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Propositions 

accompanying tlie Ph.D. thesis: 

Coherent scattering of pulsatile flow 

To be defended on Tlmrsday, June 16th 2016 at 15:00 in Delft by 

Mahsa Nemati 

1. Blood flow measurements can be performed in the presence of motion arti­
facts. 

2. Laser speckle is a sensible tool for monitoring dynamic changes in flow, how­
ever it is unable to distinguish its direction. 

3. The spatial distribution of a speckle pattern can be studied using a frac­
tal dimension, where the dimension changes can be directly related to the 
dynamic behavior of the sample. 

4. Different analysis methods when applied to speckle patterns reveal comple­
mentary uliaracteristics of the studied sample. 

5. The properties of a complex system are better understood i f we start with a 
simple benchmark. 

6. Systematic characterization experiments are time consuming, but provides 
much better insight. 

7. A new research result can seem hke magic t i l l one masters i t , after which it 
becomes mundane. 

8. The course of one's life is out of one's control when society regulates people 
based on outdated beliefs. 

9. Bureaucratic regulation can in many cases go against common sense and 
logic. 

10. Change is an inherent feature of living organisms. 

These propositions are regarded as opposable and defendable, and as such have 
been approved by the promotor prof. dr. H. P. Urbach. 



Stellingen 

behorende bij het proefschrift: 

Coherente verstrooiing van pulserende stromen 

te verdeUgen op Donderdag 16 Juni 2016 om 15:00 te Delft door 

Mahsa Nemati 

1. Bloedstromingsmetingen kunnen worden uitgevoerd de aanwezigheid van ar­
tefacten ten gevolge van bewegingen. 

2. Laser speckle is een zinnig gereedschap voor het waarnemen van dynamische 
stromingsveranderingen, echter het is niet in staat richting te onderscheiden. 

3. De ruimtelijke verdeling van een specklepatroon kan worden bestudeerd door 
gebruik te maken van de fractale dimensie, waar verandering direct gerela­
teerd is aan het dynamisch gedrag van het monster. 

4. Diverse anatyse methoden toegepast op specklepatronen, onthullen comple­
mentaire eigenschappen van het bestudeerde monster. 

5. De eigenschappen van een complex system zijn beter inzichtelijk te maken 
door gebruik te maken van een eenvoudig referentie systeem. 

6. Systematisch experimenteel werk is tijdrovend maar geeft een veel beter in­
zicht. 

7. Een nieuwe onderzoeksresultaat kan ongelofelijk lijken, maar als het ver­
klaard is wordt het alledaags. 

8. De loop van het leven is niet meer in eigen hand indien de gemeenschap 
voorschriften oplegt gebaseerd op verouderde opvattingen. 

9. Bureaucratische regelgeving druist in veel gevallen in tegen gezond verstand 
en logica. 

10. Verandering is een inherente eigenschap van levende organismen. 

Deze stelUngen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig 
goedgekeurd door de promotor prof. dr. H. P. Urbach. 
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I ^ Sujaamary 

Modern society lias an increasing demand for technologies for better diagnosis and 

t reatment. Th is is dr iven by the g rowth of heal th awareness and a shi f t i n popu­

la t ion demographics to the aged. The concept of continuous heal th mon i to r ing is 

one of the key factors towards healthier l i fe style, improv ing the healthcare services 

and to provide a better mon i to r ing of chronic diseases. A new market research has 

predicted a dramat ic increase i n the number of portable health mon i to r ing devices 

wh ich can be used for medical diagnostics or for heal th and wellness moni tor ing. 

Cardiovascular disease is one of the most prevalent diseases nowadays and this is 

why developing techniques to moni tor v i t a l signs are of great interest. However, 

there is s t i l l a potent ia l need i n the market to address the expensive healthcare 

equipment and wor ldwide inequal i ty i n access to i t , th rough a cost eff icient tech­

nology. I n this regard, optics based solutions are seen to be a growing field wh ich 

can influence the health care industry. 

One of the wel l known and cl in ical ly established devices is the pulse oximeter. 

I t is a non-invasive opt ical based method which measures the volumetr ic changes 

due to arter ial expansion and contract ion. B y mon i to r ing the ampl i tude var iat ion, 

the inst rument can measure the pulsat ion rate. The main work ing pr inciple is due 

to l ight absorption. When a vessel expands due to the heart beat, the volume 

of the b lood flow increases, eventually leading to a lower measured signal due to 

more absorpt ion of l ight . B y p lay ing w i t h di f ferent l ight absorption properties, two 

wavelength settings are capable of measuring the oxyhemoglobin level i n the blood. 

However, these devices are o n l j ' sensitive to periodic signals and therefore can not 

provide an indicat ion of tissue blood flow. Add i t iona l ly , these devices suffer f r o m 

a lack of required precision and repeatabi l i ty of signals when i t comes to scenarios 

w i t h mot ion art i facts. To have cl in ical ly reliable measurements, these devices 

require a steady environment and contact w i t h the patient's body. To address 

the challenges of designing non-contact methods and signal at tenuat ion due to 

mot ion art i facts, we have demonstrated another opt ica l technique. Laser speckle 

imaging is a low cost method wh ich can br ing a new dimension to compliance and 

t reatment, by mon i to r ing the hemodynamic properties remotely. Th is method uses 

coherent properties of l ight to i l luminate the sample and as the b lood propagates 

the spat ial d is t r ibu t ion of l ight i n tissue changes, which can be then moni tored. 

Th is method was in i t i a l l y developed to measure blood flow in the ret ina. However, 

in th is thesis we report several measurements, to address not onl}^ results f r o m 

phantoms but also f r o m di f ferent regions of the body such as finger nai l or neck. 
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Further experiments using th is technology are presented, wh ich provide a broader 

range of applications and di f ferent configurations. These studies are a step fo rward 

towards the potent ia l of using laser speckle techniques for assessing some of the 

common cl in ical situations. 

Th is thesis reports the possibi l i ty of using laser speckle for mon i to r ing pulsati le 

flow where i t investigates its feasibi l i ty i n case of mot ion art i facts. We have studied, 

designed and implemented di f ferent experimental flow and opt ical setups to s tudy 

laser speckle dynamics. Laser speckle dynamics is based on measuring intensi ty 

fluctuation caused by tempora l changes i n speckle patterns. The pr inciple is rather 

similar to the technique of laser Doppler, where there is a frequency sh i f t f r o m a 

moving scatterer wh ich is used to moni tor the changes i n the sample. For laser 

speckle, the changes can be recorded d i rect ly using these interference patterns. 

These are however di f ferent techniques where the same theoret ical pr incip le of 

dynamic l ight scattering is applied. Th is has been or ig inal ly studied for single 

scattering particles and was extended later on to h igh ly scattering medium. Laser 

speckle has shown potent ia l advantages over laser Doppler due to faster acquisi t ion. 

In th is approach a very h igh spat ial and tempora l resolut ion b lood flow map can 

be obtained using single images, where the changes i n flow can be quant i f ied based 

on spatial b lu r r ing of them. 

The thesis begins w i t h a br ief in t roduc t ion to the light-tissue interact ion along 

w i t h di f ferent numerical model ing techniques which are commonly used to retr ieve 

tissue opt ical properties. We address the theory of laser speckle and how they are 

created. Furthermore, di f ferent analysis methods for the speckle pat tern data are 

described. Since speckle is random in nature, we first need to introduce the statis­

t ica l tools. I n th is chapter, we focus on laser speckle contrast analysis, correlat ion 

and fractals wh ich have been used in the rest of thesis as the ma in analyt ical tools. 

The laser speckle imaging has a simple experimental setup yet a power fu l tech­

nique. The setup main ly consists of a laser to i l luminate the sample and generate 

the reflected speelde which are recorded through the imaging system. However, 

the study of flow dynamics is rather a complex problem. The complex behavior of 

the flow can be due to complexi ty i n the geometry, or the fluid dependent prop­

erties i tse l f We showed tha t laser speckle imaging is able to measure the changes 

in flow which may arise due to various physiological/experimental condit ions. I n 

order to be able to compare and understand the influence of di f ferent parameters 

ind iv idual ly , a series of experiments using dif ferent experimental setups have been 

conducted. These experiments have been done to moni tor the changes i n a sys­

temat ic way, so in i t i a l l y the measurements were done for steady flow and then 

pulsati le flow. For each experiment, the laser speckle patterns have been fu r ther 

processed to retrieve the required in fo rmat ion . We also provide a descript ion over 

di f ferent experimental components and phantoms w i t h di f ferent geometries. 

To extract max imum in fo rmat ion f r o m the flow dynamics, we introduced an 

alternat ive bu t compl imentary method to study flow properties i n chapter 4. Par­

t ic le image velocimtery ( P I V ) is a gold standard technique when i t comes to s tudy 

flow dynamics. The novelt} ' and great advantage of this technique are its h igh 

resolut ion flow velocity vector of the whole plane i n the flow. B y adapt ing the 

optics of the i l l umina t ing system and apply ing image-processing algori thms, we 
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reported the result for bo th P I V and laser speckle method. I n th is chapter, we 

report our measurements and data anal3'sis for two dif ferent geometries of c jd in-

dr ical and carot id ar tery based phantoms. The pre l iminary results demonstrated 

the efficacy of combining these two technique for simultaneous fu l l - f i e ld imaging 

of flow dynamics. 

To broaden the scope of thesis, we used the concept of f ractals to s tudy the 

changes i n speckle data. Fractal is a quant i ta t ive too l for understanding the chaos 

and complex shapes i n nature. Fractal analysis has been of ten used to characterize 

randomness i n a series of data. There is a correlated randomness in the dynamics 

changes of speckle data that can be interpreted by ft'actals. We show tha t f rac ta l 

dimension is able to reveal pulsat ion features i n a h igh ly scattered medium. We 

have reported a comparison analysis between laser speckle contrast and f rac ta l 

dimension measured using di f ferent ia l box count ing method. These measurements 

have been done for a un i fo rm flow channel in a cy l indr ica l phantom and also for a 

more complex flow through a patient-specif ic carot id artery phantom. 

We have fur ther reported a di f ferent speckle behavior th rough a layered struc­

ture containing static scatterers. For this reason, we have fur ther investigated the 

concept of f rac ta l dimension to study the so called 'speckled speckle' patterns. 

R'actal analysis has been used to characterize irregular t ime data series i n non­

linear systems. Therefore, we extended our analysis to study the non-linear effect 

detected i n flow pulsat ion caused by the secondary ref lect ion of speckle. We sug­

gest tha t f rac ta l dimension can give a better descript ion of reality. A possible 

appl icat ion of this is to use laser speckle to investigate a wide var iety of patholog­

ical skeletal condit ions for instance, by measuring the changes of flow dynamics 

inside a bone. 

I n the last part of the thesis, we study the effect of induced mot ion art i facts 

using laser speckle images. These results have shown for the first t ime the use of 

laser speckle against mot ion art i facts. We in i t ia ted the measurements to study 

the influence of mot ion induced art i facts using laser speckle contrast analj'sis. To 

fur ther exploi t these results, the measurements have been extended to a larger 

range of mot ion and we also reported a comparison between laser speckle contrast 

and correlat ion based analysis. B y the end of th is chapter, to show the possibi l i ty 

of having a more compact device development based on laser speckle, the feasibi l i t j^ 

of using only few pixels has been demonstrated. 

I n summary, this thesis has addressed experimental ly, several of the challenges 

which are faced i n case of developing a portable health moni to r ing device. A l ­

though work for this thesis has been carried out specif ically for heal th care moni ­

to r ing , the studied methods are not l im i ted to biomedical applications and can be 

fu r ther applied to flow dynamics in di f ferent cases, 





Sameiavatting 

I n de moderne samenleving bestaat een toenemende vraag naar technologien voor 

een betere diagnose en behandeling. D i t word t ingegeven door de groei van het 

gezondheidsbewustzi jn en de toenemende vergr i jz ing. Het concept o m gezondheid 

voor tdurend te moni toren is n van de belangri jkste factoren voor een gezondere 

levenssti j l , verbeter ing van de gezondheidszorg en een betere controle van chroni­

sche ziekten. Een nieuw marktonderzoek heeft een forse toename voorspeld van 

het aantal mobiele gezondheidtesters die kunnen worden toegepast voor medische 

diagnose of mon i to r ing van gezondheid en welz i jn . Har t en vaatziekten z i j n we­

re ldw i jd volksziekte nummer n en daarom is het van groot belang om technieken te 

ontwikkelen die de v i ta le functies kunnen controleren. Er is ook behoefte aan meer 

betaalbare technologie om zo de wereldwi jde ongel i jkheid in de beschikbaarheid 

van dure gezondheidsapparatuur aan te pakken. I n d i t opzicht vormen oplossingen 

gebaseerd op fotometr ie een toenemende veld voor ontwikkel ingen i n ten behoeve 

van de gezondheidszorg. 

De Pulse-oximeter is een bekend en kl in isch bewezen instrument. Het is een 

op fotometr ie gebaseerde non-invasieve methode, waarmee volume veranderingen 

in de aders door u i tze t t ing en contractie worden gemeten. Doordat het signaal 

i n sterkte varieert met de vu l l i ng van de slagaders, kan het instrument berekenen 

wat de freciuentie van de hartslag is. De werk ing is gebaseerd op het pr incipe van 

l ichtabsorptie. B i j u i tze t t ing van een bloedvat door een hartslag wordt er meer 

bloed in het bloedvat gestuwd; daardoor neemt de l ichtabsorptie toe en word t 

er een lager signaal gemeten. Door het toepassen van verschillende absorptie-

eigenschappen kan met twee golflengtes de hoeveelheid oxyhemoglobine in het 

bloed worden gemeten. Deze apparatuur is echter alleen gevoelig voor periodieke 

signalen en levert daardoor geen indicat ie van weefseldoorbloeding. Bovendien 

heeft d i t type apparatuur last van verminderde precisie en reproduceerbaarheid 

van signalen als gevolg artefacten die door beweging worden veroorzaakt. Voor 

kl in isch betrouwbare metingen is dan ook een stabiele omgeving en contact met 

de pat in t vereist. Ten einde de ui tdagingen aan te gaan een contactloze methode 

te ontwerpen en signaalverzwakking door beweging te vermi jden, hebben we een 

alternatieve optische techniek gedemonstreerd. 

