 
Each study included an experimental section of human studies in which the instru-
ments were used to record signals from volunteers. Table 3 summarizes the key 
information for each study, while the following subsections briefy go through the 
measurements behind each study set. All measurements were conducted accord-
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Table 3. Summary of the performed human studies. The values in parenthesis in the participants 
column are the number of women participants. The values in the columns age, ref. SBP, ref. MAP, 
and ref. DBP are mean ± standard deviation (SD). The reference SBP and DBP readings were 
used to calculate MAP using the typical formula of: ��� = 1/3 · ��� + 2/3 · ��� [179]. The 
Omron M3 reference device was attached to the left upper arm in each study set. 

Study Participants 
Age 

[years] 
Ref. 

device 
Ref. SBP 
[mmHg] 

Ref. 
MAP 

[mmHg] 

Ref. 
DBP 

[mmHg] 

Ia 10 (5) 45 ± 19 
Omron 

M3 
118 ± 13 88 ± 9 73 ± 8 

Ib 19 (4) 58 ± 19 
Omron 

M3 
126 ± 14 91 ± 9 74 ± 8 

II 20 (9) 34 ± 9 ECG - - -

III 19 (7) 37 ± 13 
Omron 

M3 
119 ± 17 93 ± 11 80 ± 9 

IV 10 (4) 40 ± 14 
Omron 

M3 
121 ± 9 92 ± 5 78 ± 4 

ing to the Declaration of Helsinki guidelines. Furthermore, study I measurements 
were conducted with permission from the Ethics Committee of the Hospital District 
of Southwest Finland and National Supervisory Authority for Welfare and Health 
(project number 1574/31/2018), while studies II–IV were conducted with permis-
sion from the University of Turku Ethics committee. Informed consent was obtained 
from all participants in each study. 

4.4.1 Studies Ia and Ib 

The measurement set for study Ia consisted of oscillometric fngertip measurements. 
The external pressure squeezing the fngertip was gradually increased approximately 
40–50 mmHg above the SBP. The measurements were performed in a supine po-
sition and three measurements were taken from each participant. The total number 
of successful measurements was 27 with three measurements omitted due to poor 
signal quality, caused by poor placement of the fngertip on the sensing system. 

Another set of measurements, labeled from here on as study Ib, was collected to 
study the effects of static pressure hold on MWPPG signals. In these measurements, 
the level of external pressure was raised slightly below the MAP and held there for 
about two minutes. One measurement was taken from each participant. 

4.4.2 Study II 

The study consisted of three different measurements with the study participant: i) 
sitting in a chair, ii) walking, and iii) moving the hand with the experimental wear-
able device in random ways. Each measurement lasted 2 minutes and eight seconds 
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with no movement within the frst and last 20 seconds. The total number of success-
ful measurements was 55 with three poor measurements (due to poor ECG signal 
quality) in ii) and two in iii). 

4.4.3 Study III 

This study investigated the impact of contact pressure (Pc) on fngertip MWPPG 
signals with measurements where the level of external pressure was increased by 10 
mmHg every ten seconds until the level of external pressure was above SBP, typically 
150 mmHg. Two measurements were taken from each participant while sitting with 
the left arm comfortably placed on a table. The total number of measurements was 
38. 

4.4.4 Study IV 

This study set is similar to the study set Ia in that the measurements were also os-
cillometric in the sense that the level of external pressure was gradually increased 
above the level of SBP. One measurement was obtained from each participant. 
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5 Summary of Results and Discussion 

5.1 Developed Instruments 
This section presents each of the four instruments developed from the perspectives of 
hardware design and operating principle. A summary of the instruments is provided 
in Table 4 to facilitate comparison between them. The instruments differ mainly 
in terms of the optical sensing module, pressure sensing module, technique used to 
control the pressure between the optical sensing module and the fnger, and whether 
or not an ECG module is present. 

5.1.1 Instrument I 

Hardware 

Instrument I, pictured in Figure 15a, was developed around a custom MWPPG sensor 
PCB consisting of fve Kingbright Electronic Co, Ltd. APT series LEDs emitting 
light at fve different wavelengths: 465 nm (blue), 515 nm (green), 590 nm (yellow), 
640 nm (red), and 880 nm (infrared). To accommodate the wide spectral bandwidth 
of the LEDs, the VEMD1060X01 photodiode was selected due to its rather wide 
spectral bandwidth of 350–1,070 nm (peaking at 820 nm). An additional factor was 
the relatively small surface-mount device package of 0805 which made it possible to 
create a small circular PCB with a diamater of just 9.6 mm. 

The MWPPG sensor PCB was connected to another custom PCB containing the 
driving circuits for the LEDs and a circuit to read the photodiode output through 
a small connector (BM08B-SURS-TF(LF)(SN) by JST Sales America Inc.) at the 
bottom of the PCB. The constant current LED drivers were constructed from NPN 
bipolar junction transistors working in emitter follower confguration. Current con-
trol was achieved by feeding the bases of the transistors with 12-bit digital-to-analog 
converters (DACs) (MCP4728 by Microchip). The constant current confguration 
guaranteed stable light output characteristics. The small photodiode current was 
converted into voltage using a transimpedance amplifer circuit and routed to a 16-
bit successive approximation analog-to-digital converter (ADC) (AD7680 by Analog 
Devices). All components were powered by two ultralow-noise, low-dropout 4.7 V 
and 3.3 V linear regulators, of which the former powered the LEDs and the latter all 
the other components. 
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Table 4. Summary of the developed instruments. 

Instrument 
Optical sensing 

module 
Pressure 

sensing module 
ECG 

module 

Optical sensing 
module pressure 

control 
technique 

Operating 
principle 

I 

5-channel 
custom 

MWPPG 
sensor, 465 
(blue), 515 
(green), 590 
(yellow), 640 

(red), and 880 
(IR) nm 

Barometric 
pressure sensor 
BMP280 cast in 

epoxy and 
encapsulated 
inside an air 

cushion 

-

Pressing 
mechanism 

controlled by a 
stepper motor 
(28BYJ-48) 
(tonometry) 

Fingertip is 
pressed in a 
controlled 

manner against 
the optical 

sensing unit 
mounted on top 
of the pressure 

sensing unit 

II 

MAX30101 
PPG sensor: 

537 (green), 660 
(red), and 880 

(IR) nm 

-
AD8232 
(single 

channel) 

The optical 
sensing module 
is attached to a 

fnger with a 
Velcro strap (no 

pressure 
control) 

Wearable device 
measuring 

optical signals 
from the 
proximal 

phalanx of a 
fnger while 

simultaneously 
measuring ECG 

III 

MAX30101 
PPG sensor: 

537 (green), 660 
(red), and 880 

(IR) nm 

Absolute 
pressure sensor 
MPRLS0025-

PA00001A 
measuring the 
pressure of a 

small fnger cuf 

AD8232 
(single 

channel) 

Small fnger cuf 
wrapped around 

the optical 
sensing module 
and a fngertip 

Contact 
pressure 

between the 
PPG sensor and 

a fngertip is 
varied with a 
pressure cuf 

wrapped 
around the 

fngertip while 
simultaneously 
also measuring 

ECG signal 

IV 

FLAME-T-VIS-
NIR-ES 

spectrometer, 
utilized 

wavelength 
range: 

433.5–730.5 nm 
(99 PPG 

channels with 
approximately 3 

nm wide 
wavelength 

binning) 

Load cell 
FX292X-100A-
0010-L mounted 
in the pressing 
mechanism to 
sense the force 

applied to a 
fngertip 

-

Pressing 
mechanism 

controlled by a 
stepper motor 
(28BYJ-48) 
(tonometry) 

Fingertip is 
pressed in a 
controlled 

manner against 
the optical 

sensing unit 
while recording 

the applied 
force 

The instrument also included a compression generation and measurement sys-
tem similar to the one in [180]. A stepper motor (28BYJ-48, generic brand), driven 
by transistors in the Darlington confguration, rotated a threaded shaft attached to a 
plastic bar guided by two metal rods at each end, effectively transforming rotational 
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Figure 15. Instrument I. a. Picture of the instrument. The box behind the instrument contains the 
bulk of the electronics. b. System block diagram of the instrument. The fgure is adapted from [86]. 

movement into vertical movement of the bar. Pressure sensing setup was modifed 
from [180] in that a newer version of the barometric pressure sensor (BMP280 by 
Bosch Sensortec) was used and the sensor was not modifed in any way. A PCB con-
taining the sensor was cast in epoxy so that the top of the metal enclosure protecting 
the sensor was at the level of the epoxy. Once the epoxy was dry, an air cushion was 
sealed around the sensor element with a strong double-sided adhesive tape. The air 
cushion was basically a bubble cut from a piece of a strong but thin bubble wrap with 
the bottom part cut to facilitate air movement into the pressure sensor. The assem-
bled component was then mounted at the bottom of a plastic part with a hole so that 
the air cushion was surrounded by rigid walls. The MWPPG PCB was mounted on 
top of a circular piston-shaped object, which was placed on top of the air cushion. 

