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Propositions
accompanying the Ph.D. thesis:
Coherent scattering of pulsatile flow
To be defended on Thursday, 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 characteristics of the studied sample.
5. The properties of a complex system are better understood if 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 like magic till one masters it, 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based on outdated beliefs.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 verdeligen 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 analyse 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 stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor prof. dr. H. P. Urbach.
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Summary

Modern society has an increasing demand for technologies for better diagnosis and
treatment. This is driven by the growth of health awareness and a shift in popu-
lation demographics to the aged. The concept of continuous health monitoring is
one of the key factors towards healthier life style, improving the healthcare services
and to provide a better monitoring of chronic diseases. A new market research has
predicted a dramatic increase in the number of portable health monitoring devices
which can be used for medical diagnostics or for health and wellness monitoring.
Cardiovascular disease is one of the most prevalent diseases nowadays and this is
why developing techniques to monitor vital signs are of great interest. However,
there is still a potential need in the market to address the expensive healthcare
equipment and worldwide inequality in access to it, through a cost efficient tech-
nology. In this regard, optics based solutions are seen to be a growing field which
can influence the health care industry.

One of the well known and clinically established devices is the pulse oximeter.
It is a non-invasive optical based method which measures the volumetric changes
due to arterial expansion and contraction. By monitoring the amplitude variation,
the instrument can measure the pulsation rate. The main working principle is due
to light absorption. When a vessel expands due to the heart beat, the volume
of the blood flow increases, eventually leading to a lower measured signal due to
more absorption of light. By playing with different light absorption properties, two
wavelength settings are capable of measuring the oxyhemoglobin level in the blood.
However, these devices are only sensitive to periodic signals and therefore can not
provide an indication of tissue blood flow. Additionally, these devices suffer from
a lack of required precision and repeatability of signals when it comes to scenarios
with motion artifacts. To have clinically reliable measurements, these devices
require a steady environment and contact with the patient’s body. To address
the challenges of designing non-contact methods and signal attenuation due to
motion artifacts, we have demonstrated another optical technique. Laser speckle
imaging is a low cost method which can bring a new dimension to compliance and
treatment, by monitoring the hemodynamic properties remotely. This method uses
coherent properties of light to illuminate the sample and as the blood propagates
the spatial distribution of light in tissue changes, which can be then monitored.
This method was initially developed to measure blood flow in the retina. However,
in this thesis we report several measurements, to address not only results from
phantoms but also from different regions of the body such as finger nail or neck.
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Further experiments using this technology are presented, which provide a broader
range of applications and different configurations. These studies are a step forward
towards the potential of using laser speckle techniques for assessing some of the
common clinical situations.

This thesis reports the possibility of using laser speckle for monitoring pulsatile
flow where it investigates its feasibility in case of motion artifacts. We have studied,
designed and implemented different experimental flow and optical setups to study
laser speckle dynamics. Laser speckle dynamics is based on measuring intensity
fluctuation caused by temporal changes in speckle patterns. The principle is rather
similar to the technique of laser Doppler, where there is a frequency shift from a
moving scatterer which is used to monitor the changes in the sample. For laser
speckle, the changes can be recorded directly using these interference patterns.
These are however different techniques where the same theoretical principle of
dynamic light scattering is applied. This has been originally studied for single
scattering particles and was extended later on to highly scattering medium. Laser
speckle has shown potential advantages over laser Doppler due to faster acquisition.
In this approach a very high spatial and temporal resolution blood flow map can
be obtained using single images, where the changes in flow can be quantified based
on spatial blurring of them.

The thesis begins with a brief introduction to the light-tissue interaction along
with different numerical modeling techniques which are commonly used to retrieve
tissue optical properties. We address the theory of laser speckle and how they are
created. Furthermore, different analysis methods for the speckle pattern data are
described. Since speckle is random in nature, we first need to introduce the statis-
tical tools. In this chapter, we focus on laser speckle contrast analysis, correlation
and fractals which have been used in the rest of thesis as the main analytical tools.

The laser speckle imaging has a simple experimental setup yet a powerful tech-
nique. The setup mainly consists of a laser to illuminate the sample and generate
the reflected speckle 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 complexity in the geometry, or the fluid dependent prop-
erties itself. We showed that laser speckle imaging is able to measure the changes
in flow which may arise due to various physiological /experimental conditions. In
order to be able to compare and understand the influence of different parameters
individually, a series of experiments using different experimental setups have been
conducted. These experiments have been done to monitor the changes in a sys-
tematic way, so initially the measurements were done for steady flow and then
pulsatile flow. For each experiment, the laser speckle patterns have been further
processed to retrieve the required information. We also provide a description over
different experimental components and phantoms with different geometries.

To extract maximum information from the flow dynamics, we introduced an
alternative but complimentary method to study flow properties in chapter 4. Par-
ticle image velocimtery (PIV) is a gold standard technique when it comes to study
flow dynamics. The novelty and great advantage of this technique are its high
resolution flow velocity vector of the whole plane in the flow. By adapting the
optics of the illuminating system and applying image-processing algorithms, we
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reported the result for both PIV and laser speckle method. In this chapter, we
report our measurements and data analysis for two different geometries of cylin-
drical and carotid artery based phantoms. The preliminary results demonstrated
the efficacy of combining these two technique for simultaneous full-field imaging
of flow dynamics.

To broaden the scope of thesis, we used the concept of fractals to study the
changes in speckle data. Fractal is a quantitative tool for understanding the chaos
and complex shapes in nature. Fractal analysis has been often used to characterize
randomness in a series of data. There is a correlated randomness in the dynamics
changes of speckle data that can be interpreted by fractals. We show that fractal
dimension is able to reveal pulsation features in a highly scattered medium. We
have reported a comparison analysis between laser speckle contrast and fractal
dimension measured using differential box counting method. These measurements
have been done for a uniform flow channel in a cylindrical phantom and also for a
more complex flow through a patient-specific carotid artery phantom.

We have further reported a different speckle behavior through a layered struc-
ture containing static scatterers. For this reason, we have further investigated the
concept of fractal dimension to study the so called ’speckled speckle’ patterns.
Fractal analysis has been used to characterize irregular time data series in non-
linear systems. Therefore, we extended our analysis to study the non-linear effect
detected in flow pulsation caused by the secondary reflection of speckle. We sug-
gest that fractal dimension can give a better description of reality. A possible
application of this is to use laser speckle to investigate a wide variety of patholog-
ical skeletal conditions for instance, by measuring the changes of flow dynamics
inside a bone.

In the last part of the thesis, we study the effect of induced motion artifacts
using laser speckle images. These results have shown for the first time the use of
laser speckle against motion artifacts. We initiated the measurements to study
the influence of motion induced artifacts using laser speckle contrast analysis. To
further exploit these results, the measurements have been extended to a larger
range of motion and we also reported a comparison between laser speckle contrast
and correlation based analysis. By the end of this chapter, to show the possibility
of having a more compact device development based on laser speckle, the feasibility
of using only few pixels has been demonstrated.

In summary, this thesis has addressed experimentally, several of the challenges
which are faced in case of developing a portable health monitoring device. Al-
though work for this thesis has been carried out specifically for health care moni-
toring, the studied methods are not limited to biomedical applications and can be
further applied to flow dynamics in different cases.






Samenvatting

In de moderne samenleving bestaat een toenemende vraag naar technologien voor
een betere diagnose en behandeling. Dit wordt ingegeven door de groei van het
gezondheidsbewustzijn en de toenemende vergrijzing. Het concept om gezondheid
voortdurend te monitoren is n van de belangrijkste factoren voor een gezondere
levensstijl, verbetering 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 monitoring van gezondheid en welzijn. Hart en vaatziekten zijn we-
reldwijd volksziekte nummer n en daarom is het van groot belang om technieken te
ontwikkelen die de vitale functies kunnen controleren. Er is ook behoefte aan meer
betaalbare technologie om zo de wereldwijde ongelijkheid in de beschikbaarheid
van dure gezondheidsapparatuur aan te pakken. In dit opzicht vormen oplossingen
gebaseerd op fotometrie een toenemende veld voor ontwikkelingen in ten behoeve
van de gezondheidszorg.

De Pulse-oximeter is een bekend en klinisch bewezen instrument. Het is een
op fotometrie gebaseerde non-invasieve methode, waarmee volume veranderingen
in de aders door uitzetting en contractie worden gemeten. Doordat het signaal
in sterkte varieert met de vulling van de slagaders, kan het instrument berekenen
wat de frequentie van de hartslag is. De werking is gebaseerd op het principe van
lichtabsorptie. Bij uitzetting van een bloedvat door een hartslag wordt er meer
bloed in het bloedvat gestuwd; daardoor neemt de lichtabsorptie toe en wordt
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 indicatie van weefseldoorbloeding. Bovendien
heeft dit type apparatuur last van verminderde precisie en reproduceerbaarheid
van signalen als gevolg artefacten die door beweging worden veroorzaakt. Voor
klinisch betrouwbare metingen is dan ook een stabiele omgeving en contact met
de patint vereist. Ten einde de uitdagingen aan te gaan een contactloze methode
te ontwerpen en signaalverzwakking door beweging te vermijden, hebben we een
alternatieve optische techniek gedemonstreerd.

Laser speckle imaging is een goedkope methode, die een nieuwe dimensie kan
brengen in toepassing en behandeling bij op afstand monitoren van de hemody-
namische eigenschappen. Bij deze methode wordt coherent licht toegepast om het
lichaamsdeel te belichten ; tijdens het stromen van het bloed verandert de licht-



verdeling in het weefsel, wat vervolgens kan worden gemonitord. Deze methode
werd oorspronkelijk ontwikkeld om de bloedstroom in het netvlies te meten. Ech-
ter, in dit proefschrift rapporteren wij verscheidene metingen waarbij niet alleen
resultaten van fantomen, maar ook van lichaamsdelen zoals vinger, nagel of hals
worden gebruikt. Er worden meerdere experimenten gepresenteerd waarbij van
deze techniek gebruik is gemaakt, waarmee een breder scala van toepassingen en
van verschillende configuraties wordt geboden. Deze studies zijn een stap voor-
waarts voor de inzetbaarheid van laser speckle technieken in sommige gebruikelijke
klinische situaties. In dit proefschrift wordt de mogelijkheid beschreven om ’laser
speckle’ toe te passen om pulserende stromen te monitoren. Het onderzoek gaat
over de toepasbaarheid bij bewegingsartefacten. Er zijn verschillende experimen-
tele stromen en optische opstellingen 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
in speckle patronen. Het principe is vergelijkbaar met de laser Doppler techniek,
waarbij er een frequentieverschuiving plaatsvindt door een bewegende verstrooier
die wordt gebruikt om de veranderingen in het specimen te meten. Voor ’laser
speckle’ kunnen deze veranderingen direct worden vastgelegd door gebruik te ma-
ken van deze inteferentiepatronen. Dit zijn echter verschillende technieken waarin
dezelfde theoretische principes van dynamische lichtverstrooiing worden toegepast.
Dit is oorspronkelijk onderzocht voor enkelvoudige deeltjes; later werd dit uitge-
breid tot een sterk verstrooiend medium. ’Laser speckle’ heeft potentile voordelen
laten zien ten opzichte van de Laser Doppler methode, met name door de snellere
data-acquisitie. Bij deze benadering kan een een bloedstroomkaart met zeer hoge
ruimtelijke en temporele resolutie worden verkregen met behulp van afzonderlijke
beelden, waarbij de veranderingen in de stroming kunnen worden gekwantificeerd
op basis van ruimtelijke vervaging. Het proefschrift begint met een korte intro-
ductie van interactie tussen licht en weefsel tezamen met verschillende numerieke
modelleringstechnieken, die gewoonlijk worden gebruikt voor het bepalen van de
optische eigenschappen van weefsel. Vervolgens beschrijven we de theorie van
"laser speckle’ en hoe dit fenomeen ontstaa. Daarna worden de verschillende ana-
lysemethoden voor de speckle patroon data beschreven. Aangezien speckle van
origine willekeurig is, moeten we eerst de statistische methodes beschrijven. In dit
hoofdstuk richten we ons op ’laser speckle’ contrast-analyse, correlatie en fractals
die zijn gebruikt in de rest van het proefschrift als belangrijkste analytische me-
thodes. De opstelling die gebruikt is voor ’laser speckle’ imaging is erg eenvoudig,
omdat deze voornamelijk bestaat uit 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 stroming kan worden veroorzaakt door de complexiteit van de geometrie
of door de vloeistofspecifieke eigenschappenzelf. We hebben aangetoond dat met
'laser speckle’ imaging de veranderingen in de stroming kunnen worden gemeten
die kunnen ontstaan door verschillende fysiologische / experimentele omstandig-
heden. Om de invloed van de verschillende parameters te kunnen vergelijken en
te kunnen begrijpen, is een serie experimenten uitgevoerd met een aantal ver-
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schillende opstellingen. Deze experimenten zijn gedaan om op een systematische
manier de veranderingen te monitoren. In eerste instantie voor een continue stro-
ming en vervolgens voor een pulserende. Voor elk experiment zijn de laser speckle
patronen verder verwerkt om de gevraagde informatie te verkrijgen. We bieden
ook een beschrijving voor verschillende experimentele componenten en fantomen
met verschillende geometrien. In hoofdstuk 4 introduceren we een alternatieve
en complementaire methode om de eigenschappen van de stroming te bestuderen,
teneinde zoveel mogelijk informatie uit de dynamische eigenschappen te verkrijgen.
"Particle image velocimetry’ (PIV) is een gouden standaard techniek als het gaat
om bestudering van de dynamische eigenschappen van stromingen. De vernieu-
wing en het grote voordeel van deze techniek is de hoge-resolutie stroomsnelheids-
vector van het gehele vlak in de stroom. Door aanpassing van de optiek van het
belichtingssysteem en het toepassen van beeldverwerkingsalgoritmes, beschrijven
we het resultaat van zowel PIV als de ’laser speckle methode’. In dit hoofdstuk
beschrijven we onze metingen en gegevensanalyse voor twee verschillende geome-
trien van cilindrische en op de halsslagader gebaseerde fantomen. De voorlopige
resultaten demonstreren de mogelijkheid om deze twee technieken te combineren
voor gelijktijdige full-field imaging van dynamische stromingseigenschappen. Om
de reikwijdte van het proefschrift te verbreden, hebben we gebruik gemaakt van
het begrip fractals om de veranderingen in speckle data te bestuderen. Fractals
worden gebruikt voor het begrijpen van chaos en complexe vormen in de natuur.
Fractale analyse wordt vaak gebruikt om de willekeur in een reeks van data te
karakteriseren. Er is sprake van een gecorreleerde willekeur in de dynamische
veranderingen van speckle gegevens die kunnen worden genterpreteerd door frac-
tals. We tonen aan dat met behulp van fractale dimensie pulsatiemetingen in een
zeer verstrooiend medium kunnen worden uitgevoerd. We rapporteren een ver-
gelijkende analyse tussen laser speckle contrast en gemeten fractale dimensie met
behulp van de ’differential box counting’ methode. Deze metingen zijn gedaan
voor een uniform stroomkanaal in een cilindrisch fantoom en ook voor een meer
complexe stroming door een patintspecifiek halsslagader fantoom. Voorts hebben
we een ander specklegedrag beschreven, veroorzaakt door een gelaagde structuur
met statische verstrooiers. Mede hierom hebben we het begrip fractale dimensie
verder onderzocht om de zogenaamde gespikkelde speckle patronen te bestuderen.
Fractale analyse is gebruikt om onregelmatige tijdgegevensreeksen te karakterise-
ren in niet-lineaire systemen. Daarom hebben we onze analyse uitgebreid om het
niet-lineaire effect te bestuderen dat kan worden waargenomen in stroompulsaties,
ontstaan door secundaire reflectie van speckle. Wij stellen vast dat fractale dimen-
sie een meer nauwkeurige weergave oplevert van de werkelijkheid. Een mogelijke
toepassing hiervan is om ’laser speckle’ te gebruiken voor het onderzoeken van een
grote variatie van pathologische skeletcondities, bijvoorbeeld door het meten van
de veranderingen in stromingsdynamica binnen een bot. In het laatste deel van
het proefschrift, bestuderen we het effect van genduceerde bewegingsartefacten,
met behulp van ’laser speckle’ beelden. Deze resultaten toonden voor het eerst
het gebruik van ’laser speckle’ in aanwezigheid van bewegingsartefacten. We zijn
de metingen gestart om de invloed van bewegingsartefacten te bestuderen door
het gebruik van ’laser speckle’ contrast-analyse. Om deze resultaten verder te
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onderzoeken, zijn de metingen uitgebreid naar een groter bewegingsbereik en rap-
porteerden we ook een vergelijking tussen analyse van laser speckle contrast en op
correlatie gebaseerde analyse. Aan het einde van dit hoofdstuk laten we zien dat
het haalbaar is een compacter apparaat op basis van ’laser speckle’ ontwikkelen,
als gebruik wordt gemaakt van een beperkt aantal pixels. Samengevat zijn in dit
proefschrift diverse uitdagingen waarmee men geconfronteerd wordt bij het ont-
wikkelen van mobiele gezondheidtesters, experimenteel behandeld. Alhoewel het
proefschrift specifiek voor monitoring in de gezondheidszorg is uitgevoerd, beper-
ken de bestudeerde methodes zich niet tot biomedische toepassingen; ze kunnen
ook worden toegepast bij stroomdynamica in andere disciplines.



CHAPTER

Introduction

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

Albert Einstein

Continuous monitoring of physiological signals has been a topic of increasing
importance in modern society. An increasing demand for personal healthcare
services, due to factors such as aging population, changes in lifestyle or the indi-
vidual pursuit of health and wellness [1] creates a need for reliable, continuous and
non-invasive devices for the measurement of physiological signals. In order to ad-
dress this increasing demand for ambulatory monitoring and services surrounding
it, technology has been leaning towards a new era of health monitoring devices.
The usage of such devices can potentially reduce the costs associated with regu-
lar health assessment measurements performed by health professionals and reduce
the stress associated with hospital visits, allowing the patient to remain connected
to their home environment. The continuous monitoring of physiological signals
is motivated by several factors, such as demographic changes (aging population),
changes in lifestyle which reflect upon population health and an increased con-
science and desire towards a healthier lifestyle. Regular monitoring devices can
help people track their daily activities and improve their lifestyles. Within this
target group the main demand is for monitoring vital signs such as blood flow,
pressure, oxygenation and heart rate. Although such devices are currently used
in regular clinical practice based on different techniques like angiography [2], ul-
trasound [3], magnetic resonance imaging [4] or laser Doppler imaging [5], it is
challenging to apply these techniques in a non-controlled environment, where the
individual follow its normal life.