Laser speckle imaging is een goedkope methode, die een nieuwe dimensie kan 

brengen i n toepassing en behandeling b i j op afstand moni toren van de hemody-

namische eigenschappen. B i j deze methode word t coherent l icht toegepast om het 

lichaamsdeel te belichten ; t i jdens het stromen van het bloed verandert de l icht-



verdel ing i n het weefsel, wat vervolgens Itan worden gemoni tord. Deze methode 

werd oorspronkel i jk ontwikke ld om de bloedstroom in het netvlies te meten. Ech­

ter, i n d i t proefschr i f t rapporteren w i j verscheidene metingen waarb i j niet alleen 

resultaten van fantomen, maar ook van lichaamsdelen zoals vinger, nagel of hals 

worden gebruikt . Er worden meerdere experimenten gepresenteerd waarb i j van 

deze techniek gebruik is gemaakt, waarmee een breder scala van toepassingen en 

van verschillende configuraties wordt geboden. Deze studies z i jn een stap voor­

waarts voor de inzetbaarheid van laser speckle technieken i n sommige gebruikel i jke 

klinische situaties. I n d i t proefschr i f t word t de mogel i jkheid beschreven om 'laser 

speckle' toe te passen o m pulserende stromen te moni toren. Het onderzoek gaat 

over de toepasbaarheid b i j bewegingsartefacten. Er z i j n verschillende experimen­

tele stromen en optische opstell ingen bestudeerd, ontworpen en gemplementeerd 

om dynamische eigenschappen van 'laser speckle' te bestuderen. De dynamische 

eigenschappen van 'laser speckle' worden bepaald door het meten van intensi­

teitsveranderingen te meten, die worden veroorzaakt door temporele fluctuaties 

i n speelde patronen. Het pr incipe is vergel i jkbaar met de laser Doppler techniek, 

waarb i j er een frequentieverschuiving plaatsvindt door een bewegende verstrooier 

die word t gebruikt om de veranderingen i n het specimen te meten. Voor 'laser 

speelde' kunnen deze veranderingen direct worden vastgelegd door gebruik te ma­

ken van deze inteferentiepatronen. D i t z i j n echter verschillende technieken waar in 

dezelfde theoretische principes van dynamische l ichtverstrooi ing worden toegepast. 

D i t is oorspronkel i jk onderzocht voor enkelvoudige deeltjes; later werd d i t uitge­

breid to t een sterk verstrooiend medium. 'Laser speckle' heeft potent i le voordelen 

laten zien ten opzichte van de Laser Doppler methode, met name door de snellere 

data-acquisit ie. B i j deze benadering kan een een bloedstroomlcaart met zeer hoge 

ru imte l i j ke en temporele resolutie worden verkregen met behulp van afzonderl i jke 

beelden, waarb i j de veranderingen in de .stroming kunnen worden gekwantif iceerd 

op basis van ru imte l i j ke vervaging. Het proefschr i f t begint met een korte in t ro­

ductie van interact ie tussen l icht en weefsel tezamen met verschillende numerieke 

modelleringstechnieken, die gewoonl i jk worden gebruikt voor het bepalen van de 

optische eigenschappen van weefsel. Vervolgens beschri jven we de theorie van 

'laser speckle' en hoe d i t fenomeen ontstaa. Daarna worden de verschillende ana­

lysemethoden voor de speckle pat roon data beschreven. Aangezien speckle van 

origine wi l lekeur ig is, moeten we eerst de statistische methodes beschri jven. I n d i t 

hoofdstuk r ichten we ons op 'laser speckle' contrast-analyse, correlatie en fractals 

die z i j n gebruikt i n de rest van het proefschr i f t als belangri jkste analytische me­

thodes. De opstel l ing die gebruikt is voor 'laser speckle' imaging is erg eenvoudig, 

omdat deze voornamel i jk bestaat u i t een laser voor het belichten van het specimen 

en het genereren van het gereflecteerde speckle patroon dat wordt opgenomen met 

een camera. De studie van stromingsdynamica is complex. Het complexe gedrag 

van de s t roming kan worden veroorzaakt door de complexi tei t van de geometrie 

of door de vloeistofspecifieke eigenschappenzelf. We hebben aangetoond dat met 

'laser speckle' imaging de veranderingen i n de s t roming kunnen worden gemeten 

die kunnen ontstaan door verschillende fysiologische / experimentele omstandig­

heden. O m de invloed van de verschillende parameters te kunnen vergel i jken en 

te kunnen begr i jpen, is een serie experimenten uitgevoerd met een aantal ver-
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schillende opstell ingen. Deze experimenten z i jn gedaan om op een sj'stematisclie 

manier de veranderingen te moni toren. I n eerste instantie voor een continue stro­

ming en vervolgens voor een pulserende. Voor elk experiment z i jn de laser speckle 

patronen verder verwerkt om de gevraagde in format ie te verkr i jgen. We bieden 

ook een beschri jv ing voor verschillende experimentele componenten en fantomen 

met verschillende geometrien. I n hoofdstuk 4 introduceren we een alternatieve 

en complementaire methode om de eigenschappen van de st roming te bestuderen, 

teneinde zoveel mogel i jk in format ie u i t de dynamische eigenschappen te verkr i jgen. 

'Part iele image velocimetry ' ( P I V ) is een gouden standaard techniek als het gaat 

om bestudering van de dynamische eigenschappen van stromingen. De vernieu­

w ing en het grote voordeel van deze techniek is de hoge-resolutie stroomsnelheids-

vector van het gehele v lak i n de stroom. Door aanpassing van de opt iek van het 

belichtingssj'steem en het toepassen van beeldverwerkingsalgoritmes, beschrijven 

we het resultaat van zowel P I V als de 'laser speckle methode'. I n d i t hoofdstuk 

beschri jven we onze metingen en gegevensanalyse voor twee verschillende geome­

t r ien van cil indrische en op de halsslagader gebaseerde fantomen. De voorlopige 

resultaten demonstreren de mogel i jkheid om deze twee technieken te combineren 

voor ge l i j k t i jd ige fu l l - f ie ld imaging van dynamische stromingseigenschappen. O m 

de re ikw i jd te van het proefschr i f t te verbreden, hebben we gebruik gemaakt vair 

het begrip fractals om de veranderingen i n speckle data te bestuderen. R-actals 

worden gebruikt voor het begr i jpen van chaos en complexe vormen in de natuur . 

Fractale analyse word t vaak gebruikt om de wil lekeur in een reeks van data te 

karakteriseren. Er is sprake van een gecorreleerde wil lekeur i n de dynamische 

veranderingen van speckle gegevens die kunnen worden genterpreteerd door frac­

tals. We tonen aan dat met behulp van fractale dimensie pulsatiemetingen i n een 

zeer verstrooiend medium kunnen worden uitgevoerd. We rapporteren een ver­

geli jkende analyse tussen laser speckle contrast en gemeten fractale dimensie met 

behulp van de 'd i f ferent ia l box count ing' methode. Deze metingen z i jn gedaan 

voor een un i fo rm stroomlcanaal in een ci l indrisch fan toom en ook voor een meer 

complexe s t roming door een pat intspecif iek halsslagader fantoom. Voorts hebben 

we een ander specklegedrag beschreven, veroorzaakt door een gelaagde st ructuur 

met statische verstrooiers. Mede hierom hebben we het begrip fractale dimensie 

verder onderzocht om de zogenaamde gespikkelde speckle patronen te bestuderen. 

Fi-actale analyse is gebruikt om onregelmatige tijdgegevensreeksen te Itarakterise-

ren i n niet- l ineaire systemen. Daarom hebben we onze analj^se ui tgebreid om het 

niet-l ineaire effect te bestuderen dat kan worden waargenomen in stroompulsaties, 

ontstaan door secundaire reflectie van speckle. W i j stellen vast dat fractale dimen­

sie een meer nauwkeurige weergave oplevert van de werkel i jkheid. Een mogeli jke 

toepassing hiervan is om 'laser speckle' te gebruiken voor het onderzoeken van een 

grote variat ie van pathologische skeletcondities, b i jvoorbeeld door het meten van 

de veranderingen i n stromingsdynamica binnen een bot. I n het laatste deel van 

het proefschr i f t , bestuderen we het effect van genduceerde bewegingsartefacten, 

met behulp van 'laser speckle' beelden. Deze resultaten toonden voor het eerst 

het gebruik van 'laser speckle' i n aanwezigheid van bewegingsartefacten. We z i j n 

de metingen gestart om de invloed van bewegingsartefacten te bestuderen door 

het gebruik van 'laser speckle' contrast-analyse. O m deze resultaten verder te 
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onderzoeken, z i j n de metingen uitgebreid naar een groter bewegingsbereilc en rap­

porteerden we ook een vergel i jk ing tussen analyse van laser speckle contrast en op 

correlatie gebaseerde analyse. A a n het einde van d i t hoofdstuk laten we zien dat 

het haalbaar is een compacter apparaat op basis van 'laser speckle' ontwikkelen, 

als gebruik word t gemaakt van een beperkt aantal pixels. Samengevat z i j n i n d i t 

proefschr i f t diverse ui tdagingen waarmee men geconfronteerd word t b i j het ont­

wikkelen van mobiele gezondheidtesters, experimenteel behandeld. A lhoewel het 

proefschr i f t specifiek voor mon i to r ing i n de gezondheidszorg is ui tgevoerd, beper­

ken de bestudeerde methodes zich niet t o t biomedische toepassingen; ze kunnen 

ook worden toegepast b i j s t roomdynamica i n andere disciplines. 



CHAPTER 

Introduction 

If you can't explain it simply, you don't understand it well enough. 

A lbe r t Einstein 

Continuous mon i to r ing of physiological signals has been a topic of increasing 

importance i n modern society, A n increasing demand for personal healthcare 

services, due to factors such as aging populat ion, changes in l i festyle or the ind i ­

v idua l pursui t of heal th and wellness [1] creates a need for reliable, continuous and 

non-invasive devices for the measurement of physiological signals. I n order t o ad­

dress this increasing demand for ambulatory moni to r ing and services surrounding 

i t , technology has been leaning towards a new era of health mon i to r ing devices. 

The usage of such devices can potent ia l ly reduce the costs associated w i t h regu­

lar heal th assessment measurements performed by health professionals and reduce 

the stress associated w i t h hospi tal visi ts, al lowing the patient t o remain connected 

to the i r home environment. The continuous mon i to r ing of physiological signals 

is mot iva ted by several factors, such as demographic changes (aging populat ion) , 

changes i n l i festjde which reflect upon populat ion health and an increased con­

science and desire towards a healthier l i festyle. Regular moni to r ing devices can 

help people t rack their dai ly act ivi t ies and improve their l ifestyles. W i t h i n this 

target group the ma in demand is for mon i to r ing v i t a l signs such as blood flow, 

pressure, oxygenation and heart rate. A l t hough such devices are current ly used 

in regular cl inical practice based on diff'erent techniques like angiographj ' [2], u l ­

t rasound [3], magnetic resonance imaging [4] or laser Doppler imaging [5], i t is 

challenging to apply these techniques i n a non-control led environment, where the 

ind iv idua l fol low its normal l i fe. 

One key challenge is the ab i l i t y to create devices wh ich can be used w i thou t 

direct c l in ical supervision whi le being comfortable, unnoticeable and w i t h no side 
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effects for the user. Due to i t 's non-invasive nature, opt ical methods have been 

regarded as a promising approach towards th is end. These techniques have been 

appl ied i n medical settings for diagnostics and mon i to r ing applications [0,7] . A 

very common example of such a device is the pulse oximeter. I ts work ing pr incip le 

is based on the photoplethysmogram (PPG) which quantif ies vo lumetr ic changes 

in b lood f low [8]. The device i l luminates the skin and measures the changes i n 

l ight absorpt ion at each cardiac cycle. These devices can be appl ied to di f ferent 

sites of the body using either ref lect ion or transmission designs. However, despite 

the frequent use o f these devices, they require very steady measuring condit ions as 

the technique suffers f r o m mot ion art i facts. The ma in measurement errors are due 

to sensor movement w i t h respect to skin. Also repet i t ive mot ion induces sloshing 

of venous blood which can create a di f ferent pulsat ion compared to ar ter ia l b lood. 

I n addi t ion, vasomotion or the vessel diameter variat ions due to movement lead 

to errors [9,10]. 

I n the f ramework of research the main focus is on developing a non-invasive 

method which moni tors the behavior of cardiovascular system. The v i t a l parame­

ters wh ich need to be quant i f ied i n diagnosis are revealed by measuring pulsat ion 

characteristics of f low. I n this thesis, we target on the research challenges in devel­

oping a non-invasive, mot ion robust, portable device for b lood flow sensing. For 

this purpose we explore the use of a laser speckle based solut ion. 

1.1 Laser speckle for physiological signal measure­
ments 

Similar to laser Doppler imaging techniques, laser speckle can moni tor micro­

vascular b lood flow or tissue perfusion [11], However, laser speckle has the ad­

vantage of a simple and inexpensive setup which has shown promising results in 

biomedical applications [12]. The in i t i a l use of laser speckle was i n imaging the 

blood flow in ret ina [13]. I ts biomedical appl icat ion has been fur ther expanded for 

skin [14], b ra in [15] and the inter ior of teeth known as pulp [16]. Laser speckle can 

be fu r ther used as an ambulatory mon i to r ing device, as the current opt ical meth­

ods (PPG based) are h igh ly susceptible to mot ion art i facts. For such appl icat ion, 

the most common sources of mot ion art i facts are caused by bo th the relative body 

and sensor posi t ion variat ions and the absolute body mot ion . 