The device was controlled by nRF52840 Dongle (by Nordic Semiconductor, 
Norway) soldered to the driver PCB. The dongle contains the nRF52840 SoC 
that includes a 32-bit ARM Cortex-M4 processor running at 64 MHz together 
with the required digital peripherals such as the serial peripheral interface and the 
two-wire interface. The microcontroller was programmed so that the LEDs were 
time-multiplexed, meaning that each of the LEDs were sequentially lighten up while 
simultaneously reading the photodiode. The sampling frequency was 500 Hz for 
each MWPPG channel and 100 Hz for the pressure channel. The system block 
diagram of Instrument I is presented in Figure 15b. 

Operating Principle 

The device has a compact tabletop form factor specifcally designed for fngertip 
measurements. The measurement starts by placing a fngertip with a piece of double-
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Figure 16. Instrument I concept. a. A cross-sectional view of the instrument with the main parts 
labeled. A threaded shaft rotated by a stepper motor presses the fngertip against a piston made of 
a stacked structure consisting of an MWPPG sensor, rigid piston structure, air cushion and a 
barometric pressure sensor. b. A close-up picture of the piston hole with the epoxy-casted 
pressure sensor at the bottom, seen through the transparent air cushion. c. Cross-sectional view 
of a simplifed tissue model representing a typical fngertip. The vertical coloured bars, from blue to 
gray, present the mean penetration depth of each MWPPG channel, from blue to IR, computed 
with the developed MC simulation model. The fgure is adapted from [86]. 

sided tape on its dorsal side inside the measurement chamber, as illustrated in Figure 
16a. The placement of the palmar side is then adjusted to optimize signal quality. 
In the ideal case, the top of the piston is aligned with the distal transverse palmar 
arch, ensuring good coupling between the blood vessels and the piston and therefore 
the pressure sensor below, as shown in Figure 16b. A recent study investigated the 
feasibility of fngertip BP measurement and found that the fngertip was the second 
best measurement site in the arm after the upper arm, primarily due to the similar 
bone-to-tissue volume ratio of the fngertip relative to the upper arm [174]. 

After fnding the optimal position, the fngertip is carefully raised to make contact 
with the pressing mechanism above, allowing the tape on the dorsal side to adhere 
securely. The double-sided tape serves to minimize unintentional or subconscious 
pressing of the piston, which can make it diffcult to measure low-pressure readings. 
Once secured, the pressing mechanism is lowered, causing the fngertip to squeeze 
against the piston, compressing the underlying air cushion. The resulting pressure 
signal refects the combined effect of the external compression force and the pulsat-
ing blood vessels exerting on the piston. [86] 
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Figure 17. Instrument II concept. The developed wearable device is presented at the top right 
corner. The pipeline from sensor sampling to HR calculation and ultimately to sending the data to 
a mobile application over Bluetooth Low Energy is presented under the title device. Generation of 
synthetic signals and CNN model training are illustrated under the title laptop. The fgure is from 
[181]. 

5.1.2 Instrument II 

Hardware 

The key design consideration in Instrument II was to be able to run ML models on the 
device, i.e. at the edge. The decision was ultimately made between the SoCs from 
Nordic Semiconductor and Espressif Systems. Ultimately, the ESP32-S3 SoC from 
Espessif Systems was selected as it had good documentation and SDK with regards 
to edge ML, but moreover a lot of processing power given that it has a dual-core 
240 MHz processor. Coupled with 8 MB of external pseudostatic random access 
memory (RAM) (in addition to 512 KB of internal static RAM) and 16 MB of fash 
storage, the system is well-suited for edge ML. 

A commercial three-channel (537, 660, and 880 nm) MWPPG sensor 
MAX30101 (by Maxim Integrated, United States) was selected for optical measure-
ments. The sensor incorporates all the circuitry required to drive LEDs and digitize 
a photodiode signal. Regarding ECG, AD8232 (by Analog Devices, United States) 
was selected. The analog voltage produced by the integrated circuit was converted 
to digital readings using a 16 bit ADC (ADS1115 by Texas Instruments, United 
States). The components are powered by a rechargeable battery pack (950 mAh 3.7 
V lithium polymer) to allow measurements on the move. 

47 



Jukka-Pekka Sirkiä 

Operating Principle 

The instrument is a wearable device consisting of two parts: i) a fnger-worn small 
plastic part with the optical sensor, and ii) a casing holding the rest of the electronics. 
The fnger-worn sensor is attached to the proximal phalanx of the digital fnger on 
the left hand with a Velcro strap. The larger part with the electronics is attached to 
the wrist with another separate Velcro strap. The sensor unit is connected to the main 
unit with wires. A single-lead ECG cable with three electrodes (right arm, left arm, 
and left leg as the driven electrode) is connected to the main unit. 

The main unit has a slide switch to start the device and a button to start a mea-
surement. Once a measurement is started, the system starts to record all of the three 
PPG channels at a sampling rate of 100 Hz. However, only the green channel was 
used in the fnal analysis, given its robustness against motion artifacts [182]. Every 
four seconds, a CNN model stored on the fash is inferred using the 400 samples 
buffered from the previous four-second period. The detected waveform feet are used 
to calculate the HR and the value is sent over Bluetooth Low Energy to a connected 
mobile application. The concept of Instrument II is illustrated in Figure 17. 

5.1.3 Instrument III 

Hardware 

Instrument III, pictured in Figure 18a, uses many of the same components as In-
strument II. The SoC and the PPG and ECG sensors are the same, i.e., ESP32-
S3, MAX30101, and AD8232, respectively. However, Instrument III also inte-
grates a pressure generation and measurement system to measure PPG sensor con-
tact pressure. For this purpose, the instrument includes an air pump (PUMP-924B 
by Transtek Medical, China), a motor driver (TB6612FNG by Toshiba Corpora-
tion, Japan) to control the 3 V DC motor of the pump, an absolute pressure sen-
sor (MPRLS0025PA00001A by Honeywell, USA), and a solenoid valve (JQF1-3A, 
generic brand). The PPG sensor is on its own small circular PCB and is connected 
with wires to the main unit housing all the other components. 

PPG sensor contact pressure control is performed with a small fnger cuff 
wrapped around the sensor. The cuff was made by cutting a piece from a wrist 
cuff and then sealing it with a heat sealer. A fexible Velcro band with an adhesive 
surface was attached on the outer side of the cuff for fastening purposes. The cuff, 
pump, pressure sensor, and solenoid valve are all connected with silicone tubing. 
Initial testing of the instrument revealed that the pump fow rate was slightly too 
high for the small fnger cuff. To address this issue, the air volume of the system 
was increased by incorporating a 100 ml syringe, effectively reducing the cuff fll 
rate, given a constant pump fow rate. The system block diagram of Instrument III is 
presented in Figure 18b. 
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a

b

Figure 18. Instrument III. a. Picture of the instrument. b. System block diagram of the instrument. 
The fgure is adapted from [183]. 

Operating Principle 

The small PPG sensor PCB is placed on the palmar side of the fngertip and the cuff is 
wrapped around the fngertip and the sensor. The single-lead ECG cable is attached 
to the main unit that is connected to a laptop using a USB cable. With a press of a 
button from a custom GUI program, the instrument starts a measurement where the 
cuff pressure is increased in 10 mmHg steps every ten seconds until the suprasystolic 
pressure level (typically 150 mmHg) is reached. All signals are sampled at 100 Hz, 
including all three PPG channels – green (537 nm), red (660 nm) and IR (880 nm). 

5.1.4 Instrument IV 

Hardware 

Instrument IV, shown in Figures 19a and 19b, is a direct continuation of Instrument 
I with the aim of increasing spectral resolution. The LED-based approach used in 
Instrument I is not suitable for increasing the number of channels for two reasons: 
i) even the smallest surface-mount device LEDs (0201 package) with PCB traces 
will quickly fll the small 9.6 mm in diameter PCB, and ii) a typical LED spectrum 
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is relatively wide (e.g. the blue LED APT1608VBC/D used in Instrument I has 
a spectral bandwidth of 22 nm), meaning that the different channels would likely 
contain a signifcant portion of overlapping information. Therefore, the only way to 
achieve a channel count in the high tens or even hundreds is to use a spectrometer. 

At the heart of Instrument IV is the FLAME-T-VIS-NIR-ES spectrometer (Ocean 
Insight, USA), a miniature spectrometer operating in the ultraviolet to NIR range of 
the electromagnetic spectrum. The spectrometer features a detector with 3,648 pixels 
and covers wavelengths approximately between 345 and 1,041 nm. Equipped with 
a 25 µm slit, it achieves an optical resolution of approximately 0.8 nm, and its ADC 
has a resolution of 16 bits. 

