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ABSTRACT  

Intradialytic hypotension (IDH) is a major drawback of haemodialysis and occurs in more than 

every fifth dialysis treatment. There is a need for real-time measurement, with an ability to detect 

IDH before it occurs. Photoplethysmography (PPG) may provide sufficient information about 

hemodynamic status to prevent IDH. In particular, the venous component may be useful.  

 

This thesis aims to investigate suitable signal separation methods for venous component 

extraction, and the wavelengths for optimal venous signal extraction. Furthermore, the effect of 

different body positions and measurement location-combinations are examined. Moreover, the 

thesis aims to answer if a better signal can be provided using additional wavelengths as a 

complement to the two conventional wavelengths used in standard pulse oximeters (I.e., red and 

infrared). Lastly, potential applications of the venous component are searched for in literature, 

apart from blood volume dynamics.  

 

For signal separation, principal component analysis (PCA) was, with regards to morphology, 

found to give similar results as the second-order blind identification (SOBI) for venous extraction. 

Optimal wavelengths for venous component were established to be somewhere between 500-

1000 nm, based on the limitations. The lower limit is due to bad signal to noise ratio and shallow 

penetration depth, whereas the higher limit was due to water absorption. Regarding penetration 

depth and absorption, another subject to consider is the effect of melanin and other chromophores 

absorbing differently for various wavelengths. Based on literature findings and LED-availability 

this thesis continued to investigate venous component extraction using a customized sensor, 

provided by Baxter. The sensor used the wavelengths 515 nm (blue green), 577 nm (yellow 

green), 660 nm (red) and 940 nm (infrared). For reference, ultrasound measurements of nearby 

blood vessels were conducted simultaneous to PPG-measurements using ultrasound equipment 

provided by the Department of Biomedical Engineering at LTH. Combinations of PPG and 

ultrasound reference were done in three different setups: PPG measurements of the thumb, 

forehead, and neck. Respectively, ultrasound reference was acquired from wrist, external 

jugularis and internal jugularis. The components from PPG were compared with the ultrasound 

reference using correlation and visual inspection. Likewise, comparison of separation using only 

the two conventional versus all four of the available sensor channels was done utilizing 

correlation. Additionally, a comparison of the ratios of the principal component eigenvalues were 

done and summarized. 

 

No concluding results could be shown from comparing correlation with ultrasound reference using 

two conventional wavelengths versus four. Ultrasound images proved to be unexpectedly difficult 

to obtain and no satisfactory setup of PPG- and ultrasound measurement could be found. At 

times, signal separation on the PPG-signals did indeed reveal components with venous-like 

pulsations which correlated well with the ultrasound reference signal, but these results were never 

consistently acquired. Extraction of the venous component using PPG could be useful as a non-

invasive option for Peripheral Intravenous Analysis. Moreover, it might also be used as an 

estimator of Central Venous Pressure if the measurement location is on the neck. 
 
 
Keywords: Photoplethysmogram, Ultrasound, Blind Source Separation, PCA, SOBI, venous 
component 
 
The originality of this thesis has been checked using the Turnitin Originality Check service. 
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TIIVISTELMÄ 

Dialyysihoidon aikainen hypotensio (IDH) on merkittävä komplikaatio, joka tapahtuu yli 
viidennessä dialyysihoidossa. Reaaliaikainen mittaus ennakoivalla IDH:n tunnistuskyvyllä on 
tarpeen. Pletysmografia (PPG) voi tarjota riittävää tietoa hemodynaamisesta tilasta IDH:n 
välttämiseen. Erityisesti laskimokomponentti voi olla hyödyllinen.  
 
Diplomityön tavoitteena on selvittää soveltuvia signaalinkäsittelymetodeja laskimokomponentin 
erottamiseen, sekä määrittää optimaaliset aallonpituudet tälle erotukselle. Työ tutkii myös eri 
asento ja mittauspaikka kombinaatioiden vaikutusta. Tämä diplomityö pyrkii myös vastamaan 
siihen, saako erotettua signaalia parannettua käyttämällä lisäaallonpituuksia tavanomaisen 
pulssioksimetrin aallonpituuksien kera (ts. punaisen ja infrapunan). Lopuksi 
kirjallisuuskatsauksella etsitään mahdollisia sovelluskohteita laskimokomponentille, lukuun 
ottamatta veritilavuuden dynamiikkaa.  
 
Signaalinkäsittelyssä pääkomponenttianalyysi (PCA) havaittiin, morfologian perustella, antavan 
samankaltaisia tuloksia laskimokomponentin kohdalla kuin toisen asteen sokea identifiointi 
(SOBI). Optimaalinen aallonpituus laskimokomponentille todettiin rajautuvan 500ï1000 nm 
kohdalle. Alempi raja johtuu heikosta signaali-kohinasuhteesta, sekä pinnallisesta 
tunkeutumissyvyydestä, kun taas ylempi raja veden absorptiosta. Koskien tunkeutumissyvyyttä 
ja absorptiota, on huomioitava melaniinin ja muiden kromoforien vaikutus, jotka absorboivat eri 
tavoin eri aallonpituuksilla. Sekä kirjallisuuskatsauksien havaintojen että LED-saatavuuden 
perusteella, laskimokomponentin erottamiseen rakennettiin tässä työssä räätälöidyllä, Baxterin 
toimittamalla sensorilla. Sensoriin valikoitui aallonpituuksiksi 515 nm (vihreä), 577 nm 
(keltavihreä), 660 nm (punainen) ja 940 nm (infrapuna). Vertailun vuoksi ultraäänellä mitattiin 
läheisiä verisuonia samanaikaisesti PPG-mittauksien kanssa, käyttäen LTH:n biolääketieteen 
osaston laitteistoa. Paikkakombinaatiot tehtiin kolmessa eri kokoonpanossa: PPG-mittaukset 
peukalosta, otsasta ja kaulasta, ja vastaavasti, ultraäänivertailusignaali ranteesta, ulkoisesta 
kaulavaltimosta ja sisemmästä kaulavaltimosta. PPG:n komponentteja verrattiin 
ultraäänivertailusignaaliin käyttäen korrelaatiota ja visuaalista tarkastelua. Samalla tavoin, 
vertailu kahden tavanomaisen ja kaikkien neljän käytössä olevien sensoreiden kohdalla tehtiin 
käyttäen korrelaatiota. Lisäksi tehtiin vertailu pääkomponenttien ominaisarvojen suhteiden välillä, 
yhteenvedon kanssa. Lopuksi kirjallisuuskatsausta käytettiin etsimään mahdollisia 
sovelluskohteita laskimokomponentille.  
 
Tuloksien perusteella ei voitu osoittaa merkittävää eroa korrelaatiossa käyttäen kahta 
tavanomaista aallonpituutta neljän sijaan. Ultraäänikuvaaminen osoittautui yllättävän vaikeaksi, 
eikä tyydyttävää PPG- ja ultraäänimittauksen kokoonpanoa löytynyt. Toisinaan signaalinkäsittely 
PPG-signaalien kohdalla todellakin paljasti komponentit, joissa oli laskimomaisia pulsseja, 
korreloiden hyvin ultraäänen vertailusignaalin kanssa, mutta näitä tuloksia ei koskaan saatu 
johdonmukaisesti. Laskimokomponentin erottaminen PPG:llä voi olla hyödyllinen ei-invasiivisena 
vaihtoehtona perifeeriselle laskimoanalyysille. Lisäksi laskimokomponenttia voinee käyttää myös 
keskuslaskimopaineen estimointiin, mitattaessa kaulan alueelta. 
 
 

Avainsanat: Pletysmografia, Ultraääni, Sokea Signaalinkäsittely, PCA, SOBI, 
laskimokomponentti 
 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck ïohjelmalla. 
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SAMMANFATTNING  

Intradialytisk hypotension (IDH) är en stor nackdel med hemodialys och denna komplikation före-
kommer i mer än var femte dialysbehandling. I nuläget finns ett behov av att i realtid kunna de-
tektera IDH i ett tidigt stadie och förebygga att det sker. Fotopletysmografi (PPG) är en mätmetod 
som potentiellt kan förse tillräckligt med information om hemodynamisk status så att IDH kan 
förhindras. I synnerhet är venkomponenten intressant och kan möjligtvis extraheras med hjälp av 
PPG. 
 
Denna avhandligen syftar till att undersöka lämpliga signalseparationsmetoder och våglängder 
för att optimera extraktion av en venös pulssignal. Dessutom undersöks effekten av olika kropps-
positioner och mätplatser. Avhandligen syftar också att svara på om en bättre signal kan tillhan-
dahållas med ytterliga våglängder, som komplement till de två konventionella våglängderna som 
används i standardpulsoximetrar (röd och infraröd). Slutligen sökes tillämpningar av den venösa 
komponenten med hjälp av litteraturstudier. 
 
Efter att ha undersökt metoderna principal component analysis (PCA) och second order blind 
identification (SOBI), ansågs de ge liknande resultat vid extraktion av signalkällor. Vågkällor inom 
spannet av 500ï1000 nm fastställdes vara optimala. Nedre gränsen beror på dålig signal-
styrka/signal-brusförhållande och för grunt penetrationsdjup medan övre gränsen berodde på ef-
fekter från vattenabsorption. Angående penetrationsdjup och absorption spelade också effekter 
av melanin och andra kromoforer en roll då de absorberar en viss räckvidd av olika våglängder. 
Baserat på litteraturstudier och tillgänglighet av LED-komponenter, designades en fotosensor, 
tillhandahållen av Baxter. Våglängderna 515 nm (blågrön), 577 nm (gulgrön), 660 nm (röd) och 
940 nm (infraröd) användes i denna. Som referenssignal utfördes ultraljudsmätningar av närlig-
gande blodkärl tillsammans med PPG-mätningar, denna ultraljudsutrustning var tillhandahållen 
av Institutionen för Biomedicinsk Teknik vid Lunds Tekniska Högskola. Kombinationer av de två 
mätmetoderna gjordes i tre olika uppställningar: PPG-mätningar av tumme, panna och hals med 
respektive ultraljudsreferens från handled, externa jugularis och interna jugularis. De signalsepa-
rerade komponenterna jämfördes sedan med ultraljudsreferensen genom visuell inspektion och 
korrelationsberäkningar. Dessutom gjordes en sammanställning av förhållandena mellan huvud-
komponentens egenvärden. 
 
Inga avgörande skillnader kunde påvisas från skillnad i korrelation mellan ultraljudsreferens och 
källkomponenter, utvunna från två kontra fyra våglängder. Bra ultraljudsreferenser visade sig vara 
oväntat svåra att erhålla och ingen tillfredsställande uppställning av PPG- och ultraljudsmätning 
kunde hittas. Emellanåt visade sig källkomponenterna från PPG-signalerna venliknande pulsat-
ioner som också korrelerade väl med ultraljudsreferensignalen, men dessa resultat var aldrig 
konsekvent erhållbara. Extraktion av venkomponent med hjälp av PPG är ett icke-invasivt alter-
nativ för Peripheral Intravenous Analysis. Venkomponenten kan dessutom vara användbar för att 
uppskatta CVP (Central Venous Pressure) om den mäts från venösa blodkärl i halsen. 

 
 
Nyckelord: pletysmografi, ultraljud, signalseparation, PCA, SOBI, venkomponent 
 
Originalitet på denna avhandling har kontrollerats med tjänsten Turnitin OriginalityCheck. 
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1. INTRODUCTION 

This joint Master Thesis is a result of a collaboration between Tampere University of 

Technology (TUT), Lund Institute of Technology (LTH) and Baxter© and was written by 

two authors as part of their completion towards their Master of Science-graduation. 

Since the early 20th century, the development of an effective method, removing waste 

products and excess fluid from the blood has been of interest in the medical field. The 

manufacturing of different dialysis methods, i.e., the artificial way of mimicking the 

excretory function of the kidney, has been critical for treatment and recovery of patients 

with renal dysfunction [1]. Even though the dialysis methods are already very advanced, 

haemodynamic instability during dialysis, or more precisely: intradialytic hypotension 

(IDH), is still a common complication during the treatment and occurs in about one out 

of every ten patients [2]. A sudden drop of blood pressure during the treatment is known 

as symptomatic hypotension and is accompanied with symptoms such as nausea, 

vomiting, muscle cramps, dizziness and/or fainting. This requires active monitoring by 

the medical staff to treat and/or prevent. In worse cases, IDH may give rise to tissue 

hypoxia which can cause cardiovascular morbidity and mortality [3]. The cause for this 

complication is not yet fully known but it is suggested that it is related to electrolyte 

imbalances and excessive fluid removal during the dialysis process [4]. Because of the 

close connection between the venous system and hemodynamic stability, changes in 

venous pressure are suggested as a promising indicative parameter of early IDH 

detection [5]. The non-invasive and inexpensive method of photoplethysmography 

(PPG) is therefore suggested as a potential measurement of vital signs during dialysis. 

The thesis aims to investigate a method to extract the venous signal component from a 

PPG measurement using a signal separation-approach as this may be useful for early 

detection of hypovolemia/hypotension in patients undergoing haemodialysis [5]ï[8]. A 

reference signal using ultrasound imaging is meant to be used simultaneously so that 

the morphology of a directly measured vein and the components extracted from PPG 

can be compared. This is done to further confirm that a venous-related signal can be 

acquired through PPG [6], [8]. The methodology is based on two studies from literature. 

A signal separation technique proposed by Yousefi [6] is used for venous extraction. This 

method is Second-Order Blind Identification (SOBI), which is a Blind Source Separation 

(BSS) algorithm [6]. Likewise, a article by Garcia-Lopez & Rodriguez-Villegas [8] is 

repeated in this thesis, as their method uses both the ultrasound and PPG together, but 

with some additional modifications. Especially notable is that the Yousefi study does not 
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provide reference signal, and Garcia-Lopez & Rodriguez-Villegas does not provide any 

separation technique in their method. Furthermore, this thesis adds principal component 

analysis (PCA) as an additional method for separation of the PPG signals. 

Consequently, this thesis aims to investigate the following research questions: 

¶ What signal processing methods are suitable for extracting component data from 

PPG?  

¶ What wavelengths are suitable to extract venous component from PPG data? 

¶ Will signal quality of the venous component improve with additional wavelengths 

other than the conventional? 

¶ How is amplitude and morphology of the components affected by the body 

position (e.g., sitting, lying and Trendelenburg)? 

¶ How is amplitude and morphology of venous component affected by the 

measurement location? 

¶ What possible uses does the venous component have for practical applications 

(excl. blood volume)? 

In the next chapter, a foundation of theoretical background will be laid, starting from the 

relevant physiology. The vascular system relating to the origin of measured signals is 

introduced. Thereafter, the chapter leads on towards hemodynamic stability and kidneys 

are briefly introduced as it is requirement to understand haemodialysis and its 

complications. From there, the basics of haemodialysis and intradialytic hypotension are 

explained as well as a literature study-based discussion of methods to prevent and 

predict IDH. By then, a basis to envision the potential importance of venous component 

extraction to prevent IDH should have been established and the background chapter 

continues with explaining PPG, building a criterion for choosing suitable wavelengths.  

Literature is then examined in two sections, the first focusing on the morphology of PPG, 

while the second section focuses on suitable measurement locations. These two 

sections function as a basis for the measurement plan. The PPG section ends by 

explaining the linear mixture assumption, that is used in the blind source separation 

(BSS) section. Principal Component Analysis (PCA), Independent Component Analysis 

(ICA) and SOBI are introduced here as they were the main separation models 

considered and then used to generate the results. Finally, the background ends with a 

brief explanation of ultrasound imaging as this examination method is used to generate 

a reference signal. In this section, the basic principles of ultrasound, the transducer, and 

a brief literature study of ultrasound imaging of vessels are presented. 
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The methodology chapter starts with describing the process of constructing the 

customized PPG-sensor used for measurements. Thereafter, an investigation of 

ultrasound and PPG-sensor setup is described followed by a measurement plan. The 

data acquisition process of PPG and ultrasound reference signal is then explained. The 

chapter ends with explaining the alignment of ultrasound and principal components 

acquired with PPG, with all relevant comparison methods.  