Laser speckle is created as coherent l ight scatters f r o m diffuse or rough surfaces. 

Due to opt ica l pa th differences of the scattered l ight , constructive or destructive 

interference takes place. Th is signal is collected using an intensity detector w i t h 

a finite aperture and recorded as a granular pa t te rn of dark and br ight spots. 

Any movement i n the media, such as evolut ion of cell or movement of red blood 

cells, causes the speckle patterns to change. Th is h igh sensit iv i ty of speckle to 

minor changes can be a power fu l t oo l for s tudy ing the dynamics of fluctuation 

in the b lood flow. The importance of b lood flow mon i to r ing can be observed i n 

s tudy ing the heart valve dynamics, or in diagnosing variat ions i n b lood vessel 
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stiffness wh ic l i typ ica l l ) ' is a sign of cardiac disease: changes i n the stiffness of 

arteries and veins, creates a di f ferent range of speed of d i la ta t ion waves and tha t 

eventual ly results i n an irregular range of flow speed. The laser speckle technique 

has b o t h a tempora l and a spatial characteristic, as tempora l and spatial intensi ty 

var ia t ion of the speckle pat tern contain in fo rmat ion over the dynamic properties. 

Th is method provides a two dimensional map of localized blood flow dynamics. To 

explore the advantages of th is technique, we have used laser speckle as the ma in 

too l to measure pulsati le flow. 

To study the flow dynamics, we started by bu i ld ing a laser speckle experimen­

ta l setup to moni tor the pulsati le flow. Given the importance of characterizing 

the required features of the device when u l t imate ly i t 's applied i n practice, we 

constructed an experimental setup on a s impl i f ied model of the real s i tuat ion. I n 

col laborat ion w i t h LifeTec Group, we have developed an in-vitro model of a b lood 

channel w i t h di f ferent channel depths in a medium which mimics the skin scat­

ter ing properties. Obviously, care must be taken i n in terpret ing the result as the 

human body is a complex system and differences i n in-vivo behavior should be 

expected. Th is complexi ty originates f r o m var ia t ion i n micro-vascular structure 

of each ind iv idua l and dif ferent vessel geometry. The difference i n blood rheol-

ogy is another factor as any aggregation of red blood cells can change the opt ica l 

properties of the b lood flow and influences the laser speckle measurements [17]. 

Moreover, w i t h non-invasive moni to r ing we do not have direct access to blood flow 

since th is is accessed through a layered skin structure. Due to such factors, laser 

speckle can only report b lood flow changes rather than absolute values. I n order 

to come up w i t h a solid p la t fo rm, the in-vitro measurements can provide a good 

reference of the b lood flow pr inciple as an i n i t i a l step. 

I n addi t ion to the above studies, we studied the combinat ion of laser speckle 

techniques w i t h direct imaging ones, such as part ic le image velocimetry ( P I V ) . 

Using P I V , we can measure the complementary parameters of the flow dynamics 

as i t can accurately compute the flow ve loc i t j ' using t rac ing particles. B o t h laser 

speckle and P I V have the ab i l i ty to capture entire opt ical field for the flow mea­

surement and combinat ion of these two techniques can provide a better insight 

into flow dynamics. These experiments were reported for the study of pulsati le 

flow using ventr icular assist device in a patient-specif ic carot id artery phantom. 

This was done to also cross reference the technique i n the same phantom. 

The analysis of dynamic speckle patterns can be quant i f ied using laser speckle 

contrast, which is defined as the rat io of standard deviat ion over the average 

of intensi ty fluctuations. Th is can be calculated for each random distr ibut ions of 

br ight and dark patterns. I n order to s tudy dynamics of the physical problem, more 

addi t ional measures need to be done where we capture a t ime sequence of images 

and calculate the speckle contrast for each pat tern. Furthermore, we introduced 

an addi t ional approach to measure the t ime fluctuation dynamics of speckle images 

based on f rac ta l analysis. These measurements have been performed in comparison 

w i t h laser speckle analysis and for di f ferent experimental configurations. The 

mult iscale analysis of speckle data using f rac ta l based techniques provides a deeper 
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insiglrts in to the system. To demonstrate that , the fractal analysis has been applied 

to a di f ferent scattering conf igurat ion where the scattered wavefront of the pulsati le 

f low has been propagated through a layered structure. 

I n th is thesis, we emphasize on the importance of having a flow measurement 

setup i n the first place which allows to simulate the various real-life condit ions 

under wh ich the system is intended to be used. M o t i o n ar t i fact is a key challenge 

i n any portable appl icat ion as i t distorts the data and reduces the signal qual i ty 

signif icantly, therefore inf iuencing its appl icabi l i ty in (opt ical based) heal th moni ­

to r ing devices. There already have been many at tempts to deal w i t h th is problem 

based on bo th hardware and software approaches. Such approaches introduce the 

use of addi t ional sensors such as trackers and accelerometers [18,19], piezo and 

pressure [20], or combinations of the above [21] to be applied as a noise refer­

ence signal. The second approach is ma in ly using software based techniques for 

reducing the mo t ion art i facts, a im at improv ing the signal qual i ty, using dif ferent 

techniques such as the wavelet t rans form [22], adaptive noise cancellation, least 

mean square [23,24] and other non-linear methods [2-5]. I n most cases, these meth­

ods help to decrease the number of false alarms but not to remove the influence 

of ar t i facts tota l ly . 

To study the influence of mot ion art i facts, we performed bo th phantom based 

and in-vivo experiments. To look into the in i t i a l problem of mot ion art i facts, we 

ar t i f l c ia l l y s imulated the induced mot ion art i facts i n a control led lab environment. 

Th is allowed us to deepen the understanding of the parameter range under wh ich 

laser speckle could be applied. The in-vivo measurements provided us w i t h a 

val idat ion of the approach. 

1.2 Research project settings 

The project started as a col laborat ion between Optics Research Group of De l f t 

Univers i ty of Technology ( T U De l f t ) and Eindhoven Univers i ty of Technologj', 

Phi l ips Research and LifeTec Group, Eindhoven. Th is project has been performed 

in close col laborat ion w i t h Phi l ips as an indust ry partner. This enables a clear 

focus on the problems faced by current devices i n the market and to narrow the 

research to market gap. The contr ibut ions f r o m the academic side have been 

focused on researching the usage of laser speckle based techniques to retrieve data 

in real-world continuous mon i to r ing situations. 

1.3 Thesis structure 

This thesis is focused on laser speckle analysis created f r o m a pulsati le flow, and 

i t is organized as fol lows: 

Chapter 2: We start w i t h an in t roduc t ion to l ight tissue interact ion. The phys­

ical s tudy and numerical approaches for processing data. This is fol lowed w i t h a 
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brief survey over laser speckle techniques. Final ly, di f ferent data analj'sis methods, 

useful i n the context of subsequent chapters are introduced. 

Chapter 3: This chapter provides a general understanding over di f ferent pa­

rameters which have a ma jo r influence i n mon i to r ing pulsati le f low. The t ime 

dependent analysis of speckle patterns was used to s tudy the influence of di f ferent 

parameters, such as part ic le concentrat ion or volume of f l u i d and influence of static 

particles due to bone and tissue for instance. The di f ferent experimental setups 

and phantoms are described. 

Chapter 1: Th is chapter introduces the combinat ion of laser speckle contrast 

analj^sis ( L A S C A ) w i t h another known method in fluid dynamics, part ic le imaging 

velocimetry ( P I V ) . These fu l l - f i e ld opt ical techniques have bo th been used to s tudy 

flow and extract complementary parameters. L A S C A can provide a quick study 

of signal fluctuations over t ime so tha t transient phenomena can be recorded and 

observed. P I V can be used for a detailed study of the cause of the phenomena. 

This is perhaps also very useful for s tudy ing geometries w i t h flow instabi l i ty . A 

pre l iminary comparat ive measurement between P I V and L A S C A to study pulsati le 

flow using ventr icular assist device i n a patient-specif ic carot id ar tery phantom is 

reported. 

Chapter 5: I n this chapter, a di f ferent approach towards data processing of 

acquired speckle data is introduced. The f rac ta l nature of speckle is explored. 

Moreover, same set of experimental data which was discussed i n the previous 

chapter, was analyzed w i t h th is technique. Th is was used to compare the f rac ta l 

anal}^sis w i t h the standard analj'sis used for laser speckle patterns. 

Chapter G: This chapter addresses the problems of acquir ing and analyzing flow 

data i n the presence of multi- laj^ered medium. We report a comparison on the 

acquired data using laser speckle and f rac ta l analysis. 

Chapter 7: Final ly, a key requirement for portable, continuous mon i to r ing de­

vices is addressed in th is chapter. The measurement of flow i n presence of mot ion 

art i facts. We address using the speckle dynamics for measuring a pulsati le flow i n 

a noisjr environment. 

We conclude the thesis w i t h a chapter discussing the contr ibut ions of the thesis 

and concluding this manuscript . 





CHAPTER 

Theory and analytical 
methods for flow 
measurement 

It is the theory which decides what can be observed. 

A lbe r t Einstein 

Coherent l ight scattered from diffuse media can reveal the under ly ing phe­

nomenon active in the media. Dynamic l ight scattering is the study of the decay 

rate of the autocorrelat ion func t i on of the scattered l ight as a result of scatterer 

mot ion. Laser speckle imaging (LSI) together w i t h laser Doppler flowmetry [26] 

or d i f fus ing wave spectroscopy (DWS) [27] are techniques that have evolved f r o m 

the pr inciple of dynamic l ight scattering (DLS) . The laser speckle imaging has the 

advantage of evaluating the sample w i thou t scanning and images a wide field o f 

v iew w i t h a simple and inexpensive apparatus. The object ive of th is thesis is to 

appl}^ this method for the case of s tudying flow. For this apphcation, i t is essen­

t i a l to understand the l ight propagation in the sample. The propagat ion of l ight 

th rough a di f fused sample and how the l ight w i l l be scattered is main ly defined 

by mater ia l properties. As i n th is study we exp l ic i t l y aims to measure the blood 

flow in-vivo, we provide an overview of l ight and tissue interact ion. This chapter 

is intended to provide a brief in t roduct ion to understand the background of the 

studied phenomena and overview of the ma in terms which w i l l be used i n the rest 

of this thesis. I t introduces, the tissue opt ical properties along w i t h diffuse l ight 

t ransport regimes. These regimes are impor tan t when quant i tat ive measurements 

are of interest. There are certain approximations tha t are applied at each regimes, 

in order to describe l ight d is t r ibu t ion accurately. B y apply ing these theorems w i t h 

some pr ior knowledge, for instance the separation distance between the i l lumina­

t ion source and detector, we can retrieve tissue opt ical properties f r o m dif ferent 

propagat ion models. I n section 2.1.1 some of the commonly used models and ap­

prox imat ion w i l l be mentioned. Then, we introduce what speckles are and how 
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they are created. As the phenomenon which leads to the generation of speckles 

is random, stat ist ical techniques are main ly used i n s tudy ing and parameter iz ing 

them. The data analysis wh ich have been used to s tudy laser speckle images are 

mentioned by the end of th is chapter. 

2.1 Light tissue interaction 

Biological samples are generally opt ica l ly t u r b i d and h igh ly absorbing when stud­

ied in-vivo. The structure can be rather inhomogeneous and have a refract ive index 

higher than air (assuming most of the body is water) . When l ight i l luminates a 

dif fuse media l ike tissue the electromagnetic rad ia t ion is absorbed, scattered and 

reflected. I t is useful t o note tha t i n the absorpt ion process, long wavelength pho­

tons deposit lower energy compared to short wavelength photons. For the case of 

low intensi ty laser l ight interact ion w i t h tissue, the i l luminated l ight is incident 

along a certain direct ion, but soon the di rect ion is lost due to ref lect ion and scat­

ter ing i n the sub-layers. The l ight tha t penetrates the tissue undergoes mul t ip le 

scattering t i l l i t is eventual ly absorbed. Chromophores are the ma in absorbers 

and the most common ones known i n skin are hemoglobin, melanin and water 

i n di f ferent absorpt ion wavelengths. The probabi l i ty of absorpt ion varies by the 

concentrat ion of absorbers wh ich is expressed i n terms of the absorpt ion coefh-

cient. The absorpt ion coefficient (fia) is defined as the sum of contr ibut ions f r o m 

af l absorbing chromophores w i t h i n the tissue, wh ich is expressed as [28]: 

where Cj is the absorber concentrat ion o f the chromophore, [M], and e.;. is the 

molar ext inct ion coefficient [M~-^cm"^ ] at the specific wavelength. The product 

of these two factors is i n [cm~-^] un i t which indicates the wavelength dependency 

of the absorpt ion coefficient. The changes i n opt ical absorpt ion as a func t ion 

wavelength is shown i n F ig . 2.1 for a variety of impor tan t chromophores, inc luding 

melanin, oxy-{Hb02) and deoxyhemoglobin (Hb). The l ight absorpt ion i n b lood is 

dependent on the oxygenated {Hb02) and deoxygenated {Hb) hemoglobin, where 

the difference in their absorpt ion spectra can be seen in th is p lot . The tissue 

opt ical w indow is referr ing to a low absorbing range where the l ight penetrat ion 

i n the tissue is at i ts max imum. 

Nevertheless, scattering is the dominant phenomenon which originates due to 

refract ive index inhomogeneities w i t h i n the tissue. Scattering influences the depth 

of l ight penetrat ion by spreading i t out. There are two kinds of (elastic) scat­

ter ing processes known as Rayleigh and M ie scattering (dependent on the laser 

wavelength and size of the scatterers). W h e n the objects are of the same size or 

smaller than the incident wavelength, then Rayleigh scattering occurs where the 

intensi ty of scattered l ight is propor t iona l to A"'*. However, for objects tha t are 

larger t han the incident wavelength M ie scattering occurs w i t h the intensi ty of 

(2.1) 
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Figure 2.1: Absorption spectra of some of the important chromophores In the body, 
adapted from [29]. 

scattering l ight is propor t ional to A^^ , I n case of visible l ight , for most of the 

tissues, a combinat ion of bo th , Rayleigh and Mie scattering takes place, a l though 

Mie scattering is dominant. Th is is ma in ly due to di f ferent cell size (lysosomes, 

vesicles, mi tochondr ia) and cell spacing. A l l other sub-cellular components and 

molecules lead to Rayleigh scattering [30,31]. I n contrast to absorpt ion where l ight 

travels into the tissue and loses its energy, l ight diffuses due to scattering. Elas­

t ic scattering can be considered as process of photon absorpt ion and re-emission 

w i t hou t loss of energy bu t possibly associated w i t h a change i n photon direct ion. 