One key challenge is the ability to create devices which can be used without
direct clinical supervision while being comfortable, unnoticeable and with no side
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effects for the user. Due to it’s non-invasive nature, optical methods have been
regarded as a promising approach towards this end. These techniques have been
applied in medical settings for diagnostics and monitoring applications [6,7]. A
very common example of such a device is the pulse oximeter. Its working principle
is based on the photoplethysmogram (PPG) which quantifies volumetric changes
in blood flow [8]. The device illuminates the skin and measures the changes in
light absorption at each cardiac cycle. These devices can be applied to different
sites of the body using either reflection or transmission designs. However, despite
the frequent use of these devices, they require very steady measuring conditions as
the technique suffers from motion artifacts. The main measurement errors are due
to sensor movement with respect to skin. Also repetitive motion induces sloshing
of venous blood which can create a different pulsation compared to arterial blood.
In addition, vasomotion or the vessel diameter variations due to movement lead
to errors [9, 10].

In the framework of research the main focus is on developing a non-invasive
method which monitors the behavior of cardiovascular system. The vital parame-
ters which need to be quantified in diagnosis are revealed by measuring pulsation
characteristics of flow. In this thesis, we target on the research challenges in devel-
oping a non-invasive, motion robust, portable device for blood flow sensing. For
this purpose we explore the use of a laser speckle based solution.

1.1 Laser speckle for physiological signal measure-
ments

Similar to laser Doppler imaging techniques, laser speckle can monitor micro-
vascular blood 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 initial use of laser speckle was in imaging the
blood flow in retina [13]. Its biomedical application has been further expanded for
skin [14], brain [15] and the interior of teeth known as pulp [16]. Laser speckle can
be further used as an ambulatory monitoring device, as the current optical meth-
ods (PPG based) are highly susceptible to motion artifacts. For such application,
the most common sources of motion artifacts are caused by both the relative body
and sensor position variations and the absolute body motion.

Laser speckle is created as coherent light scatters from diffuse or rough surfaces.
Due to optical path differences of the scattered light, constructive or destructive
interference takes place. This signal is collected using an intensity detector with
a finite aperture and recorded as a granular pattern of dark and bright spots.
Any movement in the media, such as evolution of cell or movement of red blood
cells, causes the speckle patterns to change. This high sensitivity of speckle to
minor changes can be a powerful tool for studying the dynamics of fluctuation
in the blood flow. The importance of blood flow monitoring can be observed in
studying the heart valve dynamics, or in diagnosing variations in blood vessel
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stiffness which typically is a sign of cardiac disease: changes in the stiffness of
arteries and veins, creates a different range of speed of dilatation waves and that
eventually results in an irregular range of flow speed. The laser speckle technique
has both a temporal and a spatial characteristic, as temporal and spatial intensity
variation of the speckle pattern contain information over the dynamic properties.
This method provides a two dimensional map of localized blood flow dynamics. To
explore the advantages of this technique, we have used laser speckle as the main
tool to measure pulsatile flow.

To study the flow dynamics, we started by building a laser speckle experimen-
tal setup to monitor the pulsatile flow. Given the importance of characterizing
the required features of the device when ultimately it’s applied in practice, we
constructed an experimental setup on a simplified model of the real situation. In
collaboration with LifeTec Group, we have developed an in-vitro model of a blood
channel with different channel depths in a medium which mimics the skin scat-
tering properties. Obviously, care must be taken in interpreting the result as the
human body is a complex system and differences in in-vivo behavior should be
expected. This complexity originates from variation in micro-vascular structure
of each individual and different vessel geometry. The difference in blood rheol-
ogy is another factor as any aggregation of red blood cells can change the optical
properties of the blood flow and influences the laser speckle measurements [17].
Moreover, with non-invasive monitoring we do not have direct access to blood flow
since this is accessed through a layered skin structure. Due to such factors, laser
speckle can only report blood flow changes rather than absolute values. In order
to come up with a solid platform, the in-vitro measurements can provide a good
reference of the blood flow principle as an initial step.

In addition to the above studies, we studied the combination of laser speckle
techniques with direct imaging ones, such as particle image velocimetry (PIV).
Using PIV, we can measure the complementary parameters of the flow dynamics
as it can accurately compute the flow velocity using tracing particles. Both laser
speckle and PIV have the ability to capture entire optical field for the flow mea-
surement and combination of these two techniques can provide a better insight
into flow dynamics. These experiments were reported for the study of pulsatile
flow using ventricular assist device in a patient-specific carotid artery phantom.
This was done to also cross reference the technique in the same phantom.

The analysis of dynamic speckle patterns can be quantified using laser speckle
contrast, which is defined as the ratio of standard deviation over the average
of intensity fluctuations. This can be calculated for each random distributions of
bright and dark patterns. In order to study dynamics of the physical problem, more
additional measures need to be done where we capture a time sequence of images
and calculate the speckle contrast for each pattern. Furthermore, we introduced
an additional approach to measure the time fluctuation dynamics of speckle images
based on fractal analysis. These measurements have been performed in comparison
with laser speckle analysis and for different experimental configurations. The
multiscale analysis of speckle data using fractal based techniques provides a deeper
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insights into the system. To demonstrate that, the fractal analysis has been applied
to a different scattering configuration where the scattered wavefront of the pulsatile
flow has been propagated through a layered structure.

In this thesis, we emphasize on the importance of having a flow measurement
setup in the first place which allows to simulate the various real-life conditions
under which the system is intended to be used. Motion artifact is a key challenge
in any portable application as it distorts the data and reduces the signal quality
significantly, therefore influencing its applicability in (optical based) health moni-
toring devices. There already have been many attempts to deal with this problem
based on both hardware and software approaches. Such approaches introduce the
use of additional 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 mainly using software based techniques for
reducing the motion artifacts, aim at improving the signal quality, using different
techniques such as the wavelet transform [22], adaptive noise cancellation, least
mean square [23,24] and other non-linear methods [25]. In most cases, these meth-
ods help to decrease the number of false alarms but not to remove the influence
of artifacts totally.

To study the influence of motion artifacts, we performed both phantom based
and in-vivo experiments. To look into the initial problem of motion artifacts, we
artificially simulated the induced motion artifacts in a controlled lab environment.
This allowed us to deepen the understanding of the parameter range under which
laser speckle could be applied. The in-vivo measurements provided us with a
validation of the approach.

1.2 Research project settings

The project started as a collaboration between Optics Research Group of Delft
University of Technology (TU Delft) and Eindhoven University of Technology,
Philips Research and LifeTec Group, Eindhoven. This project has been performed
in close collaboration with Philips as an industry partner. This enables a clear
focus on the problems faced by current devices in the market and to narrow the
research to market gap. The contributions from the academic side have been
focused on researching the usage of laser speckle based techniques to retrieve data
in real-world continuous monitoring situations.

1.3 Thesis structure

This thesis is focused on laser speckle analysis created from a pulsatile flow, and
it is organized as follows:

Chapter 2: We start with an introduction to light tissue interaction. The phys-
ical study and numerical approaches for processing data. This is followed with a
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brief survey over laser speckle techniques. Finally, different data analysis methods,
useful in the context of subsequent chapters are introduced.

Chapter 3: This chapter provides a general understanding over different pa-
rameters which have a major influence in monitoring pulsatile flow. The time
dependent analysis of speckle patterns was used to study the influence of different
parameters, such as particle concentration or volume of fluid and influence of static
particles due to bone and tissue for instance. The different experimental setups
and phantoms are described.

Chapter 4: This chapter introduces the combination of laser speckle contrast
analysis (LASCA) with another known method in fluid dynamics, particle imaging
velocimetry (PIV). These full-field optical techniques have both been used to study
flow and extract complementary parameters. LASCA can provide a quick study
of signal fluctuations over time so that transient phenomena can be recorded and
observed. PIV can be used for a detailed study of the cause of the phenomena.
This is perhaps also very useful for studying geometries with flow instability. A
preliminary comparative measurement between PIV and LASCA to study pulsatile
flow using ventricular assist device in a patient-specific carotid artery phantom is
reported.

Chapter 5: In this chapter, a different approach towards data processing of
acquired speckle data is introduced. The fractal nature of speckle is explored.
Moreover, same set of experimental data which was discussed in the previous
chapter, was analyzed with this technique. This was used to compare the fractal
analysis with the standard analysis used for laser speckle patterns.

Chapter 6: This chapter addresses the problems of acquiring and analyzing flow
data in the presence of multi-layered medium. We report a comparison on the
acquired data using laser speckle and fractal analysis.

Chapter 7: Finally, a key requirement for portable, continuous monitoring de-
vices is addressed in this chapter. The measurement of flow in presence of motion
artifacts. We address using the speckle dynamics for measuring a pulsatile flow in
a noisy environment.

We conclude the thesis with a chapter discussing the contributions of the thesis
and concluding this manuscript.






CHAPTER

2

Theory and analytical
methods for flow
measurement

It is the theory which decides what can be observed.

Albert Einstein

Coherent light scattered from diffuse media can reveal the underlying phe-
nomenon active in the media. Dynamic light scattering is the study of the decay
rate of the autocorrelation function of the scattered light as a result of scatterer
motion. Laser speckle imaging (LSI) together with laser Doppler flowmetry [26]
or diffusing wave spectroscopy (DWS) [27] are techniques that have evolved from
the principle of dynamic light scattering (DLS). The laser speckle imaging has the
advantage of evaluating the sample without scanning and images a wide field of
view with a simple and inexpensive apparatus. The objective of this thesis is to
apply this method for the case of studying flow. For this application, it is essen-
tial to understand the light propagation in the sample. The propagation of light
through a diffused sample and how the light will be scattered is mainly defined
by material properties. As in this study we explicitly aims to measure the blood
flow in-vivo, we provide an overview of light and tissue interaction. This chapter
is intended to provide a brief introduction to understand the background of the
studied phenomena and overview of the main terms which will be used in the rest
of this thesis. It introduces, the tissue optical properties along with diffuse light
transport regimes. These regimes are important when quantitative measurements
are of interest. There are certain approximations that are applied at each regimes,
in order to describe light distribution accurately. By applying these theorems with
some prior knowledge, for instance the separation distance between the illumina-
tion source and detector, we can retrieve tissue optical properties from different
propagation models. In section 2.1.1 some of the commonly used models and ap-
proximation will 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, statistical techniques are mainly used in studying and parameterizing
them. The data analysis which have been used to study laser speckle images are
mentioned by the end of this chapter.

2.1 Light tissue interaction

Biological samples are generally optically turbid and highly absorbing when stud-
ied in-vivo. The structure can be rather inhomogeneous and have a refractive index
higher than air (assuming most of the body is water). When light illuminates a
diffuse media like tissue the electromagnetic radiation is absorbed, scattered and
reflected. It is useful to note that in the absorption process, long wavelength pho-
tons deposit lower energy compared to short wavelength photons. For the case of
low intensity laser light interaction with tissue, the illuminated light is incident
along a certain direction, but soon the direction is lost due to reflection and scat-
tering in the sub-layers. The light that penetrates the tissue undergoes multiple
scattering till it is eventually absorbed. Chromophores are the main absorbers
and the most common ones known in skin are hemoglobin, melanin and water
in different absorption wavelengths. The probability of absorption varies by the
concentration of absorbers which is expressed in terms of the absorption coeffi-
cient. The absorption coefficient (p,) is defined as the sum of contributions from
all absorbing chromophores within the tissue, which is expressed as [28]:

pa =1n(10) Y Cie; (2.1)

4

where C; is the absorber concentration of the chromophore, [M], and ¢; is the
molar extinction coefficient [M~1em™1] at the specific wavelength. The product
of these two factors is in [em™!] unit which indicates the wavelength dependency
of the absorption coefficient. The changes in optical absorption as a function
wavelength is shown in Fig. 2.1 for a variety of important chromophores, including
melanin, oxy-(HbO3) and deoxyhemoglobin (Hb). The light absorption in blood is
dependent on the oxygenated (HbO3) and deoxygenated (Hb) hemoglobin, where
the difference in their absorption spectra can be seen in this plot. The tissue
optical window is referring to a low absorbing range where the light penetration
in the tissue is at its maximum.

Nevertheless, scattering is the dominant phenomenon which originates due to
refractive index inhomogeneities within the tissue. Scattering influences the depth
of light penetration by spreading it out. There are two kinds of (elastic) scat-
tering processes known as Rayleigh and Mie scattering (dependent on the laser
wavelength and size of the scatterers). When the objects are of the same size or
smaller than the incident wavelength, then Rayleigh scattering occurs where the
intensity of scattered light is proportional to A~*. However, for objects that are
larger than the incident wavelength Mie scattering occurs with the intensity of



Chapter 2. Theory and analytical methods for flow measurement 9

~~

- T T v v v

g 104 | -«— Optical window —» |

=

]

‘0 102 b Melanin i

&

5]

g 100 1

L Water

e

B

g 10-2. A A A A A ¢
200 400 600 800 1000 1200 1400

Wavelength (nm)

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

scattering light is proportional to A=2. In case of visible light, for most of the
tissues, a combination of both, Rayleigh and Mie scattering takes place, although
Mie scattering is dominant. This is mainly due to different cell size (lysosomes,
vesicles, mitochondria) and cell spacing. All other sub-cellular components and
molecules lead to Rayleigh scattering [30,31]. In contrast to absorption where light
travels into the tissue and loses its energy, light diffuses due to scattering. Elas-
tic scattering can be considered as process of photon absorption and re-emission
without loss of energy but possibly associated with a change in photon direction.
The main properties of tissue are described in terms of absorption coefficient (fi4),
scattering and reduced scattering coefficients (s, 1) and anisotropy factor (g).
However, the structural composition of tissue with different material properties,
requires a new definition of transport coefficient which is the sum of reduced scat-
tering (u}) and absorption (p,) coeficient: py, = pl+ pg. The term g is including
the anisotropy (g) factor which is a directionally dependent. These parameters can
be estimated using an inverse method, where through an iteration method these
parameters are initiated and applied in a light propagation model [32]. These pa-
rameters need to be continuously adjusted till the reflection or transmission values
are the sames as the ones required from measurements. One of the method is using
thin slices of different thicknesses and a narrow beam geometry, so in this case the
absorption in tissue is based on the Lambert-Beer Law, so the intensity measured
at a certain depth (2) is:

I(z) = (1 — R)Iyexp(—kz) (2.2)

where R is the Fresnel reflection coefficient which is known from the refractive
indices, the incoming angle and the reflection angle. I is the intensity of the
incident light and k is the attenuation coefficient which is sum of the coefficient
of absorption and loss due to scattering. In this approach, the scattering is ne-
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glected as we only considered thin slices of sample. In the case of thick samples,
the multiple scattering effect need to be taken into consideration. Moreover, the
reliability of this method is dependent on the numerical aperture set in the mea-
surements. In case of having small recording angle, it can be assumed that all the
scattered light will not be measured by the detector [33]. Another common tech-
nique to extract optical properties is using the Integrating Sphere method. This
approach is often used for tissue phantoms where the pg, p, and g parameters can
be extracted. The integrating sphere is made of highly reflecting material, so that
the light passing through the sample will be scattered highly till it reaches the
detector. However due to inconvenient sample preparation, for the in-vivo cases
is more common to use the time or spatially resolved techniques. These are based
on measuring the diffuse reflectance or transmittance from the medium where a
known source detector separation is used [34,35].

In time-resolved measurements, a series of short pulses, in picoseconds range,
is applied so the temporal point spread function can be measured at a certain
distance from the source [36]. In this case the shape of detected pulse measured
with absolute intensity value, carries the information about the optical interaction
coefficients. In the spatially resolved technique, diffused reflectance is measured
versus different separation distance between source and detector, so that each time
light probes different volumes and different depths. The optical properties can be
calculated by fitting the transmittance or reflectance values measured from any
of this approaches into a numerical modeling. These models will be addressed
shortly, since it is essential to first introduce different scattering regimes where
these models can be applied.

In the interest of introducing different scattering regimes and how photons are
transported in the medium, we need to use transport mean free path. This is
defined as the reciprocal of reduced scattering coefficient, [’ = ML, This path can be
realized as a length that photons forgets its initial orientation. The regime where
photons experience no scattering event is called the ballistic regime, while in case
of few scattering the term quasi-ballistic will be used. In this case, few scattering
happens and photons will be deflected but still they have a strong memory of
their initial orientation, which is about 1 to 10 transport mean free path. In the
ballistic regime, mean free path (s = 1/us) is an important factor to describe the
mean distance between the successive scattering event. If number of scattering
events goes high, beyond 10 transport mean free path, photons experience many
scattering events and they have no memory about their original orientation [37].
So in this case, the distance between successive collision is of no importance.
As multiple scattering happens, we need to take into account the influence of
scattering angle and transport mean free path. For instance, in diffusion regime,
photons are scattered in all directions so the amount of light reaching the detection
plane is proportional to the measuring solid angle while in case of ballistic, photons
still retain their original direction [38]. In case of diffused light, energy in the
ballistic component drops exponentially as it goes deeper in the sample, and energy
in the scattered components increases. This is a common problem when it comes to
direct imaging. In direct imaging, the spatial origin of the ballistic component is of
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interest. Since monitoring this information is rather difficult for these applications,
scattered light is mainly treated as noise and suppressing it can further improve
the results. However, we are using the method of laser speckle imaging, where
we are monitoring mainly the scattered components. The scattered light from a
certain traveled depth in the sample, creates diffuse scattering and this is the main
source of information in speckle patterns.

2.1.1 Numerical modeling

In order to have an accurate modeling of light propagation in tissue, an exact de-
scription of spatial and size distribution of tissue structure with their exact optical
properties would be required which in case of real tissue would be rather impracti-
cal. This is the reason why mostly a tissue phantom is used and tissue is modeled
as a bulk material with absorbing properties and randomly positioned scatterers.
The numerical modeling gives the possibility to predict and simulate optical be-
havior in such a structure. There exist several models for light propagation in
tissue, where we provide a summary of these models in the Fig. 2.2.

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

There are three categories which are most widely used to model light distribution
in tissue, based on: Maxwell’s equation, radiative transport and diffusion theory.
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Light is considered as electromagnetic field and the study of light propagation is
well described by Maxwell’s equations. Although electromagnetic theory conserves
the wave properties of light and can be applied for describing light propagation in
the tissue, it introduces extra complication. On the microscopic level, Maxwell’s
equations can be solved numerically, for which different methods are implemented.
One of the most important analytical solution is based on the Mie theory, which
calculate the scattered field for homogeneous spherical objects. Although this
approach is limited by geometrical approximation, it is often used as a reference
method. Moreover, being computational fast, made it to be a suitable platform to
be used in flow studies. This work has been initiated in our group and has been
applied in an existing computational fluid dynamics code by Kevin van As [39].
This is mainly applied for a collection of particles, for instance red blood cells
(RBCs) which heavily scatters light. To model the propagation of light in tissue,
light scattering is influenced as the result of changes in refractive indices, and also
the size, shape and orientation of objects. To consider the non-spherical geometry,
other methods such as finite-difference time-domain (FDTD) [40] or T-matrix
methods [41] need to be considered.