Lastly, the thesis continues with presenting the results, an extensive discussion of the 

results, limitations, shortcomings, and difficulties. The thesis ends with a conclusion, 

which summarizes the main findings of this study.   
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2. THEORETICAL BACKGROUND  

2.1 Physiology  

To understand the importance of reducing the occurrence rate of IDH, some basic 

physiology of the human body has to be explained. The following chapters will introduce 

the vascular system and then lead onto the delicate balance between the heart and the 

vascular system to maintain haemodynamic stability in the body. Finally, the kidneys and 

their part in maintaining haemodynamic stability are discussed. To summarize, this 

chapter gives the reader enough information to understand haemodialysis and its most 

common complication, IDH. 

2.1.1 The Vascular System  

The vascular system consists of a network of vessels: arteries, veins, and lymph vessels. 

In Figure 1, a simplified diagram of the arterial system and the venous system can be 

seen. The arteries are the vessels where oxygenized blood is transported from the heart 

to the tissue. The veins are the vessels where the deoxygenized blood from the organs 

and tissue is transported back to the heart. The flow of blood through the venous system 

is highly dependent on muscular contractions, pressing the venous blood through 

segments of one-directional valves. During healthy conditions, the venous return and the 

cardiac output, is in equilibrium with the bodyôs demand of oxygen to organs and tissue 

(more about this in chapter 2.1.2).  The peripheral veins act as both a conduit vessel, 

transporting blood back to the heart from organs, extremities and tissue, and as a 

capacitance vessel where approximately two thirds of the total blood is stored as a blood 

reservoir during rest [9], [10].  
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Figure 1.  Simplified diagram of the human circulatory system in anterior view. [11] 

The reason for veins acting as this reservoir of blood is due to that the veins have thinner 

walls than the arteries. This causes the veins to have a vastly higher vascular compliance 

compared to arteries, leading to a fast change of volume with changing blood pressure 

in the veins. It is this high distensibility of the veins that allows large volumes of blood to 

be stored whilst still producing relatively small changes in venous distending pressure. 

This relatively high compliance of the veins then makes the venous system a low-

pressure system compared to the arterial. [9] 

Regarding the high compliance of the veins, it may then be obvious that changes in 

venous compliance also have effects on the cardiac output. For example, an increasing 

stiffness of the veins, which is common among patients with renal dysfunction [3], [12], 

[13], will cause a decreased venous blood return. Dilatation of the veins, or vasodilation, 

plays a role in regulating the cardiac output during exercise to match the metabolic 

demand as the increased compliance will cause muscular contractions to more 

effectively increase the venous return [14]. On the other hand, vasoconstriction (i.e., 
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closing of the veins) is a reflex of the body to maintain the cardiac output during instances 

such as haemorrhage or hypotension, which will be further discussed in Sections 2.2 

and 2.3 [9], [14], [15]. 

It was earlier mentioned that venous return is partly dependent on muscular contractions. 

Therefore, muscular inactivity in a standing or sitting position will cause a longer transit 

time of blood through the veins, also known as venous pooling. This is due to 

gravitational forces pulling the blood down: veins below the heart will have a positive 

hydrostatic pressure, while veins above the heart will experience a negative hydrostatic 

pressure, causing them to collapse. In events of postural fainting due to insufficient 

venous return, venous pooling in the splanchnic circulation system has been proposed 

as one factor [16] (more about this in chapter 2.3.1). Placing a patient in a supine (i.e., 

lying down) position will minimise the effects of hydrostatic pressure and give relatively 

small regional differences of venous pressure [9]. Moreover, a patient positioned in the 

Trendelenburg position, which is a supine position on a table declined so that the patients 

head is lower than the body, the pooling will take place in the upper body instead of in 

the lower body [17]. This will increase the amount of blood available in vena cava and 

could, for instance, increase the cardiac output for a patient that is fainting [17]. 

 

Figure 2.  The different parts of the human heart and blood flow directions. [18] 

In order for the blood to circulate in the vascular system of the human body, it is the heart 

that is functioning as a pressure source. Since cardiac means relating to the heart, the 
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cardiac output refers to the blood being pumped out from the heart. As can be seen in 

Figure 2, the aortic valve of the heart acts as a one-way valve between the heart and the 

aorta. The function of the aortic valve is based on the pressure difference between the 

left ventricle and the aorta. During atrial systole (i.e., simultaneous contraction of the 

atria), pressure starts to build up in the left ventricle from the incoming blood. When a 

certain pressure threshold is reached, the aortic valve opens, resulting in blood flowing 

into and through the aorta. Consequently, the ventricular pressure then drops as the 

ventricles relaxes, known as ventricular diastole. When the pressure falls below aortic 

pressure, a momentary retrograde pressure (i.e., backflow) is believed to occur. This 

causes the aortic valves to close, resulting in a second heart sound with the characteristic 

ñdubò sound. The aortic valve then remains closed until the next pressure build-up in the 

left ventricle. The first heart sound (i.e., óòlubò) is caused by closing 

atrioventricular valves. [19, pp. 270ï271], [20] 

As the heart pumps out blood, it causes pressure waves, travelling throughout the 

vascular system. The pressure that the blood is exerting on the walls of the veins varies 

throughout the body and depends on factors such as distance from the heart and venous 

pooling mentioned above. Two common references to venous pressure are the 

peripheral venous pressure (PVP) and central venous pressure (CVP), the former being 

the pressure in the peripheral veins that drain the organs and tissue, and the latter refers 

to the pressure of the blood in the superior vena cava, which is located near the right 

atrium of the heart, as seen in Figure 2. It is the difference between the CVP and PVP 

that determines the venous return [9].  

 

Figure 3.  The CVP waveform with the characteristic peaks a, c, x, v, and y.[9] 

To identify a venous pressure waveform, the CVP waveform can be useful as a 

reference. In Figure 3 a typical CVP waveform can be seen. The ñaò peak corresponds 
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to atrial systole and increases with right ventricular end-diastolic pressure. The ñcò peak 

appears when the cusp of the tricuspid valve protrudes backwards through the atrium. 

Following is the descending part, ñxò, which is caused by the right ventricle contracting 

downwards, and thus decreasing the pressure in the right atrium together with atrial 

diastolic relaxation. Lastly, the ñvò peak forms as blood keeps filling the right atrium and 

the corresponding back-pressure wave hits the tricuspid valve followed by the ñyò 

descent when the tricuspid valve opens again in early ventricular diastole. [9], [21] As 

the pressure wave travels farther away from vena cava, the morphology will get 

somewhat distorted, and the peaks can have different alignment and relative amplitude. 

However, a wavelet consisting of three peaks is still characteristic for the venous 

pressure wave. 

The fine balance between the heart and the vascular system to maintain enough venous 

return to the heart for an adequate cardiac output is called hemodynamic stability, which 

is explained more in the next chapter. 

2.1.2 Hemodynamic Stability  

Hemodynamic stability is defined as a stable flow of blood in the body. Even though the 

exact parameters used to determine hemodynamic stability is debatable, the systolic 

blood pressure being within normal ranges (debatably considered 90-120 mmHg) is a 

commonly used parameter [22]. On the other hand, hemodynamic instability can be 

defined as perfusion failure, meaning tissue and organs not getting enough blood flow, 

and thus having a deficiency in oxygenation [23]. In events of oxygen deficiency to 

certain parts of the body, i.e., ischemia, there are several mechanisms that the body 

reacts with to resupply blood. One such mechanism to increase blood flow to the areas 

lacking oxygen is vasodilation. However, widespread peripheral vasodilation is a 

problem in patients with distributive shock, since the vasodilation is causing a loss of 

venous return and thus reducing cardiac output which in turn causes hypotension [24].  

Cardiac output is defined as the amount of blood flowing through the heart per minute 

and is dependent on four main factors: heart rate, contractility, preload and afterload [25]. 

To maintain haemodynamic stability, organs of the body require an adequate supply of 

oxygenated blood to stay functional. This requires a steady heart rate and a good blood 

circulation through the vessels of the body. If the cardiac output matches the metabolic 

need, the body is hemodynamically stable. However, during processes where fluids are 

removed from the body (e.g., dialysis), the risk of hemodynamic instability is high. 

Methods for improved monitoring of hemodynamic stability and detection of early stages 

of instability have been proposed. Especially methods to prevent intradialytic 
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hypotension (IDH) where some examples are: tracking the envelope of the PPG signal 

[26] and measuring the inferior vena cava diameter using ultrasound [27]. In a 

methodological review of non-invasive techniques for prevention of IDH by Sörnmo et 

al., it is concluded that PPG pulse wave holds properties that are highly promising for 

prediction of intradialytic hypotension [5]. Detection of hemodynamic instability is 

discussed further in chapter 2.3.2.  

One mechanism that the body uses to regulate blood pressure and haemodynamic 

stability is through the Renin-angiotensin system (RAS). This system is a hormone 

system, which gets activated during reduced blood flow to the kidneys and releases the 

enzyme renin directly into circulation. Through a few chemical processes the hormone 

angiotensin II is then created which is a vasoconstrictive peptide, in other words it causes 

vasoconstriction in venous blood vessels and increases the blood pressure. [28] Renin 

is secreted from the kidneys, and arguably so, the blood flow to the kidneys plays a 

crucial part in maintaining haemodynamic stability. The following chapter gives a brief 

introduction to the kidneys. 

2.1.3 Kidneys  

The two kidneys are the bean-shaped organs, responsible for cleansing the body from 

metabolic waste. Cells in the body need a stable environment to function correctly i.e., 

factors such as temperature, pH, water, electrolytes, and other solutes need to be in 

balance. For the bodily environment to be stable, the body must balance the exert of 

waste products from cellular respiration and metabolic processes so that it matches the 

input. Since the transportation of nutrients to the organs and the corresponding waste 

products mainly occurs via the blood, most of the metabolic waste is also cleansed 

directly from the blood.  About 20 % of the cardiac output is led through the kidneys which 

excretes the metabolic waste in the urine. [1] 

Some complications, such as obstructed urine flow or diseases causing low blood supply 

to the kidneys, decrease or even disable its function. This so-called renal failure (renal 

meaning kidney-related) may require a kidney transplant or some artificial cleansing of 

the blood. [1] A common medical treatment for dysfunctional kidneys is haemodialysis, 

which is presented in the following chapter. 

2.2 Haemodialysis  

To find an effective method to mimic the function of the kidneys in patients with renal 

dysfunction has been of interest since the early 20th century. In the early 1950ôs, 
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haemodialysis (HD) was introduced as an option to treat patients with failing renal 

function, and it is widely used in medical care today [1], [13]. It is a method that aims to 

replace the excretory function of the kidneys, i.e., to remove unwanted solutes and 

excessive fluid from the blood. Haemodialysis is conducted by circulating a part of the 

patientsô blood flow outside of the body and filtrating it towards a desired result. To clean 

the extracorporeal blood, it is run through a dialyzer with two separated compartments 

containing the circulating blood of the patient and a dialysis fluid flowing opposite to the 

blood flow (see Figure 4). These two compartments are separated with a semipermeable 

membrane. [1] 

 

 

Figure 4.  Simplified diagram showing the circuit and flow of the extracorporeal 
blood and the dialysis fluid. [1] 

As the blood runs through the dialyzer, the cleansing of the blood consists of a few 

processes occurring simultaneously. Firstly, a filtration process referred to as 

ultrafiltration (UF) ï by applying a so-called transmembrane pressure gradient across the 

membrane, water and small solutes are forced to penetrate the membrane into the 

dialysis fluid. Excessive and unwanted fluid is thus removed from the patientôs blood. A 

simple example of the corresponding transmembrane pressure gradient can be seen in 

Figure 5. Secondly, the flow of the fluid over the membrane will also cause convection, 

which means that some permeable solutes that can pass through the membrane are 

also drawn across it and into the dialysis fluid. Lastly, solutes in the blood are balanced 

through diffusion. By using a dialysis fluid with solutes differing from the blood, a 

concentration gradient is created over the membrane causing waste products and 

unwanted solutes to leave the blood through the membrane via diffusion and, 

correspondingly, wanted solutes entering the blood. The determinants of diffusion rate 

are then primarily the solute concentration and molecular weight [13]. As the 

concentration of solutes in the dialysis fluid are exchanged with the blood along the 
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dialyzer, the dialysis fluid is kept in a steady flow, counter-current to the blood flow, so 

that the solute concentrations in the blood continually approaches the solute 

concentrations in the dialysis fluid blood, thus optimizing the concentration gradient and 

keeping the solute removal controlled [1].  

 

Figure 5.   A representation of the fluid removal inside a dialyzer. The arrows 
indicate a relatively smaller positive pressure in the blood compartment (Pb) 
compared to the larger negative pressure of the dialysis fluid (PD), creating a 

transmembrane pressure gradient. [1] 

The main effect of haemodialysis is solute exchange and removal of excessive fluids 

across the membrane. Uremic toxins from protein catabolism, like urea and creatinine, 

accumulate in patients with renal dysfunction and must be removed. Sodium, potassium, 

and other electrolyte concentrations are usually out of balance in patients and need to 

be normalized. Lastly, the acid-base balance is often too acidic due to the inability to 

excrete the metabolic waste of protein and needs to be rebalanced using a buffer 

(bicarbonate). [1], [13] 

The concentration of blood solutes is adjusted by controlling the composition of the 

dialysis fluid. Having larger or lower concentrations of a certain solute determines if the 

diffusive transport is adding to or removing from the blood. For example, the dialysis fluid 

is kept free from creatinine and urea so that the removal of these waste products can be 

maximized, electrolytes and buffers are kept close to normal concentration ranges to 
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reacquire balance. Solutes in the patientsô blood that are already in balance also must 

be kept at normal levels in the dialysis fluid to not be removed in the process. [1] 

To acquire an effective result and to minimize complications, the fluid removal must be 

closely monitored by medical staff. In case of complications such as hypotension, the 

staff has to be ready to interfere by, for example, injecting saline to rapidly compensate 

for the fluid loss. The UF rate is controlled by the machine and depends on several 

parameters such as membrane flux and area, blood and fluid flow and other 

characteristics of the specific dialyzer. The dialyzer itself is a small device attached to a 

larger dialysis machine and will be explained in the following section. [1]  

2.2.1 The Dialyzer  

A dialyzer (also known as an ñartificial kidneyò) is the small device in which the blood and 

the dialysis fluid flows through. This device contains the membrane where the exchange 

fluids and solutes take place. To optimize the dialysis process, some important structural 

factors of the dialysis design have to be taken into consideration. These are the features 

of the semi-permeable membrane (flux, thickness) and the surface area of the 

membrane, separating the blood and the dialysis fluid. Another important factor to have 

in mind is that the product should also not contain any impurities such as unhealthy 

substances, residues from sterilization agents, plastics and other non-haemocompatible 

substances. This is important to minimize any allergy-related complications during the 

treatment, especially since it is common for a haemodialysis patient to be treated around 

150 times per year. [1]  

In the early days of dialysis, a so-called plate dialyzer was used but nowadays, the most 

common type of dialyzer is the hollow fibre or capillary dialyzer.  Both dialyzers have the 

same basic features: four external ports to allow the blood and the dialysis fluid to flow 

in opposite directions, small internal blood volume to minimize the required 

extracorporeal blood and a design to maximize the membrane area exposed to the blood 

and dialysis fluid. [1] 
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Figure 6.  Top left: A drawing describing the blood and fluid flow of the dialyzer and 
one actual hollow fibre dialyzer. Top right: A dialysis machine. Bottom: Drawing 
of blood and dialysis fluid flow during treatment. Pictures provided by Baxter [1]. 

