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Abstract 

 

 For label-free, non-invasive, wide field-of-view (FOV) imaging/monitoring of blood flow, 

speckle-based approaches are gaining popularity. However, to obtain quantitative flow 

information, speckle techniques rely on the multi-exposure scheme which requires complex, 

bulky, and expensive instrumentation, limiting its application to preclinical studies. This 

dissertation directly addresses these issues. In the first part of this dissertation, we report a novel 

single shot synthetic multi-exposure speckle imaging (syMESI) method to synthetically produce 

multi-exposure images from one short single exposure speckle image using spatial 

binning/averaging. We demonstrate that syMESI can reimagine conventional hardware based 

MESI, with low-cost single exposure laser speckle imaging (LSCI) instrumentation. We validate 

the syMESI algorithm with flow experiments on microfluidic channels, and by imaging cerebral 

blood flow in rodent brain in vivo. In the second part of this dissertation, we introduce a novel 

heterodyne instrument for imaging blood flow and new heterodyne laser speckle theory and model. 

We demonstrate that our new technique, can increase the signal-to-noise ratio (SNR) of blood flow 

measurements and can quantify flow images at low photon budget (<40 average detection 

intensity). These two techniques, transform traditional expensive multi-exposure method into a 

low-cost quantitative imaging tool, solving a decade long problem. Finally, we introduce a new 

diffuse optical instrument by combining a low coherence laser diode and a Mach-Zehnder 

interferometer, for obtaining dynamic properties (optical properties and blood flow). Our new 

instrument can provide deep tissue information by utilizing the diffusion theory of photon 

propagation. The capability to record path resolved diffuse optical measurements using a 



 

vii 

 

continuous (CW) laser source allows our instrument to operate at source-distance (S-D) separation 

of 2.5 cm or greater. As a proof of concept, we demonstrate results of intralipid phantom and in 

vivo arm-cuff occlusion. We believe, this new path-resolved instrument will enable researchers to 

uncover deep tissue optical properties information which cannot be performed with traditional 

diffuse correlation technique. 
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Chapter 1: Introduction 

 

1.1 Introduction 

 

Light Amplification by Stimulated Emission of Radiation (LASER) is one of the 

discoveries that has paved the way for many scientific discoveries. In the late 1950s, Schawlow-

Townes introduced the concept and started the race for building practical working laser (Schawlow 

& Townes, 1958). In the early, 1960’s Theodore Maiman from Hughes Research Lab 

demonstrated the first commercial working laser (Maiman, 1960). By the1970’s with the invention 

of the laser printer and laser bar code scanner the application of laser got widely recognized. 

Researchers who were working with laser found a strange phenomenon, when laser light reflected 

from surface like paper, wood, metal, etc., the observed reflected light was granular in nature 

(Dainty, 1972; Fujii & Asakura, 1974, 1975; Goodman, 1975; Langmuir, 1963; Parry, 1975; 

Pedersen, 1974). This granular pattern was termed as “speckle” and was initially considered as 

noise. Interestingly, this speckle pattern forms due to the roughness of the surface and almost all 

the material in the world is rough. 

Parallelly, in the 1950s several researchers used the laser to explore dynamic light 

scattering (DLS) (Bosworth et al., 1952; Doty & Steiner, 1950; Kratohvil & Smart, 1965; Outer et 

al., 1950; Zimm, 1945, 1948). Foord and colleagues in 1970, first time experimentally 

demonstrated the relationship between diffusion coefficient and light scattering, this laid the 

framework for particle sizing using dynamic light scattering (Foord et al., 1970). In the DLS field, 

researchers observed that, in random medium, light waves scattered from particles experience 

phase shifts resulting in a fluctuating speckle pattern; this phenomenon is analogous to doppler 
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shift where intensity fluctuates. Various research groups utilized this temporal fluctuation to obtain 

blood flow information (Bonner & Nossal, 1981; Pine et al., 1988; Stern, 1975). In 1980, Fercher 

and Briers, for first time, demonstrated non-invasive, label free blood flow imaging of retina using 

a camera and the speckle method and this gave rise to “Laser Speckle Imaging” as a field of 

research (Fercher & Briers, 1981). This speckle imaging field opens up new exciting research field 

such as deep tissue light focusing in turbid media (Conkey et al., 2012; Judkewitz et al., 2013; 

Vellekoop & Mosk, 2008), speckle image velocimetry (Qureshi et al., 2021; Safi et al., 2019), 

quantitative blood flow imaging/monitoring (Bandyopadhyay et al., 2005; Bi et al., 2013; 

Parthasarathy et al., 2008) etc.  

Laser speckle is a random homodyne interference pattern produced in the image plane due 

to light backscattered from random media (such as tissue) traveling multiple trajectories with 

different optical pathlengths. If the object is stationary, the interference pattern does not change 

over time (i.e., static speckle pattern); moving particles in the imaging volume such as red blood 

cell will cause the interference pattern to fluctuate both in time and space (i.e., dynamic speckle 

pattern) due to the changes imparted in the light pathlength by the moving scatterer. For dynamic 

sample, as the camera exposure time is typically longer than sample decorrelation time, this spatio-

temporal fluctuation manifests as blurring in the camera image. Quantification of this blurring, as 

speckle contrast (usually in the range from 0 to 1) is a direct measure of motion (blood flow in 

tissue) within the sample. Blood flow typically follows the inverse of this speckle contrast. Over 

the years, various image processing algorithms have been developed to extract flow information 

image from the speckle contrast. A detail of these algorithms can be found in the review articles 

published by various groups ( Boas & Dunn, 2010; Draijer et al., 2009; Senarathna et al., 2013). 
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Laser speckle shares the same principle of dynamic light scattering technique where 

temporal fluctuation is captured using high speed detector ( Boas & Yodh, 1997; Boas et al., 1995; 

Wang et al., 2016). The spatial-temporal fluctuation of speckle has allowed the invention of 

affordable deep tissue flow monitoring tool such as Diffuse Correlation Spectroscopy (DCS) 

where single speckle fluctuation is utilized and Diffuse Speckle Contrast Analysis (DSCA) where 

flow information is extracted from multiple time-varying speckles captured by a camera (Bi et al., 

2013).  

1.2 Thesis Objective 

The objective of this thesis is to image/obtain blood flow quantitively from biological tissue 

at high-speed, with a low-cost scheme. To distinguish between healthy and disease tissue 

quantitative baseline flow imaging plays a critical role. Even though over the years many 

instruments have been developed to quantitative imaging of blood flow, their ability to provide 

quantitative information is limited by the instrumentation. Here, in my thesis, I have developed a 

software algorithm based on the speckle ergodicity that can estimate quantitative baseline blood 

flow, reproducing the capabilities of traditional hardware based MESI method. I have also 

developed new theory and instrument to overcome photon shot noise, which is one of the biggest 

problems of MESI operating in short-exposure time. I have experimentally demonstrated, the 

efficacy of the new model and instrument, and evaluate how much quantitative flow information 

I can recover in the photon shot noise limit. 

1.3 Thesis Outline 

Outline of this thesis is as follows: 

Chapter 2 provides a brief introduction to light-tissue interaction, and the role of optics to 

extracts quantitative information from tissue. This chapter introduces the properties of different 
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light source and optical techniques which lay the foundation of ideas discussed in the later chapters. 

Chapter 3 describes an algorithm utilizing spatial binning approach of the camera pixel, 

thereby synthetically reproduces exposure time in a single shot scheme. This allows performing 

multi-exposure speckle contrast imaging using a traditional single exposure speckle imaging 

instrument thereby reducing the system cost 400-fold. Our new technique opens analysis of 

dynamic light scattering using spatial statistics approach.  

In chapter 4, we have introduced and experimentally validated a new theory and instrument 

“Heterodyne Multi-exposure Speckle Imaging”. This new instrument allows imaging of 

quantitative flow at photon shot noise limit using only low power laser. This technique enables    

increasing dynamic range of any low-cost CMOS sensor.  

In chapter 5, we have translated the application of interferometry in the diffusion regime. 

We have showed interferometric theory and a diffuse correlation spectroscopy instrument which 

can provide deep tissue path length resolved blood flow as well as provide optical properties of 

tissue.  This new system has the potential of deep brain blood flow estimation which traditional 

diffuse correlation spectroscopy is unable to provide. 