Essentially, in order to consider multilayerd and inhomogeneity of tissue, it
would be more common to use the application of radiative transport theory. The
main difference between transport theory and electromagnetic theory is that, in
transport theory the wave properties of light are not considered and light propa-
gation is described as superposition of energy fluxes rather than electromagnetic
fields [42,43]. The radiative transfer equation is derived from the Boltzmann’s
equation and states the conservation of energy in terms of the specific intensity
and as a function of position in the random medium [44]. The specific intensity of
radiation is the energy flux per unit time, unit frequency, unit solid angle and unit
area normal to the direction of propagation. This is the theory of how radiation
and matter interact based on the particle description of light. To further develop
this point, the possible approaches can be divided in two groups of deterministic or
statistical methods. Deterministic methods are based on the radiative transport
theory require solving the radiative transport equation [45]. One of the commonly
used numerical solution is the adding-doubling method for layered media. The
doubling was introduced to solve the radiative transport equation in a slab based
geometry [46], where doubling refers to finding the reflection and transmission
matrices for two layers with identical optical properties rather than individual
layers [47]. So in this case, measuring the properties of a slab with a certain thick-
ness has been done by repeatedly doubling the layers till the desired thickness is
achieved. The main disadvantages of this technique are the assumption that each
layer has homogeneous optical properties and has uniform irradiation [48].

On the other hand, statistical methods are more flexible to handle complex
geometries and non-homogeneous properties. Monte Carlo and random walk are
the common examples of this method. These models are based on tracing the
path of photon bundles. The principal idea of photon propagation is based on
probability distributions to define random variable sampling. This method can be
summarized in few steps as describe here. The photons are generated with a weight
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of unity at a known medium and they illuminate the sample with a defined angle
of incident. At first, the distance to first collision need to be determined. This
is defined using a random number, being uniformly distributed between 0 and 1,
and the extinction coefficient (sum of absorption and scattering coefficients). As
the photon packets start to move then they will be scattered with a deflection
and azimuthal angle which are sampled statistically. The scattering angles are
shown in the Fig. 2.3(a). The azimuthal angle, ¢, is sampled based on another
independent random number. The deflection angle, 8, which is deflection from the
original incident direction is given by a probability distribution of the cosine of
deflection angle, and is defined based on Henyey-Greenstein phase function:

1==g?
2(1 4 g2 — 2gcos )2

p(cos ) = (2.3)

Forward scattering
Scattered light

Incident lightw ¢ 0
/\ Back scattering
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Figure 2.3: a) The scattering event causes the change of direction of the incident
light shown by the scattering angles: ¢ and 6 b) The amount of forward and back
scattering is controlled by anisotropy factor in the Henyey-Greenstein phase function.

This function is dependent on g, the anisotropy factor, and it is the controlling
parameter in defining the amount of forward and backward scattering as it is
shown in the Fig. 2.3(b). The anisotropy factor is measured as the mean cosine
of the scattering angle, g =< cosf >, (value between —1 and 1). The value of
g = 1 indicates forward scattering, while a measured value of ¢ = 0 means uniform
scattering. For biological sample, the re-emission has a high probability to be in
the forward direction for each scattering event and a typical value for human
tissue is around 0.95 [37,49]. Once the angles are sampled, a new propagation
path of photon packet is defined. The photon weight will be decreased along the
path due to absorption and when the weight of the photon has passed a threshold
then the photon will be eliminated. The whole procedure will be repeated till the
photon escape the volume or its weight reaches the defined value. Otherwise, the
trajectory of the photon path will be followed till it reaches the detection plane.
The final value of interest is averaged over many photon histories [50,51]. Although
this method handles different optical inhomogeneities and geometries, being a
statistical method requires a large number of commutation to provide meaningful
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results and at the end random errors can not be avoided due to practical finite
sampling.

The solutions to radiative transport theorems are computationally expensive
and for a medium like biological tissue, where light interaction can be dominated
by scattering [52] then diffusion approximation can be applied. Diffusion model is
an approximation for obtaining the analytical solution of the radiation transport
equation [53,54]. This model has its own limitation as it can not model the light
propagation close to the collimated light sources and boundaries [55]. Diffusion
theory can be then a useful tool to describe the light propagation over millimeter
range and further for visible wavelength (one mean free path distance in visible
range is less than 1 or 2 mm), [56]. This theory is mainly applied for visible and
near infrared regions, as it is not an accurate model for a tissue model where,

By oo 10, meaning that there is a high absorption [57].

Ha

2.2 Physics behind speckle

The origin of speckle goes back to the arrival of a coherent source, laser, as this
mottled pattern appears every time when laser illuminates a diffuse surface. The
reflected or transmitted light 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
diffuser. This changes the spatial coherence in the near field and creates a grainy
pattern in far field distribution of diffuser.

The speckle patterns are generally generated in two main categories of subjective
and objective pattern. In free space geometry, by shining a laser beam on an
optically rough surface, the light will be freely propagated on a screen far away
and the so called objective speckle is produced on the observation plane. This is
shown in Fig. 2.4(a). However, a different kind of speckle pattern can be created
if this scattered light is imaged through a lens, as shown in Fig. 2.4(b). This is
called subjective speckle pattern, where the observation plane is the focal plane of
the lens [58].

The term subjective is used as the limit of spatial frequencies of the recorded
speckles is dependent on the numerical aperture of the used lens system. On the
contrary, the scattered wavefront being collected directly, through a photosensitive
material for instance, would result in a larger spectrum. In case of an interference
due to the superposition of two scattering points separated by the distance, d ,
the spatial frequency of such a pattern recorded at a distance z is calculated as:
j\dz. The maximum spatial frequency is dependent on the size of the scattering
surface and corresponds to the minimum periodicity in the interference pattern.
Based on the Rayleigh’s resolution criterion, a minimum distance between two
neighboring maximum intensity points is defined as the minimum speckle size.
For the objective speckle, the speckle size, both longitudinal size d, and lateral
size ds will be dependent on the section of free space [60]. The illuminated area,
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Figure 2.4: a) Objective speckle pattern and b) Subjective speckle pattern [59].

D, after being a z distance propagated in free spaces create the spatial extent of
the speckle, as:

(2.4)

This results in usually a larger value for the longitudinal size of the speckle
which explains why the speckles are referred to as cigar-shaped and they become
more elongated by increasing z. The irradiance at a single point in the observation
plane perpendicular to the scattering direction, would be the result of large number
of waves with random phases. The average speckle size is introduced as dg, =
1.22)\%. The size of subjective speckle pattern can be calculated in a similar
manner. In this case, using a lens changes the number of speckles locating at the
image plane, given by the ratio of the lens diameter to the lateral size of speckle
4’—“— The image has a diameter of D#<*= which is dependent on the focal length
of the lens. By knowing the number of speckles in this image area, the speckle size
can be calculated as:

Zlens ds Zlens
dy = D(=52)(5 =) = A (2.5)

This is more or less similar to the objective speckle, except for the fact that now
the scattered light is imaged into the screen through a lens. For the calculation,
in this case we need to use the lens properties. It is more common, to use the
average term as dg, = 1.22\(1 + M)F, where F is the F-number expressed as the
ratio of the imaging distance and lens aperture (Z# and M is the magnification
factor. An example of the speckle pattern measured with different camera setting
is shown in the Fig. 2.5. In this set of images, it can be seen that decreasing the
aperture size (or increasing F-number), a larger speckle pattern can be expected.
This is shown for three different camera F-number of 2.8, 22 and 32.
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a) b) c)

Figure 2.5: The measured speckle pattern with the camera F-number setting of :
a) 2.8 b) 22 and c) 32.

The important concepts behind the physics of speckle based on their statistical
properties, was first introduced by Goodman [61] and Dainty [62]. This is based
on the random phasor sum to describe the complex amplitude of the field at each
point in space. So in case of illuminating a medium with monochromatic and
polarized light, the total field at a point can be expressed as the superposition of
many scattered waves. FEach of these waves has a random amplitude and phase.
The output electric field complex amplitude can be studied using the phasor sum
model, or the complex amplitude of the scattered field arriving at an observation
point, as:

AT Un
where ay, is the amplitude and ¢y, is the phase of the kyj, scattering wave. The field
in a single speckle is the sum of all the contributions from a large number of light
paths and when all these light paths are considered to be random and independent.
This resultant phasor sum, A', can be rewritten in the form of A = R+ 71 for which
the real, Re{A} and imaginary Im{A} parts are derived as:

1 N
> arexp (~jen) (26)
k=1

. {

R = Re{A} = T ay cos(Pr,)
J=1

(2.7)

N
d = Im{f_f} = % Zak sin(¢y)
k=1

To understand how the speckle patterns behave, we need to measure the prob-
ability density function. This function contains the information of how different
intensities in the speckle patterns are distributed. In order to find the probability
density function of speckle patterns certain assumption are made:

(1) The ay, and ¢y, are statistically independent which means the knowledge of
a phasor’s amplitude does not provide the knowledge of the same phasor’s phase
and vice versa.
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(2) The amplitude and phase for each element k and p where k # p are statis-
tically independent meaning that knowledge of one phasor’s amplitude or phase
does not provide any knowledge for another phasor’'s amplitude or phase.

(3) The phase ¢y, is uniformly distributed over [—, 7] which means that all phase
values are equally probable. This is mainly valid when the surface roughness is
greater than a wavelength.

Based on these assumption, this model is a random walk in the complex plane
where the magnitude of each step is independent of its direction and there is an
equal probability of taking step in any direction. Following the last assumption
the expectation values of cos(¢y) and sin(¢y) are zero which means the mean value
for R and I are also zero, E[R| = E[I] = 0. Here, E[] is the expected value of a
random variable. In this case, the variance of the real and imaginary parts of the
resultant phasor is calculated as:

N
1 E[a?
U?—Z _ E[RZ] = ]_V‘ Z [21(]
o (2.8)
2 2 1 & E[‘ﬁ(]
gy = E[I ] = N 9
k=1

Here E[R?] and E[I?] are the second moment of the real and imaginary parts of
the resultant phasor, which are equal to their variances as the means are zero.
These two variance values are identical, which is shown be a common value of
0? = 0% = o7. Knowing the variance of the real and imaginary parts of the
resultant phasor, now we calculate the correlation coefficient between them. The
correlation coefficient p is related to the covariance, I':

Pag
p=—" (2.9)

OROT
where o, o5 is the standard deviation of real and imaginary parts of the resultant
phasor respectively. It can be seen that p x I'g ; = E[RI] =0 as E[R| = E[I] =0

Assuming that the number of phasor components is large, N, the central limit
theorem can be applied. The statistics of the sum of N independent random
variables is asymptotically Gaussian as N — oo [63]. In order to derive the joint
probability density function of the real and imaginary part of the speckle field [64]:

1 _R2+12)

507 OXP ( 507 (2.10)

pR,I(-Rw I) =

From here, we can see that the joint probability density function of the length A
and phase @ is then:
A A2
Pao(4,0) = s—sexp (= o) . (2.11)
for A > 0 and —7 < 6 < 7 , otherwise it results in zero. By knowing the joint
distribution of A and 6, now we need to find the marginal statistics of each of
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them individually, which is defined by integrating Eq. (2.11):

™ A A2
pa(A) = pae(4,0)dd = —exp(—5—) (2.12)
- o 20
for A > 0, this result is known as the Rayleigh density function. Now, by inte-
grating the Eq. (2.11) with respecting to amplitude, we find the density function
of phase pg(6):

1

po(6) = /Ooom,e(A,H)dA == (2.13)

for —m < @ < 7. Here the fact that the integral of the Rayleigh density function is
unity, has been used. Furthermore, in most of the experiments the direct measured
variable is intensity, the amplitude A is related to measured intensity I, as I =
A%, From a fundamental result of probability theory [63], the probability density
function py (v) of v can be related to the probability density function for a random
variable v related to another random variable u by:

du

= (2.14)

pv(v) = pu(f~(v))

It can be seen that, knowing the probability density function p4(A) we can find
the probability density function for the intensity through:

dA 1

I = D—|=—= I 2.15
1) = paVD| 5| = 5 2tV (2.15)
By using Eq. (2.12) and applying the transformation law of Eq. (2.15) we see that
it obeys negative exponential statistics so that its probability density function is:

1 =]

pr{l) =
As it has been mentioned earlier, the probability distribution is an important
feature of speckle pattern as it can describe how likely is to observe a bright or
dark spot at a given point. One important feature of the assumption of Gaussian
distribution for speckle patterns is that standard deviation is equal to its mean.
This is known as fully developed speckle pattern, an example of which is shown in
the Fig. 2.6. This speckle pattern is the result of a perfect ground glass diffuser
which has Gaussian surface height variation and being illuminated with a coherent
light. This kind of speckle results in a maximum variation in one speckle pattern
and has been a speckle contrast value of 1. The speckle contrast, ratio of standard
deviation to mean value, with value less than one indicates a partially developed
speckle pattern. This is the result of weak diffuser with smoother surfaces [65].

However, the sum of many independent speckle patterns has a different behavior.
As the number of these patterns increases the probability distribution plots tends
to a Gaussian distribution. This has been shown to be the case for biological tissue
where the light penetrates and as a result of multiple scattering, the probability
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Figure 2.6: a) Fully developed speckle pattern and b) Probability distribution plot
[63].

distribution function will not follow a negative exponential relation as in Fig.
2.7 but it would be more of combination of different speckle fields. Also time
integration will change the distribution function [66].

0 0.5 1 1.5 2
a) b) <>

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

This is referred to as low coherence speckle pattern, which is not the result of
surface scattering but volume scattering. Here the recorded back scattered speckle
can be considered as the combination of many speckle patterns [67,68] and creates
speckle contrast value of less than one. In some experimental configurations, these
assumptions may not be valid anymore and non-Gaussian speckle distribution are
created. This can be due to a weak scattering medium, having a non uniform
phase distribution [69], or in case of having cascade of thin diffusers [70]. An
experimental example of the last case will be discussed in chapter 6.
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2.3 Time varying speckle

The recorded speckle pattern from a steady object results in a stationary speckle
pattern. If the sample moves, for a small displacement in the sample, the speckle
pattern will retain its shape but move with the sample. In this case, the movement
of the sample can be measured using the double exposure photograph. In this
method, double exposure photograph is taken after and before the movement
happens. By illuminating the photograph with a laser beam, the interference
fringes will be observed from each speckle pair. The distance between fringes,
contains information about the speckle displacement which is eventually a measure
of the movement in the sample [71]. However, for larger movement of the object the
speckle will be decorrelated and a totally different speckle pattern will be recorded.
A similar effect can happen when there is a motion of many small moving particles
in the sample, such as in fluid. The movement in the illuminated sample, creates a
new formation of speckle patterns, which are called dynamic speckle or bio-speckle.
This is the case of tissue with underlying flow. The difference between static and
dynamic speckle pattern is shown in Fig. 2.8. In case of static speckle pattern
the surface roughness scatters light in many different directions and creates a high
contrast speckle pattern. While in dynamic speckle, which is time variant, the
speckle pattern changes during the exposure time and the recorded speckle pattern
results in a lower contrast. The time varying speckle patterns are more complex
and these signal fluctuations can be studied by analyzing their temporal statistics
[72]. Studying the temporal speckle fluctuation provides an extensive source of
information over the sample, and this can be applied in different applications.
For instance, to measure vibration and mechanical properties, viscoelastic and
material stiffness [73] or dynamical behavior of the system such as velocity and
displacement. In biological and living samples, the speckle dynamics can be rather
complex. Different properties of the sample can have an influence, such as multiple
scattering, interaction between different materials and combination of dynamic
and static speckles. The time varying speckle patterns are mainly considered as
translational and boiling speckles [74]. The translation speckle happens when an
entire solid object moves, so that the whole speckle pattern translates or moves
with the object. The boiling speckle are typically found in the case of living
samples. In this case, the entire granular structure of speckles continuously changes
as the speckle can deform or appear and disappear.

Static light scattering (SLS) is mainly used to study the structure of biological
cells or tissue, by measuring the molecular weight using the relationship between
the intensity of light scattered by a molecule and its molecular weight and size [75].
While dynamic light scattering (DLS) measures the dynamics of the system. This
was mainly used for the measurement of particles suspended in a liquid. The first
application of DLS was in photon correlation spectroscopy where it is capable of de-
termining the size of particle and viscosity based on the temporal auto-correlation
function [76]. The main relation which defines how a particle diffuses and changes
its speed of motion is based on the translational diffusion coefficient which is de-
rived using the well known Stokes-Einstein relation [76]. This time-dependent
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Figure 2.8: a) The speckle pattern created from a static object, b) The speckle
pattern of a dynamics sample result in a slower contrast as the time variances are
averaged over an exposure time.

diffusion coefficient will have a finite value in a solid system. However in a fluid
this is not valid, as random collision between particles changes the mean square
displacement in time. This continuous change in the distance between particles
creates a Doppler shift between the frequency of the incident and the scattered
light. This was first discovered by Robert Brown and later described mathemat-
ically by Einstein. This is the working principle of laser Doppler. Studying the
frequency spectrum of the scattered light provides details of motion. The shape
of spectrum indicates the type of motion (diffusive or ballistic) while changes in
the diffusion coefficient changes the broadening of spectrum. [77]. Further appli-
cations of technique using DLS are diffusing wave spectroscopy (DWS) [78] and
laser speckle contrast analysis (LASCA). The question if the fluctuations mea-
sured using laser speckle are the same as the frequency shift in laser Doppler, has
been answered by Briers [79]. These two techniques have the same mathemati-
cal description relating the frequency of changes to the velocity of the scatterer.
However, they are two different ways of looking at the same phenomena.

The displacements of the light scattering centers undergoing different fluctu-
ations, such as Brownian motion, can be analyzed by studying their scattering
patterns. In a dynamic sample with scattering particles, the measured light inten-
sity will vary over time as particles diffuse in random directions. A quantitative
measure of this fluctuation can be obtained by defining a statistical average of the
temporal autocorrelation function of the scattered electric field, which expresses
the displacement of moving particles integrated over time:

(E@)E"(t + 7))

70 = BaE) R
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here g;(7) is the normalized temporal autocorrelation function of the scattered
electric field, 7 is the autocorrelation delay time, T' is the exposure time of the
image, E(t) is the time 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
superposition of many other fields arriving at the detector, we record the speckle
intensities in practical situations and quantify it using the normalized temporal
intensity autocorrelation function:

(It +7)I())

g92(7) = T Io)? (2.18)

The measured temporal autocorrelation of intensity, g2(7), is related to field cor-
relation, g1(7), through the Siegert relation [80]:

ga(7) = 1+ Blg1 ())? (2.19)

where 3 is dependent on the measurement setup and the laser stability. In an ideal
situation, it can be assumed to be equal to one [81]. The direct measurements of
temporal statistics has been traditionally used in DLS. In order to have a good
signal to noise ratio, several averages of go(t) over a certain image pixels (speckle)
would be required, applying long acquisition time [82]. There is another statisti-
cal parameter used to measure the time fluctuation dynamics of speckle images,
the speckle contrast. The speckle contrast (K) is defined as the ratio of stan-
dard deviation (o) over the average intensity fluctuations ((I)), of the intensity
fluctuations,

Koo (2.20)

(I)
The speckle contrast, K, a function of exposure time and the auto-covariance of
the intensity temporal fluctuation Cy(7) in a single speckle has been defined: [83]

o2(T) 1 o , ;2 ¥ T
K? = W = _T2<I>2 /0 /0 Ci(t — 7')drdr" = ———T<I>2 /0 (1- f)C't('r)clT
(2.21)
The auto-covariance is defined as:
Co() = (I(t) — (DLt + 1) — (D)) (2.22)

where (); is the time average of the quantity. The relation of the auto-covariance
to the temporal autocorrelation is defined as :

Ct (T)
(2

g2(T) =1+ (2.23)

The use of g(7) is convenient to define the relation between the velocity of the
scattering particles and the influence of the scatterer velocity distributions. The
scatterer velocity distribution can mainly be considered as Gaussian or Lorentzian.
The Lorentzian distribution is appropriate only for Brownian motion, while the
Gaussian distribution describes single particle dynamics. A comparison of the
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contrast calculated based on the g;(7) measured from the two common velocity
distribution can be seen in Fig. 2.9. The time averaged autocorrelation, g;(7),
of the intensity fluctuations for the case of a highly scattering medium with a
Lorentzian velocity distribution has the form of :
T
g1() = exp(——) (2.24)
Te
The correlation time, (7.), is the actual decay time of the autocorrelation function
which is inversely proportional to the velocity of scatterers.