A hollow fibre dialyzer consists of thousands of fine capillaries with a diameter of around 

0.2 mm made of membrane material, the capillaries are bundled together and fixed in 

the device with potting. In Figure 6, top left, a hollow fibre dialyzer can be seen together 

with a drawing of how the blood flows through the hollow fibres in opposite direction to 

the dialysis fluid flowing outside.  

During dialysis treatment, the dialyzer is placed on the bulkier dialysis machine creating 

the blood and dialysis fluid circuits. An example of the dialyzer machine can be seen to 

the right in Figure 6. It is in this machine that parameters such as blood- and dialysis fluid 

flow, ultrafiltration rate, and treatment time are determined. These parameters need to 

be uniquely assessed for the patient before each dialysis session so that solutes and 

accumulated excess fluid can be removed safely [1], [13]. 
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Some features in the dialysis machines include automated control of dialysate 

temperature so that a constant body temperature can be maintained during the 

treatment, automated clamps that stop the treatment in case of complications such as 

backflow or leakage and other safety measurements. Despite the successful 

development of haemodialysis, morbidity and mortality among treated patients remain 

relatively high [13]. Additionally, occurrences of distressing IDH incidents are plentiful as 

it is reported to occur in between 10-20 % of treatments [4]. The next chapter explains 

more about this commonly occurring problem and discusses some of its mechanisms 

and methods of prevention. 

2.3 Intradialytic Hypotension  

When fluid is removed from the vascular system through ultrafiltration, the rate of fluid 

removal can exceed the rate of refilling and thus result in a deficiency of circulating blood 

and this condition is referred to as intradialytic hypotension. In order to maintain a 

constant cardiac output, this deficiency can cause the body to compensate by increasing 

the systemic vascular resistance (see Chapter 2.1.1) leading to reduced blood flow 

starting with extremities of the body and results in reduced capacitance reactivity in the 

veins. When this compensation is not sufficient, patients may experience some 

symptoms such as nausea, vomiting, cramps due to reduced blood flow to the muscles, 

abdominal pain, dizziness and/or fainting. In more severe cases of IDH, the hypotension 

may lead to brain damage, myocardial infarction (heart attack) and tissue hypoxia and 

even lead to death. Especially in danger of IDH are patients suffering from End-Stage 

Renal Disease (ESRD), having up to 20 times higher risk of cardiovascular disease 

compared to the general population. The higher risk is suggested to be partly caused by 

earlier episodic tissue hypoxia following IDH [4]. However, it is not uncommon that the 

arterial oxygen tension can fall as much as 25% during haemodialysis, with the patient 

still being asymptomatic, which causes an even greater challenge in perceiving 

hypotension early. Therefore, further need of automated detection is argued for [29].  

Clearly, symptoms and complications varies greatly from patient to patient and there is 

no universal clinical definition of when IDH occurs, mainly because what is considered 

ñnormalò blood pressure can vary among patients [30]. Repeated monitoring and detailed 

estimations of patient parameters, such as dry weight and blood flow, is required to 

achieve an efficient solute removal from the blood while avoiding IDH [1]. To define and 

determine acute IDH, a more specific approach has been proposed using three criteria 

[31]: 
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Å If pre-dialysis systolic arterial pressure (SAP) was greater than 100 mmHg: 

any event with SAP less than 90 mmHg, even without complaints. 

Å If pre-dialysis SAP was less than 100 mmHg: any SAP reduction by at least 

10 % associated with complaints. 

Å Any SAP reduction greater than 25 % in the pre-dialysis value, with the typical 

symptoms requiring specific intervention. 

2.3.1 Prevention and Mechanism of IDH  

To prevent IDH, the most simple way to reduce the risk of IDH is to extend the dialysis 

treatment over a longer time whilst reducing the blood and dialysis fluid flow, making the 

fluid removal more gentle for the patient [32]. The problem with this method is that it will 

cause additional costs and less effective use of the dialysis machines. 

A more cost-effective method of reducing occurrences of IDH has been shown in 

systemic review by Selby et. al, where cooling of the dialysate led to approximately a 

sevenfold decrease in IDH incidents [33]. Therefore, it seems that the system in human 

body regulating temperature (i.e., thermoregulation) has a role in IDH. 

For humans, heat dissipation takes place in the skin. Sweating can further increase the 

cooling of body temperature, although in normal temperatures, heat is dissipated without 

sweating (i.e., dry heat loss). In such case, the main driver of the heat dissipation is the 

amount of blood directed to the skin, by dilation and constriction of the blood vessels. 

More precisely, it is the connection between arteries and veins, called arterio-venous 

anastomoses, which act as valve of the cutaneous circulation (i.e., blood flow to skin). 

Constriction and dilation are caused by the muscles around blood vessels, which have 

‌-receptors and ɼ-receptors. Stimulation of the latter causes dilation, controlled by 

parasympathetic nervous system. Similarly, sympathetic nervous system causes 

contraction, via activation of ɻ-receptors. Muscle walls have more of the ɻ-receptors than 

ɼ-receptors. [34], [35]  

The above-mentioned adrenoceptors (i.e., receptors activated either by adrenaline or 

noradrenaline) maybe the main factors explaining why cooling of the dialysate has 

benefits. Firstly, there are indications that an ɻ-agonist (i.e., chemical that activates the 

receptor) lowers IDH occurrence [36], [37]. However, a more recent study by Brunelli et 

al. discards the benefits of this kind of treatment [38]. Moreover, Palmer et al. theorize 

opposite, that the dilation is impaired with those having IDH incidents. They argue that 

the overreacting sympathetic nervous system is at fault, more precisely the excessive 

amounts of ɻ-agonists, which does not allow proper blood flow to the skin [39]. This 
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raises the core temperature, and once a certain threshold is exceeded, hypotension 

event is caused by rapid dilation [39]. Furthermore, as literature review by Daanen [35] 

points out, dilation of anastomoses may occur passively, by decreased ɻ-stimulation, or 

actively, by stimulation of ɼ-receptors. Thus, based on Palmer et al. theory, with addition 

of the somewhat beneficial ɻ-agonist effect, it may be that the passive dilation does not 

occur. This might lead to overreaction from body, resulting to excessive accumulation of 

ɼ-agonists in order to overcome constriction of the blood vessels.  

Even when the dialysate is cooled, it does not remove all the IDH events. Compensatory 

mechanism is known to be closely linked to IDH, which is the system that maintains blood 

pressure [40], [41]. This blood volumes reduction is the very essence of dialysis 

treatment, as mentioned in Chapter 2.2. Although the mechanism of blood volume loss 

between haemorrhage and dialysis is not equivalent, it may give insight to how 

compensatory mechanism behaves, some of which are demonstrated by Schiller et. al 

during simulated haemorrhage [41]. Especially interesting is their argument that the 

sympathetic nervous system is the main mechanism for avoiding shock, as Palmer et al. 

argued that overreacting sympathetic nervous system is behind IDH [39], [41]. 

Nevertheless, Shen and Baker demonstrated the importance of the venous system when 

they state that ña heart cannot pump more than it receivesò [40]. Therefore, it is apparent 

that blood needs to be flowing to the heart at sufficient rate. This constant flow is enabled 

by the ñblood reservesò in the venous system, holding 70 % of total blood volume [40]. 

Two major blood circulations are recruited most in case of haemorrhage: splanchnic 

circulation (or ñintestinal blood circulationò) and cutaneous circulation (i.e., blood flow to 

skin related tissues) [40], [42]. The former of these holds 20 % of total blood volume [43], 

and was highlighted by Price et al. [44] and Lu & Lai [45] to decrease in volume after 

blood loss. Likewise, Lu and Lai argued similarly for a decrease in skin circulation [45]. 

In addition to these results, an analogous finding during haemodialysis has been 

demonstrated by Yu et al. [46], and later by Daugirdas [47] for the splanchnic circulation. 

Shinzato argued the same for skin circulation [42]. Ergo, it seems that the venous 

compensatory mechanism is activated in a similar fashion in haemodialysis as in 

haemorrhage. Additionally, how well a person tolerates blood volume loss is due to these 

blood reservoirs, and based on the Price et al. study during haemorrhage, it is especially 

the case for the splanchnic circulation [44].  

The venous system is also of interest in the most ordinary fainting, vasovagal syncope 

(VVS). A study stimulating VVS suggested that insufficient venous return to the right 

ventricle was causing the drop in blood pressure [48]. Similarly, a more recent study of 

simulated VVS demonstrated that fainting in healthy subjects was caused by weakened 
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constriction in arteries leading to the splanchnic area [49]. Furthermore, same authors 

demonstrated that for postural tachycardia syndrome patients (POTS), the venous 

pooling in splenic area was causing insufficient venous return to the heart [49]. This 

group is very interesting, as the plasma content of POTS patients shows reduced renin 

and aldosterone content, which is regulated by kidneys [50]. Same is true for dialytic 

patients, which further demonstrates interest towards venous system. 

From the chemical side, Shinzato et al. suggested that the amount of adenosine 

metabolites are growing exponentially prior to sudden hypotension [42]. Adenosine is an 

adenosine triphosphate (ATP) metabolite that is released outside of the cell when ATP 

synthesis is impaired due to lack of oxygen (i.e., ischemic event) [42]. Adenosine 

activates ɼ-adrenoceptors, leading to vascular dilation [51], which Daugirdas argues to 

cause splanchnic vasodilation [47]. According to him, resulting vasodilation is pooling the 

blood in the region, hindering venous return to the heart (see the DeJager-Krogh 

phenomenon).  

In summary, IDH can be effectively prevented with cooling the dialysate. Insufficient 

thermoregulation is theorized to be the culprit, as the overly active sympathetic nervous 

system does not allow sufficient blood flow to the skin. This leads to the rise in central 

body temperature, which may cause hypotension due to excessive vessel dilation. 

Additionally, compensatory system seems to be recruited in similar fashion as in 

haemorrhage, as shown with splanchnic blood volume changes. Moreover, dilation 

initiated by ischemic tissue may cause splanchnic pooling, hindering blood flow to the 

right ventricle. Furthermore, VVS simulations may share the mechanism of IDH event, 

further indicating the relevance of the venous system. Particularly the findings of the 

POTS patients seem to have the most relevance to dialysis patients, as they have lot of 

similarites.  

Lastly, sodium modelling is an alternative method for preventing IDH with the same 

efficacy as cooling of the dialysate [52]. Sodium modelling aims to keep osmotic gradient 

stable in the blood, by controlling the sodium level based on mathematical estimates 

[53]. According to the study of Dheenan & Henrich, utilizing both, the cooling and sodium 

modelling, should lead to optimal effectiveness in IDH reduction [52]. 

2.3.2 Early Detection  of IDH 

In the literature there are multiple suggestions of methods to detect IDH before it occurs. 

Chemical compounds produced during ischemic event can be measured, as Daugirdas 

proposed [47]. However, major limitation is that the gradual IDH will be unseen by these 

methods, when measuring adenosine (ATP metabolite) [42]. Another method proposed 
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by Daugirdas was to measure mixed venous oxygen to detect ischemia (SvO2) based 

on photoplethysmogram (PPG) [47]. 

One technique to provide continuous blood volume information from the cutaneous 

circulation non-invasively is the PPG. Notwithstanding, the importance of the venous 

system mentioned in previous chapter underlines the benefit of monitoring it directly. 

Even though more advanced PPGs can provide mixing venous oxygen reading, they do 

not show the volume changes in the venous side. Additional argument for PPG is its 

ability to provide information of the circulation to organs by only examining surface 

circulation, as suggested by Abay et al [54]. 

Characteristics of the finger PPG has specifically been explored for monitoring of 

hemodynamic stability but so far, no algorithm for predicting IDH has been proposed  

using this method [5]. However, there is a novel method with promising results based on 

PPG pulse amplitude by Solem et al. [26]. 

As PPG not only seems promising for IDH detection, but is also a cheap and easy tool, 

it would be very easy to implement. The PPG will be introduced more in detail in the next 

chapter, whereas chapter 2.4.5 discusses signal separation using PPG-data to 

potentially obtain the venous component.  

2.4 Photoplethysmogram  

The term plethysmogram originates from ancient Greek, combination of the words 

ñplǛthusmosò (enlargement) and ñgrapheinò (to write). Consequently, 

photoplethysmogram (PPG) is an optically derived continuous signal which plots blood 

volume change in real time. [55] 

A normal PPG signal is illustrated in Figure 7. It has distinct systolic and diastolic peaks, 

and a dicrotic notch. This is the point where shift from systolic to diastolic occurs. Dicrotic 

refers to Greek word ñdikrotosò (beating twice), suggesting a phenomenon where two 

beats are observed in a cardiac cycle (i.e., dicrotic pulse, also called pulsus bisferiens). 

[56]ï[58] 
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Figure 7.   PPG waveform and characteristics, from BoonyaȤananta et al. [59] 

The terminology causes some misconception. A Study authored by Lewis in 1906 used 

a term dicrotic wave to describe a waveform believed to arise from the ñreflection of a 

pressure wave from the aortic valves and neighbouring walls of the larger vesselsò [60]. 

Lewisô study was done utilizing Robert Dudgeonôs version of the first non-invasive blood 

pressure monitor, sphygmograph, which was purely mechanic [60]. Furthermore, in 1969 

Ewy et al. used the dicrotic wave analogously in invasive pulse measurement, making a 

distinction between dicrotic notch and dicrotic wave caused by dicrotic pulse [56]. 

Likewise, Dennis et. al emphasises this distinction in their recently published book [61, 

p. 177]. They added that the term dicrotic wave is also used to denote normal reflection 

in the vessels, rather than anomalies [61, p. 177]. Inevitably, as Gamrah et al. warns, 

recent studies confuse dicrotic wave and dicrotic notch with each other [62].  

Necessity for clear separation of these two terms is essential. Not only to avoid 

confusion, but also to better examine their origin. Therefore, this thesis reserves dicrotic 

wave to indicated reflected wave in the vessels. It is defined in the Figure 8. Furthermore, 

in contrast to the recent literature, aortic notch is retained to signify change in waveform 

that is related to aortic valve. The terminology was hinted by Lewis [60], and it can be 

found in medical dictionary [63]. In Figure 8 it is the small valley named dicrotic notch. 

However, it is possible that dicrotic wave is not distinctive (see Figure 7), or that aortic 

valve closure itself causes a small dicrotic wave [59], [61, p. 177]. Lastly, Figure 8 shows 

a main wave and followed by a predicrotic wave (a.k.a. tidal wave). The latter is caused 

by the compliance of aorta, whereas the main wave is caused by the contraction of the 

heart [19]. The predicrotic wave may be less prominent than in the figure [19, p. 265]. 
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Figure 8.   Pulse signal with predicrotic wave. Adapted from Wang et al.  [64] with 
permission (John Wiley and Sons). 

Above mentioned delimitations are made based on the existing consensus in the 

literature: the dicrotic wave is thought to arise from reflection in vessels [61, p. 177], [62], 

whereas the aortic notch is linked to operation of the aortic valve [65]. The fact that these 

two (aortic notch and dicrotic wave) may be intertwined to a singular waveform, 

demonstrates the complexity of the PPG signal. The scope of this thesis entails to 

exclude anomalies caused by other medical conditions which are not directly kidney 

related, such as pulsus bisferiens (i.e., two peaks in systole) [66]. Similarly, it is reminded 

that this distinction is rather artificial, as even the aortic notch alone may not be 

perceivable for various reasons [67], [68]. However, these distinctions allow better 

examination of the PPG waveform origins, which is done in more detail in Chapter 2.4.3. 