Finally, in chapter 6, I include future applications of my developed theory and instruments 

which I believe will provide clinicians and researchers in the biomedical optics field. 
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Chapter 2: Light-Tissue Interaction 

 

2.1 Introduction 

 

Interaction of light with biological tissue provides various contrast mechanism which 

enables quantitative information about the tissue. Light-matter interaction can be classified into 

two classes a) resonant and b) non-resonant. These classes direct the typical contrast phenomena 

such as absorption, scattering, fluorescence, and phosphorescence. These can be better understood 

using the Jablonski diagram shown in Figure 2.1. In optical imaging, utilizing these contrast 

mechanisms biological tissue’s structural and functional information can be obtained. 

In resonant interactions, incoming photon energy matches the internal energy of the 

material; molecules absorb this energy and electrons from ground state jump to an excited state. 

Electron from excited state can relax back to natural ground state in two pathways a) nonradiative 

b) radiative relaxation. 

 In non-radiative relaxation process, excited electron returns to ground state without 

releasing any photon and dissipates the energy as heat. Non-radiative relaxation processes include 

vibrational relaxation, internal conversion, and intersystem crossing.  

In radiative process, a photon is emitted when the electron energy decays to its ground 

state. This radiative process is the basis of laser generation – hence the term stimulated emission 

is in the abbreviation of laser. Fluorescence is one of the examples of the radiative process which 

typically last in the order of nanosecond. Phosphorescence goes through intersystem crossing; 

hence the time scale is typically in the order of milliseconds to seconds, much slower than 

fluorescence.   
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Figure 2.1  Jablonski diagram (Iyer et al., 2019) 

Non-resonant interaction process corresponds to situations when incoming photon energy 

does not match the internal energy of the material. This type of interaction is usually characterized 

by elastic and non-elastic scattering. In elastic scattering, scattered light frequency or wavelength 

is the same as incident light. Raleigh and Mie scattering are the examples of elastic scattering. In 

inelastic scattering, scattered light shows different wavelength. Typically, Raman scattering is 

characterized as inelastic scattering.  

Light-matter interaction governs the imaging system, whether it is super resolution 

microscope or human eye. Light when illuminate sample, it experiences- a) absorption b) 

scattering. Typically, in biological sample scattering dominates than absorption. This scattering is 

the fundamental principle of designing imaging system as resolution is dependent of the scattering 

of the sample. Figure 2.2 shows effect of absorption and scattering with respect to wavelength in 

biological tissue. Also, scattering enables quantitative imaging system by providing information 
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of molecule size, internal complexity, and heterogeneity of sample. Next section will provide in 

detail discussion about light scattering and absorption in biological tissue.  

 
 

Figure 2.2  Absorption and scattering coefficient in human skin (Kono & Yamada, 2019) 

2.2 Absorption 

When, biological sample is illuminated by light, molecules in the sample absorb photon 

energy, if the frequency or wavelength of the incoming light matches with the vibrational 

frequency of the molecule. In this case, electrons jump from its lower energy state E1 to excited 

state E2. The difference between them can be expresses as- 
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                                                                     𝐸2 − 𝐸1 =  
ℎ𝑐

𝜆
,                                                 (Eq. 2.1) 

where ℎ is the Planck’s constant, 𝑐 is the speed of light and 𝜆 is the wavelength of the light. When 

molecules return to the lower energy state, they dissipate the energy in the form of heat, which is 

the basis of absorption. Many optical imaging techniques rely on the principle of absorption. In 

fact, popular pulse-oximetry method is based on absorption of light by blood. In tissue, typical 

absorbers in ultraviolet and visible wavelength range are typically DNA, lipids, hemoglobin 

whereas in near infrared region water, lipids, and hemoglobin are the primary absorbers.  

Light absorption in tissue is characterized by the absorption coefficient of the tissue. To 

quantify this, let us consider simple scenario a collimated light of intensity, I0 illuminating a thick 

slab length L, assuming slab is containing absorbing media and intensity of light transmitted from 

the slab is I.  Now if we assume concentration of molecule in the absorbing media is N (cm-3), 

effective absorption cross-section σa (cm2), and the slab is made up of thin slices whose is thickness 

is dx, we can write probability of photon being absorbed in dx as:  

𝑃 (𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑@𝑑𝑥) =  𝑁𝜎𝑎𝑑𝑥,                                              (Eq 2.2) 

Intensity of light absorbed in that thin slice of dx with respect to the illuminating intensity I0 is: 

   𝑑𝐼 = 𝐼0 𝑁𝜎𝑎𝑑𝑥,                                                         (Eq. 2.3) 

If we integrate and rearrange this equation, we can establish a formula for absorption for the whole 

slab and this can be written as: 

𝐼 = 𝐼0 𝑒−𝑁𝜎𝑎𝐿,                                                        (Eq. 2.4) 

 We can define absorption coefficient as: 

𝜇𝑎 = 𝑁𝜎𝑎,                                                        (Eq. 2.5) 

Following our unit convention, unit of absorption coefficient is (cm-1), inverse of this is mean free 

path for absorption (cm) i.e., average distance a photon is travelled before being absorbed.  
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We can write it as: 

𝑙𝑎 =
1

𝜇𝑎
,                                                          (Eq. 2.6) 

Finally, in terms of absorption coefficient we can rewrite the Eq. 2.4 as: 

𝐼 = 𝐼0 𝑒−𝜇𝑎𝐿,                                                    (Eq. 2.7) 

This equation represents emitted intensity, I attenuate based on the absorption coefficient and 

optical path length of the of the absorptive media. This phenomenon is known as Beer-Lambert 

law (Mayerhöfer et al., 2020).   

2.3 Scattering 

In biological tissue, scattering is mostly elastic, where scattered light energy is same as the 

incident energy. Variation of refractive index inside the tissue cause scattering in the tissue. Some 

examples of scatters in biological tissue are collagen, cells, mitochondria, and vesicles. Scattering 

is strongly dependent on scatterers size and wavelength.  Based on size scattering can be divided 

into two categories: a) Rayleigh scattering b) Mie scattering (Lockwood, 2016) 

Rayleigh scattering refers to scattering from particles which are typically smaller than the 

incident wavelength of light. In general, for Rayleigh scattering to happen, size of the scatters, d < 

0.1 λ (wavelength of light) and scattering intensity is dependent on wavelength. A practical 

example of Rayleigh scattering is blue sky in a sunny day, where air molecules act as a Rayleigh 

scatterer. Since Rayleigh scattering is dependent on wavelength, blue wavelength, which is short 

in the range of 400 nm, is scattered more than longer wavelengths. Hence, sky looks blue.   

In biomedical optics, Mie scattering is more important as it is related to scatterers of bigger 

scatter sizes. Typically, for Mie scattering the scatterer size (d) > 0.1 λ (wavelength of light). 

However, in this category, scatterer intensity is independent of the wavelength. In biological 

sample, typically cells which are in order of 10 µm usually act as a Mie scatterer. A more common 
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example of Mie scattering is, in a sunny day cloud looks white as particles scattering is independent 

of wavelength of the sun light. 

Like absorption coefficient, to quantify scattering, let us consider collimated light of 

intensity, I0 illuminating a thick slab length L, containing scattering medium only and intensity of 

light transmitted from the slab is I.  Now if we assume, concentration of molecule in the scattering 

media is N (cm-3), effective scattering cross-section σs (cm2), and the slab is made up of thin slices 

whose length is dx, similar to absorption, we can write probability of photon being scattered in dx 

as:  

𝑃 (𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 @𝑑𝑥) =  𝑁𝜎𝑠𝑑𝑥,                                 (Eq. 2.8) 

Intensity of light absorbed in that thin slice of dx with respect to the illuminating intensity I0 is: 

𝑑𝐼 = 𝐼0 𝑁𝜎𝑠𝑑𝑥,                                                (Eq. 2.9) 

If we integrate and rearrange this equation, we can establish a formula for scattering for whole slab 

as follows: 

𝐼 = 𝐼0 𝑒−𝑁𝜎𝑠𝐿,                                              (Eq. 2.10) 

 We can define scattering coefficient as: 

𝜇𝑠 = 𝑁𝜎𝑠,                                               (Eq. 2.11) 

Following our unit convention, unit of scattering coefficient is (cm-1), inverse of this is provide 

characteristics path for scattering (cm).  We can write it as: 

𝑙𝑠 =
1

𝜇𝑠
,                                                        (Eq. 2.12) 

Finally, in terms of scattering coefficient we can rewrite the Eq. 2.9 as: 

𝐼 = 𝐼0 𝑒−𝜇𝑠𝐿,                                                   (Eq. 2.13) 

When the photon scatters, change of the direction is of key importance as this laid the groundworks 

for the popular Monte-Carli simulation method for light propagation tissue. Typically scattering  
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anisotropy factor, g, quantifies the angular scattering behavior of photon. This is expressed as: 

𝑔 =  〈cos(𝜃)〉,                                                    (Eq. 2.14) 

Here, θ represents scattering angle. Anisotropy factor, g ranges between [-1, 1]. g = -1, indicates 

backward scattering. For isotropic scatter is g = 0. In case of forward scattering g value is close to 

1. Biological samples mostly forward scatter, and g is assumed as 0.9.  

2.4 Photon Propagation in Tissue 

Biological tissue consists of both scatters and absorbers. As a results total extinction 

coefficient can be expressed as: 

𝜇𝑡 = 𝜇𝑠 + 𝜇𝑎,                                                   (Eq. 2.15) 

Inverse of this is total extinction coefficient, i.e., 
1

𝜇𝑡
  which provides characteristic length 

(cm), which is known as mean free path (MFP). Typically, scattering is more dominant in tissue 

than absorption. Hence, MFP generally expressed as: 

𝑀𝐹𝑃 =
1

𝜇𝑠
,                                                       (Eq. 2.16) 

 So, we can say that MFP provides the value for mean length for the scattering events inside 

biological tissue. As  𝜇𝑠 is dictated by the scattering cross-section (σs) and number of scatterers 

(N), MFP shows inverse relationship to them. MFP in biological tissue ~ 100 µm. 