A similar relation can be derived for the assumption of having a Gaussian ve-
locity distribution [84]:
2
o
g1(1) = exp(—ﬁ) (2.25)

c

We calculated the relation between the contrast and the correlation time at a given
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Figure 2.9: The plots of two velocity distribution, Gaussian and Lorentzian, show
a noticeable difference between the measured contrast and the ratio (7./71").

exposure time for these two different velocity distributions and the result is shown
in the Fig. 2.9. The relation shows a characteristic curve with S-shape for both
distributions, through the influence of the velocity distribution can be clearly seen.
However, in order to describe real blood flow we need an intermediate model. In
the case of blood flow, it has been suggested probably a Voigt profile, combination
of Lorentzian and Gaussian profiles, would be a better approach, but in reality
there are still more complex factors to considered [84]. To be able to convert
the measured contrast of an image into more quantitative parameters we need to
consider the important effect of perfusion. As the measured contrast does not
only depend on velocity of the moving particles, but also on the concentration and
number of particles. Several models relate perfusion to velocity measurements, but
they are either not experimentally validated or suffer from several limitations [85].
In order to separate these two parameters, velocity and concentration, a more in
depth study need to be done.
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2.3.1 Theory of fractals

In a speckle image, a large number of wavelets contribute to form a dark or bright
spot in the image plane. The contributing waves have encountered various path
lengths on the surface or inside the medium. Since the irregular structure of
scattered light patterns carry information of the underlined phenomena, fractal
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-similarity, scaling and non-integral
dimension are often seen in speckle images [86,87]. The fragmentation of the image
resembles a structure where smaller pieces can reproduce the statistical properties
of the entire image. The fractal classification can vary depending upon the object
of study. One major distinction can be between regular or exact fractals and ran-
dom or statistical fractals. Exact fractals have features that replicate on different
scales whereas an object is a statistical fractal when only the statistical properties
of the object replicate on different scales. There are many physical systems to have
the characteristics of being statistical fractals and scattering of coherent light from
diffuse media formed into speckle patterns also fall in this category.

The study of certain properties that do not change as an object undergoes
continuous deformation is described by topological dimension. This is represented
by an example of Koch snowflake where the topological dimension stays the same
even as the curve gains more complexity [88]. However, the fractality of the
curve can reveal another dimension which mainly reflects the properties of the
evolving curves and characterizes their texture. Fractal has been first introduced
by Mandelbrot to describe common shape profile in nature. The study of fractals
in nature can vary from studying coastlines, heartbeats, snowflakes to the capillary
network in lungs. The word 'Fractal’ comes from the Latin word fractus meaning
irregular segments. To quantify irregularity as a term of roughness of an object,
scale is of a major importance as it can be seen in the Fig. 2.10. Although the
same image of a hand is shown, the scale variation can have an impact on the
image and change the perception of roughness [89].

To address this issue and to quantify scaling, fractal mathematics has been
established. Fractal dimension is a scale invariant parameter that has been used
to quantify the roughness of objects. This dimension describes how densely the
object occupies the space it lies in. Euclidean geometry is a common tool to
describe object properties. In this case, the dimension of a finite point is zero, a
line is one and plane or surface is two. The nature is full of such complex systems
that can not be studied in terms of simple primitive structures and these usual
dimensions can not be used in case of objects with fractal properties. To define
the fractal dimension, imagine a line with length of € can be segmented into N
similar pieces of length 1/e, so we need a magnification of € to get the length of
the original line. So the number of segments is N = €. A similar concept can be
applied to a square with a side length of one, where a grid of small squares with
side length of 1/e, is required to fill the whole square. Then N = €? squares are
required to fill the unit square. To generalize this concept [90,91], for the object
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a)

Figure 2.10: Scale variation and its influence on the object appearance. The image
of skin taken at different scales a) and b) shows the importance of scale.

D

with a measure of D we need the N ~ €~ units to occupy it, where the object

dimension is calculated as:
D =logN/loge

This fractal dimension is usually referred as Similarity dimension but it can not
be generally applied. As not all the fractals are strictly self similar or topologi-
cally flexible. A deformed square should still have a dimension of two which this
definition can not fulfill.

There exist many practical methods to estimate the fractal dimension. One
of these is the Divider method [92]. As it can be seen from the name, this is
based on the implementation of a walk along the line and recording the number of
steps required to cover the line. This approach is then systematically repeated for
different step sizes. Then a relation can be found between the step size and the
total length. So the line with a length of L can be defined with N number of steps
with dependent size r. If the data follows a fractal model, then the calculation of
fractal dimension is given by:

L(r) = Frl=P (2.26)

where D is the fractal dimension and defines how the roughness changes with
the scale of observation and F' is a constant which shows the steepness of the
profile. Plotting L(r) versus log(r) in log scale, the plotted line has a slope equal
to 1 — D. This approach suffers from theoretical and practical limitations. The
main problem is that usually non-integer number of steps is required to cover the
whole length which has been commonly solved by adding a fractional step length.
Furthermore, the initial and final step must be carefully chosen.

The dimension estimation using box-counting is the most frequently used method
as it can be applied to multidimensional data. This method computes the frac-
tal dimension by subdividing the image with multiple 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.

estimating how many of them are required to cover the entire object [93]. This
process is repeated for a range of sizes. An example of how this is done with
a speckle image is shown in Fig. 2.11. If N(s), number of boxes, is estimated
across a range of s, then there should be linear relationship between log(N(s))
and log(1/s), where the measure slope is an indication of the fractal dimension.
The fractal dimension can be written as:

(2.27)

2.4 Data analysis

In this section we provide a summary of the methods for analyzing the speckle
patterns that will be used in the rest of the thesis. In this work, we are mainly
studying the time calculation of speckle patterns to study the dynamics of pulsatile
flow.

2.4.1 Laser speckle contrast analysis

One of the methodologies for analyzing time fluctuation dynamics of speckle im-
ages, is based on laser speckle contrast, Eq.(2.20), which was first introduced by
Briers and Webster [94]. In this method, speckle images have been recorded using
a camera with an exposure time (typically 1 to 20 ms). In each acquisition, the
time integrated speckle images are recorded with blurred speckle patterns. This is
due to the integration time being longer in comparison to the speckle decorrelation
time, induced by the motion of scatterers [95]. This blurring of the speckle data
is quantified by the contrast term, to study the dynamic evolution of the motion.
The contrast would have lower value in case of a sample which has moving scat-
terers due to the fact that the standard deviation of the intensity would decrease
while the average intensity remains constant. The main schemes of analyzing the
speckle images from raw data are temporal, spatial or a combination of these two.
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In the temporal case, a pixel based calculation is made on a sequentially collected
speckle images. For the spatial case, the speckle is computed using a single speckle
image by sliding a window over the image. In this case, a super pixel of N x N
pixels, where N is an odd number, is chosen such that the contrast value is deter-
mined by the central pixel. A typical value of 5 or 7 pixels is usually chosen. A
more detailed description can be found in reference [66,95].

2.4.2 Correlation based analysis

To quantify the rate of speckle fluctuations we measure the correlation coefficients
between the successive speckle frames over time. The statistical properties of
speckle are studied as space-time cross correlation in the imaging (observation)
plane. Based on the correlation models, the degree of variation can be converted
to a correlation coefficient. To do so, we measure correlation coefficient for each
frame [906]:
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where f,n,(m,n = 1..N) is the raw image intensity for a given pixel in a frame
which is correlated with the raw image intensity for a given pixel in a subsequent
frame ¢,,,,,. Here N indicates the number of pixels in a frame row or column, which
was equal in the present work. This is calculated for the entire time sequence.
The average value for each matrix is denoted by f and g respectively. The two
dimensional correlation coefficients have been calculated for all the pixels in the
speckle image data and result in a value ranging from 0 (uncorrelated) to 1 (fully
correlated). As the particles scatter more, the signal fluctuation increases and
the average correlation value decreases. Applying correlation analysis for speckle
measurements can be limited as it depends on the resolution of the system and the
amplitude of the motion. In case the speckle motion between successive frames
falls into only a fraction of a pixel, a better sampling rate and higher resolution
would be required to use this technique.

2.4.3 Fractal based analysis

The original idea of box counting has been extended to differential box counting
(DBC) by considering an image as a surface where its height is proportional to
its image gray value or intensity. In comparison with other methods, DBC has its
advantage due to its simplicity [97,98]. This is a good measure of how structure or
coarseness is distributed on a surface area and can be clearly related to the spatial
distribution measured in a speckle pattern. The time evolution of the fractal
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dimension is then applied in studying dynamical systems. In our analysis, the
differential box counting has been carried out on the speckle images to extract the
fractal dimension. An example of the speckle image recorded with pulsatile flow
is shown in Fig. 2.12, along with the image transformed into the corresponding
fractal image.
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Figure 2.12: a) Raw speckle image of pulsatile flow. b) The speckle image converted
to corresponding fractal image.

This method was first proposed in [99]. In the present work, a speckle image is
considered as a 3D spatial surface where two coordinates are the spatial coordi-
nates of the pixel and the third one is the gray level. The original speckle images
are transformed to the fractal images. For differential box counting for a image
of size M divided in 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. If the total gray level of the image is G
then we can write S—Cf = % To determine the required thickness of the blanket
needed to cover the image surface we need to know that the minimum gray level
falls in the box number k and the maximum gray level falls into box number [.

Then the thickness of the blanket coverage on the grid (4, 7) is:

ns(i,7) =l—-k+1 (2.29)

The total number of boxes is calculated for different values of s as:

Ny= 3. olld) (2.30)
1<i<M/s
1<5<M/s

The fractal dimension was calculated for each image from the slope of the linear
regression line fit to the log plot of total number of boxes Vg versus the dimension
scale or the box size s. This approach is mainly used in medical setting for feature
extraction [100]. To study dynamics, a time series of fractal dimension has been
used to determine the corresponding frequency spectrum.
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2.5 Summary

In this section, we introduced laser speckle imaging which is an attractive tool to
map blood flow using simple setup. The recorded speckle bears an imprint of the
flow properties, however measuring absolute flow velocity is fundamentally diffi-
cult using LSI. To estimate the velocity of flow using speckle images, DLS theory
is applied. In this approach, the fluctuations of moving scatterers is described
by auto-covariance of scattered light, which statistically describes the correlation
between light intensities with a time delay. This can be further related to the
measured speckle contrast but its dependency to flow distribution model was ex-
plained. Finally, the methods that will be used in this thesis for analyzing the
recorded speckle images were introduced. In the next chapter, we will describe
the experimental setup with different phantoms and scattering mediums that were
used in our measurements. We will address the influence of several parameters on
the measured contrast for steady and pulsatile flow under different experimental
settings.






CHAPTER

Experimental setup for
fluid parameter analysis

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you
are. If it doesn’t agree with experiment, it’s wrong.

Richard P. Feynman

Flow measurement is a complex problem and many different aspects of it can
be addressed. The particular behavior of flow can be due to complexity in the ge-
ometry or fluid dependent properties. To monitor flow using an optical technique
as laser speckle, a careful systematic study need to be done. It was seen from
previous chapter that speckle patterns are generated by interference of scattered
wavefronts and these pattern can change due to movement of scattering particles.
However, there are several hidden factors that can influence quantitative studies
using measurements of these speckle patterns. This chapter presents several exper-
imental methods to isolate each one of the presented parameters. The parameters
that have been studied here are changes in flow rate of fluid, difference in optical
properties of medium and presence of static scatterers, concentration and density
of scattering particles, and additional changes in the flow which are created by
changes in flow volume rather than velocity of the particles. We describe the ex-
perimental 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 mostly done for the steady flow. Furthermore, we show the possibility
of measuring a pulsatile flow in a scattering medium. In this chapter, we also
provide a description over different experimental setups that will be used in the
remainder of the thesis.
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3.1 Experimental setup

In this section, an overview of different parts of experimental setup will be given.
The main components of the system are illumination source, flow phantoms and
optical acquisition. In order to set the experiment based on biomedical flow char-
acteristics, certain conditions of flow need to be addressed first. Two different
scattering liquids have been used which is explained in details in 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 Fig. 3.1.
For illumination, we used 30 mW Helium-Neon laser (MellesGriot) at wavelength
of 633 nm. The output beam is collimated and passed through a lens, creating
a circular and uniformly distributed beam shape. The beam is directed to the
sample using the beam steering mirror. The speckle patterns are recorded with
the high speed camera (Photron SA3, model 120 — M 2) located vertically at the
20 e¢m distance from the flow system. The captured images are saved, digitized
(RAW format, 12 bit) in to the PC and further processed with Matlab.

3.1.1 Flow generation

Two sets of flow systems have been used to study flow, one enables a simple pul-
satile and steady flow while the other flow system simulates the human cardiovas-
cular flow. In each system, measurements are done for both steady and pulsatile
flow. For the steady flow, the flow cell is accompanied by a velocity pump and
works based on the Bernoulli’s principle. It consists of two containers which can
be set at different heights and thus creates a flow rate. The pump is capable of
generating flow at the range of 0 — 110 ml/min. This is monitored by measuring
the flow rate in tube with an ultrasound sensor based on the Doppler shift theo-
rem. To generate a pulsatile flow with a controlled frequency in our flow cell, we
used a roller pump (Minipuls®3) using five rollers. In the second flow system, we
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created a more realistic pulsatile flow, where we use a Medos Ventricular Assist
Device (VAD) including the driving unit and ventricular pump, connected to a
flow setup which is compatible for different working fluids. This system creates a
realistic flow profile of human heart beat pulse waveform. A complete schematic
of the flow loop of this system is shown in Fig. 3.2. This system has the option
of enabling a pulsatile or steady flow. To study a wide range of flow regimes, a
bypass valve and mechanical control valves were installed. The system also has an
air ventilation so that it can be easily filled and maintained in an air bubble free
state. The electromagnetic flow meters (MAG-VIEW, model MVM-005-Q) were
coupled to the system and used for real time monitoring of flow rate. In the VAD
settings, we used a systolic pressure (Psys) of 270 mmHG and diastolic pressure
(Pdias) of -30 mmHG with a systolic time interval of 35 (%) with a ventricular
pump of 60 ccm (ml) volume. The frequency of the cardiac pulsation is set for 40
beats per minute corresponding to 0.67 Hz.

3.1.2 Flow properties

There are two important parameters in pulsatile flow studies, which are the Reynolds
number (Re) and Womersley number (a). The Reynolds number describes the ra-
tio of inertial forces to viscous forces in a flowing fluid and is defined as:

vsL

Re = » (3.1)

where v, is the time averaged velocity, L is the characteristic length (in present
case this is the diameter of the cylinder or diameter at the inlet of the carotid
artery), and v is the kinematic viscosity of the fluid. Reynolds number is directly
proportional to velocity and inversely proportional to viscosity. The measured
values in different parts of the human circulatory system shows that blood flow
in majority of vessels follows a laminar behavior [101]. In general, laminar flow
has a regime of Re < 2000 where the pulsatile flow results in a lower Reynolds
number compared to the steady flow [102]. The mean Reynolds number of 512
was estimated for our glycerol solution at fluid temp of 25°C.

The Womersley number is a dimensionless number which relates the pulsation
frequency to viscosity. It is often used in biofluid mechanics, and in general where
there is a non-constant pressure gradient flow in the system, like in case of heart
pump flow. This value in healthy humans can vary between 1 and 12.5 which is
influenced by the physiological condition of human body [103]. The Womersley
number is dependent on the pulsation frequency and physical properties of the
vessel, and is defined as:

w
a=R\/— (3.2)
v
where w is the angular frequency given by the frequency of pulsation (f) asw = 27 f
and R is the pipe radius. In this measurement, the flow with a Womersley number
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of 4.5 has been studied. In these set of measurements, we have been trying to keep
both the Reynolds and Womersley numbers in typical range that is found in the
human carotid artery.

The outflow division between the Internal Carotid Artery (ICA) and the Exter-
nal Carotid Artery (ECA) has been defined as:

_ Qrca
"~ Quca (3:3)

The division of flow between the internal and external branches varies during
the cardiac cycle. The flow has been regulated with two additional valves, where
the outflow division ratio of 50/50 between internal carotid artery and external

carotid artery.
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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 different scattering fluids since we were interested in
separate physical effects. These fluids are described blow.

3.2.1 Glycerol Solution
The glycerol solution is commonly used to mimic blood flow, as it is easy to use,

non-toxic and dissolves easily in water. The liquid we used is a mixture of water
and glycerol, so there is a refractive index match between the working liquid and
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the Polydimethylsiloxane (PDMS) phantom. To visualize the flow in an optically
transparent platform, we needed to use tracer particles. Choosing the right seeding
particles is the most important parameters as the particles have to fit different
requirements to be suitably detected using all the techniques while keeping the
desired flow characteristics. In case of using water as fluid, the commonly used
tracers particles are either the hollow glass or polystyrene spheres with a diameter
size of 2 to 20 um.

3.2.2 Milk

The other scattering fluid we used was milk. Milk was used as it is cheap and easy
to work with it. It also mimics the blood flow as the fat particles in milk scatter
light similar to RBCs in blood [104,105]

3.3 Experimental phantoms for flow study

The flow cell is primarily a phantom to study the flow. The flow conditions can
differ depending upon the geometry of the phantom. In this section, a description
of three phantoms with their particular geometries is given. The three phantoms
were a rectangular channel, a straight cylindrical tube and a carotid artery like
phantom. The rectangular phantom has been used in many experiments, as the
phantom components were made in several copies and it has the flexibility of
measuring different parameters when the measurement conditions were similar.