The chapter focuses on the existing theories behind aortic notch and dicrotic wave.  

Lastly, a device used to extract oxygen saturation from the PPG signal is called pulse 

oximeter. Next chapter explains more about the theory and physics of this device.   

2.4.1 Pulse oximeter  

Absorbance of light in the blood varies based on the amount of oxygen bound to the 

haemoglobin [69]. Haemoglobin has four sites where oxygen can attach, and if all sites 

are occupied by oxygen atoms, blood is observed as bright red [70, pp. 523ï526]. This 

colour changes to the darker shade of red, once red blood cells enters the capillaries. In 

there, gas exchange occurs; oxygen is entering to the cells and carbon dioxide is 

transferred to the blood. Vice versa takes place in lung alveoli, where oxygen migrates 

to the blood, and blood shifts back to bright red. Thus, blood in veins has different shade 

of red compared to the arteries. This distinction in absorbance is the basis of pulse 

oximeter, used to determine the proportion of oxygenated blood from the total blood 
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volume. The difference in light absorption based on wavelength between fully 

deoxygenated and fully oxygenated blood can be seen in Figure 9. [71, pp. 269, 314]. 

However, in reality the oxygenated blood in the arteries has normally above 95 % 

saturation, whereas the deoxygenated blood in the veins is roughly 70 % saturated [72], 

[73, Ch. 9.6].  

 

Figure 9.  Oxyhaemoglobin in red, deoxyhaemoglobin in blue. Data is from W. B. 
Gratzer (Med. Res. Council Labs, Holly Hill, London) and N. Kollias (Wellman 
Laboratories, Harvard Medical School, Boston), compiled and made available 

by Scott Prah [74].  

Another fundamental of pulse oximeter is Beer-Lambert Law, which describes how light 

is absorbed while propagating through a medium. The equation is as follows: 

 ὃὸ ÌÏÇ ‐ὧὨὸȟ (1) 

 

where ὃὸ is the light absorbance,  Ὅ is the light intensity with subscript ὶ for 

received/incident and ὸ for transmitted, ὧ is the concentration of the solute, Ὠὸ is the 

propagated distance after time ὸ and ‐ is the extinction coefficient for the medium.  

Beer-Lambert law can be examined for a certain wavelength ‗. As seen in Figure 10 

below, only the pulsatile component of the arterial and venous blood corresponds to 

changes in the PPG waveform, while the distance propagated through other tissue is 

assumed to be constant. Thus, for determining relative blood volume changes only the 

AC component is of interest. 
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Figure 10.  Simple drawing of incident light absorbed while propagating through 
tissue and forming the PPG waveform. [6], [75] 

The DC component is used to normalize the measured light as 

 Ὅὸ

ὍӶὸ
‐ὧὨὸȟ 

(2) 

where the distance Ὠὸ is the distance traveled through blood vessels, Ὅὸ is the AC 

component of measured light intensity, ὍӶὸ is the DC component of the measured light 

intensity and ‐ is the extinction coefficient with subscript ‗ corresponding to wavelength 

‗. When evaluating equation (2) for two different light sources (i.e., wavelengths), the 

ratio can be used to estimate peripheral oxygen saturation, called SpO2. Traditionally, it 

is done by dividing the results of equation (2) between red and infrared, where latter is 

the divider. More detailed explanation of pulse oximeter basics can be found from 

previous work of Piiroinen. [76, Ch. 2]  

Saturation is not of interest in this thesis, but rather the raw PPG signal due to signal 

processing objective of the thesis. Continuing further with Beer-Lambert law, separation 

of Ὠὸ into propagation through both venous vessels and arterial vessels, with distances 

(Ὠ ὸ)  (Ὠ ὸ) respectively, equation (2) can be rewritten as 

 Ὅὸ

ὍӶὸ
‐ὧὨ ὸ ‐ὧὨ ὸȟ 

(3) 
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Knowing the saturation level of oxygenated and deoxygenated blood for arterial and 

venous blood respectively, the model can be further expanded into 

 Ὅὸ

ὍӶὸ
‐Ὓ ‐ ρ Ὓ ὧὨ ὸ ‐Ὓ ‐ ρ Ὓ ὧὨ ὸȟ 

(4) 

where ‐  is the extinction coefficient for oxygenized hemoglobin, ‐  is the extinction 

coefficient is for deoxygenized hemoglobin, Ὓ is all the arterial oxygen saturation and Ὓ 

is all the venous oxygen saturation. It can be seen that venous oxygen saturation is a 

linear mixture in equation (4), which is later important, and will be basis of signal 

separation in Chapter 2.5. 

In addition to that at least two light sources are needed, light also needs to be detected. 

For this, a photodiode is used. This system can be structured in two ways, which differ 

in the way that they measure light. In the transmittance method, light is illuminated 

through the tissue, whereas in the reflectance method, light reflected in the tissue is 

measured. An illustration of the distinction is shown in Figure 11. [77, Ch. 9] 

 

Figure 11.  The two different PPG methods: (a) Reflectance, and (b) 
transmission. From Liu et al. [78]  

This work focuses on the reflectance method, due the benefit of plentiful measuring 

locations on the body [77, Ch. 9]. There should not be any difference between the 

morphologies, except the inversed signal of reflected wave, which is mentioned by 

Saritas et al [79, Fig. 2].  
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Lastly, one of the research questions is to examine which wavelengths are suitable for 

extracting the venous signal component. Existing literature is scarce about the venous 

component signal strength. Therefore, fundamental limitations of reflectance method are 

examined in next section, focusing on the optical parameters of skin hinted in Figure 10. 

It start by discussing matters affecting to the venous, as well as, difference in penetration 

depth between the wavelengths. From there, section 2.4.3 concludes with reviewing the 

hypotheses behind aortic notch and dicrotic wave, to examine the origin of the signal and 

few effects to the morpohlogy. Consequently, section 2.4.4 evaluates existing studies 

from literature to establish a hypothesis of appropriate wavelengths for extracting the 

venous component. As the existing studies only measure the artery signal, this selection 

of wavelength is based on the morphology and general signal to noise ratio. Finally, this 

chapter ends by introducing the linear mixutre assumpiton. 

2.4.2 Optical Parameters of the Skin   

There are various elements in the human skin that have an effect on the optical 

parameters. Firstly, there is the matter of absorbance mentioned in previous chapter. 

Secondly, reflectance has a prominent role in reflectance PPG. Thirdly, penetration 

depth determines the source of the signal. Lastly, there is short discussion of the optimal 

wavelength based on the optical parameters. 

Considerable absorbance from other sources than haemoglobin comes from skin 

pigmentation, called melanin, which absorbs light in the whole visible spectrum [80]. 

Other chromophores (i.e., molecules that are responsible of light absorbance) are fat, 

proteins and even DNA, but they are well below the absorbance levels of haemoglobins 

and melanin in the visible region [69], [81]. However, at wavelengths above 1000 nm, 

water and lipids start to be the dominant absorbent, while melanin absorbance decreases 

[69], [82]. The wavelength interval where chromophores are considered transparent to 

light, is called optical window. For the skin the optical window is in the near-infrared 

region, NIR, which lies around 600 to 1300 nm [83]. Figure 12 presents the absorbance 

of deoxyhaemoglobin, oxyhaemoglobin, melanin, water, together with the optical 

window. A conclusion that can be drawn from Figure 12 is that the absorbance of 

chromophores (such as melanin) are highly dependent of the wavelength.  



32 
 

 

Figure 12.  Deoxyhaemoglobin (HHb), oxyhaemoglobin (O2Hb), melanin, and 
other chromophores. Reprinted from Scholkmann et al. [84], with permission 

(Elsevier). 

There are inconsistencies in literature about the water absorption and haemoglobin 

graphs in Figure 12. For example, a literature review based on the data of three studies 

[69, Fig. 10] plots water absorption at the same level as in Figure 12, whereas Lyons et 

al. [83, Fig. 3] plotted it higher. As Scott Prahl remarked, there can be confusion of 

haemoglobin curves regarding the used molar mass [85]. Values in Lyons et al. plot 

might be represented with equivalents, where molar mass of haemoglobin molecule is 

divided by four [85]. Thus, if haemoglobin absorbance values presented by Lyons et al. 

are multiplied by four, the data becomes in accordance with the literature review data. 

Be that as it may, there is no controversy of the haemoglobin plots, as they are similar 

shape across the studies. The next paragraph continues with scattering.  

Scattering is occurring both in the skin and at the surface of the skin. Scattering refers to 

ña change in the direction, polarization or phase of lightò [86]. On the other hand, 

reflection is the phenomena where almost all the light is travelling in same direction (e.g., 

mirrors). Reflectance pulse oximeter detects these both, the diffuse reflection (i.e., 

scattering) and reflection branching from the point of incident [82]. Figure 13 illustrates 

these phenomena, and as it can be seen from the figure, diffuse reflection might occur 

multiple times before returning to the same surface as incident light [80]. However, Figure 
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13 is a bit misleading when examining pulse oximeter, as the emitting LED and detecting 

photodiode are in proximity of each other. Thus, light is emitted and detected in smaller 

angle, than what the picture suggests.  

 

Figure 13.  Light interaction with skin. From Yang et al. [82], with permission 
(Springer Nature). 

Thirdly, there is the penetration depth of the incident light. As cutaneous tissue can be 

further divided in three major sections: epidermis, dermis and hypodermis, the varying 

content of each section has enormous effect on the scattering and absorption properties. 

Additionally, the penetration depth is mainly affected by chromophores, due to their 

varying absorption properties which are changing based on the wavelength [80]. 

Therefore, the choice of the wavelength in pulse oximeter greatly determines, not only 

the measurement depth, but also which segment of blood vessels are observed. An 

illustration of the connection between wavelength and penetration depth in the skin can 

be seen in Figure 14. It is obvious in  the figure, that lower wavelengths (i.e., blue) can 

only measure the PPG of capillaries. [82]  



34 
 

 

Figure 14.  Penetration depth of light of different wavelengts, from Han et al. 
[87] 

Fourthly, the optimal wavelength for venous PPG is not well studied. However, there 

exists an empirical study of reflectance in pig veins and arteries, as shown in Figure 15 

[88]. The study was conducted by making a cut to the abdomen of a living pig to achieve 

a straight optical path. This result suggests that the highest reflectance of veins is 

achieved below 600 nm. Even though humans and pigs have certain similarities, the 

graph in Figure 15 can only be considered as indicative. In vivo study in humans by Cui 

et al claims that  510-590 nm range is best for cutaneous tissue [89]. The authors of the 

study explained this to be due to lesser reflectance from tissues, while demonstrating 

that 575 nm is the best wavelength for the pulsatile component [89]. Another benefit of 

this specific wavelength is its shorter route from reflectance point to the detector, 

meaning it is less effected by the chromophores [90]. Granted that this is measuring only 

surface circulation, it actually might provide information of the deeper circulation of 

organs, as Abay et al suggests [54]. Furthermore, Braverman suggested in his study that 

the dermis region has the vessels that control blood flow to the skin [91]. Thus, surface 

PPG might carry same value as deeper blood vessels, while having optimal signal to 

noise ratio compared to higher wavelengths. 
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Figure 15.  Reflectance spectra for different tissues: Veins in blue, arteries in 
red, large intestines green and magenta for the liver. Modified from source 

figure, left out wavelengths above 950 nm. From Akbari et al [88]. Copyright © 
2009, IEEE.  

Lastly, as Jacques noted in his review titled ñOptical properties of biological tissuesò, 

individual differences are causing significant variations in the optical parameters [69]. 

Generalisations made in this chapter are therefore coarse, which also applies to the 

morphologies of the signal, that will be discussed in the next section.  

2.4.3 Literature Review of PPG Signal Morphologies  

The underlying mechanism which causes the aortic notch during aortic valve closure 

remains disputed at the time of writing. Decou and Kuck states the most often mentioned 

hypothesis, that backflow bouncing from the recently closed aortic valve is causing the 

notch [92, pp. 518ï519]. Gamrah et al. rebuts this hypothesis by showing no correlation 

with experimental data measured from dogs [62]. They reasoned that the three aortic 

valve leaflets give rise to a compression wave, as the leaflets are experiencing sharp 

acceleration due to the decreased pressure in the left ventricle prior the closure of the 

aortic valve. However, their study did not show any evidence of this. Yet, a study by 

Garcia et al. [93] is on somewhat same page, in their examination of the closure 

mechanism of aortic valves. They suggested that the closure is initiated prior to any 

retrograde flow. Nonetheless, further studies are needed to pinpoint the culprit. 
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The dicrotic wave, by delimitation of this thesis (see beginning of Chapter 2.4), refers to 

the reflection arising from impedance mismatch that the forward pressure wave 

experience in the branching blood vessels [56], [62], [92, p. 519]. The effects of this has 

been studied by Decou & Kuck [92] and McEniery et al [94], with similar findings. The 

findings in the former study are visible in the Figure 16, illustrating the effect of reflection 

waves in different sections of the arteries. The findings suggest that the amplitude raises 

further down the arteries, which could be due to effect of reflection waves. More 

peripherally, the primary wave is also becoming sharper and amplified, which also may 

be because the reflections. An opposite theory is that the high-frequency components 

are being amplified in the elastic vessels, and that these pressure waves propagate 

faster than lower-frequency components, explaining also the time difference from aorta 

to measurement location [95]. Yet, more studies are needed to understand the true 

origin.  

 

Figure 16.  Arterial pressure waveform at different measurement locations, 
reprinted from Decou [92, p. 519] with permission (Elsevier). Left side drawing 

for reference. 

Pure aortic notch or pure reflective wave is hard to measure non-invasively. This is due 

to the overlapping nature of the signals, and various factors affecting it. Even though 

research has not deciphered all the questions related to the pressure wave signal, the 

morphology carries valuable information. For example, K. Shelley & S. Shelley [96] has 
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observed multiple aortic notch -like anomalies, concluding: ñmultiple notches are 

believed to indicate a hyperdynamic circulation with reflective waves from the peripheryò. 

Additionally, their study sheds light how venous pulsation might change the morphology 

of the PPG. It is one of the few published studies that combines peripheral intravenous 

measurement with PPG measurement [96, Figs. 23ï13]. The venous component seems 

to create a separate wave just before beginning of the main wave.  

 

Figure 17.  Vascular status and PPG pulse morphology. Reprinted from 
Tusman et al [68], with permission (Springer Nature). 

Another relevant literature finding comes from Tusman et. al, who established a 

connection between the PPG morphology and vascular state [68]. They also classified 

the vascular states, mainly based on the PPG amplitude, into the classes visible in Figure 

17. The main takeaway is that the aortic notch (aka dicrotic notch) seems to move up in 

the morphology during constriction. During vasodilation, the notch is either not visible, or 

appears in a separate wave.  

2.4.4 Literature Review of Wavelengths and Measurement 
Position  

Based on the studies by Tusman et. al [68] and K. Shelley and S. Shelly [96], a 

hypothesis was made for the wavelength selection that the AC component should be as 

prominent as possible, while having visible dicrotic notch. For this, existing studies from 

the literature was reviewed for different wavelengths. Five studies were found, which are 

listed on the Table 1. The first study in the table is by R. Yousefi & M. Nourani [6], who 

managed to extract a venous related component from the PPG. It is unknown what 

specific wavelengths they used in the data. 
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Table 1. Existing studies of PPG morphology 

Authors  Wavelengths  (nm)  Comments  

Yousefi & Nourani 
[6] 

Red and infrared (no 
further information) 

Managed to extract a venous related 
component. 