The single fber leg of a refector/backscatter probe (QR400-7-VIS-BX by Ocean 
Insight, USA) was connected to the spectrometer, while the six-fber leg intended for 
a light source was left unused. A tungsten halogen light source (HL-2000-HP by 
Ocean Insight, USA), with a spectral range of 360–2,400 nm, was tested, but failed 
to produce a suffcient PPG signal. This limitation is likely due to the very small 
fber core size of only 400 µm, since the distance between the light source and the 
detector signifcantly affects the probing depth [184]. 

To address the challenges with the probe light source, a custom LED PCB was 
developed as an external light source. The LEDs included in the design were: a violet 
LED (APTR3216-VFX by Kingbright, Taiwan), a multi-color LED combining blue 
and green emitters (APHBM2012LVBDZGKC by Kingbright, Taiwan), and a broad 
spectrum white LED (S1S0-3030509503-0000003S-0P001 by Seoul Semiconductor 
Inc., South Korea). An IR LED (APT1608SF4C-PRV by Kingbright, Taiwan) was 
also assembled but delivered insuffcient SNR for practical use. 

The LEDs were powered and controlled by a constant-current LED driver 
(TLC59711 by Texas Instruments, USA). The PCB featured a small aperture in its 
center, allowing light to pass through to the spectrometer probe located beneath 
it, as illustrated in Figure 19c. Based on the wavelengths emitted by the LEDs, 
the operational wavelength range of the spectrometer was effectively limited to 
approximately 433.5–730.5 nm. To enhance signal quality, a 3 nm wide binning was 
applied during post-measurement analysis, resulting in a total of 99 PPG channels. 

External pressure was generated using a stepper motor (28BYJ-48, generic 
brand) in a similar way to Instrument I, however, the pressure sensing part was 
different. Although the pressure transducer of Instrument I was able to detect faint 
pulsations of the fngertip arteries, the air cushion required more or less regular 
changing as the cushion lost its elastic properties as the number of measurements 
grew. Therefore, an alternative technique based on a compression load cell was 
developed as a successor. A high-quality load cell FS2030-000X-0500-G (TE 
Connectivity, USA) replaced the air cushion below the piston with simply the piston 
resting above the load cell pin. Then a calibration measurement was performed, in 
which weights were stacked above the load cell to convert the recorded ADC counts 
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Figure 19. Instrument IV. a. Picture of the device. b. A close-up picture of the device, viewed from 
the front. c. A close-up picture of the LED PCB. d. System block diagram of the instrument. The 
fgure is from [87]. 

to mmHg. 
The load cell–based approach was considered accurate and reliable, and with the 

spectrometer-based approach it quickly became the only option. This was due to the 
cylindrical spectrometer probe placed below the LED PCB, which made it impossi-
ble to detect the applied pressure from below. Therefore, the sensing structure had to 
be placed between the plastic part pressing the fngertip and the stepper motor that 
generates the pressing force. In practice, the pressing part had an integrated piston on 
top of it that squeezed against a load cell encapsulated in a plastic structure moved by 
the threaded shaft rotated by the stepper motor. However, in this confguration, it is 
rather diffcult to direct the force in a perpendicular manner to the load cell due to the 
shape of a fngertip, and thus the load cell FS2030-000X-0500-G was deemed to have 
a weakness in this regard, as the sensing platform of the load cell is connected to the 
actual sensing unit with a rather weak rod. Therefore, a simpler and more robust 50-
Newton load cell FX292X-100A-0010-L (by TE Connectivity, USA) was selected 
for Instrument IV. The analog voltage produced by the load cell was converted to a 
digital signal using a 16-bit ADC (ADS1115 by Texas Instruments, USA). 

All components were controlled by a SoC (ESP32-S3 by Espressif Systems, 
China) that was also connected to the spectrometer using a breakout PCB (HR4--
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BREAKOUT by Ocean Insight, USA). This setup enabled the SoC to provide an 
external trigger signal to the spectrometer, ensuring synchronized data collection 
across the system. The sampling rate of the system was 50 Hz. A block diagram of 
Instrument IV is shown in Figure 19d. 

Operating Principle 

The operating principle of Instrument IV is exactly the same as that of Instrument 
I. A fngertip is placed in a measurement chamber where the pressing bar squeezes 
it against the optical sensing unit, in this case the LED PCB and the spectrometer 
probe below it. 

5.2 Depth-Resolved Blood Pressure 
One of the main contributions of this thesis is the extension of BP measurement from 
large arteries to microvascular vessels by coupling a pressure generation and sensing 
system with an optical measurement system. The resulting BP values are referred 
to as depth-resolved BP in this section, as the technique effectively measures the 
pressure from large arteries buried deep in the tissue to smaller vessels closer to the 
surface of the skin. 

5.2.1 Working Principle 

The working principle is based on the following principles discussed in Chapter 2. i) 
The penetration depth of light into the skin is dependent on the wavelength of light, 
generally increasing in the visible and very short NIR region (approximately 400– 
900 nm). ii) The organization of the cutaneous vasculature is such that the blood 
conducting large arteries buried deep in the tissue branch out into fow-regulating 
arterioles, which themselves branch out into the superfcial capillaries responsible 
for the exchange of substances and gases with the tissue. iii) BP decreases with de-
creasing blood vessel size (from large arteries to arterioles, and fnally to capillaries). 
iv) Finally, and importantly, varying the level of external pressure of a blood vessel 
changes the loading of the vessel wall and allows the extraction of hemodynamic 
information. 

With respect to point iv), squeezing the fngertip in a gradual manner against a 
piston and its surrounding area (Instrument I) or against a fat sensor module (Instru-
ment IV) results in an oscillometric response. In such measurements, the amplitude 
of the AC component of the recorded pressure signal changes due to the response of 
the blood vessel walls to changing transmural pressure (Pt), defned as �� = �� −��, 
where �� is the pressure inside the blood vessel and �� is the external pressure, 
caused by the pressing mechanism. The maximum amplitude occurs at Pt = 0 mmHg 
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where the vessel wall is unloaded. For large arteries, this point is also known as the 
MAP and it is widely used in automatic non-invasive BP monitoring devices that, 
with the help of more or less proprietary algorithms, use this point along with the 
shape of the oscillogram to compute SBP and DBP values. [172; 173] This oscil-
lometric response can also be mathematically modeled under different assumptions 
for pulse pressure, arterial stiffness, and device confguration [185]. In addition to 
pressure signals, the oscillometric response has also been shown to occur in the vol-
umetric signals measured by PPG sensors [169]. Figure 16c illustrates how, due to 
tissue optics, the different MWPPG channels of Instrument I probe the fngertip dif-
ferently, with each channel effectively producing different volumetric oscillograms. 

Taking into account the above principles and the confguration of Instruments I 
and IV, it should therefore be possible to obtain hemodynamic information from dif-
ferent parts of the vasculature with the instruments by changing the level of external 
pressure in a controlled way. The pressure sensing modules of the instruments detect 
the pulsations of the large arteries, while the MWPPG sensor probes the tissue vol-
ume at different depths, depending on the wavelength of light. Thus, for example, 
a steadily increasing level of external pressure should result in oscillograms where 
the amplitude initially increases, reaches maximum at the level corresponding to 
the mean BP in a given blood vessel, and decreases from thereafter. Note that the 
hemodynamic response is independent of the technique used to generate the exter-
nal pressure, and thus both tonometric devices (Instruments I and IV) or cuff-based 
devices (Instrument III) can be used. 

5.2.2 Experimental Results 

Extracting BP from different depths of the skin was studied in Human Study Ia with 
Instrument I and later in Human Study IV utilizing the high spectral resolution of 
Instrument IV. The principle of extracting oscillogram amplitude envelopes from 
raw pressure and optical signals is shown in Figure 20a. As already explained, in 
the oscillometric BP measurement method, the point of maximum amplitude closely 
corresponds to that of the MAP [185], and optical PPG signals measuring volumetric 
changes show a similar phenomenon, with amplitudes initially increasing and sub-
sequently decreasing as external pressure increases. An example of this is shown 
in Figure 20b, which shows extracted amplitude envelopes for all six channels, fve 
optical channels and a pressure channel, of Instrument I. 

Results on Human Study Ia dataset show that the tonometric pressure sensing 
method is able to extract good quality pressure signals with MAP readings close 
to those of the automatic brachial cuff reference device, as shown by the Bland-
Altman plot in Figure 20c. The mean difference was -1.2 mmHg with an SD of 5.9 
mmHg, both well within the pass criterion of ≤ 5 and ≤ 8 mmHg, respectively, set in 
the non-invasive sphygmomanometer validation standard ANSI/AAMI/ISO 81060-
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Figure 20. Human Study Ia results on maximum oscillometric pressures (MOPs). The term 
pressure refers to the pressure channel (similarly as blue to blue channel) whereas the term 
external pressure refers to the measured external pressure. a. Pipeline for MOP extraction. 1) 
Extract the AC component with a band-pass flter and, if it is a PPG signal, fip the signal. 2) Obtain 
the envelope with the Hilbert transformation, detect envelope peaks and calculate a polynomial ft 
based on the peaks. The external pressure value corresponding to the maximum of the polynomial 
ft is determined as the MOP. b. An example of normalized oscillogram envelopes. c. Correlation 
plots and a Bland-Altman plot for the evaluation of the agreement between the developed device 
(abbreviated as DUT, i.e. device under test) and the reference BP monitor. d. Box plots of the 
MOPs, with the red and blue colors representing the median and mean values, respectively. Data 
from one participant with high BP readings (138/84 mmHg) was excluded for clarity. The fgure is 
from [86]. 