As we have discussed before, in tissue photons undergo multiple scattering events before 

they either emerge out of the tissye or are absorbed. Considering degree of scattering, scattering 

coefficient, µs (cm-1) is expressed as reduced scattering coefficient,  

                                                     𝜇𝑠
′ = 𝜇𝑠(1 − 𝑔),                                                 (Eq. 2.17) 

The unit of this also, cm-1. Inverse of this provide a characteristic length of unit cm, which 

is the step size of random walk for photon in diffusion regime considering scattering is isotropic 

in every step.  



 

12 

 

When photon enters the tissue, it went through multiple scattering as a result photon lost is 

direction i.e., correlation between photon entering direction and the traveling direction breaks 

down. This is characterized the by diffusion process as photon direction assumed to be randomized 

and radiative transport equation (RTE) is applied to probe light-tissue interaction. This is 

associated to transport mean free path (TMFP). Like MFP, considering 𝜇𝑠 ≫  𝜇𝑎, TMFP can be 

expressed in terms of  𝜇𝑠
′  as: 

                                                             𝑇𝑀𝐹𝑃 =
1

𝜇𝑠
′,                                                 (Eq. 2.18) 

TMFP can be defined as the mean photon travel distance after which the photon loses its 

directionality i.e., becomes randomized. In tissue, TMFP is ~ 1mm. On the other hand, MFP, where 

photon retain its directionality and generally, associated to ballistic regime and traditional 

microscopy techniques works in this regime. MFP can be expressed in terms of TMFP as: 

                                                     𝑀𝐹𝑃 = (1 − 𝑔) 𝑇𝑀𝐹𝑃,                                     (Eq. 2.19) 

So, it is apparent that, as the forward scattering increases i.e. g value increases, MFP 

increases, which leads to increasing of penetration depth without photon being diffused out  

(Ntziachristos, 2010). Figure 2.3 shows different optical imaging regime in relation to resolution 

and penetration depth. 

Optical imaging in nanoscopic regime, breaks the diffraction barrier of conventional 

microscopy method. Typically, they allow spatial resolution in the order of less than 70 nm, 

enabling both functional and structural imaging of proteins. However, they are limited to 

penetration depth less than 100 µm. To image in the super-resolution regime, along with 

sophisticated optical microscope such as photo activation localization microscope (PALM) (Betzig 

et al., 2006), stimulated depletion emission microscope (STED) (Hell & Wichmann, 1994), 
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stochastic optical reconstruction microscopy (STORM) (Rust et al., 2006), they rely on exogenous 

contrast agent such as SYFP, DY-480XL, etc. (Berning et al., 2012; Pellett et al., 2011). 

 
 

Figure 2.3  Different regimes for in vivo optical imaging. Resolution of imaging system is inversely 

related to the light penetration depth in the tissue due to the strong influence of optical scattering 

( Safi & Chung, 2015) 

 

 Imaging system under the category of microscopic realm works on either endogenous 

contrast agent such as oxyhemoglobin (HbO2), deoxy hemoglobin (Hb), and autofluorescence or 

exogenous contrast agent such as fluorescent dyes, protein, gold nano shell etc. (Chong et al., 2011; 

Gratton, 2011; Ntziachristos, 2010). Imaging techniques such as two-photon/ multiphoton 

microscope (2P/MP) (Helmchen & Denk, 2005), confocal microscope typically offer resolution in 

the order of 0.5 µm and penetration depth up to 400 µm (Conchello & Lichtman, 2005; Masters, 

2008). Optical Coherence Tomography (OCT), one of the most popular microscopy imaging 
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methods, allows penetration depth ~ 2 mm with a revolution in the order of 2 µm (Gabriele et al., 

2011). 

Mesoscopic imaging modalities usually falls on the diffusive regime in the order of 10 mm. 

They usually use endogenous contrast agent oxyhemoglobin (HbO2), deoxy hemoglobin (Hb) to 

provide structural and functional information of tissue. Their resolution typically ranges from 5 to 

20 µm with a pentation depth up to few mm. Laser speckle contrast imaging (LSCI) (Boas & Dunn, 

2010; Draijer et al., 2009; Senarathna et al., 2013), photoacoustic microcopy (PAM) (Wang & Hu, 

2012; Zhang et al., 2006), multispectral optoacoustic tomography (MSOT) (Ntziachristos & 

Razansky, 2010; Razansky et al., 2011), hyperspectral imaging (Yoon, 2022) are some popular 

techniques use in both clinical and research field (Cochran et al., 2021; Frijia et al., 2021; Gibson 

et al., 2005).  

Similar to mesoscopic imaging macroscopic imaging also work in the diffusion region and 

to reconstruct image usually photon diffusion model used. However, techniques associated to 

macroscopic imaging usually have penetration depth in order of few cm and resolution in the order 

of mm.  Techniques such as near infrared spectroscopy (NIRS) (Hashem et al., 2022; Kato, 2004; 

Torricelli et al., 2014), diffuse correlation spectroscopy (Shang et al., 2017), diffuse optical 

spectroscopy (Lam et al., 2021) usually use source-distance separations of 1-3 cm, and require 

multiple source/ detector pairs to form image. Their working principle relies on endogenous 

contrast agent especially, oxyhemoglobin (HbO2), deoxy hemoglobin (Hb), red blood cell (RBC).  

Whereas techniques such as bioluminescence imaging (BLI) (Contag & Bachmann, 2002), near-

infrared fluorescence imaging (NIRF) (Shah & Weissleder, 2005), utilize luciferin, near-infrared 

fluorophore etc.  
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2.5 Extracting Tissue Properties- Speckle Based Approach 

In the previous section, we have provided a generalized theoretical background of the light-

tissue interaction and the effect of absorption and scattering in imaging and extracting information 

from biological sample. As stated before, speckle is the resulting interference pattern due to 

coherent addition of light field that have travelled different pathlengths as they scatter through 

biological sample. Coherence of light source plays a critical role to obtain quantitative tissue 

properties.  Coherence can be classified into two categories: a) temporal coherence (TCL) and b) 

spatial coherence (SCL). 

Temporal coherence describes the consistency of optical phase of the light source over time 

along the propagation distance, whereas spatial coherence defined as the consistency of optical 

phase in space. Typically, Michelson interferometer, high resolution spectrometer can be used for 

measuring temporal coherence length of light source. A simple way to measure light source’s 

spatial coherence length is Young’s double slit experiment. Table 1.1 shows different sources and 

their coherence properties. Utilizing the property of light source coherence speckle can be 

produced. Next sections provide techniques which uses speckle in biomedical application. 

2.5.1 Interferometry 

Most common interferometry which can generate speckle is optical coherence tomography 

(OCT) which is based on the Michelson interferometer principle. Here, light is from a partially 

coherent source, of temporal coherence length in order of <10 µm. The source beam is divided 

into sample and reference arm. Backscattered light from both arms is detected by a camera or 

photodetector. Speckle is generated only when the optical path length of both arms match. This 

allows depth resolved measurement of flow. Figure 2.4 shows speckle formation by interferometry 

method for a bead of size 1 µm. Dynamic full field OCT (Scholler, 2019; Scholler et al., 2019), 
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speckle variance OCT (Conroy et al., 2012; Liu et al., 2011; Mariampillai et al., 2010) mainly use 

speckle to get dynamic information of tissue. 