Matsumura et al.  
[97, Fig. 7] 

470, 525, 660, 810 
Good signal-to-noise ratio for all 

wavelengths, best for the first two 

Simone et al.  
[98, Fig. 3] 

515, 630, 850, 940 AC values best for 515 and 940 nm 

Spigulis et al.  
[99, Figs. 5ï6] 

405, 532, 645, 807, 
1064 

Aortic notch is most prominent for 
532, 645 and 807 nm. 

Han et al.  
[87, Figs. 8ï10] 

460, 530, 660, 940 460 has worst morphology. 

Alharbi e t al.  
[90] 

525, 595, 650, 870 
Equivalent SpO2 reading between 

wavelength pairs 525/595 and 650/870. 

The conclusion from the Table 1 is that blue wavelengths (below 500 nm) may provide 

insufficient signal quality, based on the SNR ratio and distorted morphology. Green light 

(around 530 nm) seems to be in par with conventional red and infrared. The last study in 

Table 1 suggests that green and orange pair should provide same quality signal, as the 

conventional red and infrared pair based on the Spo2 reading [90]. This could convert to 

venous component extraction as well, as difference between the wavelengths is 

sufficient for SpO2 measurements. 

Regarding suitable measurement site, a literature search was performed to find locations 

with high AC component in the PPG. The findings are listed in Table 2. It was found that 

neck should be promising place for measuring venous PPG component. This is based 

on the study by I. López & E. Rodriquez-Villegas [8], whom measured both PPG and 

jugular venous diameter with ultrasound.  

Table 2. Measurement sites, with rationales 

Measurement site  Rationale  

Finger  Most common place to measure. 

Neck  To repeat the study by López and Rodriquez-Villegas [8]. 

Wrist  Seemed to have decent signal [100], [101]. 

Forehead  
Prone to strong venous component in Trendelenburg position, 

based on Abay et al. [102] 

Leg 
Relation to venous pressure and PPG measurement already 

proved, above medial malleolus [103]. 

Other extremity 
(earlobe or big toe)  

Extremities have good PPG signal. 

Forehead SpO2 measurements were believed to be interfered by the venous 

component, which is interesting for venous component extraction [102]. Additionally, one 
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study has already demonstrated a connection between venous pressure and PPG signal 

in leg, which is also promising site [103]. Wrist and other extremities might also be 

sufficient, but these sites require experimental validation. Measurements at the 

extremities should be excellent in PPG quality, which are common PPG measurement 

locations for SpO2 measurements.   

The wavelength selection is further discussed in the section 3.1. Likewise, measurement 

positions are discussed in section 3.2.1. Next section will end this chapter with a linear 

mixture model for PPG. This will be utilized in the blind source separation chapter. 

2.4.5 Linear Mixture Assumption  

Assuming that the arterial and venous oxygen saturation remains constant during a short 

timeframe, equation (4) can be seen as a linear mixture with only parameters Ὠ ὸ and 

Ὠ ὸ varying. Comparing to equation (5) in the following subsection, the remaining 

factors in front of Ὠ ὸ and Ὠ ὸ can be considered as the mixing weights while the 

diameters are the sources. Furthermore, knowing that the extinction coefficient (or 

absorption) differs in the oxyhaemoglobin and deoxyhaemoglobin for different 

wavelengths (see Chapter 2.4.2), the wavelength of the light sources can be selected in 

such way that the PPG acquisition will acquire signals with different mixing coefficient for 

the different wavelengths. Theoretically, this allows for separation of the sources Ὠ ὸ 

and Ὠ ὸ. 

2.5 Blind Source Separation  

The objective in this thesis is to separate venous component from the mixed PPG signal. 

An assumption is that the measured signal is linear mixture of noise, arterial and venous 

components. This kind of signal processing is called blind source separation [104, p. 4].  

The most elucidating setting for blind source separation can be found from real-life: the 

cocktail party problem. It describes the setting where humans can easily focus to one 

personôs speech among the many auditory impulses, such as speech, noise, and music. 

This is very burdensome with computers. Blind Source Separation (BSS), in this given 

setting, is therefore an algorithm-based method used to separate speakers (sources) 

with equal number of microphones (observed signals). However, this equilibrium 

between sources and observed signals is not required. Separation with BSS is also 

possible when fewer signals are observed and is called underdetermined blind source 

separation. Likewise, when microphones are more abundant, it is called overdetermined 

system. The balanced system is determined or balanced BSS. [104, pp. 148ï150], [105] 
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Mathematically, the observed signal introduced above is expressed as: 

 ὼὸ ὥίὸ ὥί ὸ ὥί ὸȟ (5) 
 

where Ὥ is a running number of the measured signals ὼ (i.e., mixture signal), ὥὭὯ the 

mixing weights of coefficients and ίὯ are the source signals (e.g., speech of one person) 

[104, p. 4]. In the equation (5), three sources are expected, so Ὧ ρȟςȟσ (i.e., 

determined BSS). The sources can be retrieved from the observations using:  

 ί ὸ ύ ὼ ὸ ύ ὼ ὸ ύ ὼ ὸȟ (6) 

 

ύὭὯ the de-mixing weights [104, p. 4]. In equation (5), the ὥὭὯ forms matrix ═, which 

inverse has the de-mixing weights ύὭὯ [104, p. 6]. The number of extracted components 

ὓ equals to number of sources ὔ, as there is equilibrium between sources and observed 

signals, where the latter is linear mixture of the sources.  

The most known blind source separation technique is independent component analysis. 

It is the basis for more sophisticated versions, such as second order blind source 

separation (SOBI) [104, pp. 341ï344]. Next sections will deal with the various methods 

in detail, returning the equations above.   

2.5.1 PCA 

Principal component analysis (PCA) is known from statistics. It is used to extract the 

hidden patterns from large datasets, and can also be used to remove redundancies from 

the data. This dimension reduction is normally the first step of BSS. [104, p. 267], [106]  

PCA relies on eigenvectors and eigenvalues, which can be derived from the algebraic 

eigenvalue problem:  

 ἋἾ Ἶȟ (7) 

 

where v is eigenvector, ʇ its eigenvalues, and ὃ is a square matrix [107, p. 44]. In PCA, 

square matrix A is covariance matrix of the data [108, pp. 44, 419]: 

 
Ἃ

ÃÏÖ●ȟ● ÃÏÖ●ȟ◐
ÃÏÖ◐ȟ● ÃÏÖ◐ȟ◐

ȟ 
(8) 

 

In the given example the covariance is calculated for two datasets: ● and ◐. Equation (8) 

can be simplified, as ÃÏÖ●ȟ● is simply variance. Also, the covariance matrix is 

symmetric, i.e., secondary diagonal values are equal. 

Utilizing equation (7) in alternative form, we get the eigenvalue decomposition equation: 

 Ἃ ἤ ἤ ȟ (9) 
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where ╥ is a square matrix of eigenvectors and ☻ is a diagonal matrix of eigenvalues (‗) 

[107, p. 48]. The principal components are equal to the eigenvectors in the ╥ matrix.   

Before explaining the relevance of eigenvectors and -values, there is one alternative for 

equation (9). It is called singular value decomposition (SVD): 

 ἦ ἣἤἢȟ (10) 

where ╧ is a data matrix, ╤ denotes left singular vector, ♅ represents the singular values 

in diagonal matrix and ╥4is the right singular vector [107, Ch. 15]. This latter singular 

vectors ╥4 contains the principal components. However, singular vectors and 

eigenvectors are not the same. Fortunately, there is connection between equations (9) 

and (10): 

 ═╥ ╥☻P ╧ἢ╧ ╥ ╥♅ȟ (11) 

 

where the variables remain same, and ╧ἢ╧ is a square matrix [107, p. 379]. Thus, 

speaking of SVD, eigenvectors for ╧ἢ╧ (i.e., square matrix) is ╥ and eigenvalues ☻  are 

singular values squared ♅ .  

Either the SVD or eigenvalue decomposition can be used for PCA. SVD is more stable 

of these two, as it does not require the calculation of covariance. On the other hand, 

when dimension is high, eigenvalue decomposition will be faster [109]. [104, p. 267], 

[107, pp. 384ï385] 

 

Figure 18.  Principle component analysis, graphically. Arbitrary variables are 
ὼ and ὼ.  Datapoints in red spheres. PC1 is the first principal component. In 

the left of the figure, PC1 is not optimal. In the right, it is the true principal 
component. Datapoints are projected (in green) to the line, where the distance 

to the origin is calculated (in blue).  

How PCA functions is visually illustrated in Figure 18. Datapoints (red spheres) are 

projected to the red line. When all datapoints are projected, sum of squared distances to 

the origin is calculated and optimized. For single datapoint, this distance is denoted with 
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c. The eigenvector calculated in SVD gives exactly this principal component in optimal 

case (in right of the Figure 18), with normalized length of one. Respectively, eigenvalues 

are the sum of squared distances to origin. And as shown in equation (11), singular value 

is squared to get eigenvalue. [110], [111] 

When there are more dimensions, principal components remain always perpendicular to 

each other. Therefore, in two-dimensional case, second principal component in Figure 

18 would be parallel to the red line, passing through origin.  

Principal component lines become the new axis, and rotation is done to make first 

principal component horizontal. This rotation action is exactly what is happening in matrix 

multiplication, and in this instance is referred as decorrelation. Furthermore, if equation 

(10) is read from right to left, it rotates, stretches, and rotates the data matrix ὢ. [107, pp. 

377ï378, 418]  

Lastly, there are three more terms connected to PCA: centering, dimensionality reduction 

and whitening. Firstly, centring is the process of removing the mean from the data. 

Secondly, the primary diagonal values ═ in equation (8) retrieves the variances, where 

as in SVD ♅ has the equivalent data. These diagonal values can be sorted from highest 

to lowest, and near zero values can be considered redundant and ignored. This is 

dimensionality reduction. Thirdly, whitening is the process where data is divided by its 

eigenvalues to have normalized scale. The result will be a data with gaussian distribution 

and zero mean, having a variance equal to one [104, p. 140].  The scaling of the 

components can be reversed after the component extraction. The next chapter continues 

with the matter of independency. [104, Ch. 13,14.6] 

2.5.2 ICA 

The difference between Independent component analysis (ICA) and PCA methods is 

illustrated in the Figure 19, where datapoints are represented with red colour. It is 

immediately obvious that the data have two independent components. Furthermore, 

principal component analysis (in green) is not able to distinct the underlying components. 

Independent component analysis on the other hand is rightfully separating the 

components (in black and blue) from the data. This is because principal components are 

always orthogonal to each other, while ICA can retrieve other than orthogonal directions. 

However, ICA is stricter, requiring independency, while PCA requires only uncorrelation. 

[104, pp. 152ï153], [107, p. 415] 
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Figure 19.  Difference between principal components and independent 
components, visually. Red colour for datapoints. Blue and black: Independent 

components. Green: Principal component. Principal components do not 
represent the data. 

Independent component analysis assumes two things: independency and that the 

distribution of data is non-gaussian [104, pp. 152ï153]. Latter can be easily explained 

by the impossibility to determine vector direction in certain situation. One such case is 

where datapoints form a circle in Figure 19. Independency, or more precisely the 

statistical independency is forced by equation (6): it is no longer linear mixture if sources 

are dependent of each other. Mathematically: 

 ὖίȟίȟί ὖίὖί ὖί ȟ (12) 

 

where ί denotes source signal [104, p. 153].  

To put the equation (5) in matrix form: 

 ἦ ═╢ȟ (13) 

where ╢ is Ὧ ὲ matrix [104, p. 152]. In it, each row Ὧ is independent component and ὲ 

is the length of the signal. ═ is Ὧ Ὧ square matrix and ╧ is Ὧ ὲ matrix of the observed 

signal. [104, pp. 152ï153] 

There is no information of the ═ or ╢ matrices, but it can be estimated: 

 ╢ ║╧ȟ (14) 
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where ὄ is the inverse of matrix ═ and ╢ is the estimated ╢ [Modified: 65, pp. 152ï153; 

68, p. 414]. Equation above assumes the matrix ═ to be invertible [104, p. 153]. For one 

component, combination of (14) and (13) gives: 

 ▼ ╫╣═▼ȟ (15) 

where ╫╣═ forms a ρ Ὧ row vector and ▼ and ▼ are  ρ ὲ vectors [104, p. 166]. Variable 

╫╣ is the transpose of first vector in matrix ║ (see equation (14)).  

The fundamental of ICA comes down to central limit theorem: summing up independent 

random components (i.e., matrix ╢) together approaches Gaussian distribution. 

Therefore, finding ╫╣═ that ▼ is as non-gaussian as possible will give the approximation 

of independent component. In other words, this leads to approximation of independency, 

given in equation (12) [107, p. 418]. This happens when row vector ╫╣═ has only one 

element with value one, while rest are zero. [104, p. 166] 

To determine non-gaussianity, kurtosis can be utilized for some signal ώ [104, p. 171]: 

 
+ÕÒÔ◐ Ὁ◐ σὉ◐ ȟ 

(16) 

However, this is sensitive to outliers [104, p. 182]. Hence, reverse entropy aka 

negentropy is more used: 

 ὐ◐ Ὄ◐╖ Ὄ◐ȟ (17) 

Where ώ is gaussian variable with the same correlation matrix as y, and Ὄώ is the 

differential entropy of y [104, p. 182]. Negentropy can have values ὐώ π, and is zero 

when ώ is gaussian. Performing equation (17) to dataset requires probability density 

function estimates [104, p. 183]. One of such would be the Gram-Charlier expansion: 

 
ὴǶʊ •ʊ ρ ʆ Ù

Ὄ ʊ

σȦ
ʆ Ù

Ὄ ʊ

τȦ
ȟ 

(18) 

where ʆ is ὲ:th order cumulant and •ʊ the gaussian density [104, p. 114]. Here the 

non-gaussianity is described with the 3rd and 4th order cumulants [104, p. 114]. Using 

equation (18) in entropy gives [104, p. 114]: 

 
Ὄ◐ ὴǶʊ ὰέὫ ὴǶʊ Ὠ‚Ȣ 

(19) 

Equation (19) can be further approximated and used to calculate negentropy:  

 
ὐ◐

ρ

ρς
Ὁ◐

ρ

τψ
Ὧόὶὸ◐ ȟ 

(20) 

where ώ is standardized, meaning zero mean and unit variance (see centring and 

whitening in section 2.5.1) [104, pp. 115, 183ï184]. Noting that kurtosis is ʆ Ù

Ὁώ σ even further simplifications can be done by replacing ώ and ώ with set of 
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approximating functions Ὃ [104, pp. 114, 183], while subtracting the expectation of 

gaussian variable: 

 ὐώ Ὧ ὉὋ ώ Ὧ ὉὋ ώ ὉὋ Ὣ  (21) 

where Ὃ is function, Ὧ is constant and Ὣ is random gaussian variable [104, pp. 182ï

183]. Suggested by Hyvärinen et al., good G functions are: 

 
Ὃ ώ

ρ

ὥ
ÌÏÇ ÃÏÓÈὥȟώȟ   

(22) 

 Ὃ ώ ÅØÐ ώȾςȟ   (23) 

where ρ ὥ ς [104, p. 184]. Using the functions (22) and (23) in equation (21) gives 

the more efficient approximation of negentropy, when comparing to equation (20) [104, 

pp. 184ï184]. 

To prove that minimizing gaussianity indeed maximizes independency, Kullback-Leibler 

divergence can be used: 

 
Ὀ ὴȟὴ‏ ὴ ʊὰέὫ

ὴ ʊ

ὴ ʊ
 Ὠʊȟ 

(24) 

where ὴ and ὴ are probability density functions [104, p. 110]. It measures how close 

two probability density functions are [112, pp. 47ï48]. For a random variable ώ: 

 

 Ὅώȟώȟȣȟώ Ὀ ὴώȟώȟȣȟώ ȿȿὴώ ὴώ ȣὴώ πȟ (25) 

 

where Ὀ  is the Kullback-Leibler divergence [112, p. 48]. If, and only if variables are 

independent, mutual information is zero (see equation (12) for reference) [104, p. 111]. 