2:2013 [186]. 
In the 1980s it was shown that IR signal shows close correspondence to pres-

sure signal in terms of the pressure level corresponding to the maximum amplitude 
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[169]. The correlation plots in Figure 20c show that red light also correlates strongly, 
although less strongly than IR, with the pressure signal in terms of the maximum am-
plitude pressure level. This is also evident in Figure 20d, which shows that red light 
reaches maximum amplitude at similar pressure levels to the IR and pressure signals. 
Thus, it can be concluded that pressure and volumetric signals measured at wave-
lengths corresponding to red light and IR probe the high-pressure large arteries deep 
in the tissue. 

However, the interesting part in Figure 20d occurs at wavelengths shorter than 
red light. The level of external pressure at which the maximum oscillation amplitude 
occurs clearly decreases. Considering the large deviation from the pressure level of 
the large arteries (probed by the pressure, IR and red channels), a new term, max-
imum oscillometric pressure (MOP), was coined to refer to any pressure level at 
which a maximum oscillation amplitude of a given signal is reached. Note that for 
channels probing the large arteries MOP ≈ MAP. MOP is lowest for the blue chan-
nel closely followed by the green channel, with mean values of 30.1 and 34.0 mmHg, 
respectively. In literature, capillary BP is only about 10–20 mmHg [42; 43; 44; 45], 
while in the arteriolar limb of the capillary BP is about 40 mmHg [42]. These values 
suggest that blue and green light have an arteriolar contribution instead of probing 
purely superfcial capillaries. 

The yellow channel had clearly the largest MOP deviation, and is thus clearly 
different from the rest of the channels. The reason for the large deviation is due to the 
two-peak oscillogram nature of the yellow channel, with the oscillogram often having 
a peak closely corresponding to that of the blue and green channels and another 
closely corresponding to that of the red and IR channels. This is visualized in Figure 
20b. 

An important observation in Figure 20d is how the shape of the BP curve resem-
bles that of the systemic blood circulation illustrated in Figure 5, where BP decreases 
as the type of blood vessel changes from the arteries to arterioles, capillaries, venules, 
and veins [46]. The absolute MOP levels of the different channels and the shape of 
the resulting curve, thus, imply that the channels are affected differently by the dif-
ferent compartments (mainly the arteries, arterioles, and capillaries) of the cutaneous 
vasculature. 

Human Study IV performed with Instrument IV partly continued where Human 
Study Ia left in trying to obtain better understanding of the role of light wavelength 
in the measurement. The signifcantly better optical resolution of Instrument IV vs. 
Instrument I (99 channels with a width of 3 nm vs. 5 channels) yielded a much 
more detailed picture of the MOP curve, as shown in Figure 21. Overall, the shape 
of the MOP curve is similar and again closely resembles the pressure curve of the 
systemic circulation in Figure 5. However, the increased optical resolution clearly 
shows that the channels divide into three bands: i) shorter wavelength channels < 590 
nm, ii) transition band channels between 590 and 630 nm, and iii) longer wavelength 
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Figure 21. MOPs computed from the dataset IV are presented as mean ± standard error (SE) on 
the left axis while the absorption spectrum of whole blood (SO2 > 98%), based on [187], is on the 
right axis. The fgure is adapted from [87]. 

channels > 630 nm. The yellow channel of Instrument I falls into the category of the 
transition band, and indeed the most drastic changes in MOPs in both studies Ia and 
IV, occur within these wavelengths. Otherwise, the fgures 20d and 21 are similar 
with MOPs being clearly lower for channels corresponding to blue and green light, 
while channels corresponding to red light and NIR having clearly higher MOPs. 

The drastic change in the transition band and the overall shape of the MOP curve, 
is explained by the absorption of light by blood, and mostly hemoglobin. Based on 
the Figure 6 in Section 2.2.1, absorption of light is high for light below 590 nm, 
which means that the channels below it are not able to penetrate deeply as blood in 
the more superfcial blood vessels strongly absorbs light. Between 590 and 630 nm 
the absorption coeffcient decreases rapidly, enabling the channels to probe deeper 
layers. By 630 nm the absorption coeffcient has decreased enough for the longer-
wavelength channels to probe the large arteries buried deep in the skin. 

5.2.3 Simulation Results 

An MC model was developed to gain understanding on Human Study Ia results. A 
tissue model presented in the lower panel of Figure 22 was developed to represent 
an approximate organization of a fngertip in terms of skin structure, blood vessels, 
and 3D shape (see original Publication I for more details). The simulation model 
was run with six different scenarios with each scenario mimicking a step during an 
oscillometric measurement where the external pressure is steadily increased. The 
scenarios were, as presented in Publication I [86]: 

A the base scenario where the contact pressure of the MWPPG sensor is zero; 

B occlusion of the papillary layer; 

C occlusion of the papillary and upper blood net layers; 

D occlusion of the upper half reticular dermis and the layers closer to the surface 
of the skin; 
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Figure 22. Layer-by-layer cumulative absorption distributions in each simulated scenario. To 
improve resolution, the reticular layer, which is notably thick, was divided into seven sublayers. 
Absorption from the frst two layers of the epidermis was excluded due to the high melanin 
absorption in the living epidermis, which complicates visualization, and also due the layers not 
containing any blood. The vertical colored bars in the tissue model indicate the blood-containing 
layers for each scenario. For instance, in the baseline scenario, approximately 82% of the 
simulated photon packet energy for the blue channel in layers 2—13 is absorbed by layer 4. The 
fgure is adapted from [86]. 

E full occlusion of the reticular dermis and the layers before it; and 

F occlusion of the deep blood net layer and the layers before it. 

These scenarios have been illustrated in the lower panel of Figure 22. The logic 
behind the scenarios is that the more superfcial, lower-pressure, blood vessels oc-
clude before the high-pressure blood vessels deep in the skin. Similar logic was 
used in [188] where the origins of green light PPG was studied, with an argument 
that skin compression reduces the blood content of the skin, particularly the venous 
blood, with the subsequent effect of increasing the probing depth. 

The upper panel of Figure 22 shows cumulative absorption distributions across 
tissue layers, excluding the epidermal layers that lack blood. A key observation is 
that the red channel exhibits smaller variations compared to the IR channel. This is 
due to the lower blood absorption coeffcient of red light: oxygenated hemoglobin, 
which predominates at the assumed 98% oxygen saturation in the simulations, ab-
sorbs IR light more strongly than red light. As occlusion progresses and blood is 
depleted from tissue layers, the IR channel displays greater absorption in the deeper 
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layers. However, both channels are notably infuenced by absorption in these deeper 
layers, which contain large arterioles and arteries, resulting in similar tissue probing 
characteristics. [86] 

The shorter wavelengths of the spectrum, specifcally the blue, green, and yellow 
channels, exhibit more pronounced variations between scenarios compared to the 
longer wavelengths. These channels show high absorption in layers containing cap-
illaries and small arterioles under both baseline and papillary occlusion conditions. 
Even in scenario (C), their distributions remain similar, with deeper layers contribut-
ing more at longer wavelengths. However, in scenario (D), noticeable differences 
arise, with the yellow channel showing the most signifcant changes. Here, absorp-
tion becomes predominantly infuenced by the deeper tissue layers. By scenario (E), 
the yellow channel has a greater contribution from deeper tissue layers than the red 
channel. In summary, at low external compression pressures, the shorter-wavelength 
channels primarily probe the smaller blood vessels near the skin surface. As external 
compression pressure increases, they shift to probing deeper and larger blood vessels 
as blood is displaced from the superfcial layers. [86] 

5.3 Effects of Contact Pressure on Multi-Wavelength 
Photoplethysmograms 

5.3.1 Pressure Ramp 

To gather further insights into the origins of the MWPPG signals, Pearson corre-
lation coeffcients were calculated for the PPG AC components in the dataset IV, 
shown in Figure 23. The correlation coeffcients exhibit a similar division between 
the MWPPG channels as in Figure 21 about the MOPs. The shorter-wavelength 
channels below the transition band between 585–615 nm correlate strongly together, 
as do the channels above the transition band. Considering that the transition band 
occurs in a wavelength range where blood absorption decreases rapidly, it was hy-
pothesized that blood absorption is a key factor in oscillometric PPG measurements. 
It is reasoned that area under curve (AUC) values of low-pass fltered (cutoff fre-
quency of 8 Hz; see Publication IV and its Supporting Information for further details 
on the computation of AUC) PPG signals approximate the total blood volume (both 
non-pulsatile and pulsatile) probed during a measurement considering that PPG mea-
sures changes in blood volume. Figure 24 shows that the AUCs clearly follow the 
absorption spectrum of whole blood, after removing the intensity variation between 
the PPG channels and the variation between individuals. 