The ma in properties of tissue are described i n terms of absorpt ion coefficient {fia)t 

scattering and reduced scattering coefficients (/j.s,/i(,) and anisotropy factor (g). 

However, the s t ructura l composi t ion of tissue w i t h di f ferent mater ia l properties, 

requires a new def in i t ion of t ranspor t coefficient wh ich is the sum of reduced scat­

ter ing {fi'J and absorpt ion (fia) coeflicient: pt = l-^'s+f^a- The te rm / i ^ is inc luding 

the anisotropy (g) factor wh ich is a direct ional ly dependent. These parameters can 

be est imated using an inverse method, where through an i terat ion method these 

parameters are in i t ia ted and applied i n a l ight propagation model [32]. These pa­

rameters need to be continuously adjusted t i l l the ref lect ion or transmission values 

are the sanies as the ones required f r o m measurements. One of the method is using 

t h i n slices of di f ferent thicknesses and a narrow beam geometry, so i n this case the 

absorpt ion in tissue is based on the Lambert-Beer Law, so the intensi ty measured 

at a certain depth (z) is: 

I{z) = {1- B.)Ioexp{-kz) (2.2) 

where R is the R-esnel ref lect ion coefficient which is known f r o m the refract ive 

indices, the incoming angle and the ref lect ion angle. IQ is the intensi ty of the 

incident l ight and k is the at tenuat ion coefficient wh ich is sum of the coefficient 

of absorpt ion and loss due to scattering. I n this approach, the scattering is ne-
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glected as we only considered t h i n slices of sample. I n the case of th ick samples, 

the mul t ip le scattering effect need to be taken into consideration. Moreover, the 

re l iab i l i ty of this method is dependent on the numerical aperture set i n the mea­

surements. I n case of having small recording angle, i t can be assumed tha t al l the 

scattered l ight w i l l not be measured by the detector [33]. Another common tech­

nique to extract opt ical properties is using the In tegrat ing Sphere method. Th is 

approach is o f ten used for tissue phantoms where the ps, IJ-a and g parameters can 

be extracted. The integrat ing sphere is made of h ighly ref lect ing mater ia l , so tha t 

the l ight passing through the sample w i l l be scattered h ighly t i l l i t reaches the 

detector. However due to inconvenient sample preparat ion, for the in-vivo cases 

is more common to use the t ime or spat ia l ly resolved techniques. These are based 

on measuring the dif fuse reflectance or t ransmit tance f r o m the med ium where a 

known source detector separation is used [34,35]. 

I n t ime-resolved measurements, a series of short pulses, in picoseconds range, 

is applied so the tempora l po int spread func t ion can be measured at a certain 

distance f r o m the source [36]. I n th is case the shape of detected pulse measured 

w i t h absolute intensi ty value, carries the in fo rmat ion about the opt ical interact ion 

coefficients. I n the spatial ly resolved technique, di f fused reflectance is measured 

versus di f ferent separation distance between source and detector, so tha t each t ime 

l ight probes di f ferent volumes and di f ferent depths. The opt ical properties can be 

calculated by fitting the t ransmit tance or reflectance values measured f r o m any 

of th is approaches into a numerical model ing. These models w i l l be addressed 

shortly, since i t is essential to first introduce dif ferent scattering regimes where 

these models can be applied. 

I n the interest of in t roduc ing di f ferent scattering regimes and how photons are 

t ransported i n the medium, we need to use t ransport mean free path. Th is is 

defined as the reciprocal of reduced scattering coefficient, I's = Th is pa th can be 

realized as a length tha t photons forgets its i n i t i a l or ientat ion. The regime where 

photons experience no scattering event is called the bal l ist ic regime, whi le in case 

of few scattering the te rm quasi-bafl istic w i l l be used. I n th is case, few scattering 

happens and photons w i l l be deflected but s t i l l they have a strong memory of 

their i n i t i a l or ientat ion, which is about 1 to 10 t ransport mean free path. I n the 

bal l ist ic regime, mean free path {1^ = 1//Js) is an impor tan t factor to describe the 

mean distance between the successive scattering event. I f number of scattering 

events goes high, beyond 10 t ransport mean free path, photons experience many 

scattering events and they have no memory about their or ig inal or ientat ion [37]. 

So i n th is case, the distance between successive coll ision is of no importance. 

As mu l t ip le scattering happens, we need to take in to account the influence of 

scattering angle and t ranspor t mean free path. For instance, i n d i f fus ion regime, 

photons are scattered in al l directions so the amount of l ight reaching the detection 

plane is propor t ional to the measuring solid angle whi le i n case of ball ist ic, photons 

s t i l l re ta in their or ig inal d i rect ion [38]. I n case of di f fused l ight , energy in the 

bal l ist ic component drops exponent ial ly as i t goes deeper i n the sample, and energy 

in the scattered components increases. Th is is a common problem when i t comes to 

direct imaging. I n direct imaging, the spatial or ig in of the bal l ist ic component is of 
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interest. Since moni to r ing th is in fo rmat ion is rather d i f f i cu l t for these applications, 

scattered l ight is ma in ly treated as noise and suppressing i t can fu r ther improve 

the results. However, we are using the method of laser speckle imaging, where 

we are mon i to r ing main ly the scattered components. The scattered l ight f r o m a 

certain traveled depth i n the sample, creates dif fuse scattering and this is the main 

source of in fo rmat ion i n speckle patterns. 

2.1.1 Numerical modeling 

I n order to have an accurate model ing of l ight propagation i n tissue, an exact de­

scr ipt ion of spatial and size d is t r ibu t ion of tissue structure w i t h their exact opt ica l 

properties would be required which i n case of real tissue wou ld be rather imprac t i ­

cal. Th is is the reason why most ly a tissue phantom is used and tissue is modeled 

as a bu lk mater ia l w i t h absorbing properties and randomly posit ioned scatterers. 

The numerical model ing gives the possibi l i ty to predict and simulate opt ica l be­

havior i n such a structure. There exist several models for l ight propagat ion in 

tissue, where we provide a summary of these models i n the F ig . 2.2, 

Numerical modelling of light propagation in tissue 

Figure 2.2: An overview of numerical models used for light propagation in tissue. 

There are three categories wh ich are most wide ly used to model l ight d is t r ibu t ion 

i n tissue, based on: Maxwel l 's equation, radiat ive t ransport and d i f fus ion theory. 
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L igh t is considered as electromagnetic field and the study of l ight propagat ion is 

wel l described by Maxwel l 's equations. A l though electromagnetic theory conserves 

the wave properties of l ight and can be applied for describing l ight propagat ion i n 

the tissue, i t introduces extra compl icat ion. O n the microscopic level. Maxwel l 's 

equations can be solved numerical ly, for which di f ferent methods are implemented. 

One of the most impor tan t analyt ical solut ion is based on the M ie theory, wh ich 

calculate the scattered field for homogeneous spherical objects. A l t hough this 

approach is l im i ted by geometrical approximat ion, i t is o f ten used as a reference 

method. Moreover, being computat ional fast, made i t to be a suitable p l a t f o rm to 

be used i n flow studies. Th is work has been in i t ia ted i n our group and has been 

appl ied in an exist ing computat ional fluid dynamics code by K e v i n van As [39]. 

Th is is ma in ly applied for a col lection of particles, for instance red b lood cells 

(RBCs) which heavi ly scatters l ight . To model the propagat ion of l ight i n tissue, 

l ight scattering is inf luenced as the result of changes i n refract ive indices, and also 

the size, shape and or ientat ion of objects. To consider the non-spherical geometry, 

other methods such as finite-difference t ime-domain ( F D T D ) [40] or T - m a t r i x 

methods [41] need to be considered. 

Essentially, i n order to consider mul t i layerd and inhomogeneity of tissue, i t 

wou ld be more common to use the appl icat ion of radiat ive t ranspor t theory. The 

main difference between t ransport theory and electromagnetic theory is that , in 

t ranspor t theory the wave properties of l ight are not considered and l ight propa­

gat ion is described as superposit ion of energy fluxes rather t han electromagnetic 

fields [42,43]. The radiat ive transfer equation is derived f r o m the Bol tzmann's 

equation and states the conservation of energy i n terms of the specific intensi ty 

and as a func t ion of posi t ion in the random medium [44]. The specific intensi ty of 

radiat ion is the energy flux per un i t t ime, un i t frequency, un i t solid angle and un i t 

area normal to the di rect ion of propagation. Th is is the theory of how radiat ion 

and mat ter interact based on the part ic le descript ion of l ight . To fur ther develop 

this po int , the possible approaches can be div ided i n two groups of determinist ic or 

stat ist ical methods. Determinist ic methods are based on the radiat ive t ransport 

theory require solving the radiat ive t ransport equation [45]. One of the commonly 

used numerical solut ion is the adding-doubl ing method for layered media. The 

doubl ing was introduced to solve the radiat ive t ransport equation i n a slab based 

geometry [46], where doubl ing refers to finding the ref lect ion and transmission 

matrices for two layers w i t h ident ical opt ical properties rather than ind iv idua l 

layers [47]. So i n th is case, measuring the properties of a slab w i t h a certain th ick­

ness has been done by repeatedly doubl ing the layers t i l l the desired thickness is 

achieved. The main disadvantages of th is technique are the assumption tha t each 

layer has homogeneous opt ica l properties and has un i f o rm i r rad ia t ion [48]. 

O n the other hand, stat ist ical methods are more flexible to handle complex 

geometries and non-homogeneous properties. Monte Carlo and random walk are 

the common examples of th is method. These models are based on t rac ing the 

path of photon bundles. The pr inc ipa l idea of photon propagation is based on 

probabi l i ty d ist r ibut ions to define random variable sampling. Th is method can be 

summarized i n few steps as describe here. The photons are generated w i t h a weight 
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of un i t y at a known medium and they i l luminate the sample w i t h a defined angle 

of incident. A t first, the distance to first colhsion need to be determined. Th is 

is defined using a random number, being un i fo rm ly d is t r ibuted between 0 and 1, 

and the ext inc t ion coefficient (sum of absorpt ion and scattering coefficients). As 

the photon packets start to move then they w i l l be scattered w i t h a deflect ion 

and az imuthal angle wh ich are sampled statist ical ly. The scattering angles are 

shown in the F ig . 2.3(a). The az imuthal angle, 0, is sampled based on another 

independent random number. The deflection angle, 9, which is deflection f r o m the 

or ig inal incident d i rect ion is given by a probabi l i ty d is t r ibu t ion of the cosine of 

deflect ion angle, and is defined based on Henyey-Greenstein phase funct ion : 

/j(cos6l) = ^ — ^ 5- (2.3) 
2 ( 1 + ^ 2 c o s 0)1 

Forward scattering 

Figure 2.3: a) The scattering event causes the change of direction of the incident 
light shown by the scattering angles: (j) and 0 b) The amount of forward and back 
scattering is controlled by anisotropy factor in the Henyey-Greenstein phase function. 

Th is func t ion is dependent on g, the anisotropy factor, and i t is the contro l l ing 

parameter in def in ing the amount of forward and backward scattering as i t is 

shown i n the F ig . 2.3(b). The anisotropy factor is measured as the mean cosine 

of the scattering angle, g cos9 > , (value between —1 and 1). The value of 

g = 1 indicates forward scattering, whi le a measured value of 17 = 0 means un i fo rm 

scattering. For biological sample, the re-emission has a high probab i l i t y to be i n 

the fo rward direct ion for each scattering event and a typ ica l value for human 

tissue is around 0.95 [37,49]. Once the angles are sampled, a new propagat ion 

path of photon packet is defined. The photon weight w i l l be decreased along the 

path due to absorpt ion and when the weight of the photon has passed a threshold 

then the photon w i l l be el iminated. The whole procedure w i l l be repeated t i l l the 

photon escape the volume or i ts weight reaches the defined value. Otherwise, the 

t r a j ec to r j ' of the photon path w i l l be fol lowed t i l l i t reaches the detect ion plane. 

The final value of interest is averaged over many photon histories [50,51]. A l t hough 

this method handles dif ferent opt ical inhomogeneities and geometries, being a 

stat ist ical method requires a large number of commutat ion to provide meaningfu l 



Chapter 2. Theory and analytical methods for flow measurement M 

results and at the end random errors can not be avoided due to pract ical finite 

sampling. 

The solutions to radiat ive t ranspor t theorems are computat ional ly expensive 

and for a med ium like biological tissue, where l ight interact ion can be dominated 

by scattering [52] then d i f fus ion approx imat ion can be applied. D i f fus ion model is 

an approx imat ion for obta in ing the analyt ical solut ion of the rad ia t ion t ransport 

equation [53,54]. Th is model has its own l im i t a t i on as i t can not model the l ight 

propagation close to the col l imated l ight sources and boundaries [55]. D i f fus ion 

theory can be then a useful too l to describe the l ight propagation over mi l l imeter 

range and fu r ther for visible wavelength (one mean free path distance i n visible 

range is less than 1 or 2 mm), [56]. Th is theory is ma in ly applied for visible and 

near in f rared regions, as i t is not an accurate model for a tissue model where, 

~ « 10, meaning that there is a high absorpt ion [57]. 