Table 1.1 Characteristics of different lasers 

Source Type 

Temporal 

Coherence 

Length  

Spatial 

Coherence 

Length 

Comments 

Laser (Single frequency) >100m High 

Best for speckle imaging, 

holography, spectroscopy 

application 

Laser (Single Mode) ~3-4m High 

Good for speckle imaging, 

however, limited spectroscopy and 

holography when coupled with 

multimode fiber. 

Laser (Multimode) ~0.5-1 mm Low 

Not suitable for speckle imaging, 

holography and spectroscopy. 

Spatial mode can be improved 

using pinhole or coupling to single 

mode approach. 

LED Tens of µm Low Not suitable 
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Figure 2.4  Speckle formation interferometry approach. At depth 0 µm where optical pathlength 

matches optical path length of the glass slide. At 10 µm depth strong speckle formation observed 

due to the matching of pathlength of flowing beads with reference arm and gradually 

speckle/interference diminishes at 30 µm depth. 

 

2.5.2 Diffuse Correlation Spectroscopy (DCS) 

Diffuse correlation spectroscopy (DCS) uses high coherence single frequency laser to 

probe deep into the tissue (Boas & Yodh, 1997; Boas et al., 1995; Wang et al., 2016). Typically, 

temporal intensity fluctuation can be captured either use of single mode fiber and SPAD detector 

(Wang et al., 2016) or multiple speckles using multimode fiber and array of SPAD detector/highly 

sensitive camera (Bi et al., 2020; Dragojević et al., 2018; Huang et al., 2016; Liu et al., 2021; Sie 

et al., 2020; Varma et al., 2014). Temporal intensity fluctuations are quantified with an intensity 

autocorrelation function fit to a diffusion model to extract blood flow index. High coherence laser 
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source allows self-interference of light fields and allows retaining scattering correlation. Due to 

the use of high coherence laser source extracted blood flow information is from a 

distribution/spread of optical paths inside tissue. Use of sensitive high-speed detector/ camera 

allows source-distance separation up to 4 cm which allows higher depth inside tissue. 

 

 
 

Figure 2.5  Schematic for diffuse correlation spectroscopy. a) single speckle method; single mode 

fiber and APD detector used for capturing temporal fluctuation (I.-T. Huang et al., 2018) b) Multi-

speckle method; typically, large core multimode fiber and SPAD / sCMOS camera used for 

acquiring spatio-temporal fluctuation. Both methods are fit to diffusion model and provide similar 

blood flow indices. 

 

2.5.3 Time Resolved Measurement 

Using speckle in time resolved measurement is fairly a new technique. This allows optical 

discrimination of optical path length (Colombo et al., 2021; Guzman-Sepulveda & Dogariu, 2019; 

Kholiqov et al., 2020; Marco Pagliazzi et al., 2021; Sutin et al., 2016), hence acquiring optical 

properties of tissue scattering coefficient (µs), absorption coefficient (µa), and blood flow index 
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simultaneously. This technique relies on pulse laser, where width of pulse governs the temporal 

coherence length of the laser which allows evaluation of blow index at each optical pathlength 

inside tissue. Optical properties calculated by arrival time of photon in the detection side in relation 

to the pulse of the laser. 

 
 

Figure 2.6  Time resolved measurement scheme. a) Schematic diagram of the system. Pulsed laser 

in synchronization with SPAD detector via time correlated single photon counting (TCSPC) is 

used to obtain photon arrival time, which is fit to time domain diffusion model to extract optical 

properties. b) Photon arrival time (early time gate, late time gate) generated by laser pulse 

corresponds to optical path length in the tissue. Photons that travel shorter pathlength (early time 

gate) corresponds to shallow depth typically shows slow temporal intensity fluctuations compared 

to photons that travel longer path length (late time gate). (Samaei et al., 2021).  

 

2.6 Conclusion 

This chapter provides conceptual description of different parameters which dictates the 

light-tissue interaction. Here, characteristics i.e., coherence of various light sources have been 

discussed. We have also included some fundamental techniques utilizes speckle by tailoring 

coherence length of the laser in an optical scheme to extract quantitative information of tissue.  
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Chapter 3: Synthetic Multi-exposure Laser Speckle Imaging1 

 

3.1 Introduction 

 

In adult human brain metabolism, aerobic glycolysis, consume only ~10-12% glucose but 

plays a crucial role for neural activity (Liang et al., 2013; Raichle et al., 1970; Vaishnavi et al., 

2010), a biomarker of tissue health, is critical for delivering oxygen and nutrients (e.g., glucose) 

for normal brain metabolism. Local CBF is closely coupled to neural activity, and this laid out 

foundation of functional neuroimaging techniques (Devor et al., 2012; Kisler et al., 2017). In 

clinical and research setting, functional imaging of blood flow in cerebral vessels is of paramount 

importance to understand the normal functioning of physiology, monitor disease progression, and 

to track treatment (Dunn et al., 2001; Erdener et al., 2019; Parthasarathy, Kazmi, et al., 2010; 

Venugopal et al., 2019). 

Functional imaging of cerebral blood flow based on optical method can be categorized as 

either tracking of red blood cell (RBC) in time and space (Ishikawa et al., 1998; Roe, 2010) or 

photon correlation-based techniques (Bandyopadhyay et al., 2005; Boas & Yodh, 1997). RBC 

tracking techniques involve laser scanning microscopy (Kirkpatrick et al., 2012; Seylaz et al., 

1999) or high frame rate RBC photography (Tsukada et al., 2000, 2004). Even though these 

methods provide absolute flow-ranging from 0.5 mm/s to 20 mm/s, they are limited to small field-

                                                 
1 This chapter is adapted from the publication Safi, A. M., Hernandez-Isidro, C., Cini, S., Moka, 

S., Harrah, M., Passaglia, C. L., & Parthasarathy, A. B. (2021, April). Quantitative Cerebral 

Blood Flow Imaging with Synthetic Single-Shot Multi-Exposure Laser Speckle Imaging. In Optics 

and the Brain (pp. BW3B-4). Optical Society of America. Submitted for provisional patent: US 

provisional patent application # 63/200,914 (Ashwin B Parthasarathy, Abdul Mohaimen Safi) 
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of-view (FOV) ~600–1000-μm, due to limitations of point scanning method in case of laser 

scanning-based microscope (Shih et al., 2012; Takanezawa et al., 2021) and limitation of high 

framerate at wide field-of-view in case of speed RBC photography method (Tsukada et al., 2000, 

2004). Photon correlation-based technique includes Doppler based methods, such as laser Doppler 

flowmetry, holographic laser doppler imaging, photoacoustic Doppler velocimetry (Brunker & 

Beard, 2016; Magnain et al., 2014; Steinmeier et al., 2002) and speckle based method such as laser 

speckle contrast imaging (LSCI) (Boas & Dunn, 2010; Dunn, 2012; Fercher & Briers, 1981) and 

speckle variance optical coherence tomography (Choi et al., 2016; Liu et al., 2011). 

LSCI is an emerging technique that allows label-free imaging of wide-field cortical blood 

flow dynamics at superior spatiotemporal resolution than conventional Magnetic Resonance 

Imaging (MRI), Computed Tomography (CT) or Diffuse Optical Tomography (DOT) with 

relatively simple instrumentation. Hence, LSCI has proven to be a powerful functional imaging 

tool for both in preclinical (Ayata et al., 2004; Dunn et al., 2001; Durduran et al., 2004; Mangraviti 

et al., 2020) and clinical research settings (Miller et al., 2022; Parthasarathy et al., 2010; Richards 

et al., 2017; Yu et al., 2021).  However, CBF measured with LSCI methods provide only relative 

flow information, which makes LSCI an inappropriate tool for longitudinal studies (Ayata et al., 

2004). Therefore, quantitative blood flow imaging with speckle became an active area of research. 

So far, four techniques have been reported to solve this fundamental issue, which are multi-

exposure laser speckle imaging (Parthasarathy et al., 2008), frequency-domain laser speckle 

imaging (FDLSI) (Li et al., 2014), laser speckle flowmetry (Nadort et al., 2013, 2016), and optical 

speckle image velocimetry (OSICV) (Qureshi et al., 2021). MESI introduces a new quantitative 

model for blood flow estimation and new instrument, where speckle images are obtained for wide 

range of exposure times and the multi-exposure speckle images are fit into the model to obtain 
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quantitative flow. However, due to the complex instrumentation and synchronization, original 

MESI instrument application is only limited to preclinical studies. For clinical studies, MESI 

instrument have been modified, and instead of acousto-optic modulator (AOM) a rotating ND filter 

has been used (Parthasarathy et al., 2010; Richards et al., 2017), to record speckle images in 

various exposure times, which limits the temporal resolution of the system. However, the MESI 

model has been proven to be quantitative and has recently been adopted into the diffuse speckle 

correlation spectroscopy applications (Dragojević et al., 2018; Murali et al., 2020; Murali & 

Varma, 2020). FDLSI introduces speckle imaging in the Fourier domain to obtain quantitative 

flow. However, it requires high frame rate camera and is limited to simple studies such as single 

vessel flow estimation and not suitable for CBF imaging. Laser speckle flowmetry demonstrates a 

scaling factor to converts speckle contrast to flow value but for different sample this scaling value 

needs to be recalculated. OSICV, demonstrates flow magnitude and direction without need for 

calibration or mathematical model. However, OSICV can only work at 532 nm wavelength, where 

absorption is significant to reduce penetration depth. It also requires high speed camera and only 

able to provide single vessel information. 