In recent years, perfusion index (PI), which is especially affected by vascular tone 
and stroke volume, has attracted renewed interest [78], with low values, for example, 
being associated with severe postoperative complications or death in acute high-risk 
surgical patients [189]. Thus, PI was calculated for the dataset IV in addition to 
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Figure 23. Spatial sensitivity map of the mean correlations between the AC components of 
different MWPPG channels in the dataset IV. The fgure is from [87]. 

Figure 24. Lowpass-fltered PPG areas, AUClp, computed from the dataset IV on the left axis, and 
the absorption spectrum of whole blood, on the right axis. The absorption coeffcient (��) of whole 
blood (SO2 > 98%) is based on [187]. The fgure is adapted from [87]. 

DC component level changes, which is another parameter affected by vasomotor 
activity [1]. These two parameters are closely related as PI is calculated as the ratio 
of pulse waveform amplitude to DC component level. These two parameters were 
calculated for two channel groups, separated at 615 nm, an approximate midpoint in 
the transition band, considering the clear division discussed above. The results are 
shown in Figure 25. 

The AC component is the predominant factor in PI, as evidenced by the peak 
values occurring around Pt = 40 mmHg (mean MAP of 92 mmHg, see the Table 3, 
minus an approximate MOP of 54 mmHg in Figure 21) for wavelengths below 615 
nm, and around Pt = 10 mmHg (92 mmHg minus an approximate MOP of 83 mmHg 
in Figure 21) for wavelengths above 615 nm. Further evidence is provided by the 
near-zero PI values in the negative Pt region for channels below 615 nm. This oc-
curs because the AC components exhibit minimal pulsation at such elevated external 
pressure levels, since the more superfcial, lower-pressure blood vessels targeted by 
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a b

Figure 25. Dataset IV results on PI and DC component level changes, calculated as mean values 
over the whole dataset and as a function of 10 mmHg wide Pt bins. a. PI values. b. DC component 
level changes. The fgure is from [87]. 

these channels are already occluded. In general, the highest PI values are observed 
for channels within the 525–585 nm range (corresponding to green and yellow light), 
with slightly higher values at the upper end of this range. The channels below and 
particularly above this band exhibit signifcantly lower PI values. [87] 

The results for the DC component changes are similar to the PI results with the 
channels below 615 nm showing signifcantly larger changes than those above the 
threshold. In particular, the highest values are again obtained for channels ranging 
from 525 to 585 nm where the absorption spectrum of whole blood has two distinct 
peaks. In general, the results show that PI and DC component level are sensitive to 
sensor contact pressure, which complicates their usage in clinical analysis. [87] 

5.3.2 Pressure Steps 

Instrument III and the related Huma Study III dataset were designed to study how 
PPG sensor contact pressure changes PPG-derived parameters SpO2, PAT and var-
ious PPG and its second derivative, also known as acceleration PPG (APG), based 
features. These parameters have been illustrated in Figure 26. Each of these three 
categories are presented separately below. The parameters were studied from the 
perspective of linear regression for statistical signifcance and coeffcient of varia-
tion (CV) in the positive Pt range (which is the likely pressure range for real-world 
PPG applications), and plotting the parameters as functions of pressure steps. The 
pressure steps have been converted into physiologically meaningful Pt instead of us-
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PATpeak

PATfoot

Pc

Time

PPG features

PAT

SpO2

SpO2
98%

Figure 26. Illustration of the parameters calculated from dataset III. VPG (velocity PPG) and APG 
(acceleration PPG) are the frst and second derivatives of PPG, respectively. PPG waveform points 
F, S, N, and D refer to waveform foot, systolic peak, dicrotic notch, and diastolic peak, respectively. 
The waveform points, S, N, and D can be detected with the help of VPG and APG, as illustrated by 
the vertical dashed lines. 

ing absolute pressure values. Figure 27 presents an example of a measurement in 
Human Study III dataset. 

Peripheral Oxygen Saturation 

Regression analysis revealed a statistically signifcant relationship between Pc and 
SpO2 (� = 0.0034, < 0.05). However, SpO2 values remained largely stable at higher 
positive Pt levels, increasing approximately 10–20 mmHg before reaching the DBP 
level and peaking at 100% slightly above the MAP. The largest deviation from the 
theoretical SpO2 maximum of 100% was about 1.9 percentage points. As shown in 
Figure 28b, this increase is attributed to the IR component rising relative to the red 
component, with the IR AC/DC ratio increasing more rapidly than that of the red 
channel. Figure 28c shows that the IR channel amplitude begins to rise before the 
DBP level, while the DC levels exhibit a similar trend, as illustrated in Figure 28d. 

The relative insensitivity to low levels of Pt, with changes starting 10-20 mmHg 
below DBP, is in agreement with the fndings in [190]. However, unlike in [190], 
where the values stabilized, the values in Figure 28 continue to change, possibly 
due to different sensor placements (forehead vs. fngertip). Increasing Pc also in-
creased SpO2 estimation errors, consistent with the fndings in [191]. Both studies 
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a b

c d

Figure 27. Example measurement from dataset III. The right-hand axis in all panels shows cuff 
pressure. a. Normalized raw PPG signals, with the green channel exhibiting the largest DC 
component change. b. Zoomed raw signals normalized to [0, 1], showing clear PPG waveforms. c. 
Normalized amplitude envelopes with a clear oscillometric response. DBP, MAP, and SBP from 
the reference device are marked with green, orange, and red bars, respectively. d. Online and 
offine SpO2 calculations, excluding higher pressure steps due to total occlusion. The fgure is from 
[183]. 

a

c d

b

Figure 28. SpO2 results (mean ± standard error) as a function of Pt (e.g., Pt = 80 mmHg covers 
[85, 75) mmHg etc.). Mean reference device DBP and SBP values are presented as blue and 
orange, respectively, vertical dashed lines. a. SpO2 shows an increasing pattern. b. The IR ratio, 
RIR, begins to increase relative to that of the red channel near Pt = 20 mmHg. c. IR amplitudes 
also tend to increase relative to those of the red channel near Pt = 20 mmHg. d. IR DC component 
increases faster than that of the red channel. The fgure is from [183]. 
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a

b

c

d

Figure 29. PAT results (mean ± standard error) presented in a manner similar to that in Figure 28. 
Mean reference device DBP and SBP values are presented as blue and orange, respectively, 
vertical dashed lines. PATfoot results are in fgures a and b while PATpeak results are in fgures c and 
d. The fgure is from [183]. 

showed that IR amplitudes increased more than the red amplitudes with rising Pc. 
The hypothesis presented in [190] that higher Pc reduces venous blood effects, thus 
increasing SpO2, is supported, but the expected stabilization at low Pc was not ob-
served. Overall, the stability of SpO2 at low Pc suggests that SpO2 can be measured 
with patch-like wearables that are unable to exert signifcant Pc on the skin. 

Pulse Arrival Time 

PATfoot, presented in Figure 29a, shows a clear increasing trend in the green PPG 
channel, accompanied by smaller standard errors, while the red and IR channels, 
presented in Figure 29b, exhibit an upward trend starting near the DBP level. In 
contrast, PATpeak, presented in Figure 29c, for the green channel fuctuates with larger 
standard errors, whereas the red and IR channels, presented in Figure 29d, display a 
consistent decrease beyond Pt 40 mmHg. The observed behavior of the red and IR 
channels aligns with the fndings reported in [192], although a U-shaped pattern prior 
to the increase in PATfoot values is not visible in Figure 29b. This discrepancy may be 
attributed to the lower sampling rate used in our measurements (100 Hz, upsampled 
to 500 Hz, compared to 1 kHz). 

Overall, PATfoot demonstrates greater stability and predictability compared to 
PATpeak. The infuence of Pc on PAT is statistically signifcant across all cases except 
for the green channel PATpeak, as shown in Table 5. In the positive Pt region, the 
maximum differences in PATfoot are 25 ms, 10 ms, and 9 ms for the green, red, and 
IR channels, respectively, while for PATpeak, they are 23 ms, 20 ms, and 26 ms. The 
differences between the green and IR channels are 31 ms for PATfoot and 58 ms for 
PATpeak. The higher PAT values observed in the green channel can be attributed to 
the pulse waveform traveling from deeper to more superfcial blood vessels, intro-
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ducing a delay. This phenomenon has been investigated as a potential basis for more 
convenient BP monitoring using a single MWPPG sensor, removing the need for a 
secondary sensor like the ECG in conventional PAT-based systems [21]. However, 
PAT-based methods for BP estimation generally show limited reliability [175; 193]. 