2.2 Physics behind speckle 

The or ig in of speckle goes back to the arr iva l of a coherent source, laser, as this 

mot t led pat tern appears every t ime when laser i l luminates a dif fuse surface. The 

reflected or t ransmi t ted l ight creates such a structure as a result of interference of 

many scattered waves having a random phase. The occurrence of speckles can not 

be avoided as the random phase occurs due to roughness and scattering nature of 

dif fuser. Th is changes the spatial coherence i n the near field and creates a grainy 

pat tern i n far field d is t r ibu t ion of dif fuser. 

The speckle patterns are generally generated i n two main categories of subjective 

and object ive pat tern. I n free space geometry, by shining a laser beam on an 

opt ica l ly rough surface, the l ight w i l l be freely propagated on a screen far away 

and the so called object ive speckle is produced on the observation plane. Th is is 

shown i n F ig . 2.4(a). However, a di f ferent k ind of speckle pat tern can be created 

i f th is scattered l ight is imaged th rough a lens, as shown i n F ig . 2.4(b). Th is is 

called subject ive speckle pat tern, where the observation plane is the focal plane of 

the lens [58]. 

The te rm subjective is used as the l i m i t of spatial frequencies of the recorded 

speckles is dependent on the numerical aperture of the used lens system. O n the 

contrary, the scattered wavefront being collected directly, through a photosensitive 

mater ia l for instance, would result in a larger spectrum. I n case of an interference 

due to the superposit ion of two scattering points separated by the distance, d , 

the spatial frequency of such a pat tern recorded at a distance z is calculated as: 

T^. The max imum spatial f requencj ' is dependent on the size o f the scattering 

surface and corresponds to the m i n i m u m per iod ic i ty in the interference pat tern. 

Based on the Rayleigh's resolut ion cr i ter ion, a m i n i m u m distance between two 

neighboring max imum intensi ty points is defined as the m i n i m u m speckle size. 

For the object ive speckle, the speckle size, bo th longi tud ina l size dz and lateral 

size ds w i l l be dependent on the section of free space [60]. The i l luminated area. 
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Figure 2.4: a) Objective specl<le pattern and b) Subjective specl<le pattern [59], 

D, after being a z distance propagated i n free spaces create the spatial extent of 

the speckle, as: 

4 - A ( 2 ~ ) 
(2.4) 

Th is results i n usually a larger value for the long i tud ina l size of the speckle 

wh ich explains why the speckles are referred to as cigar-shaped and thej^ become 

more elongated by increasing z. The irradiance at a single point in the observation 

plane perpendicular to the scattering direct ion, would be the result of large number 

of waves w i t h random phases. The average speckle size is int roduced as dav = 

1.22X~. The size of subjective speckle pat tern can be calculated in a similar 

manner. I n this case, using a lens changes the number of speckles locat ing at the 

image plane, given by the rat io of the lens diameter to the lateral size of speckle 

The image has a diameter of D^^^ which is dependent on the focal length 

of the lens. B y knowing the number of speckles in th is image area, the speckle size 

can be calculated as: 

d, = D { ^ ) i ^ ) = X f ^ (2.5) 

Th is is more or less similar to the object ive speckle, except for the fact tha t now 

the scattered l ight is imaged into the screen through a lens. For the calculat ion, 

i n th is case we need to use the lens properties. I t is more common, to use the 

average te rm as dav = 1.22A(1 + M)F, where F is the F-number expressed as the 

rat io of the imaging distance and lens aperture and M is the magnihcat ion 

factor. A n example of the speckle pat tern measured w i t h di f ferent camera sett ing 

is shown i n the F ig . 2.5. I n th is set of images, i t can be seen tha t decreasing the 

aperture size (or increasing F-number ) , a larger speckle pat tern can be expected. 

Th is is shown for three dif ferent camera F-number of 2.8, 22 and 32. 
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Figure 2.5: The measured specl<le pattern with the camera F-number setting of : 
a) 2.8 b) 22 and c) 32. 

The impor tan t concepts behind the physics of speckle based on thei r stat ist ical 

properties, was first introduced by Goodman [61] and Da in ty [62]. Th is is based 

on the random phasor sum to describe the complex ampl i tude of the field at each 

point i n space. So i n case of i l l umina t ing a med ium w i t h monochromat ic and 

polarized l ight , the to ta l field at a point can be expressed as the superposit ion of 

many scattered waves. Each of these waves has a random ampl i tude and phase. 

The ou tpu t electric field complex ampl i tude can be studied using the phasor sum 

model, or the complex ampl i tude of the scattered field ar r iv ing at an observation 

point , as: 

1 ^ 
^ = ^ ^ a k e x p { - j M (2.6) 

k=i 

where ak is the ampl i tude and (pk is the phase of the kth scattering wave. The field 

i n a single speckle is the sum of a l l the contr ibut ions f r o m a large number of l ight 

paths and when al l these l ight paths are considered to be random and independent. 

Th is resultant phasor sum. A, can be rewr i t ten i n the f o r m of y l = R+jl for which 

the real, i? ,e {A} and imaginary / m { A } parts are derived as: 

1 ^ 
R = Re{A} = - 7 = ^ öfc cos(0fc) 

' ^ ^ fe=i 

1 ^ 
I = Im{A) = — = ak sin(0fc) 

V-'^ A: = l 

(2.7) 

To understand how the speckle patterns behave, we need to measure the prob­

ab i l i t y density func t ion . Th is func t i on contains the in fo rmat ion of how dif ferent 

intensities in the speckle patterns are d is t r ibuted. I n order to find the probabi l i ty 

density func t ion of speckle patterns certain assumption are made: 

(1) The ak and (pk are stat ist ical ly independent wh ich means the knowledge of 

a phasor's ampl i tude does not provide the knowledge of the same phasor's phase 

and vice versa. 
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(2) The ampl i tude and phase for each element k and p where k ^ p are statis­

t ica l ly independent meaning that knowledge of one phasor's ampl i tude or phase 

does not provide any knowledge for another phasor's ampl i tude or phase. 

(3) The phase (p^ is un i fo rm ly d is t r ibuted over [—IT, TT] which means that a l l phase 

values are equal l j ' probable. Th is is mainl j^ val id when the surface roughness is 

greater t han a wavelength. 

Based on these assumption, this model is a random walk i n the complex plane 

where the magni tude of each step is independent of i ts direct ion and there is an 

equal probabi l i t j r of tak ing step in any direct ion. Fol lowing the last assumption 

the expectat ion values of cos((^fc) and sin{(pk) are zero which means the mean value 

for B. and / are also zero, E[R] = E[I] = 0. Here, E[] is the expected value of a 

random variable. I n th is case, the variance of the real and imaginary parts of the 

resultant phasor is calculated as: 

E[a 

N ^ 2 
(2. 

' E\al] 

k=\ 

Here E[R'^] and E[P] are the second moment of the real and imaginary parts of 

the resultant phasor, which are equal t o their variances as the means are zero. 

These two variance values are identical, wh ich is shown be a common value of 

a'^ = a\ = a f . Know ing the variance of the real and imaginary parts of the 

resultant phasor, now we calculate the correlat ion coefficient between them. The 

correlat ion coefficient p is related to the covariance, F: 

t R . I (2.9) 

where aa, ai is the standard deviat ion of real and imaginary parts of the resultant 

phasor respectively. I t can be seen tha t p oc F / j j = E\E.l\ = 0 as E\B\ = E[I] = 0 

Assuming tha t the number of phasor components is large, N, the central l i m i t 

theorem can be applied. The statistics of the sum of N independent random 

variables is asymptot ical ly Gaussian as A -> oo [63]. I n order to derive the j o i n t 

probabi l i ty density func t ion of the real and imaginary par t of the speckle field [64]: 

From here, we can see that the jo in t probabi l i ty density func t ion of the length A 

and phase 0 is then: 

P ^ . ö ( ^ ' ^ ) = ^ « - P ( - ^ ) (2-11) 

for J4 > 0 and —TT < 0 < TT , otherwise i t results in zero. B y knowing the jo in t 

d is t r ibu t ion of A and 9, now we need to find the marginal statistics of each of 
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them ind iv idual ly , wh ich is defined by integrat ing Eq. (2.11): 

PA{A) = ƒ" PAA^^ S)de = ^ e x p { - ^ ) (2.12) 

for ^ > 0, th is result is known as the Rayleigh density funct ion . Now, by inte­

grat ing the Eq. (2.11) w i t h respecting to ampl i tude, we hnd the density func t i on 

of phase P0{6): 
r°° 1 

pe{e) = pAAA,e)dA=^ (2.13) 

for -TX <d <TT. Here the fact tha t the integral of the Rayleigh density f unc t i on is 

uni ty, has been used. Furthermore, i n most of the experiments the direct measured 

variable is intensity, the ampl i tude A is related to measured intensi ty / , as / = 

A^. F rom a fundamenta l result of probabi l i ty theory [63], the probab i l i t y density 

func t ion p v ( u ) of w can be related to the probabi l i ty density func t ion for a random 

variable v related to another random variable u hy: 

Pv{v)=Pu{f (w)) 
du 

dv 
(2.14) 

R can be seen that , knowing the probabih ty density func t ion PA{-A) we can find 

the probabi l i ty density func t ion for the intensi ty through: 

P I { I ) ^ P A { ^ I ) 
dA 

dl 

1 

2 \ /7 
PA (Vï) (2.15) 

B y using Eq. (2.12) and apply ing the t ransformat ion law of Eq. (2.15) we see tha t 

i t obeys negative exponential statistics so tha t i ts probabi l i ty density func t ion is: 

Piil) = 
- ƒ , 

2 ^ ' 
(2.16) 

As i t has been mentioned earlier, the probabi l i ty d is t r ibu t ion is an impor tan t 

feature of speelde pat tern as i t can describe how l ikely is to observe a br ight or 

dark spot at a given point . One impor tan t feature of the assumption o f Gaussian 

d is t r ibu t ion for speckle patterns is tha t standard deviat ion is equal to its mean. 

This is known as f u l l y developed speckle pat tern, an example of which is shown i n 

the F ig . 2.6. This speckle pat tern is the result of a perfect ground glass dif fuser 

wh ich has Gaussian surface height var ia t ion and being i l luminated w i t h a coherent 

l ight. Th is k ind of speckle results i n a m a x i m u m var iat ion in one speckle pa t te rn 

and has been a speckle contrast value of 1. The speckle contrast, rat io of standard 

deviat ion to mean value, w i t h value less than one indicates a par t ia l ly developed 

speckle pat tern. This is the result of weak dif fuser w i t h smoother surfaces [65]. 

However, the sum of many independent speckle patterns has a di f ferent behavior. 

As the number of these patterns increases the probab i l i t y d is t r ibu t ion plots tends 

to a Gaussian d is t r ibu t ion . Th is has been shown to be the case for biological tissue 

where the l ight penetrates and as a result of mul t ip le scattering, the probab i l i t y 
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Figure 2.6: a) Fully developed speckle pattern and b) Probability distribution plot 

d is t r ibu t ion func t ion w i l l not fo l low a negative exponential re lat ion as i n F ig . 

2.7 bu t i t would be more of combinat ion of di f ferent speckle fields. Also t ime 

integrat ion w i l l change the d is t r ibu t ion func t ion [66]. 

2 

Figure 2.7: a) Speckle pattern measured from human finger and b) its probability 
distribution. 

Th is is referred to as low coherence speckle pat tern, which is not the result of 

surface scattering but volume scattering. Here the recorded back scattered speckle 

can be considered as the combinat ion of many speckle patterns [67,68] and creates 

speckle contrast value of less than one. I n some experimental configurations, these 

assumptions may not be val id anymore and non-Gaussian speckle d is t r ibu t ion are 

created. This can be due to a weak scattering medium, having a non un i fo rm 

phase d is t r ibu t ion [69], or i n case of having cascade of t h i n diffusers [70]. A n 

experimental example of the last case w i l l be discussed in cliapter 6. 
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2.3 Time varying speckle 

The recorded speckle pat tern f r o m a steady object results i n a stat ionary speckle 

pat tern. I f the sample moves, for a small displacement i n the sample, the speckle 

pat tern w i l l retain its shape but move w i t h the sample. I n this case, the movement 

of the sample can be measured using the double exposure photograph. I n th is 

method, double exposure photograph is taken after and before the movement 

happens. B y i l l um ina t ing the photograph w i t h a laser beam, the interference 

fringes w i l l be observed f r o m each speckle pair. The distance between fringes, 

contains in fo rmat ion about the speckle displacement wh ich is eventual ly a measure 

of the movement i n the sample [71]. However, for larger movement of the object the 

speckle w i l l be decorrelated and a to ta l l y di f ferent speckle pat tern w i l l be recorded. 

A similar effect can happen when there is a mo t ion of many small moving particles 

in the sample, such as i n fluid. The movement in the i l luminated sample, creates a 

new fo rmat ion of speckle patterns, which are called dynamic speckle or bio-speckle. 

Th is is the case of tissue w i t h under ly ing flow. The difference between static and 

dynamic speckle pat tern is shown i n F ig . 2.8. I n case of static speckle pat tern 

the surface roughness scatters l ight i n many di f ferent directions and creates a high 

contrast speckle pat tern. Wh i le i n dynamic speckle, wh ich is t ime variant, the 

speckle pat tern changes dur ing the exposure t ime and the recorded speckle pat tern 

results in a lower contrast. The t ime vary ing speckle patterns are more complex 

and these signal fluctuations can be studied by analyzing their tempora l statistics 

[72]. Study ing the tempora l speckle fluctuation provides an extensive source of 

in fo rmat ion over the sample, and this can be applied in di f ferent applications. 

For instance, t o measure v ib ra t ion and mechanical properties, viscoelastic and 

mater ia l stiffness [73] or dynamical behavior of the system such as veloci ty and 

displacement. I n biological and l i v ing samples, the speckle dynamics can be rather 

complex. Di f ferent properties of the sample can have an influence, such as mul t ip le 

scattering, interact ion between di f ferent materials and combinat ion of dynamic 

and static speckles. The t ime vary ing speckle patterns are ma in ly considered as 

t ranslat ional and boi l ing speckles [74]. The t ranslat ion speckle happens when an 

entire solid object moves, so tha t the whole speckle pat tern translates or moves 

w i t h the object. The boi l ing speckle are typ ica l ly found i n the case of l i v ing 

samples. I n th is case, the eirtire granular structure of speckles continuously changes 

as the speckle can deform or appear and disappear. 