Figure 20 illustrates the mutual information with Venn diagram. Mutual information in the 

figure is the overlapping section of the entropies between variables ὢ and ὣ.  

 

Figure 20.  Mutual information with Shannon entropies. [113] 
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Equation (19) for vectors is: 

 
Ὄώ ὴώÌÏÇὴώὨώ 

(26) 

The discreet counterpart of equation (26) tells the quantitative amount of the variable 

and is called Shannon entropy.  

Another way to express Kullback-Leibler divergence for ά scalars with entropies is:  

 

 Ὅώȟώȟȣȟώ Ὄώ Ὄώȟ (27) 

where ώ is the scalars of the vector ώ [104, p. 110]. When taking the equation (14), 

entropies connect: 

 Ὄώ Ὄὼ ÌÏÇȿÄÅÔὄȿȟ (28) 

in which ὄ is matrix [104, p. 109]. Plugging equation (28) to equation (27) leads to [104, 

pp. 222ï223]: 

 Ὅώȟώȟȣȟώ Ὄώ Ὄὼ ÌÏÇȿÄÅÔὄȿ  (29) 

Plugging in equation (17) to above, following form takes place: 

 Ὅώȟώȟȣȟώ Ὄώ ὐώ Ὄὼ ÌÏÇȿÄÅÔὄȿȟ   (30) 

Since ώ is whitened and centred, and correlation is expected, entropies and negentropy 

are having constant difference. Likewise, ÄÅÔὄ is a constant. [104, p. 223]  

Finally, as all except Вὐώ  in the right side of the equation (30) are constants, it is 

proven that minimizing entropy results maximized independence [104, p. 223]: 

 ÍÁØ Ὅώȟώȟȣȟώ ÍÉÎ ὐώ  (31) 

The reason why to maximize mutual information, is to have estimate of ╢ to be as close 

to source signal ╢  as possible (see equations (6) and (14)).  

One major problem with the ICA-model is that it does not take any time structure into 

account. For example, the order of the samples does not matter for the validity of the 

model [75, p. 341]. In accordance with equations (5) and (6) the signal does very much 

have a time structure; it is expected to measure blood volume changes over time. To 

complement for this, the ICA-model must be further expanded. One such expanded 

model is the Second-order Blind Identification (SOBI) algorithm. 
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2.5.3 SOBI 

To implement the Second-order Blind Identification (SOBI) algorithm a simple form of 

time structure is needed. One such is given by linear autocovariances, i.e., the 

covariances between the values of the signal at different time points noted as 

ÃÏÖὼὸὼὸ †  where † is some lag constant. Furthermore, we also need the 

covariances between two different signals: ÃÏÖὼὸὼὸ † ȟὭ Ὦ. For a given time 

lag †, all these covariances can be grouped together in a so-called time-lagged 

covariance matrix: 

 ╒●† Ὁ●◄●◄ † ȟ (32) 

Where subscript x denotes the mixed signal. [77, Ch.18] 

For † π and † π we get the following structure of covariance matrices: 

 ╒●π Ὁ●◄●◄ † ═╒▼π═
╗ Ɑ╘ȟ (33) 

where superscript Ὄ denotes the complex conjugate transpose and subscript ί denotes 

the source signal [114]. 

The relationship between whitened data ◑ὸ, the independent components ▼ὸ and the 

orthogonal separating matrix ╦ is: 

 ╦◑◄ † ▼◄ † (34) 

By modifying the lagged covariance matrix from equation (32) slightly  

 
╒◑†

ρ

ς
╒◑† ╒◑†  

(35) 

linearity and orthogonality give the relation: 

 
╒◑†

ρ
╦ Ὁ▼ὸ▼ὸ † Ὁ▼ὸ Ὕ▼ὸ ╦ ╦ ╒▼†╦ȟ 

(36) 

Because of the independence of the source signals ί, its time-lagged covariance matrix, 

╒▼ὸ, is diagonal and equal to the matrix ╒▼†. Thus 

 ╒◑†  ╦ ╒▼†╦Ȣ (37) 

The above equation shows that this relation is a typical eigenvalue decomposition which 

is simple to compute and symmetrical. However, it is still restricted to that the 

eigenvectors of ╒ † must be unique. If any of the eigenvalues are equal the 

corresponding independent components cannot be estimated. [77, Ch.18] 

If several time lags are to be used, simultaneous diagonalization of all the lagged 

covariance matrices is required. It should also be mentioned that a true diagonalization 

will most likely not be possible because eigenvectors of the different covariance matrices 
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will not be equal. However, a good enough solution can be done by minimizing the sum 

of the off-diagonal elements. This can be done by minimizing the objective function 

 ὐ╦ ÏÆÆ╦╒◑╦
╣ȟ (38) 

where ÏÆÆz -function is defined as the sum of all squared off diagonal elements i.e., for 

a matrix ╜ with elements ά , έὪὪ╜ В ά  . In the SOBI-algorithm, this is done by 

finding a unitary matrix ╤ so that ὐ╤  is minimized, ideally ὐ╤ π. This matrix ╤ is 

then referred to as a joint diagonalizer of ╒◑ in equation (38). [77, Ch.18] 

The estimated source signals are then: 

 ▼◄ ╤ ╦●◄ (39) 

Where the mixing matrix is estimated as ═ ╦Π╤, where superscript # denotes the 

Moore-Penrose pseudo inverse. 

2.6 Ultrasound Imaging  

For this work, ultrasound imaging was used to track changes in vessel diameter to be 

used as a reference for determining whether the extracted component of the PPG-signal 

was arterial or venous related. The idea was to use ultrasound imaging to isolate certain 

blood vessels connected to the PPG measurement location and compare with the 

extracted components after BSS. 

Ultrasound is defined as sound waves with frequencies ranging from 20 kHz and above. 

One application of ultrasound is to use an ultrasound scanner, or transducer, to scan 

over a surface to retrieve images of the internal structure of a body. In the medical field, 

ultrasound is the most common non-invasive imaging technique and holds a high 

scientific and diagnostic value [85, p. 1-2]. 

2.6.1 Basic Physical Principles of Ultrasound  

The physics of ultrasound is in some respects like that of the reflective 

photoplethysmography. Both methods are based on waves propagating through a 

medium where the reflected waves are measured and treated with signal processing. 

The main difference is that the interference of sound with tissue is on a much larger scale 

than with light and tissue. For example, absorption of sound, ὃ ὸ,  is like the Beer-

Lambert law for light absorption as seen in the equation below: 

 
ὃ ὸ ὥὪὨὸȟ 

(40) 
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where ὥ is the attenuation coefficient of the material propagated through, Ὢ frequency of 

sound and Ὠὸ distance travelled after time ὸ [85, p. 20-22]. 

The most important principle for ultrasound imaging is the reflection of sound when 

interfering with an interface of two mediums with different acoustic impedances, ᾀ and 

ᾀ. Looking at equation (41) below, one can see that the intensity reflection coefficient Ὑ 

increases with increasing difference between the acoustic impedances, ᾀ and ᾀ [85, p. 

15-17]. 

 
Ὑ

ᾀ ᾀ

ᾀ ᾀ
 

 

(41) 

Where the acoustic impedance is defined as: 

 ᾀ ”ὧ, (42) 

 

and ” is the density and ὧ is the speed of sound in the medium. An increased Ὑ then 

corresponds to higher contrast in the ultrasound image but also a greater loss of 

transmitted energy since Ὑ is proportional to the fraction of the total intensity that is lost 

to reflection of the incoming sound wave. To send and receive ultrasonic pulses, a device 

called transducer is needed. 

2.6.2 The Transducer  

The transducer is the device that both converts electrical transmission into ultrasonic 

pulses and receives ultrasound and translates it to electrical transmission [85, Ch.3]. 

When imaging internal tissue of the body, a hydrogel is applied at the measurement 

location to avoid great losses of sound intensity due to changes of impedance from air 

between the transducer and body. The transducer is then slid and angled across the 

surface until a position is found where an adequate image can be acquired. The handling 

of the transducer and understanding the live image can be difficult and often requires a 

trained eye and a stable hand. 

To generate and detect ultrasound, modern transducers usually have several 

piezoelectric elements in the front end, most commonly distributed along an array but 

they can be orientated differently depending on the application. As seen in Figure 21, 

each piezoelectric element contains a piezoelectric plate which, when polarized with an 

electric field, expands in the direction of the electric field. Changes of voltage over the 

element with a certain frequency will cause pressure waves of corresponding frequency 

to be emitted. [85, Ch.3] 
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Figure 21.  Left: Piezoelectric plate of one element changing thickness when 
induced by a varying voltage. Right: Piezoelectric elements sending waves, 

forming plane wavefronts and reflects on an object.  

By firing off the elements simultaneously, plane wavefronts will form and propagate 

through the tissue. By tracking the time that it takes for reflected fragments (or echoes) 

of the pulse to return, the location of objects and interfaces can be calculated and put 

together to form a brightness scale image, commonly known as a B-mode image. An 

example of one such image can be seen in Figure 22. 
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Figure 22.  An example of a B-mode image of the carotid artery (CA) and the 
internal jugularis vein (JGV). Note that the JGV is slightly compressed. 

During ultrasonic image acquisition, live changes in the tissue are often sought after. By 

rapidly firing off ultrasonic pulses, a live 2D-image can be acquired which allows for quick 

diagnostic evaluation. 

2.6.3 Estimating Changes in Venous Pressure with Ultrasound  

Using ultrasound to estimate changes in venous pressure is presented as an alternative 

to other invasive methods. Image processing of the live images can be used to estimate 

pressure related factors such as diameter changes in blood vessels as well as direction 

and velocity of blood flow. In the literature, ultrasound has been suggested in several 

studies as a non-invasive alternative to estimate CVP [116]ï[120]. 

In one study by Zamboni et.al, the scope was to develop a non-invasive methodology to 

estimate CVP. Ultrasound was used to measure the cross-sectional area of the internal 

jugular vein alongside invasive CVP measurements using a central venous catheter. The 

lagged autocorrelation between the two measurements were deemed to be highly 
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positive and it was concluded that this methodology has considerable potential as a 

clinical and diagnostic tool. [118] 

In a study by Baumann et al. CVP was also measured invasively and non-invasively in 

a similar manner to Zamboni. After comparing the two, it was concluded that ultrasound-

based, non-invasive measurement of venous pressure is a relatively easy estimation of 

changes in CVP. The non-invasive venous pressure estimation measurements in this 

study were conducted on jugular and brachial veins. [119] 

Additionally, a study conducted by I. Garcia-López & E Rodriguez-Villegas investigated 

jugular venous pulse directly using PPG with ultrasound as a reference. The results 

showed that it was possible to identify the characteristics of the CVP morphology using 

this method. [8] 
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3. METHODOLOGY 

This chapter aims to lead the reader through the whole process, from designing the PPG 

sensor, and investigating measurement setups with ultrasound, leading to separating the 

signals and comparing the acquired data. 

3.1 Design ing  the PPG Sensor  

The PPG model described in Section 2.4.5 assumes a two source mixture. Two 

wavelengths would then be sufficient as the BSS methods, explained in Section 2.5 

requires at least two different mixtures to separate two sources. However, one of the 

research questions for this thesis is whether an overestimation of sources, i.e., more 

than two wavelengths could be useful to extract the venous component. Therefore, a 

customized PPG-sensor was constructed. 

An AFE4420EVM optical heart-rate monitoring evaluation module (Texas Instruments) 

allowing for placement of four separate LEDs was available for this thesis and a sensor 

with four separate LEDs emitting light with different wavelengths was decided to be 

designed. The primary factor when choosing wavelengths for the four channels was that 

they should all have dissimilar relations between the extinction coefficient for oxygenated 

and deoxygenated haemoglobin as this is essential for signal separation (see Section 

2.4.5 and 2.5). A few other factors derived from the background theory in Section 2.4 

were also considered in the following manner:  

- Wavelengths above 1000 nm were omitted because of water absorption interference 

and wavelengths below 500 nm was omitted because of chromophore interference 

and too shallow penetration depth, as was explained in Section 2.4.2.  

- Based on chapter 2.4.3 a hypothesis was made that wavelengths providing a more 

visible dicrotic notch would have a higher content of venous component. 

- According to Section 2.4.4, various wavelengths have different penetration depths. 

Therefore, wavelengths with different penetration depths than the conventional 

wavelengths were sought, to investigate which depth provided the most prominent 

venous component. 

- The overall SNR and peak-to-peak of PPG signals from other studies reviewed in 

Section 2.4.4. 

- The availability of LEDs on the market and their dimensions. 



54 
 

Based on the above, the preliminary candidates were chosen as seen in Figure 23. 

 

Figure 23.  Primary candidates for wavelengths based on Section 2.4 and 2.5. 
Blue plot is deoxyhaemoglobin, red is oxyhaemoglobin. 

The wavelengths that were finally chosen were: 515 nm (blue green), 577 nm (yellow 

green), 660 nm (red) and 940 nm (infrared). The two latter are the same used in 

conventional pulse-oximeters and was also used by Yousefi & Nourani [6] and the two 

former for their more shallow penetration depth and availability of LEDs on the market. 
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Figure 24.  The custom made 4-channel sensor. The photodiode is in the  
middle with the four LEDs surrounding it. 

Additionally, the LEDs were located in a square pattern around a photodiode and the 

measurement frequency for each LED was 250 Hz. The final design of the 4-channel 

PPG sensor can be seen in Figure 24. 

3.2 Measurement Plan  

For systematic data acquisition, a measurement plan was made. But firstly, an 

investigation of measurement location quality was conducted for both the PPG and 

ultrasound signals. Arrangements of sensor placement and position of the subject was 

then defined using combinations of the most attainable sensor locations. 

3.2.1 Measurement Locations and Setup Investigation  

Before actual measurements with ultrasound were conducted, locations of PPG-sensor 

placement were tested to check whether sufficient PPG signal could be attained. The 

validation of each location was evaluated using visual inspection of the live PPG-signal 

pulsations on two test subjects. The measurement sites that were investigated are listed 

in Table 2 of Section 2.4.4.  

Further, a summary of PPG-locations is listed in Table 3. Pulsatility and noise level were 

considered in the PPG quality classification, ranging from poor, good and excellent. 

Quality was deemed poor when the signals were noisy without obvious pulsatile 
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behaviour and distorted morphology. Quality was deemed excellent when pulsatile 

patterns with repetitive morphology were seen and with small to no obvious noise 

distortion. Good quality falls between these two criteria.  

The PPG locatability was classified as easy, moderate, and difficult. Locations where the 

sensor could be taken off and replaced, immediately giving the same signal strength, 

was deemed as easy locatability. If repositioning of the sensor to acquire a similar signal 

strength was hard, the locatability was deemed difficult. Moderate fell in between the two 

mentioned criteria.  

Table 3. Experimental findings on possible measurement locations 

Site  PPG Quality  PPG Locatability  

Thumb  Excellent Easy 

Neck  Excellent Moderate 

Wrist  Poor Difficult 

Forehead  Good Moderate 

Leg Good Difficult 

Earlobe & Big Toe  Excellent Easy 

Based on PPG alone, wrist was considered too difficult a location to obtain a signal. With 

ultrasound, lower extremities did not seem to have visible venous pulsation, thus, leg 

and big toe was omitted.  