Photoplethysmogram Features 

Several common PPG features, frequently used in diagnostics and indirect BP esti-
mation techniques, see Figure 30, were computed to evaluate the effects of Pc. These 
features, grouped into amplitude-based, temporal, relative, and basic categories, are 
summarized in Table 5. Among these, amplitude-based features, such as the perfu-
sion index, exhibit the largest variations, while temporal and relative features show 
the smallest. The table also includes CV and linear regression coeffcients with � 
values for the positive Pt region. Relative features are largely insensitive to changes 
in Pc, as indicated by their insignifcant � values. In contrast, amplitude-based fea-
tures and the DC level demonstrate statistical signifcance, with non-linear trends 
observed in the green PPG channel. The temporal feature ΔT is signifcant only in 
the red channel. 

Sensor Pc can signifcantly affect the clinical interpretation of PPG features. For 
example, the APG b/a ratio, an indicator of arterial stiffness (e.g., vascular aging), 
begins to rise as Pc approaches MAP and shows notable changes beyond that point, 
consistent with the fndings in [205]. Using the linear regression model from [202], 
we estimated age based on the IR APG b/a ratio, which varied from [-0.76, -0.68] in 
the positive Pt region (see Figure 30). This corresponded to an age range of 33–43 
years, a ten-year difference, solely due to Pc. Despite the minor variation in the 
APG b/a ratio (Table 5) and its insignifcant regression coeffcient, the impact on 
age estimation was substantial. Similar variations may occur with other features, 
highlighting the need to control Pc. As shown in Figure 30, maintaining Pc below 
the DBP level minimizes this effect. For practical use, a slight contact pressure of 
20—30 mmHg is recommended to reduce movement artifacts. 

5.3.3 Static Pressure Hold 

Human Study Ib studied the effect of PIV in measurements in which the external 
pressure was raised (on average 3.7 mmHg/s) slightly below the MAP, with the aim 
of still having pulsations in the blue channel, and held there for a bit more than two 
minutes. The focus was on the DC components and the pulse waveform amplitudes, 
as they are known to vary due to vasomotor activity [1; 206; 207]. 

Figure 31 illustrates the mean responses in dataset Ib during the 2-minute mea-
surement period, while Figure 32 provides box plots summarizing the fnal changes 
observed at the end of the period. Negative changes in the DC level refect a re-
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Table 5. Summary of calculated PPG features, their CV (absolute values), and polynomial 
regression coeffcients in the positive Pt region. The assumed regression model was frst-order 
(� = �0 + �1�) for most features, except for the green PPG amplitude and perfusion index, where a 
second-order model (� = �0 + �1� + �2�2) was used. Statistically signifcant �-values (� ≤ 0.05) 
are indicated with an asterisk (*). The letters in parentheses in the feature column correspond to 
Figure 26. Note that PATfoot and PATpeak values are included for comparison purposes only and are 
not part of the categorical mean calculations. The table is adapted from [183]. 

|CV| �1 (�1), �2 (�2)
Category Feature Reasoning 

Green Red IR Green Red IR 
BP estimation Amplitude (Amp): The algorithms 9.4 × 10−3 

vertical distance [194; 195] and (8.4 × 10−3*), −4.1 × 10−3 −4.6 × 10−3 
between the systolic 0.140 0.210 0.258usage in −1.1 × 10−4 (3.6 × 10−6*) (3.1 × 10−5*)peak (S) and the oscillometric (8.5 × 10−3*)waveform foot (F) measurements Amplitude 

7.5 × 10−4 
Perfusion index (PI): Hemodynamic (8.0 × 10−3*), −4.3 × 10−5 −1.1 × 10−4 
Ampsystole / DC 0.183 0.214 0.235monitoring [78] −8.0 × 10−6 (2.3 × 10−4*) (4.0 × 10−4*)component level (1.3 × 10−2*) 

Crest time (CT): The 
time diference between 

the systolic peak (S) 
and the waveform foot 

Category mean 

Arterial stifness 
[196] 

0.161 

0.047 

0.212 

0.062 

0.246 

0.067 
3.2 × 10−4 

(3.2 × 10−2*) 
4.4 × 10−4 

(3.6 × 10−3*) 
3.9 × 10−4 

(3.4 × 10−2*) 

(F) 

ΔT: The time diference 
between the diastolic 

(D) and systolic peaks 
(S) 

Arterial stifness 
[196] 0.035 0.044 0.035 

7.2 × 10−5 

(5.5 × 10−1) 
−3.2 × 10−4 

(1.6 × 10−2*) 
−1.6 × 10−4 

(1.9 × 10−1) 

Temporal 

Slope transit time 
(STT): The slope of a 
line from the waveform 
foot (F) to the systolic 

peak (S) 

A single point 
proxy for pulse 

transit time [197] 
0.040 0.074 0.076 

−3.1 × 10−3 

(1.4 × 10−1) 
−1.1 × 10−2 

(1.0 × 10−3*) 
−1.0 × 10−2 

(1.1 × 10−2*) 

PATfoot: The time 
diference between the 
PPG foot (F) and the 

ECG R peak 
PATpeak: The time 

diference between the 
PPG systolic peak (S) 
and the ECG R peak 
Refection index (RI): 
Ampdiastole/Ampsystole 

Category mean 

BP estimation [198] 

BP estimation [199] 

Arterial stifness 
[200] 

0.040 

0.036 

0.016 

0.027 

0.060 

0.015 

0.018 

0.014 

0.059 

0.012 

0.022 

0.018 

−2.8 × 10−1 

(3.6 × 10−6*) 

−4.0 × 10−2 

(6.9 × 10−1) 

−2.4 × 10−4 

(4.5 × 10−1) 

−1.0 × 10−1 

(2.1 × 10−4*) 

1.7 × 10−1 

(3.9 × 10−2*) 

−1.3 × 10−4 

(4.3 × 10−1) 

−7.8 × 10−2 

(2.8 × 10−3*) 

2.1 × 10−1 

(3.3 × 10−2*) 

1.8 × 10−4 

(3.7 × 10−1) 

Relative 

Infection point area 
ratio (IPA): 

Asystole/Adiastole 

Total peripheral 
resistance [201] 0.050 0.096 0.060 

−1.3 × 10−3 

(1.4 × 10−1) 
1.1 × 10−4 

(9.5 × 10−1) 
4.7 × 10−4 

(6.8 × 10−1) 

APG b/a: The 
amplitude ratio of APG 

b (b) and a (a) 

Aging and arterial 
stifness 

[202; 203; 204] 
0.029 0.047 0.034 

−1.2 × 10−4 

(6.3 × 10−1) 
7.4 × 10−4 

(9.4 × 10−2) 
8.8 × 10−5 

(8.0 × 10−1) 

Category mean 0.035 0.052 0.037 

Basic 
DC level: PPG signal 
DC component level 

Relation to average 
blood volume and 

tissues [1] 
0.088 0.004 0.015 

−3.4 × 10−3 

(1.3 × 10−4*) 
1.6 × 10−4 

(3.0 × 10−5*) 
−5.5 × 10−4 

(4.3 × 10−5*) 

All categories mean 0.071 0.085 0.089 

duction in light detected by the photodiode, attributed to increased blood volume 
absorbing more light. In contrast, positive changes in waveform amplitude indicate 
increased perfusion by PIV, leading to stronger pulsations. Among the channels, the 
yellow channel shows the most pronounced DC level change, with a V-shaped trend, 
in which the changes decrease on both sides of the yellow channel. The blue channel 
demonstrates the largest increase in waveform amplitude, with a decreasing trend for 
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Figure 30. Results on PPG features (mean ± standard error) presented in a manner similar to 
that in Figure 28. Amplitude-based features are presented in fgures a and b. Temporal features 
are presented in fgures c–e. Relative features are presented in fgures f–h. The results on the 
basic feature, DC level, are presented in fgure i. See Table 5 for feature descriptions. The fgure is 
from [183]. 

longer wavelengths, stabilizing around the red channel. The variance is higher in 
the shorter-wavelength channels compared to the longer-wavelength ones, probably 
because of the initial small pulse waveform amplitudes under high external pressure, 
allowing for a greater rebound in shorter wavelengths. 

The MC simulation results in Section 5.2.3 showed that the yellow channel is the 
most representative of the arterioles which are known to play a signifcant role in the 
regulation of vascular tone (see Section 2.1.2). Thus, it can be argued that the large 
changes observed in the yellow DC component are due to arteriolar vasodilation, and 
that the increases in the blue and green channel AC amplitudes are a consequence of 
increased blood fow to more superfcial blood vessels. 
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Figure 31. Mean DC component and waveform amplitude changes with 95% confdence intervals, 
calculated relative to the mean value during a 5-second baseline period at the start of the 2-minute 
static pressure hold. The fgure is adapted from [86]. 

Figure 32. Box plots representing the mean values calculated over the fnal fve seconds of the 
period shown in Figure 31. The red lines indicate the median values, while the blue circles 
represent the mean values. Adapted from [86]. 