3.3.1 Rectangular based phantom

The rectangular flow cell, including its components is shown in Fig. 3.3. It consists
of a base plate, rectangular shaped insert and a top membrane. As can be seen
in the Fig. 3.3(b), the flow cell has a semi-rectangular channel with a length of
20 mm and a depth of 1 mm to represent a homogeneous, thin layer of flow.
To characterize and mimic the skin optical properties, a diffuse scattering Delrin
window @ (polyoxymethylene, POM) is used as the top membrane of the cell [106].
However, to create a reference platform, a glass window is used which lowers the
chance of measuring the static scatterers. The insert is made of polycarbonate
which models a flow channel with different thickness of 0.5, 1 and 2 mm. The
insert is mounted on the stainless steel basis, and the bottom material of this
channel is defining the amount of light which can be absorbed or reflected. The
flow cell can have two configurations depending upon the requirements of the
experiment. The channel can be made flexible, allowing for volume changes with
pulsation mimicking blood vessels or made rigid, having only velocity changes.
This is done by replacing the bottom layer with a flexible silicon membrane or a
rigid material.
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Figure 3.3: Flow phantom: a) Components of 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 cylindrical tube, made of cured PDMS, a wax candle with
outer diameter of 20 mm was used as a mould to case the PDMS. This can be
seen in Fig. 3.4. We use an aqueous glycerol solution with the same refractive
index as our phantom housing (n = 1.413). This was done for refractive index
matching which can be seen in the Fig. 3.4(b). This technique is commonly used
in PIV and is also beneficial in laser speckle images to avoid extra scattering due
to sample structure irregularities at the boundaries.

3.3.3 Carotid artery based phantom

To create the carotid artery phantom, a 3D wax print of the artery of a patient
was made. The geometry of the patient specific carotid artery was obtained us-
ing a Computed Tomography (CT) scanner images of a patient suffering from
atherosclerosis. This has then been used as a mould for casting the PDMS liquid.
The wax was removed without applying any heat to avoid any diffused wall effect
and results in a clear phantom. To have the phantom compatible for PIV mea-
surements, we use an aqueous glycerol solution with the same refractive index as
our phantom housing (n = 1.413). The effect of refractive index matching can be
clearly seen in the Fig. 3.5(b).
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a)

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 initially conducted experiments to study the steady flow and how that re-
lates to the speckle measured contrast. We analyzed the data using the spatial
speckle contrast approach mentioned in section 2.4.1. The recorded raw speckle
images were converted to speckle contrast using a spatial window of 7 x 7. In
most of the measurements, a combination of boiling and translation is observed
in the recorded speckle data. Pure boiling only happens at the focus of the imag-
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ing plane [107]. In case the object has motion with a uniform velocity boiling of
speckle is more dominant. The use of spatial analysis for an event evolving in time
is based on ergodic assumption that statistics of the spatial and temporal varia-
tions are the same. However, this would mean the absence of dynamic changes
and that the contribution of the static scatters is negligible during the multiple
exposure measurements. However in medical setting, due to good time resolution
of the capture of the images of rapidly changing flow dynamics, spatial contrast
is commonly used as a quantitative parameter. For a full 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 different experiments,
a good understanding over the medium and its dynamics is required. It has been
mentioned in chapter 2, there exists a large literature on the study of speckle and
widely applied models to relate the measured contrast to the speckle decorrela-
tion. Each of these models is based on several assumptions of single or multiple
scattering. The lack of a realistic model of a dynamic system as human body with
all the complex cardiovascular structure in the tissues, forces further research into
this field for future medical devices. The overall measured contrast reflects many
other measured parameters while reflecting the dynamics of moving scatters inside
a micro vascular network. This chapter includes several experiments which have
been done for a systematic set of parameters: flow rate, concentration of scattering
particles, volume of scattering fluid and influence of static scatterers by measuring
the speckle contrast with respect to each parameters. We then continued with
the experiments and simulated the pulsatile flow. Along with the speckle contrast
we also used the correlation analysis. These measurements were done to study
two important factors of having different top membrane, which is then a static
scattering layer and also including volume changes in the measurements.

3.4.1 Steady flow analysis

We first describe the result of experimental study on the steady flow which has no
pulsation properties.

Influence of Flow rate

This set of measurements have been done for different flow rates and we use glass
as the top membrane. In the Fig. 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 which has been measured
with exposure time ranging from 0.3 to 2 ms. The exposure time is one of the
primary factors which determined the flow dependent parameter in the calculated
contrast images. For long exposure times, speckle contrast approaches zero, while
the blurring of the image freezes at very short exposure times and the value of
contrast would be closer to one. This result shows a good agreement with theory,
where you expect to have the maximum measured contrast for the no (directional)
flow case and as soon as you have flow in the system the contrast starts to drop.
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Figure 3.6: Changes in speckle 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 linking scattering dynamics to fluctuations in a system is
the influence of different parameters which can not be easily separated. Due to
structural complexity of the tissue, there is a contribution of the static components
which in reality can be due to different 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 different top membranes of Delrin and glass. The comparison
was done for two cases, one having flow and the second no flow, only Brownian
motion. The result of these measurements is shown in Fig. 3.7.

By comparing these measurements, we can observe the influence of the static
scattering layer but also the differences in the shape of the plots in case of Brow-
nian motion or directional flow. In both cases of having flow and no flow, the
measurements with a Delrin membrane are measured with a higher spatial con-
trast as it contains a layer of static scatterers. In case of no (directional) flow,
where only Brownian motion is present, a higher contrast is measured for both
Delrin and glass membrane compared with the case of directional flow. This is
also caused due to monitoring a larger number of static scatterers, which raise to a
higher contrast level. The multi scattering effect due to motion causes the speckle
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Figure 3.7: Changes in speckle 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 time (T),
the influence of averaging speckle contrast over a longer time interval, is measured
with a lower level of speckle contrast.

Influence of scattering particle concentration

Another parameter which plays a role in these measurements, is the concentration
of scattering medium. In order to check the effect of scatterer concentration on
the speckle contrast, we did two sets of experiments in which we directly changed
the concentration of the particles by diluting the milk. Another approach is to
have same concentration level but more particles was due to change in channel
depth, leading to more fluid volume. The first experiment is shown here. To study
the effect of scatterer concentration on the speckle contrast, a multi-exposure
measurement was done with full milk (100%) and for the diluted milk with full
milk percentage of (80, 60, 40 and 20%). Each measurement was repeated under
the conditions that only one variable, in this case the concentration level changes.
The measurement was done with a glass membrane on top which does not include
any static scatterers.

The result of the experiment can be seen in Fig. 3.8(a) for the case of no
flow. The same set of measurements with the same concentration levels of milk
was repeated for the case of flow and this can be seen in Fig. 3.8(b). It can be
observed that not only the plot shape changes, but also it becomes more difficult to
distinguish on different concentration levels, specially in the case of no (directional)
flow. Same series of measurements have been done for the case of flow by replacing
the top membrane with Delrin. All these measurements were done with a milk
flow rate of 30 ml/min.
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Figure 3.8: 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 a glass membrane and is compared for the case of
a) no (directional) flow and b) flow with a given flow rate.
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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.

It can be seen in Fig. 3.9 that changes in the measured speckle contrast has a
similar behavior as the previous measurements which were done with glass mem-
brane, meaning that the measured contrast decreases with increasing the concen-
tration levels. However, these are the results of having the flow in the system as
it is rather difficult to distinguish any difference in the concentration level in case
of no (directional) flow and using Delrin as the top membrane.

Influence of volume

In order to evaluate the influence of volume changes in the steady flow, we use
different insert levels in the flow cell. These inserts were made with same material
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and only different thicknesses so that the changes in fluid depth can be monitored.
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Figure 3.10: Changes in speckle 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.

In the Fig. 3.10, we observe the result of measured contrast for insert thickness
of 0.5 and 2 mm. In the case of 2 mm depth, there is a thicker milk volume in the
flow cell, such that a lower contrast is measured. One of the hypotheses for this
observation is due to multiple scattering. Although in both cases same level of
concentration for fluid has been used, the thickness of fluid plays a similar behavior
in measured contrast and shows the sensitivity of speckle contrast to volume of
scattering medium.

3.4.2 Pulsatile flow analysis

For the case of pulsatile flow, a series of measurements were carried out in the
same phantom using Delrin and glass as the top membrane. We also report the
result of measurements which have been done in a flexible phantom to see the
influence of volume changes in addition to the velocity of the moving scatterers.

Influence of volume changes

In order to simulate the in-vitro heart rate, we generate pulses at the rate of
1 Hz in milk using the roller pump. To study the behavior of the simulated
signal, the measurements were done on the flow sample using both the rigid and
flexible channel. In the case of the rigid channel, we only monitor laser speckle
contrast variation with respect to velocity changes caused by the roller pump. In
comparison, in the flexible setting we add one more variable which is the variation
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of fluid volume. The results of the measurements are shown in Fig. 3.11. On the
top panel of the figure, the fluctuation of speckle contrast for pulsatile flow in a
rigid channel is shown, both in temporal and spectral domain. It can be seen that
there are harmonics of the main frequency of pulsation (1 Hz). This is caused by
the squared pulse shape generated with the roller pump.
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Figure 3.11: Speckle contrast variation in time and spectral domain are shown for
a milk pulsation of 1 Hz for a rigid (upper plot) and flexible membrane (lower plot).

The lower plot in Fig. 3.11 shows the fluctuation of speckle contrast of the
pulsatile flow in a flexible channel both in time and spectral domain. By comparing
the result of both measurements, in case of phantom with flexible membrane, the
volume changes can be seen as an additional modulation in the signal. This is
clearly visible in the lower plot. These measurements were done using a Delrin
membrane with a thickness of 1 mm.

Influence of static scatterers

In order to show the influence of scattering medium on the measured signal, an-
other series of measurements were done with glass membrane, which contains no
static scatterers. In this measurement, correlation analysis as mentioned in section
2.4.2, where used as a comparison to the speckle contrast. The Fig. 3.12 shows the
effect of having different materials in top membrane, using speckle contrast (left
panel) and correlation based analysis (right panel). Both of these analysis show a
more clear signal using glass as the top membrane (upper plot) while the signal
appears to be more distorted when we use Delrin as the top membrane (lower
plot).
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Figure 3.12: The effect of medium is shown for milk pulsation of 1 Hz using glass
(upper plot) and Delrin (lower plot) based on a) speckle contrast and b) correlation
analysis.

3.5 Summary

In this chapter, we presented some features of our flow setups and how they can
be monitored using laser speckle technique. We analyzed the influence of different
parameters on the flow, such as changes in flow rate, concentration, static particles
and pulsatile flow. In each measurement, the time integrated speckle images have
been recorded with a specific exposure time. The motion in flow, makes speckles
appear blurry due to longer integration times compared to the speckle decorrela-
tion time. This effect has been recorded along with changes of certain parameters
in the setup. To proceed with the analysis of flow dynamics for pulsatile flow, we
have used the known method of particle image velocimetry as a comparison. It is
a non-intrusive full-field technique which can accurately measure velocity maps of
the fluid. PIV can measure the properties of the fluid seeded with micron-sized
tracer particles. PIV provides detailed quantitative information over flow struc-
ture and velocity profiles and LASCA gives an analysis of the flow pulse evolution.
Combining LASCA and PIV efficiently can provide a better use of current tech-
nologies to make a more efficient tool to study complex flow geometries having
pulsatile flow like human circulatory network. This is studied in the following
chapter.
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there is light enough for what I have got to do.

Charles Dickens (Bill Sikes)

Particle image velocimetry is able to measure fluid by tracking single particles.
This technique provides a complete velocity map of flow thorough complex flow
geometries which is very useful in studying human circulatory network and diseases
which arise there. In this chapter, we study the flow dynamics in a patient specific
carotid artery phantom. The common carotid artery, which splits after bifurcation
into the internal and external carotid artery, is the major artery connecting heart
and head, whose role is to supply the brain with oxygenated blood. It is recognized
in medical literature [109, 110] that the majority of the cardiovascular diseases
occur in the coronary and carotid artery bifurcations. For example, one of the
most common cause of stroke is a blockage (narrowing or stenosis) in the carotid
arteries. This behavior is a characteristic of ailments like atherosclerosis [111]
which is a common cause of death. Research has shown that the influence of
stenosis on hemodynamic parameters bears a direct correlation with this disease.
A through and detailed study of hemodynamics can play a major role in diagnosis
and early detection of atherosclerosis [112]. This has been a major motivation in
conducting a through study with complementary optical diagnostic methods. In
this chapter, we are mapping flow dynamics using two optical techniques particle
image velocimetry (PIV) and dynamic speckle. The common feature of these two
methods is the ability to capture entire optical field for the flow measurement.
Furthermore, both approaches are non-intrusive and can be made with no contact
with the sample. The LASCA measurements have a high temporal resolution and
can study the frequency spectrum of the flow pulse accurately, without any direct
imaging. However, PIV provides instantaneous velocity measurements with high
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accuracy. Using the technique of PIV in a different geometry, a complete 3D
velocity map can be constructed. In order to increase the understanding of flow
variations at each cardiac pulse, different moments in the cardiac pulse cycle was
analyzed for various regions in the carotid artery phantom.

4.1 Materials and experimental setup

In this section, an overview of different parts of the setup will be given. The main
components of the system are the illumination source, the flow phantoms, the
optical acquisition and analyzing systems for both techniques.

4.1.1 Optical experimental setups

A general setup is shown in Fig. 4.1. This is the main setup which has been
used for the PIV experiment. The measurements were done with a double pulse
Nd:YAG laser. The Nd:YAG laser output with a 1064 nm wavelength has been
filtered for safety and only the laser light at the visible range of 532 nm is used
for the experiment. To create a two-dimensional light sheet for illumination of the
flow field, a cylindrical and spherical lens were applied to converge the laser beam
into an actual sheet with a thickness of 1 mm.

Figure 4.1: The experimental setup illuminated during PIV measurements.

For image acquisition and analysis, a standard PIV-package from LaVision in-
cluding PIV-camera, frame-grabber and programmable-timing-unit (PTU) was
used. The digital camera of LaVision has been used as a high resolution and sen-
sitive camera is crucial for the PIV applications. In order to have an accurate
measurement of velocity profile, a good synchronization between the event and
the recording of it, is needed, so the pulsed laser is used in combination with a
timing unit coupled to the camera. To prevent optical deformation of the laser
sheet and thus the images the laser and the camera are perpendicular to each
other with respect to the phantom. For timing control, the capturing process and
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the analysis of the images, the software package DaVis provided by LaVision was
used.

For the laser speckle based measurements, same arrangement was used except
for the illumination source and camera. The laser in this case is at 532 nm with
600 mW power and directly illuminates the sample. For our detection system, we
used a variable frame rate high speed camera (Photron Fastcam SA3) with the
pixel size of 17 x 17 pum and changeable aperture. Using the F-number of 32 and a
magnification factor of 0.5 for the optical system we ensure a good average speckle
size of 3-4 pixels.

4.1.2 Fluid

In order to choose a fluid in our experiment, we need to consider its compatibility
for both the measurement techniques PIV and dynamic speckle. Besides this the
fluid also has to mimic some of the blood flow properties. For the PIV imaging,
the main requirements are that solution should be transparent and have the same
refractive index as the material used for phantom. The present measurements
were done by adding tracer particles, hollow glass balls with an average diameter
of 10 wm into the liquid as mentioned in section 3.2.1. In case of PIV, these
are the tracer particles. For speckle, the hollow glass particles are main source
of scattering of the incoming laser light and creating the speckle patterns. We
calibrated the system and the density of the particles using the water as the main
fluid. If the flow is seeded sufficiently, a speckle pattern will be formed by the
collective scattered light field from the seeding particles.

4.1.3 Phantoms

In order to understand the flow properties, before doing the measurement directly
on the main phantom, a set of measurements were done on a simple setup using a
straight cylindrical phantom mentioned in section 3.3.2. Then the same parameters
were used to study the flow in a carotid artery phantom, which has been described
in section 3.3.3.

4.2 Full field optical studies

4.2.1 Particle imaging velocimetry

At present, particle imaging velocimetry is a developed method and is considered
as a standard technique for non-intrusive measurements of velocity fields. It is
an optical technique which is used for imaging the flow seeded with tracer par-
ticles. In comparison to laser Doppler velocimetry, PIV is considered to be less
time consuming, being a whole field method and measuring instantaneous flow
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field. To monitor flow properties of the fluid, it is important that particles are
chosen such that, they do not influence the flow dynamics itself but rather follow
it [113]. The technique is based on three possible strategies: a) two images can
be captured after a short time, and by knowing the exact timing and applying
a cross correlation on the successive images a vector field can be obtained, or b)
using two bursts of light, the possible displacement of tracers can be observed in
single image and the other approach, c) is again based on one image being taken
with short enough exposure time such that the movement of the particles can be
visualized. In this work, we are using the first approach so that the cross corre-
lation analysis of two consecutive images can be made. That results in a vector
field where two velocity components can be measured using one camera. In this
particular work, a sequence of images was recorded by the camera with a fixed
time interval. This time interval is dependent on the flow conditions and can be
set by the user accordingly. The method used to estimate the average particle
displacement and eventually the velocity is based on statistical cross correlation
in each corresponding region between the first and the second frames [114]. The
recorded images will be divided into interrogation regions. The size of the regions
is chosen such that there is almost a uniform motion and displacement of particles.
Small fraction volume of particles is used as they should be homogeneously dis-
tributed and instead of influencing the flow, they should only follow the flow. In
case of high particle density, it would be more difficult to follow individual tracers
and might lead to wrong combination of the particles in two images, which lead
to noise rather than displacement. The sample has been illuminated with a laser
sheet with a thickness of around 1 mm for a beam width of 7 ns. A set of images
has been recorded as can be seen in Fig. 4.2 with the time interval of 750 ns
between them. The pulse duration is short enough to avoid significant blurring
due to motion in the images.

Figure 4.2: Two typical PIV images used for data analysis. The two characteristic
cross-sections can be seen with tracer particles arise from two arms of the carotid
artery phantom.

To achieve high contrast between the background and scattering particles, also
to reduce the noise from background, certain measures are taken and data is
processed for noise as explained below. In order to compute the flow vectors,
the recorded images were further processed using the software package Davis 6.2.
To improve the distinction between light reflected by the tracer particles and
the background light, which results in wrong vectors, the average over all sets
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of two images was subtracted from each set of two images. After that a mask
is applied to the images. The mask removes all the areas where the laser sheet
does not cross the artery and results in the much cleaner image of the illuminated
tracer particles. A series of these images has been further analyzed using the
PIV algorithm. The main principle is based on a standard cross correlation via
Fast Fourier Transformation between two images [115]. This program has the
option of making multiple iterations with different interrogation sizes to result in
an accurate measurement. The different interrogation areas from each image are
cross correlated and gives a final signal where the peaks indicate the displacement
of each particle. For accurate PIV data analysis, the data should be captured
such that an average particle displacements of about eight pixels that travel no
further than the interrogation window. With a sufficient number of particle pairs
and using a smaller pixel size for the chosen kernel, a more accurate displacement
and ultimately a more realistic flow field can be extracted. To ensure, no loss of
information we need to make sure that the velocity for each particle is smaller
than the side length of the interrogation area, so following the relation:

SYAt
S

TA

<0.25 (4.1)

where s?/ is the image magnification, V' is the absolute velocity, At is the time
interval between the two recorded images and dj4 is the side length of the inter-
rogation area. The interrogation window was chosen to be eight by eight pixels
with a 50% overlap resulting in a four by four pixel resolution. The camera scales
used were 1 pixel per 7.559 - 10~%m resulting in a final resolution of 0.3 mm by
0.3 mm. To find the direction and amplitude of the velocity, the displacement of
all the tracer particles is determined.