In this chapter, we present a simple technique utilizing the speckle ergodicity in the spatial 

domain to obtain a quantitative, wide-field MESI with a traditional LSCI setup. The technique is 

termed synthetic multi-exposure speckle imaging (syMESI). syMESI is analogous to single-shot 

acquisition MESI (sMESI) (Dragojević et al., 2015). However, sMESI, utilizes temporal ensemble 

averaging, where speckle images are captured with a SPAD detector. Hence, it is better suited for 

low-resolution images (8x5 pixels). In contrast, in syMESI, relies on spatial ensemble averaging, 

where speckle images are recoded in low-cost camera and processed spatio-temporally. We 

validated our approach, by performing in vitro flow phantom experiments in microfluidic channels 
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and by measuring CBF in rodent cortex in vivo, mimicking the similar experiments parameters of 

the “gold standard” hardware based MESI. Furthermore, we demonstrated the application of 

syMESI with a clinical feasibility via cauterization in rodent brain. To the best of our knowledge, 

syMESI is the first of its kind to provide quantitative flow information like MESI but with high 

spatial and temporal resolution. 

3.2 Methods 

3.2.1 Working Principle of syMESI 

When light from a highly coherent source such as laser illuminates a sample (e.g., tissue), 

backscattered light produces random interference that can be imaged by a camera. This 

interference, termed laser speckle, is due to light waves travelling multiple paths inside tissue 

before coherently adding at the detector. For a dynamic sample such as living brain, speckle pattern 

contains the spatial and temporal information of movement of red blood cells, as a form of blurring 

in the image. Quantification of this blurriness, widely known as speckle contrast, 𝐾 = 𝜎𝑠/〈𝐼〉, 

where 𝜎𝑠 local standard deviation of the intensity and < 𝐼 > local mean local intensity of the 

recorded speckle image, provides visibility of blood flow information in the tissue. Speckle 

contrast, K, is highly sensitive to camera exposure duration; short exposure times are sensitive to 

faster flow and longer exposure times provides information about slower blood flow. Multi-

exposure speckle imaging (MESI), developed by Parthasarathy et al., 2008 addressed this issue 

and provided a new speckle contrast model. 

                                    𝐾(𝑇, 𝜏𝑐) = (𝛽(𝑒−2𝑥 − 1 + 2𝑥)/2𝑥2)
1

2⁄ ,                            (Eq.3.1) 

here, 𝑥 = 𝑇/𝜏𝑐 , 𝛽  is a speckle instrumentation factor that depends on wavelength of light, detector 

pixel size and speckle size, T, is the camera exposure duration and  𝜏𝑐 is the speckle decorrelation 

time - a quantitative index that is inversely proportional to blood flow. MESI instruments allow 
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acquisition of speckle images over a range of exposure times (50 µs to 80 ms), which can be fit to 

the speckle contrast model to estimate an index of blood flow (𝜏𝑐). Considering the effect of static 

scattering and noise Eq. 3.1. can be updated as                                     

                            𝐾(𝑇, 𝜏𝑐) = (
𝛽𝜌2(𝑒−2𝑥−1+2𝑥)

2𝑥2 +
4𝛽𝜌(1−𝜌)(𝑒−𝑥−1+𝑥)

𝑥2 + 𝑣𝑠)
1

2⁄

                     (Eq. 3.2)  

here, 𝜌  is ratio of dynamic to total scattered light and 𝑣𝑠 represents noise in the system.                 

Unlike MESI, which used hardware components (acousto-optic modulator or neutral 

density filters) and camera triggering to acquire images at multiple exposure durations, syMESI 

reimagines same multi-exposure image acquisition as a software process. Our hypothesis based on 

the foundation of ergodicity of speckle – dynamics and statistics of speckle is similar in space and 

time (Liu et al., 2021; Parthasarathy et al., 2008; Zakharov et al., 2009). In a speckle image, speckle 

recorded in each pixel is independent. Therefore, recorded speckle intensity in camera pixel can 

be binned spatially to yield a synthetic exposure. For example, a speckle image at 4 ms exposure 

can be synthesized by spatially averaging 4 pixels of an image acquired at 1 ms exposure.  

We demonstrate in Figure 3.1., processing scheme of syMESI algorithm. A series of raw 

speckle images are acquired by the camera at a fixed exposure time. Each of these images can be 

converted to synthetic multi-exposure images by spatially averaging the camera recorded image.  

 Raw speckle images at longer exposure can be synthesized by spatially averaging images 

at shorter exposure. For example, speckle images at 1 ms exposure duration are synthesized by 

spatially averaging 4 pixels of a 0.25 ms speckle image. This averaging can be accomplished with  

a 2x2 moving window or by 2x2 binning. Spatially averaging the image with a square window 

yields a synthetic exposure image. Each pixel of the synthetic image is an average of adjacent 

pixels of the camera acquired image. By repeating this process for every recorded image, we can 

synthesize a stream of multi-exposure speckle images. Finally, blood flow information is quantify 
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Figure 3.1  Working principle of synthetic multi-exposure speckle imaging (syMESI) 

by computing the temporal speckle contrast at each image pixel for all exposure times, i.e., by 

computing 𝐾 =
𝜎𝑠

〈𝐼〉
 at each pixel, where 𝜎𝑠 is the standard deviation and 〈𝐼〉 is the mean of pixel 

intensities of sequential images (typically frames). At each pixel, we can thus estimate blood flow 

index fitting the synthetic multi-exposure data in Eq.3.1 or Eq. 3.2. Note that the speckle contrast 

can also be computed as spatially, by computing the standard deviation and mean of pixel 

intensities within a moving spatial window (typically 7x7), as typically performed in 
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literature.(Briers & Webster, 1996; Draijer et al., 2008; Ramirez-San-Juan et al., 2014; Tom et al., 

2008; Yuan et al., 2005)  

3.2.2 Optical Setup 

Figure. 3.2. shows a schematic of syMESI instrumentation, which is similar to setups 

traditionally used for single-exposure LSCI. Briefly, a linearly polarized single mode laser diode 

(λ=785 nm, 90 mW, Thorlabs) was collimated to uniformly illuminate the sample (tissue phantom, 

or rat brain,). Backscattered light from the sample was imaged using a custom optical system 

consisting of a CMOS camera (Basler acA2000-165umNIR) and an objective lens (4X, NA 0.10, 

Olympus). Speckle images were continuously recorded at a 100 Hz frame rate and 250 μs exposure 

time. Synthetic MESI images were computed by spatially averaging the raw single exposure 

speckle images, with moving windows of different sizes. For example, spatially averaging a 250 

μs speckle image with a 2x2 moving spatial window would yield a synthetic 1 ms exposure image. 

Synthetic speckle contrast images were then computed by estimating the temporal speckle contrast 

(n=100 frames) at each pixel. The process was repeated for exposures 250 μs to 25ms. 

 
 

Figure 3.2  Experimental setup for syMESI. Schematic of the imaging system; light from a  

single mode diode laser illuminates the sample. The back-reflected light is images using custom  

made 4f imaging system and a CMOS camera. 
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3.2.3 Microfluidic Phantom Preparation 

Tissue simulating microfluidic phantoms were used to test the syMESI algorithm, 

including phantoms that simulated a thin skull over a flow region. Microfluidic flow phantoms of 

channel dimension 200 µm× 150 µm were designed in Solidworks and fabricated using Somos 

9120 high-resolution stereolithography process (Proto Labs, Inc., USA). To mimic tissue 

properties, PDMS was mixed with Titanium dioxide (TiO2) by following the recipe described in 

(Parthasarathy et al., 2008b). Prepared microfluidic channel was bonded with slide glass using 

plasma bonding technique-performed at USF Nanotechnology Research and Education Center. To 

mimic flow, a syringe pump (Harvard apparatus, USA) used in conjunction with polyethylene tube 

(PE tube) was connected to the microfluidic channel and 20% intralipid was pumped through it at 

varying speeds. Figure 3.3c shows schematic diagram of the microfluidic channel in combination 

with syringe pump and PE tube. The tissue mimicking microfluidic phantom without thin 

scattering layer shown in Figure 3.3a. Using a custom mold, a thin scattering layer which mimics 

the superficial tissue properties was fabricated and bonded with microfluidic sample by following 

the procedure described in (Parthasarathy et al., 2008). Mold for making 200 μm thick static 

scattering layer, was fabricated using Watershed XC 11122 high-resolution stereolithography 

process (Proto Labs, Inc., USA). Figure 3.3b shows microfluidic channel with thin scattering layer. 