5.4 Synthetic Photoplethysmograms 
5.4.1 Mathematical Model 

The synthetic PPG model presented in the original Publication II is inspired by the 
works of [208] and [209] presenting the generation of synthetic ECG signals. The 
derivative of a single synthetic PPG pulse waveform is expressed as a sum of Gaus-
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sian function derivatives [181]: 

� xi∑ 
� ′ = − �(xi), (10)����ℎ���� �2 

�=1 � 

where xi is a phase signal for the ��ℎ Gaussian bump with values linearly spaced 
in the range [−�, �] (i.e., a PPG pulse waveform is modeled as a rotation around a 
circle with values sampled at points �1, ..., ��, where �1 = −� and �� = �) but with 
values shifted to the left or right of the center of the pulse waveform by �� (in radians 
from the center point) depending on the location of the desired Gaussian bump (e.g., 
the Gaussian bump modeling the systolic peak of a PPG pulse waveform is shifted 
to the left), � is the number of Gaussian bumps (at minimum two, i.e., to model the 
systolic and diastolic parts of a PPG waveform), �� is the width of the bump, and 
�(xi) is a Gaussian function: ( 

2 
) 

�(xi) = �� exp 
− 
2 
x 
�2 

i 
, (11) 

� 

where �� is an amplitude modifer. [181] The derivative, � ′ ����ℎ����, is then smoothed 
with a 2nd order Savitzky-Golay flter with a window length of 11. Smoothing han-
dles cases where a Gaussian bump is wide enough to cause discontinuity in the f-
nal summed derivative. However, such potential discontinuities have negligible ef-
fects on the resulting waveform, as shown in Publication II. Finally, the derivative 
� ′ is integrated with cumulative numerical integration to obtain the fnal wave-����ℎ���� 

form �����ℎ����. [181] 
A complete PPG signal can be generated using a phase signal consisting of a 

concatenated series of [−�, �] intervals. The number of samples in any given pulse 
waveform interval �, is calculated using the equation adapted from [209]: 

�−1∑ 
�� = ��[� + � sin(2��� 

�� )], (12)
�� �=1 

where �� is the length (in samples) of the pulse waveform interval �, �� is the sam-
pling frequency (in Hz), � is the mean pulse waveform interval length (in seconds), 
� is the breathing coupling coeffcient (assumed to be 0.1) and �� is the breathing 
frequency (in Hz). Thus, HR in any given interval � is defned by ��. For example, 
�� = 80 and �� = 100 equals an HR of 75 (= 60/(80/100)) beats per minute. 

The big beneft of parametric signal generation is the automatic labeling of the 
feet/onsets with simple rules. The frst foot should be near the start of the synthetic 
signal, while the remaining feet should be located near the end of the modeled pulse 
waveform intervals. The potential foot locations can therefore be determined using 
an array in which each element is incremented from the previous element by the 
pulse length ��, resulting in the sequence {0, ��1 , ��1 + ��2 , ...}. Each foot is then 
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a

b

c

Figure 33. Synthetic waveform ftting. a. A real PPG pulse waveform alongside its corresponding 
ftted synthetic waveform. b. The original ftted waveform, from fgure a, together with waveforms 
generated using minimum, mean, and maximum parameter values (see Table 6). c. Evolution of 
the synthetic waveform from one generated with the minimum parameters to one generated with 
the maximum parameters. Adapted from [181]. 
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Figure 34. Power spectral densities (PSDs) used in noise generation. The upper left panel shows 
the mean power spectral densitys (PSDs) computed for each measurement type (sitting, walking, 
and hand movement). The remaining panels present the computed mean PSDs alongside their 
sampled (synthetic) counterparts for each measurement type. The similarity between the 
computed and synthetic PSDs confrms that the noise generator functions as intended. Adapted 
from [181]. 

identifed as the minimum point found within ± 100 milliseconds around these po-
tential locations. For CNN model training, this series of feet is transformed into a 
label signal where each foot is represented by fve ones, the rest of the elements being 
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Table 6. Parameter ranges for generating randomized synthetic PPG signals. The table is 
adapted from [181]. 

(a) PPG waveform parameter ranges. 

Parameter 
Waveform bump 

Systole Diastole Unit 

� (shift) 
� (width) 

� (amplitude) 

[-2.0, -1.4] 
[0.5, 0.9] 
[5.0, 10.0] 

[0.4, 1.0] 
[1.7, 2.1] 
[5.0, 9.0] 

rad 
arb. unit 
arb. unit 

(b) Ranges for the rest of the parameters. 

Parameter Range Unit 

� (mean waveform length) [0.4, 1.3] s 
�� (breathing frequency) [0.15, 0.4] Hz 
������ (noise amplitude) [0, 1.5] arb. unit 

a b

Figure 35. Examples of synthetic PPG signals. a. A synthetic PPG signal with foot location labels, 
generated noise, and the fnal realistic signal normalized to [−1, 1]. b. Longer synthetic PPG 
signals from the same clean signal and noise generated using the same random seed. The fgure 
is from [181]. 

zeros. 
Figure 33a shows a real PPG pulse waveform together with a ftted synthetic 

waveform. The parameters of the ftted waveform were used to experimentally de-
rive model parameter ranges to generate a wide range of different pulse waveforms. 
The parameter ranges are shown in Table 6, while Figure 33b shows the waveforms 
generated from the range and 33c shows the full range of the waveforms. 
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Figure 36. Synthetic BP oscillogram. Top panel: Synthetic pressure signal (blue) generated with 
three Gaussian bumps representing a typical arterial waveform extracted from a fngertip with BP 
of 120/80 mmHg. The orange line is the simulated pressure signal sensed with a setup similar to 
Instrument I assuming linearly increasing external pressure. Note the superimposed arterial 
pressure signal in the closeup fgure on the right. Middle panel: AC component extracted with 
band-pass fltering from the sensed pressure signal. Bottom panel: Computed amplitude envelope 
of the AC component. 

The synthetic model alone generates unrealistically clean PPG signals. There-
fore, a noise generator based on converting a PSD from the frequency domain to 
the time domain using the algorithm presented in [210] was developed. Three mea-
surements (each a little more than two minutes long) were recorded while sitting, 
walking, and moving the hand with the device in random ways. These measure-
ments were then divided into four-second blocks, corresponding the CNN model 
inference period of Instrument II. The timeseries blocks were converted into PSDs 
using the Welch’s method [211] and the computed PSDs were averaged, as shown 
in Figure 34. The averaged PSDs were used as the basis for creating interpolation 
functions that another function uses to create randomized time-domain noise. The 
generated noise effectively represents the noise specifc to the device and measure-
ment protocol, eliminating the need for a parametric synthetic noise model. Figure 
35a illustrates the process of generating realistic PPG signals while 35b shows ex-
amples of longer signals with different types of noise. 

The synthetic model can be easily modifed for specifc purposes or coupled with 
additional models. The model could, for example, be modifed to factor in arrhyth-
mia by adjusting the process of creating pulse waveform intervals (Equation 12) to 
include random irregularities. Similarly, the model could be coupled with, for exam-
ple, the mathematical model for oscillometric BP measurement presented in [185] 
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Table 7. The CNN models analyzed in Human Study II. All layers are convolutional, except those 
labeled Norm. which are normalization layers. Convolutional layer parameters are specifed as the 
number of flters, dilation rate, and activation function. Layers are listed from top (frst layer) to 
bottom (last layer). The output shape of each layer matches the input layer shape, i.e., 400 
samples. The table is adapted from [181]. 

Reference 
NN model NN model 1 NN model 2 

Kernel size 3 5 5 
Parameters 3,169 296 28 
Trainable 

parameters 
3,169 265 23 

Model size 
[kB] 21.3 7.7 3.6 

4, 1, elu 2, 1, swish 2, 2, swish 
8, 2, elu Norm. Norm. 
8, 4, elu 4, 2, swish 1, 4, sigmoid 

Layers 16, 8, elu Norm. -
16, 16, elu 8, 4, swish -
32, 32, elu Norm. -

1, 64, 
sigmoid 

1, 8, sigmoid -

using synthetic pulse waveforms as input to the model. This has been demonstrated 
in Figure 36, which shows an example of a synthetic oscillometric pressure measure-
ment, although the model could just as well be used to generate synthetic MWPPG 
oscillograms which are similar in nature. The combined model can create a range 
of oscillometric signals varying in BP, HR, arterial stiffness, pulse waveform shape, 
noise, and system confguration (e.g., rate of change in external pressure and BP 
monitor cuff size or the air cushion confguration used in the tonometric setup pre-
sented in this thesis). Such a combined model could be used, for example, to train an 
AI quality detector for oscillometric measurements. 

5.4.2 Convolutional Neural Network Based Heart Rate Calcula-
tion 

The synthetic model was used to generate 200,000 four seconds long labeled PPG 
signals. The signals were used as a training set for three different CNN models, 
summarized in Table 7 with further details in the original Publication II. The models 
detect the PPG waveform onsets that mark the beginning of a new pulse and are used 
to calculate HR. The trained models were used to detect the waveform feet in the 
dataset II, with the possibility to run model inference directly on Instrument II. 