4.2.2 Laser speckle contrast analysis

Laser speckle contrast imaging is based on analysis of laser speckle images as
described in section 2.4.1. These images are created as a result of illuminating a
diffuse sample with a coherent light source. The light scattered as many different
wavelets, with variable optical path length, are interfere to create a grainy pattern
called speckle. In the case of a static sample, this pattern remains stationary but
as soon as the scatterers in the sample start to move, these patterns would have
dynamic properties. The fluctuations in the speckle images corresponds to the
displacement of the particles.

Studies of these images can reveal properties of the sample under investigation.
For the case of a strong diffuser a different speckle pattern is observed compared
to a weak diffuser. We have done the laser speckle measurements with the same
experimental setup as the PIV, that is in an optically transparent sample with
only a certain density of moving scattering particles. These measurements have
been done for both phantoms. A raw speckle image along the carotid artery is
shown in Fig. 4.3.
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Figure 4.3: A typical laser speckle raw image along the carotid artery phantom.

4.3 Results and Discussion

4.3.1 PIV measurements

In the case of PIV measurements, the cross correlation for each interrogation
window from the captured images, was repeated to yield a velocity vector map over
the whole area. In this way, all the measured cross correlations of the individual
image pairs for the chosen interrogation window were summed. Using this method,
80 instantaneous velocity vector fields were extracted and ensemble averaged to
obtain the final velocity vector map at each time point. The result, Fig. 4.4, shows
a better signal to noise ratio than if the velocity vector map was extracted using
the instantaneous cross-correlations.

In the case of the cylindrical phantom, due to its symmetrical geometry, mea-
surements were done only in the middle plane. However, the geometry of the
carotid artery phantom is more complex so the measurements were done in two
orthogonal planes. To view the flow field from two orthogonal perspectives, two
sets of configurations were measured. To cover the whole sample volume, initially
the velocities in the XY plane were measured (V, and V;)) and then by rotating the
phantom over 90, the velocities in X Z plane (V, and V) were measured. For each

data set, the velocity has been plotted as V' = |/VZ2+ V2 and V = /V2 + V?

respectively. The velocity profile through the entire phantom, is shown using 20
contour slices in Fig. 4.5. The left set of slices was made by using the XZ-planes
while the right set of slices was made using the XY-planes.

4.3.2 Laser Speckle Contrast Analysis

For the case of the measurements done with the laser speckle contrast analysis, we
have captured a timed sequence of images keeping the flow parameters the same
as for the PIV measurements. For each measurement 2700 images were recorded
with an exposure time of 20 ms. The speckle contrast for each image from the
time sequence was then calculated using a spatial window size of 7 X 7 camera
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Figure 4.4: Final velocity map of the carotid artery phantom. Color indicates the
velocity vectors amplitude. Vrel is the dimensionless velocity defined as ratio of
velocity and mean inflow velocity.

pixels. The resulting contrast time series was then Fourier transformed to obtain
the frequency spectrum of the speckle contrast which arises due to fluctuations
arising due to different processes, for the entire duration of each measurement.
This gives an insight into all the frequencies that contribute to the flow pulse
along with the modulation which is imposed on the flow due to the complexity of
the structure into which the fluid is flowing.

4.3.3 Spectral analysis of pulse from PIV and LASCA

Spectral analysis was done for both PIV and LASCA data. In Fig. 4.6 we show for
PIV, the evaluation of velocities from the pulsatile flow in the cylindrical phantom.
As explained before in chapter 3, section 3.1.1, the flow has been generated by
pulses from VAD. In order to plot the pulse, the laser and camera were triggered
at the highest flow rate during the pulse. The flow rate profile was measured using
the electromagnetic flow meters and the highest flow rate during the pulse was
used as the triggering signal. In this way, 10 points in the cardiac cycle for the
cylindrical phantom was measured. The average flow rate is measured as 2.85
liter/min with the max flow rate of 4 liter/min.

By establishing the feasibility of this technique in the simplified phantom, we
conducted a similar study on the more complex carotid artery phantom. The
same procedure has been implemented for the carotid artery phantom. Due to its
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Figure 4.5: Contour profile through the carotid artery phantom. The length scale is
in meter for both axes. The left set of slices was made by using the XZ-planes while
the right set of slices was made using the XY-planes. Again Vrel is the dimensionless
velocity.

complex geometry, the phantom of the carotid artery has been analyzed at five
different locations of: bifurcation in common carotid artery (zone 1 and zone 2),
internal carotid artery (zone 3), stenosis (zone 4) and external carotid artery (zone
5). The zones are shown in Fig. 4.7 with the squares. The time series for the
measurements with PIV for zone 2 can be seen in Fig. 4.7(a) and for the LASCA
measurements can be seen in Fig. 4.7(b), where we can see the difference between
the two. For the LASCA measurements, regions of interest at these five locations
were analyzed using the time sequence of speckle images as explained before. In
all five zones we can see the complexity of the VAD pulses including the regions
of back flow.

The time sequence was then Fourier analyzed to get the frequency spectrum
from both measurement techniques. We observe that in case of PIV the frequency
spectrum from the indicated five zones are almost the same. This spectrum can
be seen in Fig. 4.8(f). The LASCA measurements contain more detail in the
frequency spectrum and each zone gives rise to a different spectrum. These spectra
are shown in Fig. 4.8(a~e). The main difference is in the density of data being used
to generate the frequency spectra. In case of PIV, the data is sparse along the
pulse whereas in case of LASCA, the large number of captured images provides
more detail in the time properties of the flow pulses. However, we observe that
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Figure 4.6: Time sequence of (a) PIV and (c) LASCA generated from images
recorded during pulsatile flow in the cylindrical phantom. Frequency spectrum ex-
tracted from the time sequence for (b) PIV and (d) LASCA measurements.
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both techniques measure the main frequency of the pulsation of the flow, 0.67 H 2,
quite clearly.
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Figure 4.8: a) - e) Spectral analysis of the speckle contrast is shown for the five
selected zone along the carotid artery phantom. f) Due to sparse data, the spectral
analysis for the PIV data in five different zones along the carotid artery phantom
are the same.

4.4 Summary

In this chapter, we report an initial comparative study of pulsatile flow in a carotid
artery phantom using the full field techniques of PIV and LASCA. The measure-
ments using two techniques were used to extract complementary properties of the
pulses from the VAD device. In spite of the significant progress made in studying
flow using both methods, each technique has its own limitations. PIV is expensive
and time consuming even though stereoscopic PIV is becoming increasingly pop-
ular. This technique provides a complete velocity map of flow thorough complex
flow geometries which is very useful in studying the human circulatory network
and diseases which arise there. The imaging needed for this technique, makes
it quite difficult to capture with high resolution the temporal properties of the
flow. That is not very efficient in case of studying dynamics in pulsatile flow. In
comparison, technique of LASCA is quite economical considering the complexity
of equipment needed since no direct imaging is done. This is also a disadvantage
for LASCA since no imaging information can be extracted from the LASCA data.
The high resolution in the temporal data however makes LASCA quite efficient in
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studying the time evolution of the fluid pulses in various locations of a flow net-
work. So the frequency spectrum measured using LASCA is quite rich and gives
complete details of the pulse. This makes the combination of techniques partic-
ularly attractive, since using both the disadvantage of the individual techniques
can be overcome and a complete analysis of the dynamics of pulsatile flow can
be done. The following chapter introduces a novel approach to address the data
analysis of the captured data, by exploring the fractal nature of speckle data.






CHAPTER

5)

Fractal analysis in
speckle images

If we knew what it was we were doing, it would not be called research, would it?

Albert Einstein

In the previous chapters an experimental setup for the flow analysis has been
presented together with several classic data analysis tools. In this chapter, a dif-
ferent approach has been used to process the speckle images from pulsatile flow.
We study the fractal dimension changes in speckle images caused by pulsatile low
and compare it with speckle contrast analysis. Monitoring dynamic speckle to
study pulsatile flow can be used to yield essential information about the under-
lying process. We report the results of experiments to study pulsatile flow with
speckle images, under different optical and complex flow configurations. We also
incorporate a layer of static scatterers between the imaging system and flow, where
the fluid itself is a bulk scatterer. The fractal dimension is a more sensitive mea-
sure than speckle contrast since it can measure the texture of image. It is also
extremely responsive to rapid changes in the texture and this can be exploited to
study the time evolution in more complex media just by observing the dynamic
fractal dimension of the scattering from it. Measurements were also carried out
1n-vivo situations to test the feasibility of devices based on this technique.

5.1 Introduction

Fractal statistics is very relevant in studying biological systems. In a living sample,
a level of complexity of the system is considered normal and other behavior can
indicate disease [116]. In most physiological processes, the measured values usually
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fluctuate in time and this can also be studied for fractal behavior. This has been
investigated in studies like that of cardiac inter-beats for healthy volunteers and
patients [117]. Fractal statistics is being used to study speckle images [86,118,119)
in many recent studies. Analyzing speckle data with fractal statistics provides a
measure of the fluctuations of an evolving process at different temporal resolutions.
This reveals the self similarity and order which underlies the apparent chaotic
changes in the signal. This behavior where statistical properties of smaller parts
are proportional to statistical properties of the whole can be addressed using power
law scaling in fractal statistics. A brief introduction of fractal is given in section
2.3.1. The fractal dimension of an image mainly corresponds to the perception of
roughness, where it is mathematically described. In this chapter, we study flow
pulsation using systems where we vary the pumping mechanism which generates
the fluid pulsation, keeping the frequencies close to the human heart. Using the
differential box counting approach described in section 2.4.3, we have measured
the changes of fractal dimensional over time for speckle images. The speckle
images were measured from different phantoms and with underlying pulsating flow
with different scattering fluid. This data was also analyzed using the standard
speckle contrast analysis. A time series of fractal dimension has been used to
determine the corresponding frequency spectrum. These experimental data were
also analyzed using the standard speckle contrast analysis. The speckle contrast
is then calculated for the entire image in total or using a sliding spatial window,
as mentioned in chapter 2, section 2.4.1. The resulting contrast time series are
then Fourier transformed to obtain the frequency spectrum. The characteristics
of frequency spectrum arising from these two techniques are then compared to
study their sensitivity to a particular phenomena. This frequency spectrum has
information about all the fluctuations arising in the flowing media for the entire
duration of each measurement. This is also a function of camera exposure time
and acquisition rate.

5.2 Pulsatile low measurements

In this chapter, the measurements were carried out in three different settings. In
the first case, the pulsatile flow was generated using a simple roller pump and milk
as an opaque scattering fluid. In these measurements, we also studied the effect
of having a layer of static scatterers on top of the fluid. The second case was
done with a Medos Ventricular Assist Device (VAD), a pump with pulsatile flow
which resembles the heart, together with a transparent fluid with seeding particles
which scatter. The third case was in-vivo measurements. For each measurement,
the same experimental format has been used which is composed of illumination,
detection and the sample itself. In all three cases, detection was done with a high
speed camera (Photron Fastcam SA3) with the pixel size of 17 x 17 pm. The
camera is placed perpendicular to the plane formed by the direction of the fluid
motion and incoming laser light. The camera exposure time is 20 ms and frame
rate is 50 Hz.
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5.2.1 Influence of static scatterers

These experiments were carried out on a semi-rectangular channel phantom de-
scribed in chapter 3, section 3.3.1. In this experiment, the pulsatile flow was
generated using the roller pump (Minipuls® 3) with a controlled frequency and
milk has been used as a scattering fluid. The measurements aimed to observe the
influence of a top membrane and consider the effect of additional static scatterers
besides the scattering along the flow on the dynamic speckle images. The three
configurations considered included a top membrane of glass, Delrin with 1 mm
thickness and 2 mm thickness. The dynamic speckle images were then analyzed
and the results of the time series can be seen in Fig. 5.1. The analysis using
standard speckle contrast can be seen in Fig. 5.1(a, b, ¢) and using the fractal
dimension of the images can be seen in Fig. 5.1(d, e, ).
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Figure 5.1: The time series signal measured for pulsatile flow in the rectangular
flow channel with different top membrane. a) Glass membrane, images analyzed,
with speckle contrast. b) 1 mm thick Delrin membrane, images analyzed, with
speckle contrast. c¢) 2 mm thick Delrin, images analyzed, with speckle contrast.
d) Glass membrane, images analyzed, fractal dimension. e) 1 mm thick Delrin
membrane, images analyzed, fractal dimension. f) 2 mm thick Delrin membrane,

images analyzed, fractal dimension.

The effects of changes in velocity of the scatterers and the changes in particle
density in the pulsatile fluid signal leaves a different imprint on the contrast and
fractal dimension of the images. This can be seen clearly in Fig. 5.1. The frequency
spectrum of the time series of data shown in Fig. 5.1, is presented in the Fig. 5.2
In the absence of static scatterers in the Fig. 5.1(a, d), we can see that the time
series data is similar for both analysis techniques. The bulk scattering in the
milk does make the time series of the fractal dimension of the images more noisy
than those analyzed with speckle contrast. The frequency spectra seen in the Fig.
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5.2(a, d) are very similar. The addition of the extra static scattering layer adds to
complexity but the time series data with laser contrast analysis can still monitor
the pulsating flow, in comparison the fractal dimension of the images changes more
rapidly with the thickness of the layer of static scatterers, to be able to monitor the
pulsating flow. This is also reflected in the frequency spectra of the respective time
series, though both techniques could determine the primary frequency of pulsation
of the pump which was at 1.25 Hz.
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Figure 5.2: The spectral analysis of the time series measured for pulsatile flow in
the rectangular flow channel with different top membranes. a) Glass membrane,
images analyzed, with speckle contrast. b) 1 mm thick Delrin membrane, images
analyzed, with speckle contrast. ¢) 2 mm thick Delrin, images analyzed, with
speckle contrast. d) Glass membrane, images analyzed, fractal dimension. €) 1 mm
thick Delrin membrane, images analyzed, fractal dimension. f) 2 mm thick Delrin
membrane, images analyzed, fractal dimension.

5.2.2 Complex pulsatile flow

For the second case, we studied the pulsatile flow generated using the the Medos
Ventricular Assist Device (VAD), which bears a strong resemblance to a pulsating
heart. For the details about VAD settings, please see chapter 3, section 3.1.1. With
this pump we used two transparent phantoms of different geometry, a cylindrical
tube described in chapter 3, section 3.3.2 and the other a carotid artery phantom
described in section 3.3.3.

Cylindrical Phantom
The cylindrical tube phantom which can be seen in Fig. 3.3, was used with the

VAD as the pump. The fluid in this case was an aqueous glycerol solution with
the same refractive index, n = 1.413, as the phantom housing.
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Figure 5.3: The time series signal of speckle images from pulsatile flow in the
cylindrical phantom. a) Images analyzed with speckle contrast. b) Images analyzed
with fractal dimension. Spectral decomposition of images analyzed with c) speckle
contrast and d) fractal dimension respectively.

In Fig. 5.3(a), the time series generated using the speckle contrast analysis on
the measured images with cylindrical phantom can be seen and in Fig. 5.3(b)
the time series generated using the fractal dimension analysis using the cylindrical
phantom can be seen. The rate of pulsation was set to be 0.6 Hz. As compared to
the case of the bulk scattering fluid we observe that in the case of the transparent
phantom and low seeding the contrast values are low in comparison to the changes
in the fractal dimension, which is stronger. In both cases again the frequency
analysis of the time series reveals the primary frequency of pulsation of the pump
of 0.6 Hz.

Carotid artery phantom

The carotid artery phantom, is described in section 3.3.3. In this case, we also
use a aqueous glycerol solution with the same refractive index (n = 1.413) as the
phantom. Due to its complex geometry, the measurements from the phantom of
the carotid artery have been analyzed at different locations which are indicated in
Fig. 5.4.

These locations are the bifurcation in common carotid artery (zone 1), steno-
sis (zone 2) and external carotid artery (zome 3). These are the most common
locations for the plaque formation along the carotid artery. Therefore, it is advan-
tageous to study the full system with multiple zones for data analysis, to provide
an insight into the flow dynamics. We observe that the flow dynamics is very
complicated in this scenario as seen in Fig. 5.4. The speckle contrast time series
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Figure 5.4: The time series of speckle images from the three (1, 2 and 3) locations
along the carotid artery phantom as shown above. Images analyzed using speckle
contrast a), b) and c) for zones 1, 2 and 3 as seen above. Images analyzed using
fractal dimension d), e) and f) for the for zones 1, 2 and 3 as seen above.

as seen in Fig. 5.4(a, b, ¢) and the fractal dimension time series as seen in Fig.
5.4(d, e, f), reflect different aspects of this complexity. The frequency spectrum of
the time series seen in Fig. 5.4 is shown in Fig. 5.5. The frequencies contributing
to the pulse are reflected with different amplitudes in the speckle contrast time
series and the fractal dimension time series. It is noted that the spectra using both
techniques largely reflect the major contributing frequencies.

5.2.3 In-vivo measurements

The flow pumps in the above two cases maintain a steady pulsation rate, in contrast
a heart changes its pulsation rate. To investigate the feasibility of these techniques
for in-vivo situations we investigated the speckle dynamics for blood flow in a
volunteer for two different situations. First we captured the speckle images, in
reflection geometry from a volunteer with laser light illuminating the finger. The
flow in a finger is different to that from one fluid bearing channel since it arises
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Figure 5.5: The spectral analysis of the time series of speckle images from the
three (1, 2 and 3) locations along the carotid artery phantom as shown in Fig. 5.4.
Spectra of images analyzed using speckle contrast a), b) and c) for zones 1, 2 and
3 in the phantom. Spectra of images analyzed using fractal dimension d), e) and f)
for the for zones 1, 2 and 3 in the phantom.

from a large network of capillaries. The time series of dynamic speckle from
finger, using speckle contrast and fractal dimension analysis can be be seen in
Fig. 7.4(a) and Fig. 7.4(b) receptively. There is a layer of static scattering skin
which also contributes to the speckle images. The capillary network also has no
unique direction of flow. Thus we see that though the speckle contrast time series
does seem to reflect the pulsating behavior of the underlying blood, in the fractal
dimension time series this is not very clear. The frequency analysis Fig. 7.4(c,
d) on the other hand shows that both techniques capture the principle frequency,
which is the heart rate.