3.2.4 Animal Model Preparation 

For in-vivo experiments, adult male retired-breeder Brown-Norway rats (400-450 g, over a year 

old) were used in accordance with protocols approved by the Institutional Animal Care and Use 

Committee at the University of South Florida. Initial anesthesia was induced via an intraperitoneal 

(IP) injection of ketamine hydrochloride (75 mg/kg) and xylazine (7.5 mg/kg). An incision on the 

underside side of the left leg was done to expose the femoral vein. The vein was then isolated, and 
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Figure 3.3  Microfluidic channel. (a) Phantom without static scattering layer (b) Phantom 

with 200 µm scattering layer. (c) Schematic diagram of the experimental setup for flow study  

(laser not shown) 

a small incision was made for insertion of a 25-gauge femoral vein catheter (Instech, Plymouth 

Meeting, PA, USA). Anesthesia was then maintained by intravenous infusion of ketamine (30 

mg/kg/hr) through the femoral vein catheter. Body temperature and heart rate were recorded with 

a rectal thermometer and ECG electrodes, respectively, and logged with a custom LABVIEW 

program (National Instruments, Austin, TX USA). Heart rate and body temperature were 

monitored and maintained within physiological levels by placing the animal on a heating pad 
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(Stryker T/Pump Professional Model TP700 set to 37°C) and adjusting the infusion rate of 

ketamine with a syringe pump (Harvard Apparatus PHD ULTRA). A subcutaneous bolus of 

dexamethasone (1 mg/kg) was given to prevent cerebral edema during the experiment. The rat’s 

head was secured in a stereotaxic apparatus to perform a craniotomy. To expose the skull, an 

incision was made along the midline of the head after the hair was trimmed. The overlying tissue 

on the skull was cleared and the skull was cleaned with 3% hydrogen peroxide. A hole was drilled 

with a 5 mm diameter drill bit (Fine Science Tools, Item No. 18004-50) attached to a Dremel tool 

(Dremel 200 Series Two Speed Rotary Tool) lateral to the midline, on a parietal plate, to avoid 

damaging major vessels below the sagittal suture. During drilling of the hole, a small amount of 

saline was used on the surface of the skull to remove some heat caused by friction between the 

drill bit and the skull. Fine tip curved forceps were then used to remove the remaining skull 

fragment. There was minor bleeding after removing the skull fragment which was cleaned with 

gauze pads. Saline was also used to keep the exposed brain moist and helped with image quality. 

The rats were euthanized at the end of the experiments with an IP bolus of Euthasol (50 mg/kg) 

euthanasia solution. 

3.3 Results 

3.3.1 Proof of Principle Experiments in Microfluidic Flow Phantom 

To validate syMESI approach, we designed a microfluidic flow phantom study similar to 

the original MESI experiment. A microfluidic channel with no scattering layer was illuminated by 

coherent laser light, while we acquired a series of 200 raw speckle images each at 250 µs exposure 

duration, while the flow pump was operated to pump intralipid through the channel at speeds of 1 

to 10 mm/s. Each raw speckle image was converted to synthetic exposure images, and 

subsequently speckle contrast images at each exposure time. Representative synthetic multi-
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exposure speckle contrast images are shown in Figure. 3.4 (a). The decrease in speckle contrast 

with exposure duration is evident in these images, similar to what one would obtain with original 

hardware based MESI. A small region of interest (100 ×100 pixels) was selected within the flow 

channel to quantify the speckle variance (average within the ROI). For each speed, (n=3 trials) 

were performed and data was taken at 5 min interval for each speed, this allows flowing intralipid 

to reach defined flow speed throughout the microfluidic channel.  Figure. 3.4 (b) shows a plot of 

the speckle variance in the flow channel as a function of exposure duration for each speed. The 

filled circles are the speckle variance values. The data for each speed is fit to the multi-exposure 

speckle model to estimate the instrumentation factor 𝛽 and the flow index 𝜏𝑐. Figure 3.4 (b) clearly 

shows that the speckle variance data obtained from synthetic method fits well with the MESI model 

for wide range of flow rate. Figure. 3.4 (c) shows a plot of the relative change in blood flow using 

a baseline speed of 2 mm/s.  Relative blood flow was calculated as the ratio of 𝜏𝑐 at baseline, to 

the measured 𝜏𝑐 (note that flow is inversely proportional to 𝜏𝑐). Individual data points and 

estimation errors are shown. Figure. 3.4 (c) shows that the measured relative flow (with 𝜏𝑐) linear 

with relative speed of intralipid set by the pump. We can observe that for high speed (> 6mm /s) 

linearity breaks down. For estimation of relative flow standard deviation (≤ ±0.11) in case of low-

speed range. The dynamic range of speed could be improved by acquiring data at shorter exposure 

times (~ 1 µs) and higher frame rate (> 100 fps). This is an important finding that reaffirms that 

syMESI reproduces the quantitative imaging nature of hardware MESI.  Specifically, this result 

shows that with syMESI approach we can transform traditional LSCI to count for underestimation 

of large flow changes.  
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Figure 3.4  syMESI on microfluidic flow phantom study (a) Single-exposure image at 250 μs and  

syMESI images at 250 μs to 25 ms exposure durations - flow phantom (scale bar: 100 µm). (b) Fit  

of synthetic speckle variance data to the MESI model. (c) Plot of relative correlation time to  

relative change of flow. 

3.3.2 Proof of Principle with Static layer 

One of the significant advances that MESI made was to quantitatively image in the 

presence of static scatterers. Here, we validate that syMESI can also estimate flow quantitatively 

in the presence of scattering layer. According to section 3.2.3, a microfluidic channel, and a static 

layer of 200 µm thickness was prepared. A series of 200 raw speckle images each at 250 µs 

exposure duration was acquired while pumping intralipid through the channel at speeds of 1 to 5 

mm/s. Similar to microfluidic phantom without static layer, section 3.3.2, each raw speckle image 

was converted to synthetic exposure images, and subsequently speckle contrast images at each 

exposure time. A small region of interest (100 ×100 pixels) was selected within the flow channel 

to quantify the speckle variance (average within the ROI).  Figure 3.5a shows representative results 
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of synthetic speckle variance curve for two level of static layers and two speed. The open circles 

plot the speckle variance as a function of exposure time for 2 mm/s (blue) and 5 mm/s (red) speeds 

in the phantom without static scattering layer (𝜇𝑠
′ = 0𝑐𝑚−1). Similarly, the filled squares plot the 

speckle variance as a function of exposure time for 2 mm/s (blue) and 5 mm/s (red) speeds in the 

phantom with 200𝜇𝑚 thick static scattering layer (𝜇𝑠
′ = 4𝑐𝑚−1). In each case, the solid and 

dashed lines are fits of the data to the multi-exposure speckle model. We can see that, speckle 

variance generated by the syMESI method fits well with the MESI model. Similar to Figure 3.4c, 

Figure 3.5b shows a plot of the relative change in blood flow (measured as a ratio of 𝜏𝑐s) with 

relative change in speed of the intralipid through the flow channel, with 1 mm/s as baseline. Figure 

3.5b clearly shows that the linearity of flow changes is retained over a large range even the 

presence of static layer. These results further bolster our claim that syMESI algorithm can provide 

similar characteristics as traditional hardware based MESI.   

3.3.3 In vivo Demonstration of Quantitative Assessment of CBF 

The main goal of this experiment to assess the how well synthetic MESI represents 

physiological changes in an animal model. Briefly, a rat was prepared for imaging using methods 

described in Section 3.2.4. Raw speckle images were obtained at 100 Hz at 250 𝜇𝑠 exposure 

duration. Each raw speckle image was converted to synthetic exposure images, and subsequently 

speckle contrast images at each exposure time by preforming temporal contrast on 200 images. 