Static l ight scattering (SLS) is main ly used to study the structure of biological 

cells or tissue, by measuring the molecular weight using the relat ionship between 

the intensi ty of l ight scattered by a molecule and its molecular weight and size [75]. 

Wh i le dynamic l ight scattering (DLS) measures the dynamics of the system. This 

was ma in ly used for the measurement of particles suspended i n a l iqu id . The first 

appl icat ion of DLS was i n photon correlat ion spectroscopy where i t is capable of de­

termin ing the size of part ic le and viscosity based on the tempora l auto-correlat ion 

func t ion [76]. The ma in relat ion wh ich defines how a part ic le diffuses and changes 

its speed of mot ion is based on the t ranslat ional d i f fus ion coefficient which is de­

r ived using the wel l known Stokes-Einstein re lat ion [76]. Th is t ime-dependent 
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d i f fus ion coefRcient w i l l have a finite value i n a solid system. However i n a fluid 

this is not val id , as random coll ision between particles changes the mean square 

displacement in t ime. This continuous change i n the distance between particles 

creates a Doppler sh i f t between the frequency of the incident and the scattered 

l ight . Th is was first discovered by Robert B rown and later described mathemat­

ical ly by Einstein. Th is is the work ing pr inciple of laser Doppler. Studying the 

frequency spectrum of the scattered l ight provides details of mot ion . The shape 

of spectrum indicates the type of mot ion (di f fusive or bal l ist ic) whi le changes i n 

the d i f fus ion coefficient changes the broadening of spectrum. [77]. Further appl i ­

cations of technique using DLS are d i f fus ing wave spectroscopy (DWS) [78] and 

laser speckle contrast analysis ( L A S C A ) . The question i f the fluctuations mea­

sured using laser speckle are the same as the frequency shi f t in laser Doppler, has 

been answered by Briers [79]. These two techniques have the same mathemat i ­

cal descript ion relat ing the frequency of changes to the veloci ty of the scatterer. 

However, they are two di f ferent ways of look ing at the same phenomena. 

The displacements of the l ight scattering centers undergoing dif ferent fiuctu-

ations, such as Brownian mot ion , can be analyzed by studying their scattering 

patterns. I n a dynamic sample w i t h scattering particles, the measured l ight inten­

si ty w i l l vary over t ime as particles dif fuse in random directions. A quant i ta t ive 

measure of th is fluctuation can be obtained by def in ing a stat ist ical average of the 

tempora l autocorrelat ion func t ion of the scattered electric field, which expresses 

the displacement of moving particles integrated over t ime: 

{E{t)E*{t + T)) 

^>(^)= {E{t)E*{t)) 
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here 51 ( r ) is the normalized tempora l autocorrelat ion func t ion of the scattered 

electric field, T is the autocorrelat ion delay t ime, T is the exposure t ime of the 

image, E{t) is the t ime dependent electric field and E*{t) is the complex conju­

gate of E{t). Instead of measuring the complex field, which is the result of the 

superposit ion of many other fields ar r iv ing at the detector, we record the speckle 

intensities in pract ical si tuat ions and quant i f y i t using the normalized tempora l 

intensi ty autocorrelat ion func t ion : 

The measured tempora l autocorrelat ion of intensity, Ö2(T), is related to field cor­

relat ion, g i ( r ) , th rough the Siegert relat ion [80]: 

g2{T) = l + P\9iiT)f (2.19) 

where /3 is dependent on the measurement setup and the laser stabi l i ty. I n an ideal 

s i tuat ion, i t can be assumed to be equal to one [81]. The direct measurements of 

tempora l statistics has been t rad i t iona l l y used i n DLS . I n order t o have a good 

signal to noise rat io, several averages of g^it) over a certain image pixels (speckle) 

would be required, apply ing long acquisi t ion t ime [82]. There is another stat ist i ­

cal parameter used to measure the t ime fluctuation dynamics of speckle images, 

the speckle contrast. The speckle contrast (K) is defined as the rat io of stan­

dard deviat ion (a) over the average intensi ty fluctuations ( ( / ) ) , of the intensi ty 

fluctuations, 

! < = - - (2.20) 

The speckle contrast, K, a func t ion of exposure t ime and the auto-covariance of 

the intensi ty tempora l fluctuation C(,(r) in a single speckle has been defined: [83] 

(2.21) 

The auto-covariance is defined as: 

Ct{T) = { m - { I ) t ] [ I { t + T)-{I)t])t. (2.22) 

where ()f is the t ime average of the quant i ty. The relat ion of the auto-covariance 

to the tempora l autocorrelat ion is defined as : 

The use of 32 (T) is convenient to define the relat ion between the veloci ty of the 

scattering particles and the infiuence of the scatterer veloci ty d ist r ibut ions. The 

scatterer veloci ty d is t r ibu t ion can main ly be considered as Gaussian or Lorentzian. 

The Lorentzian d is t r ibu t ion is appropriate only for Brownian mot ion, whi le the 

Gaussian d is t r ibu t ion describes single part icle dynamics. A comparison of the 
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contrast calculated based on the fifi(r) measured f r o m the two common veloci ty 

d is t r ibu t ion can be seen i n F ig . 2.9. The t ime averaged autocorrelat ion, g i { T ) , 

of the intensit) ' f luctuat ions for the case of a h igh ly scattering med ium w i t h a 

Lorentzian veloci ty d is t r ibu t ion has the f o r m of : 

g,{r)=exp{~^) (2.24) 

The correlat ion t ime, (TC), is the actual decay t ime of the autocorrelat ion func t ion 

which is inversely propor t ional to the veloci ty of scatterers. 

A s imi lar relat ion can be derived for the assumption of having a Gaussian ve­

loc i ty d is t r ibu t ion [84]: 

ffi(r)=exp(-^) (2.25) 

We calculated the relat ion between the contrast and the correlat ion t ime at a given 

Figure 2.9: The plots of two velocity distribution, Gaussian and Lorentzian, show 
a noticeable difference between the measured contrast and the ratio ( t c / T ) . 

exposure t ime for these two di f ferent veloci ty d is t r ibut ions and the result is shown 

in the F ig . 2.9. The relat ion shows a characteristic curve w i t h S-shape for bo th 

d ist r ibut ions, th rough the influence of the veloci ty d is t r ibu t ion can be clearly seen. 

However, in order to describe real b lood flow we need an intermediate model. I n 

the case of blood flow, i t has been suggested probably a Voigt prof i le, combinat ion 

of Lorentz ian and Gaussian profiles, would be a better approach, but i n real i ty 

there are s t i l l more complex factors to considered [84]. To be able to convert 

the measured contrast of an image into more quant i ta t ive parameters we need to 

consider the imi^ortant effect of perfusion. As the measured contrast does not 

only depend on veloci ty of the moving particles, but also on the concentrat ion and 

number of particles. Several models relate perfusion to velocity measurements, but 

they are either not exper imental ly val idated or suffer f r o m several l imi ta t ions [85]. 

I n order to separate these two parameters, veloci ty and concentration, a more i n 

depth study need to be done. 
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2.3.1 Theory of fractals 

I n a speckle image, a large number of wavelets contr ibute to f o r m a dark or br ight 

spot i n the image plane. The cont r ibu t ing waves have encountered various path 

lengths on the surface or inside the medium. Since the irregular structure of 

scattered l ight patterns carry in fo rmat ion of the underl ined phenomena, f rac ta l 

analysis can be adapted to describe the properties of dynamic speckle. Fractal 

analysis is usually applied to complex images as long as they cover certain fea­

tures. The essential properties of fractals, self-similari ty, scaling and non-integral 

dimension are of ten seen i n speckle images [86,87]. The f ragmentat ion o f the image 

resembles a structure where smaller pieces can reproduce the stat ist ical properties 

of the entire image. The f rac ta l classif ication can vary depending upon the object 

of study. One ma jo r d is t inct ion can be between regular or exact fractals and ran­

dom or stat ist ical fractals. Exact fractals have features tha t replicate on di f ferent 

scales whereas an object is a stat ist ical f rac ta l when only the stat ist ical properties 

of the object replicate on di f ferent scales. There are many physical systems to have 

the characteristics of being stat ist ical fractals and scattering of coherent l ight f r o m 

dif fuse media formed into speckle patterns also fa l l in th is category. 

The study of certain properties that do not change as an object undergoes 

continuous deformat ion is described by topological dimension. Th is is represented 

by an example of Koch snowflake where the topological dimension stays the same 

even as the curve gains more complexi ty [88]. However, the f rac ta l i t y of the 

curve can reveal another dimension wh ich main ly reflects the properties of the 

evolving curves and characterizes their texture. Fractal has been first introduced 

by Mandelbrot to describe common shape prof i le i n nature. The study of fractals 

in nature can vary f r o m s tudy ing coastlines, heartbeats, snowflakes to the capi l lary 

network i n lungs. The word 'Fi 'actal ' comes f r o m the L a t i n word f ractus meaning 

irregular segments. To quant i f y i r regular i ty as a t e rm of roughness of an object, 

scale is of a ma jo r importance as i t can be seen i n the F ig . 2.10. A l though the 

same image of a hand is shown, the scale var ia t ion can have an impact on the 

image and change the perception of roughness [89]. 

To address this issue and to quant i f y scaling, f rac ta l mathematics has been 

established. Fi'actal dimension is a scale invariant parameter tha t has been used 

to quant i fy the roughness of objects. Th is dimension describes how densely the 

object occupies the space i t lies i n . Eucl idean geometry is a common too l to 

describe object properties. I n this case, the dimension of a finite po int is zero, a 

line is one and plane or surface is two. The nature is f u l l of such complex systems 

tha t can not be studied i n terms of simple p r im i t i ve structures and these usual 

dimensions can not be used i n case of objects w i t h fi'actal properties. To define 

the f rac ta l dimension, imagine a l ine w i t h length of e can be segmented in to A'' 

similar pieces of length 1/e, so we need a magni f icat ion of e to get the length of 

the or ig inal l ine. So the number of segments is A = e. A similar concept can be 

applied to a square w i t h a side length of one, where a gr id of small squares w i t h 

side length of 1/e, is required to fill the whole square. Then N = squares are 

required to fill the un i t square. To generalize this concept [90,91], for the object 
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w i t h a measure of D we need the N ^ e units to occupy i t , where the object 

dimension is calculated as: 

D = l o g i V / l o g e 

Th is f rac ta l dimension is usual ly referred as Similarity dimension but i t can not 

be generally applied. As not al l the fractals are s t r ic t l y self s imi lar or topologi-

cal ly flexible. A deformed square should s t i l l have a dimension of two wh ich this 

def in i t ion can not f u l f i l l . 

There exist many pract ical methods to estimate the f rac ta l dimension. One 

of these is the Div ider method [!)2]. As i t can be seen f r o m the name, th is is 

based on the implementat ion of a walk along the l ine and recording the number of 

steps required to cover the l ine. This approach is then systematical!} ' repeated for 

di f ferent step sizes. Then a relat ion can be found between the step size and the 

to ta l length. So the l ine w i t h a length of L can be defined w i t h A number of steps 

w i t h dependent size r . I f the data fol lows a f rac ta l model, then the calculat ion of 

f rac ta l dimension is given by: 

L{r) = Fr^-^ (2.26) 

where D is the f rac ta l dimension and defines how the roughness changes w i t h 

the scale of observation and F is a constant which shows the steepness of the 

prof i le. P lo t t i ng L{T) versus log{i') in log scale, the p lot ted l ine has a slope equal 

to 1 — £). This approach suffers f r o m theoret ical and pract ical l imi ta t ions. The 

main problem is tha t usually non-integer number of steps is required to cover the 

whole length which has been commonly solved by adding a f rac t iona l step length. 

Furthermore, the i n i t i a l and final step must be careful ly chosen. 

The dimension est imat ion using box-count ing is the most f requent ly used method 

as i t can be applied to mul t id imensional data. This method computes the frac­

ta l dimension by subdiv id ing the image w i t h mul t ip le boxes of a specific size and 
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Figure 2.11: The technique of box counting is illustrated with arbitrary unit of 
sampling size. 

est imat ing how many of them are required to cover the entire object [93]. Th is 

process is repeated for a range of sizes. A n example of how this is done w i t h 

a speckle image is shown i n F ig . 2.11. I f A ( s ) , number of boxes, is estimated 

across a range of s, then there should be hnear relat ionship between log{N{s)) 

and log{l/s), where the measure slope is an ind icat ion of the f rac ta l dimension. 

The f rac ta l dimension can be w r i t t e n as: 

FD = l im (2.27) 
s^ologil) 

2.4 Data analysis 

I n th is section we provide a summary of the methods for analyzing the speckle 

patterns tha t w i l l be used i n the rest of the thesis. I n th is work, we are ma in ly 

s tudy ing the t ime calculat ion of speckle patterns to study the dynamics of pulsati le 

flow. 

2.4.1 Laser speckle contrast analysis 

One of the methodologies for analyzing t ime fluctuation dynamics of speckle i m ­

ages, is based on laser speckle contrast, Eq.(2.20), wh ich was first in t roduced by 

Briers and Webster [94]. I n th is method, speckle images have been recorded using 

a camera w i t h an exposure t ime ( typ ica l ly 1 to 20 ms). I n each acquisit ion, the 

t ime integrated speckle images are recorded w i t h b lurred speckle patterns. Th is is 

due to the integrat ion t ime being longer in comparison to the speckle decorrelat ion 

t ime, induced by the mot ion of scatterers [95]. Th is b lu r r ing of the speckle data 

is quant i f ied by the contrast te rm, to s tudy the dynamic evolut ion of the mot ion . 