The second situation was to record speckle images of the right carotid artery
of a volunteer, again in reflection geometry with laser illumination. In this case
again there is a layer of static scattering skin, but the flow direction is unique. The
time series for both the speckle contrast and fractal dimension clearly reflect the
periodic pulsation in the flow. The frequency analysis of using both time series is
also quite similar and captures the principle frequency in both cases. In both the
in-vivo cases the heart beat of the volunteer was monitored with a wrist heart rate
monitor and correspond to our measurements, which are recorded as 61 and 82
beats per minute for finger and carotid artery measurements, respectively. Further
work is necessary to investigate the possible conditions for devices to work on this
principle.
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Figure 5.6: The time series of speckle images measured from the finger of a volun-
teer analyzed with a) speckle contrast and b) fractal dimension. Spectral analysis
of the times series from c) speckle contrast and d) fractal dimension.

5.3 Summary

The multiscale analysis of time series of light scattered from a sample can be a
useful tool for better understanding the complex underlying mechanisms of the
medium. In this paper, we studied the fractal dimension change of speckle images
of pulsatile flow and compare it to speckle contrast analysis. We address the
result of measured fractal dimension in the case of a pulsatile flow in case of
different phantom top membrane. We observe that in case of a 2 mm thick layer
of Delrin as the top membrane, (high number of static scatterers), the fractal
dimension does not reflect the pulsation and changes in flow. Whereas the laser
speckle analysis can still capture the changes in the pulsatile flow. We also studied
the speckle images generated by pulsatile flow from a Ventricular Assist Device
in a transparent fluid where the scattering was only generated through seeding
particles. Here we observe that the two techniques capture different aspects of
the complexity of the flow, though in a transparent settings the fractal dimension
is more sensitive than laser contrast. Measurements were also performed on a
realistic phantom where the flow becomes complex due to the geometry of the
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Figure 5.7: The time series of speckle images measured from the carotid artery of
a volunteer analyzed with a) speckle contrast and b) fractal dimension. Spectral
analysis of the times series from c) speckle contrast and d) fractal dimension.

channel. In this case we observed that even though the rapid changes in the
flow leave different imprints on the fractal dimension change and the contrast, the
essential frequencies were captured by both techniques. We also attempted to test
the method for in-vivo case and observe that the changes in the fractal dimension
and in the contrast of the speckle images manage to capture the heart rate. The
fractal dimension is a more sensitive measure than speckle contrast since it can
measure the texture of image. It is also extremely responsive to rapid changes in
the texture and this can be exploited to study the time evolution in more complex
media just by observing the scattering from it.






CHAPTER

Multi layer flow analysis
using speckled speckle

Subjects that often appear to be well understood and perhaps even a little
old-fashioned have frequently some surprises in store for us.

Emil Wolf

In the previous chapters, we presented experimental and data analysis tools
to study pulsatile flow (heart beat). However, as indicated before, its analysis
in real-world scenarios presents several challenges, such as presence of motion
artifacts or anatomical properties which differ from a simulated phantom and
across individual from different origins. This leads to the presence of variations
in the data and thus a lack of standardization in the resulting signal as it results
from a mixture of acquisitions from several layers whose properties can differ.
The measurement complexity arises from having dynamic scatterers in presence
of several layers of static scatterers with different composition, leading to different
scattering properties. In this chapter, the flow measurement in presence of several
layers is presented. The motivation behind this study is the observation that
speckle patterns measured in such scenarios (multiple layers) present different
properties from the speckle pattern generated from a single diffuser.

6.1 Introduction

The sensitivity of optical methods to motion is an asset which can be explored in
the context of blood flow measurements. However additional motion artifacts in
the site of measurements interfere with the measured signal, leading to potentially
erroneous measurements. In our application, the most common sources of motion
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artifacts are caused by both the relative body and sensor position variations and
the absolute body motion. The latter can cause displacement of blood in the
vessels, leading to variation in localized blood flow. This is called sloshing effect,
where the blood displacement can cause a disturbance on the arterial blood flow
signal which is generated by cardiac pulse. When a body part moves, the blood in
its tissue tends to resist the change and causes a variation in blood flow dynamics
[120]. Such a signal disturbance can be created by any mechanism modifying the
systemic circulation of blood in arteries or veins like coughing, tremor or changes in
local circulation [121,122]. The influence of relative motion between the different
consistent layers and sloshing was the research question to be explored in this
chapter.

For this purpose, the experimental setup in chapter 3, Fig. 3.1, was modified
to simulate sloshing, such that there is a non-linear interaction between the top
surface and the underlying fluid, the blood flow. This can be done in two ways.
The first approach is having the pulsatile flow in the flow cell which has been placed
on the top of a moving surface itself. This surface is subject to periodic motion,
with different ranges of amplitudes, in the horizontal direction. Then, for the
static part (skin), another membrane made of Delrin is kept above a distance from
the flow cell to ensure a separation from the fluid. The second simpler approach
is to keep the flow cell static and use an in-motion diffuser with a layer of static
diffuser on top. Although this does not alter the dynamics of the flow itself, it
monitors the pulsatile flow through a layer of dynamic and static diffusers.

However, any of the above experimental setups, modifies the speckle behavior,
as an additional separation layer is created. This leads to deviations from the
expected measurements, making them perhaps unusable to study the pulsating
blood flow in presence of the sloshing behavior, using speckle patterns. As a
first step in this direction, we discuss a different scattering configuration. In this
approach, the recorded speckle pattern is generated in presence of an additional
diffuser. We elaborate on this below.

The speckle patterns arising from the additional diffuser are the so called speckled
speckle and they were first studied by Fried who was mainly investigated the eye
safety with laser related devices [123]. Furthermore, the statistical properties of the
double diffuser setup was derived by Donnel [124]. Traditional speckle statistics
are dependent on coherence length of light and amount of scattering they face
in the medium. In a single speckle pattern, based on the central limit theorem,
it is assumed that the number of scattering events are large and the amplitude
and phase of the field is described by zero mean Gaussian random variables [125].
However, the statistical behavior of speckled speckle are reported to be different
and has been shown to have non-Gaussian intensity distribution [124,126]. It has
been further shown that scattered speckles will not obey Gaussian statistics when
both diffusers are either in motion or motionless [127,128]. However, this kind of
configurations have been mainly used for speckle suppression [129].

In the case of double diffusers experiments, it has been shown that generated
speckle decorrelation effects are influenced by relative diffuser displacement or
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variations in the illuminating wave field [130]. In our setup, the diffuser is kept
constant and the scattered flow dynamics is changing.

In this chapter, we explore the presence of an additional diffuser which provides
illumination for the pulsating fluid. The resulting fluctuating speckle patterns
from the flow is then transmitted to the camera through the same diffuser. In this
case, the recorded speckled pattern will not only be influenced by the intensity
distribution of the illuminating spot but also by structures of the illuminating
speckles. The result of these measurements are analyzed with laser speckle contrast
and the fractal analysis approach presented in the previous chapter.

6.2 Experimental Setup

The schematic of the experimental setup is shown in Fig. 6.1. For illumination,
a HeNe laser with an emission wavelength of 630 nm and optical output power
of 30 mW was used. The measurements were performed on the phantom, as
explained in chapter 3, section 3.3.1. The pulsatile flow in milk was generated
using the roller pump with a controlled frequency. This is very similar to the
previous setup. However to simulate the dynamics of speckle patterns created by
illumination of another speckle pattern at a certain distance, we use a static 1 mm
thick membrane, either glass or Delrin. This membrane is placed on the top of
flow cell, with a separation distance which can be varied from 2 to 5 cm.

Laser source

Camera

2" membrane
Distance

1t membrane t 2-5cm

Figure 6.1: Schematic of the experimental setup to study pulsatile flow under multi
layer arrangement. The properties of the membranes can be changed by using Delrin
or glass.
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The speckle patterns are recorded over time with 50 frames per second sampling
rate and exposure time of 8 ms. The changes in flow corresponded to the changes in
speckle pattern as a result of motion of scatterers in the fluid. In order to study the
dynamic fluctuation of speckle images, we measure the speckle contrast, mentioned
in chapter 2, section 2.4.1. We calculated the speckle contrast for each image with
a spatial window size of 7 x 7 camera pixels. The calculated contrast for the series
of images was then Fourier transformed to obtain the frequency spectrum of the
speckle contrast fluctuations for the entire time of each measurement. Speckle data
were also analyzed using the fractal dimension, mentioned in chapter 2, section
2.4.3. The original speckle images has been transformed to the fractal images,
and a time series of these fractal dimension is measured. The speckle contrast
and fractal dimension has been calculated for each measurement over a set of 2700
images. The result of the spectral analysis is compared using fractal dimension
and speckle contrast, has been compared.

6.3 Results and Discussion

We performed several experiments where a combination of different settings has
been applied through the modification of the membrane properties. A schematic
representation shown in the Fig. 6.2 shows the four different cases which arise.
The results of these measurements are described below.

Pulsatile Flow

Figure 6.2: A schematic representation of different setting (a-d) in order to monitor
the pulsation of flow while different membranes are placed on the top of the flow
cell.

The experiment was initiated with Fig. 6.2(a), for the case of having the flow
cell covered with a glass membrane while another glass membrane is placed on the
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top of the flow cell. The result of the measurement is shown in Fig. 6.3. As it
can be observed, the result of fractal and contrast analysis are similar. By moni-
toring the pulsatile flow through a glass membrane we are avoiding the influence
of any additional static scattering. This is similar to the case as we were directly
monitoring the changes through one single glass membrane, as it has been shown
in the previous chapter in Fig. 5.2(a).
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Figure 6.3: The spectral analysis for a) Speckle contrast, b) Fractal dimension.
This measurement was done for the flow cell covered with glass membrane, while
holding another glass membrane on top. The main frequency of pulsation is at
1.25Hz.

The second experiment was performed, as shown in Fig. 6.2(b), where the
second glass membrane is replaced by the Delrin membrane. The result is shown
in Fig. 6.4. We observe that in this case the measured spectrum are different from
each other. The spectral analysis of the laser speckle contrast only measures the
double frequency instead of main frequency of pulsation, while we still have the
main frequency of pulsation recorded at 1.25 Hz using fractal analysis.
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Figure 6.4: The spectral analysis for a) Speckle contrast, b) Fractal Dimension.
This measurement was done for the flow cell covered with glass membrane, while
holding another Delrin membrane on top. The main frequency of pulsation is 1.25Hz.

For the third set of measurement, as shown in Fig. 6.2(c), the flow cell is directly
covered with a Delrin membrane while the second glass membrane, is placed on
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top. The result of these measurements are shown in the Fig. 6.5. The main
difference is that we have a static layer directly on top of pulsatile flow and we
measure the changes by choosing either a glass or Delrin for the second membrane.
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Figure 6.5: The spectral analysis for a) Speckle contrast, b) Fractal Dimension.
This measurement was done for the flow cell covered with Delrin membrane, while
holding another glass membrane on top. The main frequency of pulsation is 1.25Hz

These results show that both methods measure the main frequency of pulsation.
However, we can notice different sensitivity in these two analysis, as we still mea-
sure the other harmonics using fractal analysis. In comparison to the previous case,
where there is a reverse order between Delrin and glass membrane. This shows
that having a direct contact of static scatterers with the flow leads to different
results than having the flow illuminated through a layer of static scatterers.

For the last experiment, as shown in the Fig. 6.2(d), the glass membrane is
replaced with Delrin, such that both membranes are Delrin. The result is shown
in Fig. 6.6. In this arrangement, the fractal analysis monitors the main frequency
of pulsation while laser speckle can only measure the double frequency. These
plots indicate clearly the difference in having only one static diffuser as it was in
the previous configurations. It is also shows the importance of where the static
diffuser is placed, as seen in the second experiment.

A similar behavior has been observed when these measurements were repeated
for different image plane (out of focus). The result of these measurements is
referred through literature as the speckled speckle. These speckle patterns are
created when the reflected light from dynamic scatterers is not directly collected
through camera but first through another layer of stationary scatterers. In our ex-
periment, this behavior was mainly observed when there was a separation distance
between the two diffusers in the reflection mode.

Measurements were also performed in the transmission mode where the fluid
cell was illuminated from below using a laser directly. In this case the fluid was
not illuminated by a speckle pattern and only the fluctuating speckle pattern was
transmitted through a diffuser to camera. In the transmission mode, we measure
the direct behavior of the flow pulsation, which is the main frequency of fluid



Chapter 6. Multi layer flow analysis using speckled speckle 73

-3 -3
5)(10 3x10
= =
54
S £2
53 &
9 ]
k]
2?2 21
5 o
£ :
" s 0
% 2 4 6 3 10 0 2 4 6 8 10
Frequency (Hz)
a) Frequency (Hz) b)

Figure 6.6: The spectral analysis for a) Speckle contrast, b) Fractal Dimension.
This measurement was done for the flow cell covered with Delrin membrane, while
holding another Delrin membrane on top. The main frequency of pulsation is 1.25Hz.

pulsation. This was observed for both contrast and fractal analysis. The result is
shown in the Fig. 6.7.
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Figure 6.7: The spectral analysis for a) Speckle contrast, b) Fractal Dimension.
This measurement was done for the flow cell covered with Delrin membrane, while
holding another Delrin membrane on top, in the transmission configuration. The
main frequency of pulsation is 1.25Hz.

The result of interference of a coherent source due to a layer of static scatterers
creates Gaussian speckles whereas the case of having cascade of diffusers, causes
speckled speckle to be created that give rise to non-Gaussian distributions. The
main difference is that these non-Gaussian distributions predict larger amplitude
and intensity fluctuation. Therefore, the hypotheses is the difference in the spa-
tial properties of these patterns. It has been also shown by Donnell [124], that
the speckled speckle are not spatially ergodic and that can possibly explain why
using spatial contrast we are not able to retrieve the main frequency of pulsation.
However, we believe that more studies need to be done and a better theory would
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be needed to explain the complexity of the problem.

6.4 Summary

In order to simulate sloshing as an induced motion artifacts, we had to separate
the static layers from the fluid itself. While doing the measurement, we stud-
ied the behavior of speckle through a layered structure. The result of having a
pulsatile flow under a cascade of diffuser has been presented here. This analysis
brings the measurement of flow in in-vivo subjects closer to reality and can be
important in imaging applications where double propagation of light through a
random medium is of interest. In this set of measurements, the laser illuminating
the flow cell creates a speckle pattern which is incident upon the second diffuser.
The resulted speckle is then imaged by the imaging system. We have demonstrated
the possibility of using fractal analysis to measure the pulsatile flow in presence
of several static layers. Although using the laser speckle contrast, we can detect
the expected pulsatile frequency in some configurations, fractal theory showed to
be more sensitive to these fluctuations.



CHAPTER

Flow analysis in presence
of motion induced
artifacts

We cannot solve our problems with the same thinking we used when we created
them.

Albert Einstein

In this chapter, we address a totally different problem based on the speckle
technique. As mentioned in the beginning of this thesis, one portable non-invasive
optical monitoring device widely used to monitor cardio-vascular complications is
the pulse oximeter, which works based on the photoplethysmogram (PPG) prin-
ciple. However, these devices are prone to motion induced artifacts. We propose
laser speckle for monitoring pulsatile flow in presence of motion induced artifact.
The main difference between speckle based measurement and PPG is the fact that
instead of measuring volume changes we measure time dependent velocity changes
of the scattering particles such as red blood cells (RBC). The possibility of measur-
ing hemodynamic parameters in presence of relative motion between the optical
components and sample using speckles, is still an open question [131]. We will
address the possibility of measuring a pulsatile flow in a noisy environment using
speckle dynamics. Specifically, we measure pulsation or the heart rate in presence
of motion between the illumination and the in-vitro or in-vivo sample.

7.1 Experimental measurements

7.1.1 Experimental setup

We initially did an in vitro study to investigate the influence of the motion artifacts
on the signal in a controlled lab environment. The schematic of the setup for the
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in-vitro and in-vivo is shown in the Fig. 7.1(a) and Fig. 7.1(b) respectively.
For illumination, we used a vertical-cavity surface-emitting laser diode (VCSEL)
with an emission wavelength of 850 nim and spectral bandwidth of 0.3 nm. The
laser diode has a coherence length of 2.4 mm and an optical output power of 0.5
mW. We used a roller pump (Minipuls®3) to generate a pulsatile flow with a
controlled frequency in our flow cell using five rollers. For our detection system we
used a high speed camera (Photron Fastcam SA3) with pixel size of 17 x 17pm.
For magnification we could couple the camera to a stereomicroscope with overall
magnification of 6.4 where needed.

Camera Caniara

A
R4

Speckle Contrast

Timf:(s/) o

Figure 7.1: The experimental setup a) in-vitro and b) in-vivo. The motion artifacts
are generated by the motion of the laser beam which creates a different penetration
depth, illumination spot and distance to the detector. The speckle contrast has
been calculated over the whole illuminated area.

In the experiments we simulated a scenario of measuring the pulse rate in a
phantom in case of artifacts generated by systematic and random motion. We
have used these two main categories as we can compare the systematic motion
or a rhythmic hand motion, which occurs for instance during sport and random
motion which resembles complex hand motion of patients in the medical setting.
To generate the motion we used a mini-shaker which has been driven through an
amplifier using a program based on Labview. The laser diode is attached to the
shaker, which moves with the defined linear or random motion. The movement
of the beam spot will affect the position on the sample being illuminated and
the separation distance between the laser beam and the detector. This continuous
movement will create the main motion induced artifact due to changing the optical
path through the sample and changing the depth at which the sample would be
monitored. By positioning the light source and detector at different distances, we
influence the light propagation. This principle has been mainly applied in time
domain measurements to calculate the optical properties along the tissue. The
time domain photon migration describes the temporal dispersion dependence of
the light pulse to tissue optical properties [36,132].

To simulate the in-vitro heart rate, we generated a pulsation rate of 1 Hz and
1.25 Hz, with an amplitude per stroke of 6.7 ml and 7.8 ml respectively. The base
flow rate for 1 Hz and 1.25 Hz, was measured to be 40 ml/min and 47 ml/min
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respectively. The motion induced artifacts have been generated using the shaker
to move the illuminating laser at three different frequencies (0.7 Hz, 1.4 Hz and
2.8 Hz) with two different amplitudes (0.5 mm and 2 mm). Each measurement
has been recorded for 45 sec with 50 frames per second (fps). The exposure time
for each frame was 20 ms. The images have been recorded with the full camera
frame of 1024 by 1024 pixels.

7.1.2 Speckle contrast analysis for in-vitro experiments

For each individual measurement, we captured a time sequence of images and
calculated the speckle contrast for each image with a spatial window size of 7 x 7
camera pixels. The resulting contrast time series was then Fourier transformed to
obtain the frequency spectrum of the speckle contrast due to fluctuations arising
due to different processes, for the entire duration of each measurement. The
experimentally measured contrast for milk pulsation at 1 Hz and 1.25 H z is shown
in Fig. 7.2. The left panel displays the contrast calculated for the recorded images
in time for two different pulsation frequencies of the milk flowing in the sample cell.
The panel on the right is the spectral composition of the speckle contrast variation
arising due to the pulsation of the fluid in the sample and the motion artifacts
generated by the moving illuminating source, which has been extracted from the
images measured by the camera. The result of measured signal is shown for the
best and worst signal visibility which is the case for 0.5 mm and 2 mm displacement
amplitude of the laser by the shaker, respectively. For each measurement the signal
has been low-pass filtered at 6 Hz and plotted for the same range of frequencies.