Figure 3.6. depicts in vivo results at baseline condition. Bright field image and corresponding 

synthetic MESI ICT image shown in Figure 3.6a and 3.6b respectively. The MESI ICT image is a 

quantitative map of speckle inverse correlation times (ICTs, 1/𝜏𝑐), estimated by fitting the speckle 

variance as a function of exposure time to the speckle model at each pixel of the image. To 

understand the effect of vessel size and tissue, vessels of different sizes and tissue paranchyma  
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Figure 3.5  syMESI on the effect of static layer. (a) Synthetic multi-exposure speckle contrast  

data from two samples fit to the multi-exposure speckle model. Speckle variance as a function  

of exposure duration for two different speeds and two levels of static scattering. (b) Plot of relative  

correlation time to relative speed for different level of static layer properties. Baseline flow – 1  

mm/sec.  

selected as ROIs, in the synthetic MESI ICT frame. Figure 3.6c shows the speckle variance curve 

for each of the ROI. These curves demonstrate data obtained by synthetic MESI followed expected 

physical trend. For the ROIs in bigger vessel shows faster decays and the smaller vessel shows 

slower decays as expected. ROI in parenchyma show the slowest decay. Flow conservation 
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analysis have been performed to further bolster the validation of synthetic MESI to measure 

quantitative blood flow. A bifurcated figure vessel was chosen, Figure 3.6 (b, d). Based on the 

diameter of the vessel, a parent vessel two daughter vessels were identified and designated as p, 

D1 and D2 respectively. According to flow conservation theory, sum of flow in the two smaller 

diameter daughter vessels (D1, and D2) should be equal to flow in the large diameter parent vessel 

(p). We can verify this by measuring the error of flow between parent vessel and two daughter 

vessels, using the equation described in literature (Richards et al., 2017) as- 

                                  % 𝐸𝑟𝑟𝑜𝑟 = |
𝐷1 𝐼𝐶𝑇1+𝐷2 𝐼𝐶𝑇2−𝐷𝑝 𝐼𝐶𝑇𝑝

𝐷𝑝 𝐼𝐶𝑇𝑝
| × 100,                              (Eq.3.3) 

here, Dp ,  D1 , D2 , are the diameters of the parent and two daughter vessels respectively. 

ICTp ,  ICT1 , ICT2 , are the speckle inverse correlation time of parent and two daughter vessels 

respectively. 

In bifurcated vessel segment shown in Figure 3.6 b, n=3 segments ( 1-1’, 2-2’, 3-3’) were 

taken for each vessel (parent, daghter1 and daughter 2). Diameters for each vessel segment was 

measured using ImageJ (Schneider et al., 2012).  Baseline flow in each segment was calculated by 

multiplying the diameter with the respective speckle inverse correlation time (ICT) ( Kazmi et al., 

2013).  Finally, using Eq. 3.3, the percentage error for the flow conversion was measured for each 

segment. Results are shown in Figure 3.6 (b, d), where the bar graph clearly demonstrates that in 

each segment, flow conservation is maintained; and average percentage of error for flow 

conservation across the three segments was calculated to be 5.8±0.5%. This demonstrates synthetic 

MESI can provide quantitative flow.  

3.3.4 Fidelity of CBF Changes with an In vivo Cautery Experiment 

Synthetic MESI was performed before and after vessel cautery to illustrate the feasibility 

of clinical application in synthetic MESI to evaluate blood flow changes during surgery. Briefly,  
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Figure 3.6  syMESI of blood flow in a rodent brain in vivo. (a) Bright field image of cerebral blood 

vessel of exposed rat cortex. (b) Corresponding synthetic MESI image. Higher ICT values indicate 

faster flow. The numbered ROIs used for analysis are shown in red in the synthetic MESI ICT 

frame. (c) Synthetic MESI-computed speckle visibility curves for the corresponding five ROIs are 

shown on a semi-logarithmic scale. (d) Conservation of flow analysis for three-way vessel 

branches, for the (yellow dotted) rectangular ROI. synthetic MESI computed percentage of error 

due to the combination of flow from two daughter vessels (D1, D2) and the parent vessel (P) is 

shown in the inset of Figure 3.6(b). All scale bar: 100 μm. 

 

a rat was prepared for imaging using methods described in Section 3.2.4. A vessel of interest was 

identified using the bright field image. Raw speckle images were obtained at 100 Hz at 250 𝜇𝑠 

exposure duration. After performing baseline imaging, vessel of interest was carefully cauterized 

manually with an electric cautery pen without damaging surrounding vessels. After cautery, 

similarly, raw speckle images were obtained at 100 Hz at 250 𝜇𝑠 exposure duration. In post 

processing for both before and after cautery, each raw speckle image was converted to synthetic 

exposure images, and subsequently speckle contrast images at each exposure time by preforming 

temporal contrast on 200 images respectively. Speckle inverse correlation time (ICTs, 1/τc), 

estimated by fitting the speckle variance as a function of exposure time to the speckle model at 
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each pixel of the image for both before and after cautery.  Figure 3.7a shows synthetic MESI ICT 

frame before and after cautery. After cautery synthetic MESI clearly shows reduction of flow in 

the location of cautery. The location further way from the cautery retains their flow with minimal 

changes. Figure 3.7b shows the corresponding speckle variance curves before and after cautery in 

an ROI within a blood vessel; 50 % change in cerebral blood flow can be observed after the cautery. 

 
 

Figure 3.7  Application of syMESI during cautery in rodent model. (a) syMESI measured 

speckle decorrelation time maps of flow before and after cautery of a cerebral blood vessel in an 

anesthetized rat (scale bar: 100 µm). (b) Corresponding speckle visibility curves for the selected  

ROI highlighting a ~50% reduction in cerebral blood flow 
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3.3.5 High Speed Measurement to Evaluate Pulsatility of Flow 

Here, we investigate the capability of high-speed acquisition of syMESI approach. 

Traditional hardware based MESI method limited to acquisition rate 30 fps (frame per second) due 

to the complexities of syncing the laser modulation to time gating of the camera. syMESI is 

completely software dependent, hence acquisition rate is limited only by the camera. For 

demonstration, we acquired images at 100 fps on a rodent cerebral cortex at baseline condition. 

Each raw speckle image was converted to synthetic exposure images, and subsequently speckle 

contrast images at each exposure time. To preserve the temporal resolution, moving average 

performed using 10 images which also retain the statistics of temporal speckle contrast. Figure 3.8 

shows representative syMESI speckle contrast images at different exposure times (Figure 3.8a) 

and a syMESI ICT image (Figure 3.8b). A 10 second time series plot of selected ROI which is on 

the vessel (indicated by red square) on Figure 3.8b is plot in Figure 3.8c. We can clearly see the 

pulsatile nature of the flow. This clearly indicates, syMESI can overcome the temporal resolution 

bottle neck of traditional MESI.  

3.4 Feasibility of Synthetic MESI Approach in Diffusion Regime 

Several recent studies have adopted laser speckle imaging to obtain blood flow from deep 

tissue regions by performing measurements in the diffusion regime. These studies leverage the 

simpler instrumentation offered by speckle imagers as an alternative to more expensive diffuse 

optical devices, and measure blood flow using diffuse speckle contrast analysis (DSCA), typically 

at a single exposure time, usually (~0.2 ms). Here, speckle from diffuse illumination of tissue, 

(usually with a laser source 1-2.5 cm away) is directly imaged on the CCD sensor in case of spatial 

DSCA, or via single mode fiber to highly sensitive EMCCD camera for temporal DSCA (Bi et al., 

2013, 2020; Mazdeyasna et al., 2018; Zhao et al., 2021). Blood flow information is obtained by  
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Figure 3.8  Pulsatility of flow. (a) syMESI images at 250 μs to 25 ms exposure durations 

acquired at 100 fps. b) Composite ICT image, lower ICT value indicates slow flow and higher  

ICT value indicates faster flow. c)Time series ICT value for the selected ROI (indicated by red  

square) shows pulsatile nature of flow. 

simply calculating 1/K2, which is qualitative rather than quantitative. Recently, MESI-DSCA has 

been reported (Liu et al., 2017); however, this technique is limited to phantom study as it requires 

manually changing exposure time and it is not suitable for detecting fast blood flow change. 

Durduranʼs group in ICFO, recently developed SCOS (Dragojević et al., 2018) and SCOT (Varma 

et al., 2014), where multi-exposure speckle contrast K obtained synthetically by temporally 

binning images acquired using an expensive SPAD camera. Then the multi-exposure K fitted to a 

model based on Diffuse Correlation Spectroscopy (DCS) theory.  