The contrast would have lower value i n case of a sample which has mov ing scat­

terers due to the fact tha t the standard deviat ion of the intensi ty wou ld decrease 

whi le the average intensi ty remains constant. The main schemes of analyzing the 

speckle images f r o m raw data are temporal , spat ial or a combinat ion of these two. 
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I n the tempora l case, a p ixel based calculat ion is made on a sequentiall) ' collected 

speckle images. For the spat ial case, the speckle is computed using a single speckle 

image by sl iding a window over the image. I n th is case, a super p ixel oi N x N 

pixels, where N is an odd number, is chosen such tha t the contrast value is deter­

mined by the central pixel . A typ ica l value of 5 or 7 pixels is usually chosen. A 

more detailed descript ion can be found i n reference [66,95]. 

2.4.2 Correlation based analysis 

To quan t i f y the rate of speckle fluctuations we measure the correlat ion coefHcients 

between the successive speckle frames over t ime. The stat ist ical properties of 

speckle are studied as space-time cross correlat ion i n the imaging (observation) 

plane. Based on the correlat ion models, the degree of var ia t ion can be converted 

to a correlat ion coeflicient. To do so, we measure correlat ion coefhcient for each 

f rame [96]: 

N N 

E Jlifmn - f){gmn ~ g) 

CC = , ' " = ^ " = ^ , (2.28) 
N N _ N N 

\ / E Z i f m n - f V J j : T.{gmn-gf 
y m = l n = l y m = l n = l 

where fmn{'m',n = 1..N) is the raw image in tens i t j ' for a given pixel i n a f rame 

which is correlated w i t h the raw image intensity for a given pixel i n a subseciuent 

f rame <;,„„. Here N indicates the number of pixels i n a f rame row or column, wh ich 

was equal in the present work. Th is is calculated for the entire t ime sequence. 

The average value for each ma t r i x is denoted by ƒ and g respectively. The two 

dimensional correlat ion coefficients have been calculated for al l the pixels i n the 

speckle image data and result i n a value ranging f r o m 0 (uncorrelated) to 1 ( f u l l y 

correlated). As the particles scatter more, the signal fiuctuation increases and 

the average correlat ion value decreases. App l y i ng correlat ion analysis for speckle 

measurements can be l im i ted as i t depends on the resolut ion of the system and the 

ampl i tude of the mot ion. I n case the speckle mot ion between successive frames 

falls in to only a f rac t ion of a p ixel , a better sampl ing rate and higher resolut ion 

would be required to use th is technique. 

2.4.3 Fi'actal based analysis 

The or ig inal idea of box count ing has been extended to di f ferent ia l box count ing 

( D B C ) by considering an image as a surface where its height is propor t ional to 

its image gray value or intensity. I n comparison w i t h other methods, D B C has i ts 

advantage due to its s impl ic i ty [97,98]. Th is is a good measure of how structure or 

coarseness is d is t r ibuted on a surface area and can be clearly related to the spatial 

d is t r ibu t ion measured i n a speckle pat tern. The t ime evolut ion of the f rac ta l 
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dimension is then applied i n s tudy ing dynamical systems. I n our analysis, the 

di f ferent ia l box count ing has been carried out on the speckle images to extract the 

f rac ta l dimension. A n example of the speckle image recorded w i t h pulsat i le f low 

is shown i n F ig . 2.12, along w i t h the image t ransformed into the corresponding 

f rac ta l image. 

Figure 2.12: a) Raw specl<le image of pulsatile flow, b) The speckle image converted 
to corresponding fractal image. 

Th is method was first proposed i n [99]. I n the present work, a speckle image is 

considered as a 3D spatial surface where two coordinates are the spatial coordi­

nates of the p ixel and the t h i r d one is the gray level. The or ig inal speckle images 

are t ransformed to the f rac ta l images. For d i f ferent ia l box count ing for a image 

of size M d iv ided i n 3D space into blocks (s x s x s') where, s, is the size of the 

square and, s', is gray level of the block. I f the t o ta l gray level of the image is G 

then we can wr i te y = To determine the required thickness of the blanket 

needed to cover the image surface we need to know tha t the m i n i m u m gray level 

fal ls i n the box number k and the m a x i m u m gray level falls in to box number I. 

Then the thickness of the blanket coverage on the g r id ( i , j ) is: 

ns{i,j)=l-k + l (2.29) 

The to ta l number of boxes is calculated for di f ferent values of s as: 

A . = ^ ns{i,j) (2.30) 

l<i<M/s 
l<j<M/s 

The f rac ta l dimension was calculated for each image f r o m the slope of the linear 

regression l ine fit to the log p lo t of to ta l number of boxes A^ versus the dimension 

scale or the box size s. Th is approach is ma in ly used i n medical sett ing for feature 

extract ion [100]. To study d5mamics, a t ime series of f racta l dimension has been 

used to determine the corresponding frequency spectrum. 
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2.5 Summary 

I n th is section, we introduced laser speckle imaging which is an at t ract ive too l to 

map blood f low using simple setup. The recorded speckle bears an impr in t of the 

flow properties, however measuring absolute flow ve loc i t j ' is fundamenta l ly d i f h -

cul t using LS I . To estimate the veloci ty of flow using speckle images, DLS theory 

is appl ied. I n this approach, the fluctuations of moving scatterers is described 

by auto-covariance of scattered l ight , which stat ist ical ly describes the correlat ion 

between l ight intensities w i t h a t ime delay. Th is can be fu r ther related to the 

measured speckle contrast but i ts dependency to flow d is t r ibu t ion model was ex­

plained. Final ly, the methods tha t w i l l be used i n this thesis for analyzing the 

recorded speckle images were introduced. I n the next chapter, we w i l l describe 

the exper imental setup w i t h di f ferent phantoms and scattering mediums tha t were 

used i n our measurements. We w i l l address the influence of several parameters on 

the measured contrast for steady and pulsati le flow under di f ferent exper imental 

settings. 





CHAPTER 

Experimental setup for 
fluid parameter analysis 

It doesn't matter how beautiful your theory is, it doesn't matter how smart you 

Flow measurement is a complex problem and many di f ferent aspects of i t can 

be addressed. The part icular behavior of flow can be due to complexi ty i n the ge­

ometry or fluid dependent properties. To moni tor flow using an opt ica l technique 

as laser speckle, a careful systematic s tudy need to be done. I t was seen f r o m 

previous chapter tha t speckle patterns are generated by interference of scattered 

wavefronts and these pat tern can change due to movement of scattering particles. 

However, there are several hidden factors tha t can influence quant i ta t ive studies 

using measurements of these speckle patterns. This chapter presents several exper­

imenta l methods to isolate each one of the presented parameters. The parameters 

tha t have been studied here are changes i n flow rate of fluid, difference i n opt ica l 

properties of med ium and presence of static scatterers, concentrat ion and density 

of scattering particles, and addi t ional changes i n the flow wh ich are created by 

changes i n flow volume rather than veloci ty o f the particles. We describe the ex­

per imental setup used for laser speckle measurements to address the influence of 

some of these factors in our measurements using speckle patterns. These experi­

ments were most ly done for the steady flow. Furthermore, we show the possibi l i ty 

of measuring a pulsati le flow i n a scattering medium. I n this chapter, we also 

provide a descript ion over di f ferent experimental setups that w i l l be used in the 

remainder of the thesis. 

are. If it doesn't agree with experim.ent, it's wrong. 

Richard P. Feynman 
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3.1 Experimental setup 

I n th is section, an overview of di f ferent parts of experimental setup w i l l be given. 

The main components of the system are i l l um ina t ion source, flow phantoms and 

opt ical acquisit ion. I n order to set the experiment based on biomedical flow char­

acteristics, certain condit ions of flow need to be addressed first. Two di f ferent 

scattering l iquids have been used which is explained i n details i n the section 3.2. 

Figure 3.1: The laser speckle experimental setup for flow measurement: The flow 
cell containing milk flow is illuminated using the laser light and the speckle patterns 
are recorded from top through the imaging system. 

The experimental setup for laser speckle measurements is shown in F ig . 3.1. 

For i l l umina t ion , we used 30 mW Hel ium-Neon laser (Mel lesGriot) at wavelength 

of 633 nm. The ou tpu t beam is col l imated and passed through a lens, creating 

a circular and un i fo rm ly d is t r ibuted beam shape. The beam is directed to the 

sample using the beam steering mir ror . The speckle patterns are recorded w i t h 

the h igh speed camera (Phot ron SA3, model 12QK — M2) located vert ical ly at the 

20 cm distance f r o m the flow system. The captured images are saved, dig i t ized 

( R A W format , 12 b i t ) i n to the PC and fu r ther processed w i t h Mat lab . 

3.1.1 Flow generation 

Two sets of flow systems have been used to s tudy flow, one enables a simple pu l ­

satile and steady flow whi le the other flow system simulates the human cardiovas­

cular flow. I n each system, measurements are done for bo th steady and pulsati le 

flow. For the steady flow, the flow cell is accompanied by a veloci ty pump and 

works based on the Bernoul l i 's pr inciple. I t consists of two containers which can 

be set at di f ferent heights and thus creates a flow rate. The pump is capable of 

generating flow at the range of 0 — 110 ml/min. Th is is moni tored by measuring 

the flow rate in tube w i t h an ul trasound sensor based on the Doppler sh i f t theo­

rem. To generate a pulsati le flow w i t h a control led frequency i n our flow cell, we 

used a rol ler pump (M in ipu l s®3) using five rollers. I n the second flow system, we 
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created a more realistic pulsati le flow, where we use a Medos Ventr icular Assist 

Device ( V A D ) inc luding the d r i v ing un i t and ventr icular pump, connected to a 

flow setup which is compatible for di f ferent work ing fluids. Th is system creates a 

realistic flow prof i le of human heart beat pulse waveform. A complete schematic 

of the flow loop of th is system is shown i n F ig . 3.2. This system has the opt ion 

of enabl ing a pulsati le or steady flow. To study a wide range of flow regimes, a 

bypass valve and mechanical control valves were instal led. The system also has an 

air vent i la t ion so tha t i t can be easil}' filled and maintained i n an air bubble free 

state. The electromagnetic flow meters ( M A G - V I E W , model M V M - 0 0 5 - Q ) were 

coupled to the system and used for real t ime mon i to r ing of flow rate. I n the V A D 

settings, we used a systolic pressure (Psys) of 270 mmHG and diastohc pressure 

(Pdias) of -30 mmHG w i t h a systolic t ime interval of 35 (%) w i t h a ventr icular 

pump of 60 can {ml) volume. The frequency of the cardiac pulsat ion is set for 40 

beats per minute corresponding to 0.67 Hz. 

3.1.2 Flow properties 

There are two impor tan t parameters i n pulsati le fiow studies, wh ich are the Reynolds 

number (Re) and Womersley number (a ) . The Rejmolds number describes the ra­

t io of iner t ia l forces to viscous forces i n a flowing fluid and is defined as: 

where Vg is the t ime averaged velocity, L is the characteristic length ( in present 

case this is the diameter of the cyl inder or diameter at the inlet of the carot id 

ar tery) , and F is the kinematic viscosity of the fluid. Reynolds number is d i rect ly 

propor t iona l to veloci ty and inversely propor t ional to viscosity. The measured 

values in di f ferent parts of the human circulator}^ system shows tha t b lood flow 

in m a j o r i t y of vessels fol lows a laminar behavior [101]. I n general, laminar flow 

has a regime of Re < 2000 where the pulsati le flow results i n a lower Reynolds 

number compared to the steady flow [102]. The mean Reynolds number of 512 

was estimated for our glycerol solut ion at fluid temp of 25' 'C. 

The Womersley number is a dimensionless number which relates the pulsat ion 

frequency to viscosity. I t is o f ten used i n b io f lu id mechanics, and i n general where 

there is a non-constant pressure gradient fiow in the S}fstem, like i n case of heart 

pump flow. This value in healthy humans can vary between 1 and 12.5 wh ich is 

influenced by the physiological condi t ion of human body [103]. The Womersley 

number is dependent on the pulsat ion fi-equency and physical properties of the 

vessel, and is defined as: 

Re = 
VsL 

(3.1) 
1/ 

(3.2) 

where w is the angular frequency given by the frequency of pulsat ion (ƒ) as w = 27r./ 

and R. is the pipe radius. I n th is measurement, the flow w i t h a Womersley number 
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of 4.5 has been studied. I n these set of measurements, we have been t r y i n g to keep 

bo th the Reynolds and Womersley numbers i n typ ica l range tha t is found i n the 

human carot id artery. 

The out f low div is ion between the In terna l Caro t id A r t e r y ( I C A ) and the Exter­

nal Caro t id A r t e r y ( E C A ) has been defined as: 

QiCA 

QECA 
(3.3) 

The div is ion of flow between the internal and external branches varies dur ing 

the cardiac cycle. The fiow has been regulated w i t h two addi t ional valves, where 

the out f low div is ion rat io of 50/50 between internal carot id ar tery and external 

carot id artery. 

( W D ) ventricular assist device 

( " ^ aquarium pump 

mechanical control valve 

(M^ electromagnetic flow meter 

Figure 3.2: The schematic of the experimental flow loop including the phantom, 
pump (VAD), few mechanical valves and electromagnetic flow meters. 

3.2 Fluid properties 

The two flow systems used di f ferent scattering fluids since we were interested i n 

separate physical effects. These fluids are described blow. 

3.2.1 Glycerol Solution 

The glycerol solut ion is commonly used to mimic blood flow, as i t is easy to use, 

non-toxic and dissolves easily i n water. The l iqu id we used is a m ix tu re of water 

and gljrcerol, so there is a refract ive index match between the work ing l iqu id and 
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the Polydimethyls i loxane (PDMS) phantom. To visualize the f low i n an opt ica l ly 

transparent p la t fo rm, we needed to use tracer particles. Choosing the r ight seeding 

particles is the most impor tan t parameters as the particles have to fit d i f ferent 

requirements to be sui tably detected using al l the techniques whi le keeping the 

desired flow characteristics. I n case of using water as fluid, the commonly used 

tracers particles are either the hol low glass or polystyrene spheres w i t h a diameter 

size of 2 to 20 pm. 