The conclusion from experimenting with the ultrasound transducer on various locations 

was that noise level in the measurements was too high for smaller vessels, such as the 

ones in the forehead. Smaller superficial veins also collapsed from the slightest pressure 

with the transducer and were omitted. In the end, one suitable ultrasound location was 

found to be the same location as in the study by Lopez [8], i.e., the internal jugularis. As 

pulsations from nearby arteries seemed to affect the internal jugularis, the more isolated 

external jugularis vein was also deemed a suitable location. A measurement site close 

to the thumb was also sought after and the radial side of the wrist was deemed suitable.  

Table 4. The PPG- and transducer-location of each setup. 

Setup 
PPG 

Location US Location  

1 Thumb Wrist vein 

2 Forehead Internal jugularis 

3 Neck External jugularis 

Based on Table 3 together with suitable ultrasound locations, thumb, forehead, and neck 

were deemed adequate positions of PPG data gathering. Consequently, three setups 
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were designed and can be seen in Table 4. Based on this, a systematic measurement 

plan was designed and is described in the following Section 3.2.3. 

3.2.2 Notes from Setup Investigation  

During the investigation of locations and setups, some experimental measurements were 

done. Some findings from this stage are explained below. 

López and Rodriquez-Villegas extracted venous pulse signals directly with PPG, without 

any signal separation, from the anterior jugular vein, while having ultrasound as a 

reference signal [8]. An initial investigation of an ultrasound reference location by 

replicating this study with a few modifications was therefore conducted. The 

modifications being the addition of signal separation and PPG-signal being acquired from 

the external jugularis instead of the anterior jugularis. In summary, the ultrasound 

reference was acquired from the internal jugularis while the PPG-signals were acquired 

from the external jugularis above the clavicle of the subject. The measurements were 

done on one subject in a supine position and the result can be seen in  Figure 38 of 

Section 4.4.1. 

During further setup investigations, correlation between principal components from PPG 

measurements from the thumb and ultrasound reference signals from a radial wrist vein 

and artery were tested. Results from these measurements can be seen in Figure 39 and 

Figure 40 of Section 4.4.2. 

3.2.3 Systematic Measurement Plan 

A systematic measurement plan was designed. For the three setups of PPG-sensor and 

transducer placement according to Table 4, measurements were taken from each 

subject in three different positions per setup. These positions were: sitting, lying in a 

supine position and supine position with feet being elevated. For each 

setup/subject/position-arrangement, three to four measurements were conducted. 

Initially, measurement times of 1 minute were done. However, during the systematic 

measurements, the measurements were limited to 20 seconds as explained in Section 

3.5. 

A simple algorithm for the systematic measurements can be written as follows: 

¶ For each subject: 

a. For each of the three setups of PPG-sensor and transducer placement 

i. Take measurements from each position of the subject: sitting, 

supine and supine with feet elevated. 
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During the project, measurements were conducted on three subjects. The results from 

these measurements are summarized in Section 4.5. Acquisition of the PPG-signals and 

ultrasound references are explained in the following sections. 

3.3 PPG Acquisition  

The photoplethysmogram measurements were acquired using the custom-built 4-

channel sensor. This section explains the measurement setting and  pre-processing of 

the PPG-signals. 

3.3.1 Measurement  

A Raspberry Pi operating system was used to run a script provided by Baxter. It plotted 

in real-time the PPG waveform, whose morphology was used to assess the quality of the 

signal (see Section 3.2.1). When the sensor was located in a position with adequate 

signal quality, adhesive tape was used to fixate the sensor so that it would be in contact 

with the measurement area and not fall off. An example of the placement can be seen in 

Figure 25. 

 

Figure 25.  Example of the measurement setup with legs elevated and PPG 
sensor fixated on thumb. 

Thenceforth, PPG recording was initiated while the subject tried to remain motionless. 

The Raspberry Pi-based program automatically saved measurement files in HDF5 

format, compatible with MATLAB. When clear and stable pulsations were seen on the 

PPG-display, the program was restarted simultaneously with the ultrasound.  

Measurement time was dictated by the ultrasound device, which was limited to 20 

seconds to maintain adequate framerate (explained later in Section 3.5). 
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3.3.2 Pre-processing  

Before the signal separation, the PPG-signals were pre-processed in the following order:  

1. Manual selection of a section with good quality pulses from the raw signal, mainly 
cutting away the initial transient. 

2. Using a 6th order Butterworth filter to: 

a. subtract a 0.5 Hz lowpass filtered version of the signal from the raw signal 
(gentle baseline removal) then, 

b. 12 Hz lowpass-filter the signal. 

The filtered signals were then visually inspected for irregularities. Steps one and two 

were repeated if there were unexpected irregularities, such as abnormal transients in the 

beginning or the end of the signals.  

 

Figure 26.  An example of the cutting process. The initial ramping transient 
and the ending irregularities are cut away in figure a. The corresponding data is 

depicted in figure b after pre-processing. 

An example of the cutting process can be seen in Figure 26. Following the pre-

processing, signal separation was done which is explained next. 
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3.4 Signal Source Separation  

The source signals were separated using the BSS-methods PCA and SOBI, described 

in Section 2.5. The components were extracted mainly using a PCA-script by D. Kitamura 

[121], which utilizes eigenvalue decomposition explained in Section 2.5.1 (see equation 

(9)). The script takes the filtered PPG-signals, ╧, of ά ὼ ὲ dimensions for ά channels 

and ὲ data points as input and outputs a matrix with estimated components ◐ ╥╧, 

where ╥ is a matrix of  ὲ ὼ ά containing the ά largest eigenvectors sorted in descending 

order. The SOBI-script by A Belouchrani and A Cichocki [122] that was used is based on 

SVD (see equation (10)), it takes ╧ as input and outputs estimated source components 

◐ ╥╧ where ╥ is the joint diagonalizer found by using a loop to minimize the off 

diagonals described in Section 2.5.3. 

The performance of the PCA and SOBI algorithms was tested using simulated data 

where artificial source signals were constructed and mixed. This process is described 

below. 

 

Figure 27.  The two artificial source signals and the two linear mixtures used 
for simulation. The top graph illustrates the two simulated signals, blue is meant 

to resemble an arterial pulsation while orange is meant to resemble a CVP-
waveform. The middle and bottom graphs illustrate the two linear mixtures. 

As seen in Figure 27 above, two artificial signals, meant to resemble an arterial and 

venous pulsation were constructed and mixed into two linear mixtures. The mixtures 

were then separated using both PCA and SOBI whereas the estimated source 
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components from both methods were compared to the original source signals. This was 

done in order to envision the main differences, using the two methods. The resulting 

comparison is illustrated in Figure 28 below. 

 

Figure 28.  The result from separating the two mixtures of artificial source 
signals using SOBI and PCA and the comparison with the original source 
signal. Note that the SOBI-components were inversed to fit the sign of the 

source signals before they were plotted and that the source signal amplitude is 
corresponding to the left y-axis. 

Firstly, in favour of PCA, the amplitudes of components one and two are close to the 

amplitudes of the artificial signals. SOBI, on the other hand did not retain any information 

of relative amplitude as is expected from an ICA-based model. However, using the 

inverse mixing matrix, the SOBI components can retrieve some relative amplitude for 

each mixture. In conclusion, no significant difference in component morphology could be 

seen when comparing the two methods, even though there is a clear difference in 

amplitudes. A further comparison using real PPG-data is depicted in Figure 37 of Section 

4.3 where the difference is less prominent than in Figure 28. No final argument to use 

one over the other could be stated and therefore, all further plots and comparisons are 

made using the principal components, ί (see Section 2.5), from PCA because of the 

convenience this method provides.  
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The next section describes the ultrasound acquisition process and briefly explains the 

diameter extraction from B-mode images acquired from ultrasound. 

3.5 Ultrasound Acquisition  

The chapter begins with shortly describing the procedure of identifying a vein. Thereafter, 

the measurement procedure is described, and the method of diameter extraction is 

explained briefly. Lastly, the method of validating the quality of each measurement using 

an autocorrelation criterion is defined.  Two different sets of ultrasound equipment were 

used. One was Vevo F2 (FUJIFILM VisualSonics Inc., Toronto, ON, Canada) using 

transducers UHF29x and UHF46x. The other was EPIQ-7G (Philips Medical Systems 

(PMS), Bothell, WA, USA) using the L18-5 transducer. The latter had data exporting 

problems since the device compressed the image data for longer measurements than 

20 seconds which reduced the frame rate of the data to as low as 22 Hz. It was possible 

to manually extract all the frames, but this was not compatible with the ARTIC diameter 

analysis software (explained later in Section 3.5.2) and was deemed too time consuming 

to analyse manually. This resulted in measurements conducted according to the 

systematic measurement plan, described in Section 3.2.3, having mere 20 seconds long 

ultrasound reference signals, in order to maintain sampling frequency of 68 Hz.  

3.5.1 Measurement  

The ultrasound reference measurements were mainly done on veins and only a few 

measurements were done on arteries during the investigative phase. To identify a vein, 

the behaviour when a slight pressure was applied could be used. As stated in Section 

2.1.1, veins have a much higher compliance than the arteries. Therefore, to identify a 

vein, a slight pressure can be applied with the transducer. If the blood vessel easily 

collapses with small pressures, it is likely a vein. For a trained eye, the pulsatile pattern 

could also be used as an identifier. 

One further confirmation is to check whether the blood is flowing to or from the heart. 

This can be done using either the built in Doppler function, available in many modern 

Ultrasound devices, or a high-resolution transducer which can distinguish blood cells 

flowing through the vessel. Lastly, another important factor is to avoid larger arteries 

located nearby, this is due to the relatively low-pressure changes in the veins compared 

to the arteries and ideally, the vein found should not be affected by close arterial 

pulsations. Once a vein with adequate pulsation was identified, the transducer was 

angled so that a cross-sectional image of the vein could be acquired. 
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When placing the transducer on the subject, it was slid and angled across the area where 

the sought-after vein was thought to be located. When found, the transducer then had to 

be angled in such a manner that the cross section of the vein was displayed. Thereafter, 

the pressure had to be balanced to avoid collapsing the vessel from the pressure but 

also enough so that the transducer had enough contact with the skin to obtain adequate 

resolution. 

 

Figure 29.  An example of measurement setup. The transducer is fixated on 
the forearm of the subject using a holding construction. 

In Figure 29, an example of the transducer being fixated in position to acquire images of 

blood vessels can be seen. The holding construction fixating the transducer was used to 

avoid unnecessary movements during acquisition. Measurement was started 

simultaneously with the PPG measurement, to help in alignment, which is further 

explained in (Section 3.6.1). 

3.5.2 Ultrasound Diameter Extraction  

B-mode ultrasound images, explained in Section 2.6 , were extracted using the built-in 

software of the ultrasound device. These images were then loaded into the ARTIC 

program (ARTerial Characterization, Matlab based), which utilizes edge detection. This 

was used to define vessel edges horizontally, as can be seen in Figure 30. A more 

precise explanation if the ARTIC-software can be found in a study by T. Nilsson et al. 

titled as ñA robust and fast method for arterial lumen diameter and intima-media 

thickness measurementsò [123]. 
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Figure 30.  Overall look of the ARTIC-program interface. ROI stands for region 
of interest. In the top left, the current B-mode image can be seen and, in the 
graph titled óDiameter (mm)ô, the corresponding graph for all images is shown. 

The overall look of the ARTIC interface can be seen in Figure 30. There are two things 

to define in the program before it can measure the diameter change: the width of the 

measurement bars (ROI width) and if other layers of the vessels are detected.  

 

Figure 31.  An example of a B-mode image with placement of the ROI-lines (in 
turquoise) along the edges of an internal jugularis. On the left the carotid artery 

can be seen. 

After that, a simple click makes the program find the edges for each image, and a graph 

of their movement is then provided. However, the ARTIC program is designed for arterial 
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measurements which are less compliant and often have clearer edges. This difference 

could cause problems when using it on veins and in some cases the edge detection did 

not work as intended. This was due to insufficient resolution of the edge, in worst cases 

leading to ñvibrationò near the edge, or even a momentarily displacement of the edge-

tracking lines leading to irregularities and noise in the result. For these cases, a so-called 

mass centre-method was used, calculating the intensity mass-centre using the raw B-

mode images inside of defined areas. Simply put, this procedure was done by manually 

defining two rectangular boxes in the image (see Figure 32). The program then returned 

distances between the two mass centra defined in pixel height for each B-mode image 

frame. Because of the mass centre in each box relocating from frame to frame, the 

corresponding diameter value is not reliable but rather the morphology of the calculated 

mass centre-changes is like the diameter change. 

 

Figure 32.  An example of a raw B-mode image frame used for the mass 
centre-method. The two rectangular boxes, which were chosen for the mass 

centre calculation are marked with 1 and 2. The scale on the y- and x-axis are 
corresponding to pixel indices.  

The morphology of both methods was confirmed visually to be closely correlating. Thus, 

both these methods were used interchangeably and situationally.  

The raw diameter data extracted was not ready for comparison yet due to breathing 

pattern and the frequency difference from the PPG-measurements. Therefore, the 

ultrasound reference signal was first linearly interpolated to match the PPG frequency of 
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250 Hz, as it was originally 68 Hz. Afterwards, high-pass filter with 0.5 Hz was used to 

remove baseline wander caused by breathing. In addition, the acquired diameter change 

was of greatly various quality. Cases of too high noise content or inconsistent pattern 

occurred and therefore a quality criterion had to be introduced. 

3.5.3 Ultrasound Signal Quality Control  

As stated in Chapter 3.5, the quality of ultrasound measurements is very dependent on 

the operator. Because of this hard-earned nature of ultrasound image quality, a criterion 

for excluding signals of insufficient quality had to be introduced, deciding what 

measurements were useful as a reference signal. In order to assure the signals were 

periodic, a criterion based on autocorrelation was defined:  

¶  If the normalized autocorrelation function of the ultrasound signal has a peak 

larger than 0.4 after a timelag of 0.5 seconds, it was deemed as useful.  

A table comparing the total number of ultrasound measurements and the number of 

ultrasound measurements fulfilling the criteria were made and can be seen in Table 5 of 

Section 4.1.1. 

3.6 Evaluation of Measurements  

The evaluation of measurements was done in three main categories: Alignment, corre-

lation comparison and principal eigenvalue ratio. The following sections describes the 

alignment that was done for the ultrasound reference and the PPG-signal components 

to ease the visual inspection and correlation calculations. Thereafter, the correlation cal-

culation is explained and lastly, a comparison of eigenvalues from PCA that is hypothe-

sised to reveal information about the relation of the components during different positions 

of the subject being measured. 

3.6.1 Alignment  

The two systems have unknown delays from the initiation of the measurement and the 

simultaneous start of the two measurement systems did not align very well. The PPG 

and reference signals therefore had to be aligned with a time lag, to allow comparison 

between them. Due to a rather long settling time in the PPG-sensor it was noted that 

several seconds had to be cut away from the beginning of both measurements. In later 

measurement, the ultrasound was therefore initiated once the PPG had settled. This 

inconsistency between different measurements caused rather long-time lags, up to 
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several seconds, in some cases. Thus, it needed to be handled via signal processing 

techniques.  

To compensate for the unknown delays explained above, the optimal time lag 

corresponding to the highest possible cross-correlation between each component and 

reference signal was found and the corresponding correlations were calculated. 

Thereafter, the time lag corresponding to the component with highest correlation with the 

reference signal was used for all four comparisons when plotting results. The comparison 

was further inspected by visually comparing the morphologies and the heart rate change 

to confirm that the time lag was reasonable.  

It was not known beforehand, which component corresponds to the actual reference 

signal and so each component would have a different individual time lag for fair 

comparison. The phase shifts between the components were also unknown and 

therefore different time lags were expected. 