As can be seen in the figure, the visibility of pulsation signal compared to the
motion signal on the laser has decreased. The main reason for bigger drop in case
of 1.25 Hz pulsation is due to the speed of flow. In the current setup, a higher
pulsation rate also causes a higher speed of flow. The measured signal quality
drops due to the speckle patterns being more blurry, which results in a lower
contrast value. The main aim of these measurements is to be able to distinguish
and reliably detect the pulsatile signal in face of the noise elements around it. We
must state that in the current experimental setup with speckle imaging we cannot
distinguish between two opposite directions of motion of the laser. This leads to
the double frequency signal of the laser motion (1.4 Hz, 2.8 Hz and 5.6 Hz) being
more prominent in our spectral decomposition graphs. In the in-vitro case we
have the specific advantage of knowing the frequency of the signal we would like
to detect since it is the frequency of our pump. So in this case we can separate it
from the other frequencies in our setup for instance the modulation frequency of
the shaker which moves the laser. We have observed that neglecting the spectral
signal arising from the known frequency of the shaker and calculating the signal to
noise ratio for the signal arising from the pump, the average signal to noise ratio
of 14 dB makes the measurement of the pulsation signal still feasible. A surprising
point was that the signal was still distinguishable for the case of pulsation at 1.25
Hz and laser oscillation frequency of 0.7 Hz which has a bigger amplitude at the
double frequency of 1.4 Hz. In case the frequencies of the signals is even closer
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Figure 7.2: Speckle contrast variation in time on the left and spectral analysis of
the contrast curve on the right. Milk pulsation in the flow cell with frequencies 1Hz

(upper plot) and 1.25Hz (lower plot) for two displacements of the illuminating laser:
0.5mm (upper continuous line) and 2mm (lower dashed line) at the frequencies of

a) 0.7Hz, b) 1.4Hz and c) 2.8Hz.
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or overlap it is probably not possible to detect the pulsation frequency clearly.
From the figure we observe that even for the case of maximum displacement of 2
mm and a shaker frequency of 2.8 Hz we are still able to see the signal, but we
would like to emphasize that the detection possibility of the signal deteriorates
with increasing amplitude and/or the oscillation frequency of the shaker which
moves the laser because of speckle contrast modulation decreases. To be able to
quantify this we show in table 7.1 the ratio between the amplitude of the pulsation
signal from the spectral decomposition to the amplitude of the double frequency
signal of the laser motion seen in the same spectral decomposition.

Table 7.1: Ratio of amplitude of pulsation signal to double frequency of laser motion
signal in the spectral decomposition.

Frequency
Flow motion | 1.4Hz | 2.8Hz | 5.6Hz | Amplitude
pulse
1Hz 0.82 0.34 0.19 0.5mm
1Hz 0.13 | 0.14 | 0.17 2mm
1.25Hz 1.03 | 0.27 | 0.11 0.5mm
1.25Hz 0.074 | 0.06 | 0.06 2mm

To be able to extend our study to a more general case we decided to move the
shaker and hence the laser randomly using a band limited white noise signal with
frequencies in the range of 0.1 to 10 Hz. The choice of this frequency range was
made based on literature which states that the PPG pulsatile cardiac signal is in
the range of 0.5 to 4 Hz with the low frequency range of respiration signal of 0.2
to 0.4 Hz. [133,134]. The results of this study are shown in the Fig. 7.3, where
we see that the pulsation signal is visible clearly for the case of lower amplitude
of motion of the laser which is 0.5 mm.

For the white noise measurements the signal was observable only up to the laser
motion amplitude of 1 mm above this amplitude it is difficult to detect anything as
can be seen in Fig. 7.3 for the case of laser motion amplitude of 2 mm. Therefore
amplitude of the motion with respect to the illuminating source is the deciding
factor for the detectability of the signal in the case of random motion.

7.1.3 Speckle contrast analysis for in-vivo experiments

We then implemented the measurement in-vivo by placing a finger of a volunteer
in the place of the flow cell. The volunteer also wore a commercial pulse oximeter
on the thumb so that our measurements could be verified. The analog signal
from the pulse oximeter was synchronized with the camera frames recorded for
the measurement. To keep the heart rate values similar, the measurements for the
two amplitudes of the shaker which moves the illuminating laser, at 0.5 mm and
0.8 mm, were performed sequentially in time. The results of the measurements
can be seen in Fig. 7.4 for the three different motion frequencies, of 1 Hz, 1.4 Hz
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Figure 7.3: Speckle contrast variation in time on the left and spectral analysis of
the contrast curve on the right. Milk pulsation in the flow cell with frequencies 1Hz
(upper plot) and 1.25Hz (lower plot) for random displacement of the illuminating
laser at the amplitudes: 0.5mm (upper continuous line) and 2mm (lower dashed
line).

and 2.8 Hz of the illuminating laser, at the two different amplitudes. The results
confirm our expectations from the in-vitro measurements that the detectability of
the signal drops for higher motion amplitudes and frequencies. We see this even
more in the case of random motion of the shaker moving the illuminating laser in
Fig. 7.5. The heart rates indicated in Fig. 7.4 and Fig. 7.5 were those measured
independently by the commercial pulse oximeter.

7.2 Characterization of in-wvitro experiments on
motion induced artifacts

To study further the effect of additional perturbation on the optical signal from
the scatterers due to relative motion between light source and flow sample, several
experimental configurations were studied. The flow pulsation frequency was kept
at 1.256 Hz. The flow cell was kept in the rigid configuration to avoid the extra
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Figure 7.4: Speckle contrast variation in time on the left and spectral analysis of the
contrast curve on the right. Measurement with human finger for the illuminating
laser displacement of: 0.5mm (upper continuous line) and 0.8mm (lower dashed
line) at the frequencies of a) 1Hz, b) 1.4Hz and c) 2.8Hz.
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Figure 7.5: Speckle contrast variation in time on the left and spectral analysis of
the contrast curve on the right. Measurement with human finger for two random
displacements of the illuminating laser at the amplitudes: 0.2mm (upper continuous
line) and 0.8mm (lower dashed line).

oscillations seen in the case where the volume is allowed to change. The generated
motion artifact has been extended to move the laser at different frequencies (0.7
Hz, 14 Hz,2.8 Hz,3.2 Hz, 3.6 Hz, 4Hz and 4.5 Hz) with different amplitudes
(0.5 mm, 1 mm, 2 mm and 3 mm) and two different angle of illuminations. Each
measurement has been recorded with different exposure times of 20 ms, 16 ms,
8 ms and 4 ms. These measurements were then analyzed using the contrast, as
mentioned in chapter 2, section 2.4.1 and correlation formalisms, as mentioned in
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chapter 2, section 2.4.2. The modified setup is shown in Fig. 7.6

Camera

Rigid Insert

Figure 7.6: The experimental setup. The motion artifacts are generated by the
motion of the laser beam which creates a different penetration depth, illumination
spot and distance to the detector.

Out of these measurements, we show only the extreme cases, i.e., at the fre-
quency of 0.7Hz with 0.5 mm and 3 mm amplitude and at the frequency 4.5 Hz
with 0.5 mm and 3 mm in Fig. 7.7 and Fig. 7.8. The rest of the measurements
show the same trend as seen for the extreme cases. The measurements were also
performed at two different angles, 70° and 20° of the illumination laser with the
camera, which is placed directly above the sample. The results of measurements
at 70° are shown in Fig. 7.7 and 20° in Fig. 7.8. To study the impact of the
camera exposure time on the measurements, we measured for exposure times of
20 ms, 16 ms, 8 ms and 4 ms, as shown in Fig. 7.7 and Fig. 7.8, in the panels
a), b), ¢) and d), respectively. These correspond to camera frame rates of 50 fps,
60 fps, 125 fps and 250 fps, respectively.

7.2.1 Speckle contrast analysis compared with correlation
for experiment with motion induced artifacts

The plots in Fig. 7.7 and Fig. 7.8 show the results of the measurements using both
analysis techniques after being smoothed and low pass filtered at 10 Hz. It can be
observed that we are able to differentiate the fluid pulsation rate from the induced
motion effects. However, the spectral composition of the signal extracted from the
temporal analysis of the contrast and correlation measurement exhibit some major
differences. The spectrum obtained from this speckle contrast technique appears
cleaner due to the extensive spatial averaging. The spectrum from the correlation
analysis is more sensitive to fluctuations and more detailed. The contrast analysis
mainly measures the double frequency of the induced motion as contrast analysis
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Figure 7.7: Spectral analysis is shown for two displacements of the illuminating
laser with an angle of 70° with the camera: 0.5mm (blue line) and 3mm (red line)
displacement amplitudes and at the frequencies of 0.7Hz and 4.5Hz measured with
exposure times of a) 20ms, b) 16ms c) 8ms and d) 4ms. The plot shows the result
of measurements using the correlation analysis (right panel) and speckle contrast
(left panel) for milk pulsation at 1.25Hz. The y-axis shows the amplitudes of the
correlation analysis and speckle contrast on the right and left side of each panel,

respectively.
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Figure 7.8: Spectral analysis is shown for two displacements of the illuminating
laser with an angle of 20° with camera: 0.5mm (blue line) and 3mm (red line) at
the frequencies of 0.7Hz and 4.5Hz measured with exposure times of a) 20ms, b)
16ms c) 8m and c) 4ms. The plot shows the result of measurements using the
correlation analysis (right panel) and speckle contrast (left panel) for milk pulsation
at 1.25Hz. The y-axis shows the amplitudes of the correlation analysis and speckle
contrast on the right and left side of each panel, respectively.
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cannot distinguish the difference of the direction of laser motion. Speckle contrast
analysis provides good visibility specially for low amplitude and frequency of laser
motion. Increasing the amplitude and frequency of laser motion decreases the sig-
nal visibility for the contrast analysis for longer exposure times. Longer exposure
times lead to more averaging and thus averages out the weaker optical signal from
the flow pulse and emphasizes the laser motion. However, the performance using
contrast analysis for higher frequencies is better for shorter exposure times of 8ms
and 4ms. This result cannot be improved further without decreasing the spectral
resolution of the data set unless the recording time is increased or a smaller area
of the camera chip is used. In comparison, correlation provides a richer spectrum
which has more features. The signal visibility in the case of higher amplitude and
frequency is better for correlation based analysis of the measurements. This is
more obvious for shorter exposure times. It can also be seen that for large ampli-
tude, low frequency measurements, the correlation technique fails to pick up the
correct spectrum of the induced motion. Mainly because the harmonics have a
higher amplitude. This is again better for the shorter exposure times.

The measurements done with a 70° angle of the illumination laser with the
camera show better signal than the 20° measurements. The 70° configuration has
a larger elongated illumination spot leading to a bigger area contributing to the
speckle pattern on the detection plane. Also, there is more uniformity of illumi-
nation over the spot being studied. This can explain the reason for the observed
difference. In the measurements mentioned above, the direction of motion of the
laser is the same as the direction of flow, since this is the worst case scenario.
The case where the flow direction was perpendicular to the laser motion was also
measured and analyzed for all the configurations shown above. These results are
omitted since no discernible differences are seen in comparison to the case shown
above, where the flow and motion directions are parallel. For applicability to
compact devices, we also studied the statistical correlation between the intensity
fluctuations at two pixel locations for the time sequence of images from a mea-
surement which is discussed next.

7.3 Pixel based analysis for feasibility of use in
compact devices

For some device applications, the need for compactness and lower cost is impera-
tive, therefore a trade-oft between speckle image size and measurement sensitivity
comes into play. For these applications, we decided to analyze our measurements
using two groups of 2 x 2 pixels, positioned at locations opposing each other, across
the beam diameter. The distance between the super-pixels thus varied according
to the beam size, in the two cases of the 70° and 20° configurations of measurement
and was typically, 150 and 100 pixels, respectively. These super pixels mimic inde-
pendent local detectors and were chosen in direction parallel to and perpendicular
to the axis of motion of the laser. The result of this analysis has been shown in
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Fig. 7.9. In this figure, the analysis result for both parallel and perpendicular
directions of motion for 0.7 Hz and 4.5 Hz with the minimum and maximum
displacement amplitude of 0.5 mm and 3 mm, is shown. The exposure time for
each frame shown in Fig. 7.9 was 8 ms.
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Figure 7.9: Spectral analysis for pixel correlation is shown for frequencies of 0.7Hz
and 4.5Hz with displacement amplitudes of 0.5mm and 3mm after being analyzed
in a) perpendicular and b) parallel directions to the induced motion artifact. In each
plot, the arrow points at the fluid pulse rate. The y-axis shows the amplitudes of
the parallel configuration and perpendicular configuration on the right and left side
of each panel, respectively.

In Fig. 7.9, we see that for low amplitude of displacement of the laser, two
super-pixels are sufficient to measure the motion and the fluid pulsation using the
correlation coefficients of speckle intensity. However, for higher amplitudes of laser
motion the position of the super-pixels or in a device the detectors, with respect
to the motion between the sensor and the subject, can play a significant role in the
measurement results. In case of a parallel configuration of the super-pixels with
respect to the laser motion, only the induced motion is detected when the laser
motion is large.

7.4 Summary

We study a system based on dynamic light scattering and techniques to extract
physical parameters of the scatterers. This was done specially for pulsatile flow in
face of motion induced artifacts. Measurements for a full parameter set, including
different amplitudes and frequencies for motion of the illumination, alignment con-
figurations of illumination and detection, and camera exposure time were carried
out. This measurement data was then analyzed with different analysis techniques
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based on speckle contrast and correlation. In general, we observed that, correla-
tion based analysis is more robust against high amplitude laser motion, particularly
when combined with short exposure times. Also, a larger angle between illumi-
nation and detection yields a better signal. Measurements were also performed
on the finger of a volunteer and analyzed using the two techniques. The in-vivo
measurement results agreed with the results of the in-vitro case. The measure-
ments were analyzed again using only a few pixels from the entire camera image
to mimic independent local detectors. It was observed that a few pixels from the
image were sufficient to extract the necessary parameters, which is useful in case
of compact devices. Therefore, we conclude that several speckle based techniques,
can be used to understand the effect of motion induced artifacts. These studies
can be incorporated in future devices to make them more robust.






CHAPTER

Discussion and
conclusions

Look deep into nature, and then you will understand everything better.

Albert Einstein

In this thesis, we demonstrated the possibility of using laser speckle imaging
for monitoring pulsatile flow, specifically in presence of induced motion artifacts.
This is especially important in the context of continuous health monitoring de-
vices, as these pose additional challenges when compared to static monitoring
devices: since they are worn while the user is performing regular routine activi-
ties, these typically involve motion, which has been a known challenge in several
monitoring applications. Although optical based techniques have been around for
many years, the extraction of the signal in the presence of motion artifacts has
been an exploratory research. In this project, we investigated a hardware based
solution to address this problem where we applied laser speckle technique. It has
been a question in the literature whether speckle based techniques could be made
robust against motion artifacts [131]. The research provided in this thesis, brings
the answer to this question closer, which we believe can spark more research and
development efforts towards integrating the presented techniques into products.

The project was initiated by building a setup to monitor flow using laser speckle
technique. The main challenge was the lack of understanding over detailed surface
structure and light behavior in the tissue using laser speckle. To confront with such
an issue in experimental cases, we developed a platform to conduct a systematic
study on flow dynamics, with an attempt to understand the influence of different
parameters on the flow measurement. In this work, we were able to study the
influence of each variable individually. We have shown that statistical approach
is a valuable tools to study the speckle patterns. The outcome of this study
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demonstrate a deeper understanding into the properties of the dynamic speckle
arising from pulsatile flow.

The properties of the flow and the scatterers which can be retrieved from the
speckle pattern yield more information about the system being studied. We ad-
vanced this further by combining the laser speckle flow measurements with another
full-field optical technique as particle image velocimetry (PIV). We showed that
we can measure complementary parameters using the secondary analysis of PIV,
where it can accurately compute the flow velocity using tracer particles. We use
the high spatial resolution of PIV to generate a full velocity map of the flow field
and the high temporal resolution of LASCA to extract the detailed frequency
spectrum of the fluid pulses. This work showed that for a bifurcating system the
frequency spectrum of pulsatile flow is location dependent. Using this combina-
tion of techniques a complete study of complex pulsatile flow in an intricate flow
network can be studied. These experiments have been reported for the study of
pulsatile flow using ventricular assist device in a patient-specific carotid artery
phantom.

In the second part of this thesis, a different technique has been explored for
monitoring pulsatile flow. We applied fractal analysis for processing of the speckle
pattern. The random spatial distribution of bright and dark spots in a speckle
image displays the self similarity, scaling, and statistics which we are familiar
with in fractals. To demonstrate using fractal dimension changes due to pulsatile,
these measurements have been done in comparison with laser speckle analysis
and for different experimental configurations. Multiscale analysis of time series
of scattered data can be a useful tool for better understanding the underlying
complex dynamics in the medium. Further, the fractal analysis has been applied
to a different scattering configuration where the scattered wavefront illuminates
the pulsatile flow and is recorded after propagation through another scattering
medium. It has been shown that under these conditions, the laser speckle contrast
analysis can not detect the main frequency of pulsation, where analysis of fractal
dimension promises great potential for monitoring changes through a multi-layered
system with different scattering properties.

We have to emphasize the advantage of using laser speckle to convey important
information in scenarios where motion artifacts are present and perhaps this can
be an option to be implemented in future products. The artifact generated due
to relative motion between the source, detector and sample can also be studied
so that they can be handled when studying the system, thus making the param-
eter retrieval more robust. We demonstrated the results for in-vitro and in-vivo
cases. The results have been compared using laser speckle contrast analysis and
correlation. Changing the parameters of the measurement showed that different
analysis techniques were successful for different cases. In general, the in-vivo and
the #n-vitro measurements showed similar results for similar analysis techniques.
In this set of experiments, we also perform analysis on a selected set of pixels from
the collected data to show the feasibility of having a more compact devices for the
future products. This data analysis was done using only few image pixels, which
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was seen to be sufficient to extract the heart rate. Thus further work needs to be
done to further characterize these techniques.

8.1 Suggestions for future work

In this thesis, we have provided experimental studies for monitoring pulsatile flow
based on laser speckle techniques. Although we have shown for the first time
the application of laser speckle with induced motion artifacts, we only focused on
one way of realizing it. We mainly address one of the predominant errors where
the existing devices (not based on speckle) have, which is the sensor movement
with respect to the skin. However, more experiments are required to address all
different source of artifact for different scenarios. Further clinical studies with
large population diversity need to be taken into consideration, to iron out the
differences arising due to different skin type and physiological variations. For our
present studies this may eventually lead to better medical devices which are low
cost and robust. Further work may include applying the technique to analyze
the complex hemodynamics. This can include the difference in the metabolic
transients between arterial and venous blood flow. This can be applied by using
dual wavelength concept to study the metabolic changes induced by the level of
oxy- and deoxy-hemoglobin. These are some of the possible features, however the
application of present study can be extended to any kind of flowing samples, where
possibilities for further theoretical and experimental exploration are vast.
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