3.2.2 Mi lk 

The other scattering fluid we used was m i l k . M i l k was used as i t is cheap and easy 

to work w i t h i t . I t also mimics the blood flow as the fa t particles i n m i l k scatter 

l ight s imi lar to RBCs i n blood [104,105] 

3.3 Experimental phantoms for flow study 

The flow cell is p r imar i l y a phantom to stud}'' the flow. The flow condit ions can 

di f fer depending upon the geometry of the phantom. I n th is section, a descript ion 

of three phantoms w i t h their part icular geometries is given. The three phantoms 

were a rectangular channel, a straight cy l indr ica l tube and a carot id ar tery like 

phantom. The rectangular phantom has been used i n many experiments, as the 

phantom components were made i n several copies and i t has the flexibility of 

measuring di f ferent parameters when the measurement condit ions were similar. 

3.3.1 Rectangular based phantom 

The rectangular flow cell, inc lud ing its components is shown in F ig . 3.3. I t consists 

of a base plate, rectangular shaped insert and a top membrane. As can be seen 

in the F ig . 3.3(b), the flow cell has a semi-rectangular channel w i t h a length of 

20 mm and a depth of 1 mm to represent a homogeneous, t h i n layer of flow. 

To characterize and mimic the skin opt ical properties, a dif fuse scattering Del r in 

w indow ® (polyoxymethylene, P O M ) is used as the top membrane of the cell [106]. 

However, to create a reference p la t fo rm, a glass window is used which lowers the 

chance of measuring the static scatterers. The insert is made of polycarbonate 

wh ich models a flow channel w i t h di f ferent thickness of 0.5, 1 and 2 mm. The 

insert is mounted on the stainless steel basis, and the bo t tom mater ia l of this 

channel is def ln ing the amount of l ight which can be absorbed or reflected. The 

flow cell can have two conflgurations depending upon the requirements of the 

experiment. The channel can be made flexible, a l lowing for volume changes w i t h 

pulsat ion mimick ing blood vessels or made r ig id , having only velocity changes. 

Th is is done by replacing the bo t t om layer w i t h a flexible sil icon membrane or a 

r ig id mater ia l . 
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Figure 3.3: Flow phantom: a) Components o f the flow sample: the base flow cell 
with the inlet and outlet, the rigid insert that is placed in the base flow cell defining 
the channel depth, the flow cell membrane which can be either transparent or Delrin 
and the stainless steel ring which is used in bottom and top to fix the flow cell, b) 
The insert with the flow channel, c) An assembled version of the flow cell. 

3.3.2 Straight cylindrical based phantom 

To create a straight cy l indr ica l tube, made of cured P D M S , a wa.x candle w i t h 

outer diameter of 20 mm was used as a mou ld to case the P D M S . Th is can be 

seen i n F ig . 3.4. We use an aqueous glycerol solut ion w i t h the same refract ive 

index as our phantom housing {n = 1.413). This was done for refract ive index 

matching wh ich can be seen i n the F ig . 3.4(b). Th is technique is commonly used 

in P I V and is also beneficial i n laser speckle images to avoid extra scattering due 

to sample structure irregularit ies at the boundaries. 

3.3.3 Carotid artery based phantom 

To create the carot id ar tery phantom, a 3 D wax pr in t of the artery of a patient 

was made. The geometry of the pat ient specific carot id ar tery was obtained us­

ing a Computed Tomography ( C T ) scanner images of a pat ient suffer ing f r o m 

atherosclerosis. Th is has then been used as a mould for casting the P D M S l iqu id . 

The wax was removed w i thou t apply ing any heat to avoid any di f fused wa l l effect 

and results i n a clear phantom. To have the phantom compatible for P I V mea­

surements, we use an aqueous glycerol solut ion w i t h the same refract ive index as 

our phantom housing (n = 1.413). The effect of refract ive index matching can be 

clearly seen i n the F ig . 3.5(b). 
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a) b) 

Figure 3.4: Straight cylindrical flow phantom: a) in water and b) with refractive 
index matched solution. The extra scattering due to irregularities in the boundaries 
are removed due to index matching. 

Figure 3.5: Flow phantom of patient based carotid artery: a) in water and b) with 
refractive index matched solution. The extra scattering due to irregularities in the 
boundaries are removed due to index matching. 

3.4 Flow analysis and contrast dependent flow vari­
ables 

We in i t i a l l y conducted experiments to s tudy the steady flow and how tha t re­

lates to the speckle measured contrast. We analyzed the data using the spatial 

speckle contrast approach mentioned i n section 2.4.1. The recorded raw speckle 

images were converted to speckle contrast using a spatial w indow of 7 x 7. I n 

most of the measurements, a combinat ion of boi l ing and t ranslat ion is observed 

in the recorded speckle data. Pure bo i l ing only happens at the focus of the imag-
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ing plane [107]. I n case the object has mo t ion w i t h a un i f o rm veloc i ty bo i l ing of 

speckle is more dominant . The use of spat ial analysis for an event evolv ing in t ime 

is based on ergodic assumption that statistics of the spatial and tempora l varia­

t ions are the same. However, this wou ld mean the absence of dynamic changes 

and tha t the cont r ibu t ion of the static scatters is negligible dur ing the mul t ip le 

exposure measurements. However i n medical sett ing, due to good t ime resolut ion 

of the capture of the images of rap id ly changing f low dynamics, spat ial contrast 

is commonly used as a quant i ta t ive parameter. For a f u l l field technique such as 

laser speckle imaging, speckle contrast is measured over a region of interest. To be 

able to evaluate the relative measured speckle contrast for di l ferent experiments, 

a good understanding over the med ium and its dynamics is required. I t has been 

mentioned i n chapter 2, there exists a large l i terature on the study of speckle and 

wide ly applied models to relate the measured contrast to the speckle decorrela­

t ion . Each of these models is based on several assumptions of single or mul t ip le 

scattering. The lack of a realistic model of a dynamic system as human b o d j ' w i t h 

al l the complex cardiovascular structure i n the tissnes, forces fu r ther research in to 

this field for fu tu re medical devices. The overall measured contrast reflects many 

other measured parameters whi le ref lect ing the dynamics of mov ing scatters inside 

a micro vascular network. Th is chapter includes several experiments wh ich have 

been done for a systematic set of parameters: flow rate, concentrat ion of scattering 

particles, volume of scattering fluid and influence of static scatterers by measuring 

the speckle contrast w i t h respect to each parameters. We then continued w i t h 

the experiments and simulated the pulsati le flow. A long w i t h the speckle contrast 

we also used the correlat ion analysis. These measurements were done to study 

two impor tan t factors of having di f ferent top membrane, wh ich is then a static 

scattering layer and also inc luding volume changes i n the measurements. 

3.4.1 Steady flow analysis 

We first describe the result of experimental study on the steady flow wh ich has no 

pulsat ion properties. 

Influence of Flow rate 

This set of measurements have been done for dif terent flow rates and we use glass 

as the top membrane. I n the F ig . 3.6, the speckle contrast has been measured 

at each exposure for a stack of images. The plot shows the result of the contrast 

measured for the flow rates of 10, 20, 30 and 40 ml/min wh ich has been measured 

w i t h exposure t ime ranging fi-om 0.3 to 2 ms. The exposure t ime is one of the 

p r imary factors wh ich determined the flow dependent parameter i n the calculated 

contrast images. For long exposure t imes, speckle contrast approaches zero, whi le 

the b lu r r ing of the image freezes at very short exposure t imes and the value of 

contrast wou ld be closer to one. Th is result shows a good agreement w i t h theory, 

where you expect to have the m a x i m u m measured contrast for the no (direct ional) 

flow case and as soon as you have flow i n the system the contrast starts to drop. 
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Figure 3.6: Changes in specl<le contrast are measured for a range of exposure times 
and shown for different flow rates (ml/min). These measurements were done using 
glass as the top membrane. For the case of no (directional) flow, the highest speckle 
contrast is measured and the contrast level decreases as the flow rate increases. 

Influence of static scatterers 

One of the problems of l ink ing scattering dynamics to fluctuations i n a system is 

the inf luence of di f ferent parameters which can not be easily separated. Due to 

s t ruc tura l complexi ty of the tissue, there is a cont r ibu t ion of the static components 

which in real i ty can be due to di f ferent layers of the skin or bone for instance 

[81,108]. To study the influence of scattering layers, two sets of measurements have 

been done using two dif ferent top membranes of De l r in and glass. The comparison 

was done for two cases, one having flow and the second no flow, on ly Brown ian 

mot ion. The result of these measurements is shown i n F ig . 3.7. 

B y comparing these measurements, we can observe the influence of the static 

scattering la3'er but also the differences in the shape of the plots i n case of Brow­

nian mot ion or direct ional flow. I n bo th cases of having flow and no flow, the 

measurements w i t h a Del r in membrane are measured w i t h a higher spatial con­

trast as i t contains a layer of static scatterers. I n case of no (direct ional) flow, 

where only Brownian mot ion is present, a higher contrast is measured for bo th 

Del r in and glass membrane compared w i t h the case of direct ional flow. Th is is 

also caused due to moni to r ing a larger number of static scatterers, which raise to a 

higher contrast level. The m u l t i scattering effect due to mot ion causes the speckle 
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Figure 3.7: Changes in speciale contrast are measured for a range of exposure times 
and show the influence of static scattering layer: Glass and Delrin were used as the 
top membranes. These measurements are compared for case of a) no (directional) 
flow and b) flow with a given flow rate. 

to blur effect, so the contrast level decreases. For a higher exposure t ime ( T ) , 

the influence of averaging speckle contrast over a longer t ime interval , is measured 

w i t h a lower level of speckle contrast. 

Infiuence of scattering particle concentration 

Another parameter wh ich plays a role in these measurements, is the concentrat ion 

of scattering medium. I n order to check the effect of scatterer concentrat ion on 

the speckle contrast, we d id two sets of experiments i n wh ich we d i rect ly changed 

the concentrat ion of the particles by d i lu t ing the mi l k . Another approach is to 

have same concentrat ion level but more particles was due to change i n channel 

depth, leading to more f l u id volume. The first experiment is shown here. To study 

the effect of scatterer concentrat ion on the speckle contrast, a mult i -exposure 

measurement was done w i t h f u l l m i l k (100%) and for the d i lu ted m i l k w i t h f u l l 

m i l k percentage of (80, 60, 40 and 20%). Each measurement was repeated under 

the condit ions tha t on ly one variable, i n this case the concentrat ion level changes. 

The measurement was done w i t h a glass membrane on top wh ich does not include 

any static scatterers. 

The result of the experiment can be seen i n F ig . 3.8(a) for the case of no 

fiow. The same set of measurements w i t h the same concentrat ion levels of m i l k 

was repeated for the case of flow and this can be seen i n F ig . 3.8(b). I t can be 

observed tha t not on ly the p lot shape changes, but also i t becomes more d i f f i cu l t to 

dist inguish on di f ferent concentrat ion levels, specially i n the case of no (direct ional) 

flow. Same series of measurements have been done for the case of flow by replacing 

the top membrane w i t h De l r in . A l l these measurements were done w i t h a m i l k 

flow rate of 30 ml/min. 
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Figure 3.8: Changes in speciale contrast are measured for a range of exposure times 
and show the influence of concentration (fat particles in milk). These measurement 
were done in the phantom with a glass membrane and is compared for the case of 
a) no (directional) flow and b) flow with a given flow rate. 

Figure 3.9: Changes in speckle contrast are measured for a range of exposure times 
and show the influence of concentration (fat particles in milk). These measurement 
were done in the phantom with Delrin as membrane, for a flow with given flow rate. 

I t can be seen i n F ig . 3.9 tha t changes i n the measured speckle contrast has a 

simi lar behavior as the previous measurements which were done w i t h glass mem­

brane, meaning tha t the measured contrast decreases w i t h increasing the concen­

t ra t i on levels. However, these are the results of having the flow i n the system as 

i t is rather d i f f i cu l t to dist inguish any difference i n the concentrat ion level i n case 

of no (direct ional) flow and using De l r in as the top membrane. 

Influence of volume 

I n order to evaluate the influence of volume changes in the steady flow, we use 

di f ferent insert levels in the flow cell. These inserts were made w i t h same mater ia l 
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and only diff'erent thicknesses so tha t the changes in fluid depth can be moni tored. 
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Figure 3.10: Changes in speciale contrast are measured for a range of exposure 
times and show the influence of channel depth (insert thickness in flow cell). These 
measurements were done with no (directional) flow. 

I n the F ig . 3.10, we observe the result of measured contrast for insert thickness 

of 0.5 and 2 m m . I n the case of 2 mm depth, there is a thicker m i l k volume i n the 

flow cell, such tha t a lower contrast is measured. One of the hj'potheses for th is 

observation is due to mul t ip le scattering. A l though in bo th cases same level of 

concentrat ion for ffuid has been used, the thickness of fluid plays a simi lar behavior 

in measured contrast and shows the sensi t iv i ty of speckle contrast to volume of 

scattering medium. 

3.4.2 Pulsatile flow analysis 

For the case of pulsati le flow, a series of measurements were carried out i n the 

same phantom using Del r in and glass as the top membrane. We also report the 

result of measurements wh ich have been done in a flexible phantom to see the 

influence of volume changes in addi t ion to the veloci ty of the moving scatterers. 

Influence of volume changes 

I n order to simulate the in-vitro heart rate, we generate pulses at the rate of 

1 Hz i n m i l k using the roller pump. To study the behavior of the simulated 

signal, the measurements were done on the flow sample using bo th the r ig id and 

flexible channel. I n the case of the r ig id channel, we only moni tor laser speckle 

contrast var iat ion w i t h respect to veloci ty changes caused by the rol ler pump. I n 

comparison, i n the flexible sett ing we add one more variable which is the var iat ion 
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