3.6.2 Correlation Comparison  

For each measurement with sufficient ultrasound signal quality (see Section 3.5.3) the 

maximum correlation coefficient, Ὑ , calculated from equation (43) below, was 

calculated for each principal component, ί of the PPG signal with the ultrasound 

reference, ὶ. 

 
Ὑ

В  ί ὸ  ί ὸ ὶὸ † ὶӶὸ †

В ί ὸ  ί ὸ  В ὶὸ † ὶӶὸ †

 
(43) 

 

The correlation coefficients were calculated using the optimal time lag-alignment, †, per 

component, explained in the section above. A summarizing table of the correlations can 

be seen in Table 9 of Section 4.5.3. In addition, some examples of morphology relation 

between the principal components and the ultrasound reference with the corresponding 

correlation coefficients was plotted and can be seen in Section 4.5.2. 

Furthermore, a mean to compare correlations using conventional or four wavelengths 

was utilized. The corresponding correlation coefficients using only two conventional 

channels (wavelength 660 nm and 940 nm) was also calculated and additionally 

summarized in Table 9.  
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3.6.3 Eigenvalue Ratio  

The model assumption explained in Section 2.4.5 assumed a two-source model of the 

PPG-signal. It was therefore hypothesised that only the two first principal components 

would contain arterial and venous information. To reveal information about the relation 

between the principal components, a ratio between the principal eigenvalues was 

sought. However, since four principal components were available from the 4-channel 

measurements a ratio of the first component and each of the (three) other components 

were calculated.  

For each systematic PPG measurement, the ratios mentioned above were calculated 

and summarized in Table 8 of Section 4.5. This ratio is assumed to be related to the 

energy content between the components, thus providing information of the relative 

energy of each separated source component. This was deemed interesting as it was 

thought to possibly reveal information about how different positions of the subject would 

affect the relative amplitudes between the venous and arterial components. The 

eigenvalues were extracted from the eigenvalue decomposition, described in equation 

(9) of Section 2.5.1.  
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4. RESULTS 

Overall, 119 measurements were done, which are summarized in appendix A. Before 

introducing these results, this chapter begins by summarizing the measurements with 

combined PPG and ultrasound reference. Thereafter, a few examples demonstrating 

adequate and poor examples of PPG- and ultrasound reference signals are shown. 

Following, an example of the difference using PCA and SOBI on PPG-measurements is 

illustrated. Later, some results from the experimental studies of this thesis are illustrated. 

Lastly, the chapter ends with results from principal component eigenvalue comparison, 

correlation of principal components of the PPG signals with its ultrasound reference, and 

conventional versus 4-channel PPG correlation together with a few plotted examples.  

4.1 Data Acquisition  

Out of 119 measurements using both PPG and ultrasound imaging, 46 where 

experimental (testing speculations, finding good locations etc). The remaining 73 

measurements were done in a systematic manner which can be found in Appendix B. 

Out of these 73 measurements, 34 fulfilled the reference criteria for comparison.  

4.1.1 Data Exclusion due to Ultrasound Quality  

Table 5 below depicts the amount of ultrasound references measurements that fulfilled 

the autocorrelation criteria described in 3.5.3. 

Table 5. Amount of ultrasound measurements fulfilling the autocorrelation criteria 
and the total amount of measurements done on each location. 

Location 
 

Total  
measurements 
using 
Ultrasound 

Measurements 
fulfilling criteria 

Exclusion 
Percentage  

Radial vein 35 3 91 % 

Int. Jugularis 18 16 11 % 

Ext. Jugularis 20 13 35 % 

Total 73 34 53 % 

As can be seen from the table, the majority of radial vein references fell outside of the 

criteria. In total, over half of the ultrasound measurements were excluded. 
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4.1.2 PPG Sites  

Table 6 below depicts how many PPG-measurements were done together with 

ultrasound reference on different positions and locations during the systematic 

measurements. 

Table 6. Number of PPG-measurements done on each position of the subject for 
each location. 

Location N Position 

Thumb 20 Feet up 

 9 Supine 

 6 Sitting 

 = 35  

Forehead 6 Feet up 

 5 Supine 

 7 Sitting 

 = 18  

Neck 8 Feet up 

 6 Supine 

 6 Sitting 

 = 20  

Total 73  

As seen above, proportionally more measurements were conducted on the thumb be-

cause of the promising second principal component of PPG. However, the high exclusion 

rate of ultrasound reference from the wrist, seen in Table 5, resulted in that many of the 

thumb measurements were also excluded from correlation comparison, since PPG of the 

thumb was combined with ultrasound wrist measurements. 

4.2 Examples of Quality in Signals  

To illustrate signal quality, a few examples are shown to visualize what the authors 

deemed as adequate and poor quality according to the ultrasound exclusion criteria in 

Section 3.5.3. for ultrasound reference. Also, visual comparison of separated PPG-

components with the CVP waveform was done, illustrated in Figure 3 of Section 2.1.1.  

4.2.1 Quality Examples of PPG  

The following figures illustrates one excellent example of PPG and one example of poor 

PPG signal. The poor PPG signal was, despite its bad quality, still included in our data 

set since the corresponding ultrasound reference fulfilled the ultrasound quality criteria. 
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Figure 33.  An example of adequate PPG signal quality measured at the 
thumb. Figure a) depicts the filtered raw PPG-signals from the 4-channel sensor 

and figure b) depicts the corresponding separated principal components. A 
clear and repetitive morphology can be seen in both cases. 
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Figure 34.  An example of poor PPG signal quality from the thumb. The pre-
processed raw signals are plotted in a), the separated principal components are 
plotted in b). Both a) and b) have irregular pattern and non-uniform morphology. 

The adequate PPG-signal depicted in Figure 33 shows a clear periodicity and intact 

morphology. Notably in Figure 33b, the small amplitudes of component three and four 

indicate small interference of noise. In the inadequate of PPG signal quality in Figure 34, 

irregular waveforms are seen in both the raw signal and the separated principal 

components. The relatively high magnitude of component three and four may also 

indicate high noise interference. 

4.2.2 Quality Examples of Ultrasound Reference  

Below, an adequate ultrasound reference, fulfilling the exclusion criteria and an 

ultrasound not fulfilling the exlusion criteria are illustrated.  
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Figure 35.  An example of adequate ultrasound reference signal quality that 
fulfils the ultrasound quality criteria. A clear repetitive morphology can be seen. 

The measurement is taken from the external jugularis. 

 

 

Figure 36.  An example of poor ultrasound reference signal that did not fulfil 
the ultrasound quality criteria. No periodicity is obvious. Note that the amplitude 

changes are minimal. The measurement is taken from the radial side of the 
wrist. 

 

The ultrasound reference signal in Figure 35 shows a clear periodic behaviour In the 

ultrasound reference signal of Figure 36, no clear periodicity can be seen, and the small 

change of diameter indicates small or no venous pulsations. 

4.3 Example of SOBI vs PCA Separation of PPG -signals  

In Section 3.4, the difference in separation of simulated signals using PCA and SOBI 

were described. Figure 37 shows an example of how the SOBI and PCA signal 

separation behave with real PPG-signals of a measurement acquired from the thumb.  
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Figure 37.  A comparison example of using SOBI and PCA for signal 
separation on a PPG-signal acquired from the thumb.  

 

It is clear from the figure above that the morphologies are similar for each component. 

The results from calculating the correlation with the ultrasound reference can be seen in 

Table 7. 
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Table 7. The correlations for each component and method with regards to the 
corresponding reference signal. The data is from the same measurement as in Figure 

37. 

Component PCA SOBI 

1 0.59 0.60 

2 0.32 0.31 

3 0.14 0.09 

4 0.074 0.073 

It is clear from the table that the the correlation values are similar except for the third 

component. However, it is clear that the components have a slightly different behaviour 

as described in Section 3.4. 

4.4 Experimental Measurements  

The results from the two experimental measurement sets explained in Section 3.2.2, are 

depicted below. The modified replicative study is shown first and thereafter some results 

from PPG measurements on the thumb together with ultrasound reference signal from 

the wrist are shown. 

4.4.1 Modified Replicative Study  

The result from replicating the study by García-López & Rodriguez-Villegas [8] with some 

modifications can be seen in Figure 38. The figure compares the principal components 

with the ultrasound reference signal. 
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Figure 38.  A result from the modified replication study. In Figure a, the filtered 
raw signals are plotted. In Figures b-e, the principal components, ί , are 

plotted with the ultrasound reference signal. The first component and reference 
signal had a correlation of R=0.9.The unit, au, on the y-axis means arbitrary 

unit. 

As the figure depicts, the ultrasound reference has a very high correlation with the first 

component and also the filtered raw signals.  Further to be noted is that the amplitudes 



77 
 

of second, third and fourth components are relatively small compared to the first 

component. Another matter to mention is the low framerate of 22 Hz in the ultrasound 

signal, due to the problem of exporting the proper framerate from longer recordings, 

explained in Section 3.5.  

4.4.2 Thumb -Wrist Measurements  

During the experimental phase, one measurement setup was especially interesting 

giving the results seen in Figure 39 and Figure 40. The ultrasound reference 

measurements where first done measuring pulsations in an artery and thereafter on a 

vein in the wrist, both with PPG located on the thumb. However, these results could not 

be satisfyingly replicated in later measurements, mainly due to ultrasound 

measurements from the wrist being inadequate. 
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Figure 39.  Experimental result from thumb-wrist measurements. Raw signals 
are plotted in a, In Figures b-e, the principal components, ί , are plotted with 

the ultrasound reference signal. The correlation for the first component and 
reference was R=0.72. Note that the diameter change was measured from an 
artery in the wrist. The subject was placed in a supine position with elevated 

feet. 
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Figure 40.  Experimental result from thumb-wrist measurements. Raw signals 
are plotted in a, the four principal components are plotted with the reference 
signal in b-e. The correlation for the second component and reference was 

R=0.9. Note that the diameter change was measured from a vein in the wrist. 
The subject was placed in a supine position with elevated feet. 
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The above two results indicate that the arterial ultrasound measurements correlate with 

the first component and the venous measurements correlates with the second 

component. From these results, wrist-thumb measurements were decided to be 

investigated further. 

4.5 Comparison  

In this section, the results from eigenvalue comparison are first shown. Thereafter, a few 

examples plotting the comparison of ultrasound reference with principal components and 

their corresponding correlation coefficients are illustrated. Lastly, a summarizing table of 

the correlations between ultrasound reference signals fulfilling the quality criteria from 

Section 3.5.3 and the principal components of corresponding PPG-measurements is 

shown. 

4.5.1 Eigenvalue Comparison of Principal  Comp onents  

In Table 8, a comparison of eigenvalue ratios from principal components of the PPG-

signal separation can be seen.  

Table 8. Result from comparing the ratio of second, third and fourth eigenvalue in 
relation to the first of each PPG measurement. The eig1, eig2, eig3 and eig4 

corresponds to the first and second eigenvalues retrieved from PCA using four PPG-
channels. The value in each cell depicts the median value of each measurement 

arrangement with the corresponding min-max ranges in parenthesis. 

Location N Position eig2/eig1 eig3/eig1 eig4/eig1 

Thumb 20 Feet up 
0,036  

(0,01-0,258) 
0,002  

(0,0006-0,039) 
0,0006  

(0,0003-0,022) 

 9 Supine 
0,034  

(0,019-0,197) 
0,008  

(0,0009-0,051) 
0,0011  

(0,0004-0,0241) 

 6 Sitting 
0,157  

(0,019-0,184) 
0,035  

(0,001-0,047) 
0,0087  

(0,0004-0,0313) 

Forehead 6 Feet up 
0,05  

(0,018-0,559) 
0,006  

(0,0008-0,03) 
0,0007  

(0,0002-0,01) 

 5 Supine 
0,026  

(0,016-0,032) 
0,006  

(0,0029-0,009) 
0,0009  

(0,0006-0,0016) 

 7 Sitting 
0,051  

(0,024-0,304) 
0,012  

(0,002-0,021) 
0,003  

(0,0002-0,0095) 

Neck 8 Feet up 
0,062  

(0,02-0,129) 
0,036  

(0,0029-0,113) 
0,0039  

(0,0015-0,0118) 

 6 Supine 
0,045  

(0,03-0,06) 
0,008  

(0,0049-0,017) 
0,0027  

(0,0009-0,0044) 

 6 Sitting 
0,298  

(0,198-0,827) 
0,112  

(0,0283-0,235) 
0,0647  

(0,0125-0,1789) 

 



81 
 

In general, the second eigenvalue is relatively larger when sitting, but with no clear 

significance. Forehead and neck measurements indicates similar behaviour with similar 

order of the second eigenvalue for the different positions, but no conclusion can be 

drawn. Although, the eigenvalue of the second component seems to be higher in relation 

to the first components when the subject is in a sitting position and with PPG measured 

from the neck. Additionally, the third and fourth component ratio is generally lower than 

the second however, the ranges of the third component ratio often overlaps that of the 

second and in some cases, (especially in the thumb) the fourth overlaps the second. 

Notably, the table shows that disproportionately more measurements were done for the 

thumb location in the feet up-position. A comparatively equal number of measurements 

were done for the other location and position combinations.  

4.5.2 Examples of Different Setups  

Figure 41-47 depicts a few selected measurements, representative of each setup. The 

figures display the pre-processed PPG signals and the corresponding principal 

components together with the ultrasound reference. The plots are made using the time 

lag for the component with the highest correlation for all components. However, the 

correlation coefficient of the components and reference, Ὑ , are calculated using 

optimal individual time lags and can be seen in the caption. Firstly, there is one example 

of Setup 1. Secondly, two examples of Setup 2, and lastly, four examples of Setup 3 (see 

Table 4 for Setup-explanation).  
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Figure 41.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). Correlations: Ὑ πȢφς ,  Ὑ πȢυχ,  Ὑ πȢτω, Ὑ πȢςω 

The data in Figure 41 has exceptional PPG signal with clear morphology in first and 

second principal component, when compared to the figures in Section 4.4. Some 

pulsative behaviour can be noted in the third component, but with an amplitude 

magnitude much smaller than the second and first.  
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Figure 42.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). The correlation of first and second component with ultrasound reference 
are both R>0.8 when using individual time lags. Correlations: Ὑ πȢψσ ,  Ὑ

πȢψσ,  Ὑ πȢφυ, Ὑ πȢσψ 

Figure 42 has relatively similar first and second component. Component three has a 

relatively large amplitude compared to component four. 
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Figure 43.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). Correlations: Ὑ πȢψφ ,  Ὑ πȢψσ,  Ὑ πȢςπ, Ὑ πȢρπ 

Figure 43 has superior quality in red and infrared wavelengths, when compared to the 

other two. Components three and four have relatively small amplitudes compared to 

component one and two. 
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Figure 44.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). Correlations: Ὑ πȢφς ,  Ὑ πȢυψ,  Ὑ πȢυπ, Ὑ πȢσυ 

In Figure 44  the ultrasound reference has a clear periodicity with intact morphology. 

There are similar patterns in ultrasound and second principal component. However, the 

second, third and fourth components have relatively small amplitudes compared to the 

first. 
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Figure 45.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). Correlations: Ὑ πȢχσ ,  Ὑ πȢψς,  Ὑ πȢτσ, Ὑ πȢςπ 

In Figure 45 the second principal component has similar morphology to the ultrasound 

reference.  
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Figure 46.  The original PPG-signals are plotted in (a), the corresponding 
principal components, ί , are plotted together with the ultrasound signal in 

(b)-(e). Correlations: Ὑ πȢυσ ,  Ὑ πȢυτ,  Ὑ πȢςχ, Ὑ πȢρσ 

The graphs in Figure 46 shows a similar morphology of the second principal component 

and the ultrasound reference. 


