HR computed from the detected feet was compared with several common peak 
detection algorithms, including the AMPD algorithm [177], its optimized version 
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Summary of Results and Discussion 

Table 8. Summary of algorithm comparison results. The table shows the mean precision, recall, 
F1 scores, and HR mean absolute error (MAE) relative to the ECG for each foot detection 
algorithm and measurement type. The best values in each column are highlighted in bold black, 
while the worst are in bold red. Mean values are calculated over all measurement durations ( 2 
minutes). The table is adapted from [181]. 

Hand All 
Sitting Walking movement measurements 

Algorithm 

NN model 1 0.94 0.98 0.96 3.1 
NN model 2 0.96 0.98 0.97 2.0 

Ref. NN model 0.95 0.98 0.97 2.5 
AMPD 0.99 0.80 0.89 1.3 

AMPD (modifed) 0.91 0.99 0.95 2.0 
MSPTD 0.99 0.80 0.89 1.3 
Heartpy 0.98 0.89 0.93 1.2 

Autocorrelation - - - 2.7 

0.69 0.70 0.69 15.7 
0.69 0.69 0.69 15.9 
0.70 0.72 0.71 13.7 
0.72 0.53 0.61 17.9 
0.68 0.66 0.67 18.7 
0.70 0.56 0.62 17.0 
0.65 0.62 0.63 16.5 

- - - 20.2 

0.73 0.62 0.67 
0.73 0.63 0.67 
0.74 0.64 0.68 
0.75 0.50 0.60 
0.71 0.65 0.68 
0.75 0.54 0.62 
0.67 0.60 0.63 

15.5 
15.4 
15.5 
16.6 
16.8 
15.6 
15.9 
19.0 

0.80 0.78 0.78 11.0 
0.80 0.78 0.79 10.7 
0.80 0.79 0.79 10.2 
0.83 0.62 0.71 11.4 
0.77 0.78 0.77 12.0 
0.82 0.64 0.72 10.8 
0.78 0.71 0.74 10.7 

- - - 13.4 

multi-scale peak and trough detection (MSPTD) [212], and the HeartPy algorithm 
[213]. Threshold-based methods, such as [214], were excluded as they generally 
perform poorly with short signals. Furthermore, a simple algorithm based on auto-
correlation [215] was used alongside the foot detectors for HR estimation. In this 
method, autocorrelation was computed over 4-second signal blocks, and the location 
of the frst peak was used to determine the pulse waveform length. 

The comparison results are summarized in Table 8. The reference CNN model 
outperforms other methods, achieving the highest number of top values. Notably, 
the two smaller CNN models perform comparably well, suggesting that the limited 
complexity of the 1-dimensional, tightly fltered, and short PPG signals constrains 
the amount of information that can be extracted. Among non-CNN approaches, 
the modifed AMPD and HeartPy algorithms perform relatively well. The modi-
fed AMPD algorithm, in particular, effectively addresses the problem of the original 
AMPD algorithm in detecting feet close to the end points of a signal. 
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6 Conclusion 

PPG has emerged as the defnitive sensor technique for tracking cardiovascular pa-
rameters in modern wearables and has an important clinical application in the form 
of pulse oximetry. However, the prevalent single, dual, and triple wavelength solu-
tions discard most of the spectrum between approximately 400–1,000 nm, and the 
solutions exploring other wavelengths have so far merely aimed to improve the qual-
ity of HR estimation. According to the wavelength-dependency of light penetration 
into skin (based on MC simulations) and the structure of the cutaneous vasculature, 
utilizing more of the spectral range could offer opportunities to extract new cardio-
vascular parameters or improve the accuracy of existing ones. In the late 2010s 
research interest towards utilizing more of the spectrum started to gain traction, giv-
ing a push to MWPPG research. This thesis contributed to that and the wider PPG 
research by developing two MWPPG instruments that integrate controlled and mea-
surable sensor contact pressure systems (Publications I and IV), presenting an edge 
AI system running an HR estimation model trained with signals generated with a de-
veloped synthetic PPG generator model (Publication II), and investigating the effects 
of sensor contact pressure on MWPPG signals (Publication III). 

The results on the developed fnger pressing method (Publications I and IV) to-
gether with the MC simulation results (Publication I) provided clear evidence that the 
different channels of MWPPG have different information content originating from 
the different compartments of the cutaneous vasculature. Combining an MWPPG 
sensor with an external pressure control and measurement mechanism allows to al-
ter hemodynamics to reveal these differences, and provides a way to extract depth-
resolved responses to static pressure (Publication I) and, importantly, depth-resolved 
BP (Publications I and IV). Therefore, the presented method not only measures the 
pressure of the large arteries, as is the case with current automatic non-invasive BP 
monitors, but also provides BP readings for the smaller blood vessels further down 
the vascular tree, mostly arterioles in the current state of the presented method. This 
has the potential to factor in the aspect of microcirculation in noninvasive, and per-
haps wearable, cardiovascular monitoring, improving the diagnosis of CVDs and 
offering a new tool to investigate the pathophysiology of such diseases. 

A related contribution in this thesis was the investigation of sensor contact pres-
sure on PPG signals, notably the effects of uncontrolled contact pressure (Publication 
III). Amplitude (systolic peak derived) and DC component based parameters / wave-
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Conclusion 

form features for wavelengths approximately below 615 nm are sensitive to varying 
sensor contact pressure. Most current applications of PPG do not have a method to 
actively control sensor contact pressure. For example, pulse oximeters typically have 
a spring-based clip that applies a certain pressure based on the stiffness of the spring 
and fngertip size, while wearables generally do not have even that much of control. 
Smart watches are tightened to some more or less variable contact pressure by the 
user, while in smart rings the contact pressure can change signifcantly based on the 
vascular tone, from loose in cold temperatures (due to vasoconstriction) to rather 
tight in warm temperatures (due to vasodilation). Large changes in vascular tone are, 
in general, a challenge with fnger-based PPG measurements, and thus active control 
of sensor contact pressure is benefcial. 

PPG sensor contact pressure should not only be controlled, it should ideally also 
be measured relative to the hemodynamics of an individual (Publication III). As an 
example, considering two subjects with identical anatomy (i.e., the physical size, vas-
culature, and tissue composition) and a clip-based fngertip monitoring device (such 
as a pulse oximeter), assuming that one of them is hypotensive (BP below 90/60 
mmHg) and the other one hypertensive (BP above 140/90 mmHg), the difference in 
the MAPs (70 and 107 mmHg, respectively) is 37 mmHg. Thus, the difference in 
the physiologically relevant Pt in these two cases is also 37 mmHg. Such a large 
difference, although in a quite extreme case, highlights that a fxed contact pressure 
approach is rather crude and adds parameter estimation inaccuracies for subjects 
who need medical attention the most. The effect on SpO2 was found to be rather 
negligible, while certain features used in AI models, for example, for the analysis of 
vascular age, are indeed sensitive to contact pressure. 

The ongoing strong growth in AI based analysis models requires large and rep-
resentative datasets without compromising data privacy. Models trained with syn-
thetic data generator models and accompanied with edge based model inference of-
fer privacy secure and possibly latency optimized solution without compromising on 
accuracy relative to more traditional techniques (Publication II). In addition, para-
metric synthetic models can be rather fexibly modifed to take into account more 
complex cases or coupled with other mathematical models replicating physiological 
processes. An example of this is synthetic oscillograms that resemble the real-world 
oscillograms recorded in the studies behind Publications I and IV. 

The future research direction of PPG sensors looks inevitably directed towards 
multi-wavelength sensing because of its potential to create new monitoring solutions 
that measure hemodynamic parameters from large blood vessels to the vessels of 
the microvasculature (Publications I and IV). In wearables MWPPG could be used 
together with context-aware algorithms to dynamically select the most appropriate 
wavelength of light for a given measurement context and the targeted physiolog-
ical parameter. For example, during exercise, motion-robust green light could be 
used, while blue light together with, for example, IR could be used to compute a 
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single point PTT for vascular analysis. This growth path could beneft signifcantly 
from inverting the typical PPG system architecture, from narrow-band LEDs and 
wideband photodiodes to wideband LEDs and spectrometers (Publication IV). Fu-
ture developments in chip-scale spectrometers would simplify PPG sensor designs 
and allow smaller sensor confgurations while providing a richer set of physiological 
information. 

The MWPPG research has only scratched the surface of future possibilities, and 
as was the case with single- and dual-wavelength PPG in its infancy, a signifcant 
amount of clinical research is needed to understand MWPPG signals in different 
diseases. For example, how do MOP curves (Publications I and IV) compare between 
hypotensive and hypertensive patients (e.g. is the pressure difference between the 
channels < 590 nm and > 630 nm smaller for hypertensive patients, i.e., a sign of 
pressure leakage from large arteries to smaller vessels) and what kind of responses do 
the different channels show in PIV measurements (Publication I) for, e.g., peripheral 
arterial disease or diabetic patients. More research is also needed to understand how 
representative the cutaneous microcirculation is of the generalized microcirculation. 
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