In this section, we provide some initial results which shows potential of syMESI approach 

to quantify deep tissue blood flow with an inexpensive setup.  
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3.4.1 Optical Instrument 

A schematic of the optical system shown in Figure 3.9. Light from a linearly polarized CW 

single mode laser diode (L820P200 - 820 nm, 200 mW, Ø5.6 mm, Thorlabs) is collimated using 

an aspheric lens. The collimated beam is coupled to a multimode fiber (M45L01 - Ø400 µm, 0.50 

NA) and connect to a custom-made probe. At source distance separation 1.5 cm, backscattered 

diffuse light from the sample was collected by multimode fiber (M59L01 - Ø1000 µm, 0.50 NA). 

Output beam from the fiber is collimated by an aspheric lens (A397TM-B - f = 11.00 mm, NA = 

0.3) and focused by a 40X objective lens on to a CMOS camera sensor (Basler acA2000-

165umNIR).  To demonstrate the feasibility of our approach, we performed in vivo arm-cuff 

occlusion study on a healthy subject. All experimental protocols were approved by Institutional 

Review Board at the University of South Florida. Briefly, probe was placed on the volunteer’s 

forearm. Power measured from the source probe was 45mW, which is well within safely limit of 

minimum skin exposure (Widginton, 1986) . A blood pressure cuff was placed on the subject’s 

bicep. After baseline (1min), the pressure cuff was inflated to 200 mmHg for 1 minute. When the 

pressure cuff was released, the recovery of the blood flow was recorded for 1 Minutes. To measure 

the deep tissue flow, speckle images (128 × 128 pixels) were continuously recorded at a 30 Hz 

frame rate and 250 µs exposure time which yield 5400 raw speckle images. Each raw speckle 

image was converted to synthetic exposure images, and subsequently speckle contrast images at 

each exposure time by preforming moving temporal contrast on 30 images. 

3.4.2 Detecting Deep Tissue Blood flow with Synthetic MESI 

Figure 3.10 depicts the key results for the validation of our approach for in vivo arm cuff 

occlusion of a healthy subject. Briefly, synthetic speckle variance curve, obtained by performing 

syMESI approach each raw images, were fit to a diffusion model described in literature 
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Figure 3.9 Schematic diagram of experiment for synthetic multi-exposure speckle imaging 

applied to measure deep tissue blood flow with diffuse speckle contrast analysis (DSCA)  

 

(Dragojević et al., 2018).  During occlusion we can see higher speckle variance in early exposure 

time compared to baseline and recovery period. It is expected during occlusion period, as there is 

less or no blood flow, speckle shows less fluctuation both temporarily and spatially as a results 

high speckle variance observed and speckle variance curves decays slower than baseline and 

recovery period.  Error value for curve fitting, in case of baseline (~1 ×10-4), occlusion (~3 ×10-3), 

recovery (~1 ×10-3).  Typical DSCA cannot provide speckle variance curves (speckle variance as 

a function of exposure duration) as it only acquires images at a single exposure duration. While 

our method provides speckle variance curves similar to the typical variance curves for multi-

exposure method  This suggests that our method can detect flow changes similar to SCOS 

(Dragojević et al., 2018). Figure 3.11 shows a plot of relative blood flow as a function of time 

through the course of the experiment. Relative blood flow was calculated by normalizing the time 

course of blood flow index to the blood flow index at baseline. We can observe nearly 90% blood 

flow drop.  Compare to DSCA (direct image based or single mode fiber based) and SCOS 
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instrument (direct image based) in our proposed method we used large core multi-mode fiber to 

capture detected signal. Use of multimode fiber allow us to detect multi-speckle at the low cost 

sensor thereby increase the signal to noise ratio (SNR) (Liu et al., 2021). This also make the system 

more sensitive, hence we can observe fluctuations in Figure 3.11. 

 
 

Figure 3.10  Validation of syMESI algorithm in DSCA setup. Speckle variance data measured 

from the forearm during the baseline (blue), occlusion (red) and recovery (green) as a function of 

 synthetic exposure time (range 250 𝜇𝑠 𝑡𝑜 25 m𝑠). 

3.5 Discussion 

We reported a novel speckle image processing algorithm by exploiting the spatial ensemble 

averaging of the speckle in the 2D camera sensor. Our syMESI reproduces speckle variance curve 

similar to traditional MESI. This facilitates us to synthetically perform MESI measurement with 

traditionnel simple LSCI instrument.  

Synthetic multi exposure speckle imaging previously reported in the literature is based on 

temporal sampling approach, which requires short interframe delay to capture the speckle 
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Figure 3.11  Measurement of %rBF by syMESI algorithm using DSCA systems during arm cuff  

occlusion protocol 

 

decorrelation. For example, Dragojević et al., 2015 used a high speed single photon avalanche 

detector (SPAD), which allows zero readout noise and negligible inter frame delay to capture the 

speckle dynamics, albeit at a low spatial resolution (8 × 5 pixels). Hultman et al., 2018; Sun et al., 

2015 have demonstrated high frame rate (> 1 kHz) imaging using FPGA with CMOS sensor for 

temporal sampling, their approach reduces the interframe delay in order of few µs, hence allowing 

high spatial resolution. More recently, Chammas & Pain, 2022 showed, imaging with a CMOS 

sensor utilizing 1 ms exposure time and 46 fps (frame per second), with temporal binning to obtain 

synthetic MESI. They validate their approach with hardware based MESI approach. However, 

their application limited to phantom study as their temporal resolution is 430 ms for full frame. 

This may not be feasible for in vivo blood imaging as speckle decorrelation time shorter than 430 

ms.  

 Recently, Hong et al., 2021 derived a new robust model based on the laser speckle auto- 
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inverse covariance using a low-cost CMOS sensor. They demonstrated that analysis based on new 

model allows independence from the statistical sample size, speckle size, static scattering and 

detector noise. Hence, processing data both on temporal scheme and spatial scheme provide similar 

quantitative information. Even though this model works on single exposure time (for animal- 10 

ms), but it does not provide correction for static scattering, noise like our syMESI approach; hence 

it is prone to error at high flow. Siket et al., 2021 proposed new instrumentation, time varied 

illumination LSCI (TVI-LSCI), where laser intensity is modulated in binary fashion at finite pulse 

time and constant intensity, hence increase the sensitivity of the dynamic range. Even though, the 

idea is similar to hardware based MESI, optical modulation rather electrical modulation 

performed. But this requires characterization of laser to maintain the coherence length, and noise 

during modulation. Also, the results are still in preliminary stage where effect of static scattering 

and effect of modulation to change of cerebral blood flow, especially quantitative baseline flow 

estimation have not been addressed in comparison to our syMESI approach. Wang et al., 2019 

presented a calibration approach, where both temporal and spatial speckle contrast speckle 

estimated for a single exposure duration. However, detailed velocity distribution is not possible by 

this approach, which syMESI approach can provide. Similarly, Wang et al., 2017 presented a 

calibration approach, where, using singe short exposure duration 0.02 ms provide same dynamic 

range estimation as MESI. However, for different sample calibration procedure needed to be 

recalculated hence this procedure may not be suitable for longitudinal study. 

The primary advantage of syMESI is its ability to transform any existing single exposure 

speckle image into multi-exposure image without performing experiments. This paves the way for 

analysis of any both preclinical and clinical speckle image and extract quantitative information. 

However, we note that, until recently, most speckle imaging with traditional LSCI setup performed 
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at exposure duration usually, 5ms especially for CBF imaging which provided maximum 

sensitivity (Yuan et al., 2005). However, as MESI operates on (50 µs to 80ms), our syMESI 

method will regenerate MESI image if the speckle images are captured at optimal short exposure 

duration ( Kazmi et al., 2014).  

The instrumentation for the synthetic MESI approach presented here is extremely simple; 

the instrument requires only a CMOS/CCD camera and illumination from a single mode laser. Any 

low-cost camera (e.g., web cam) (Richards et al., 2013) with such as conventionally available 

image sizes (as little as 1 megapixels), bit depths and light sensitivities can be used. There are no 

requirements for specialized sensor technologies (such as APD arrays), cooling or image 

intensifications – the technique will be shot-noise limited. 

Traditionally, acquisition of MESI image required time-gating of laser using acousto-optic 

modulator or rotating filter wheel which makes the instrumentation bulky and slow for video rate 

imaging. while other temporal ensemble-based method utilizes high framerate camera to improve 

the temporal resolution sacrificing spatial resolution. For our method a high frame rate camera is 

not required, as a result, our approach can be used to perform quantitative video rate multi-

exposure speckle imaging (about 10 times faster than current state of the art) with a normal low 

cost camera. 

We note that, we could not achieve lowest exposure time (32 𝜇𝑠) due to the low quantum 

efficiency of our CMOS camera (Basler acA2000-165umNIR) at wavelength (785 nm). This can 

be overcome by using wavelength of 633 nm which provide highest quantum efficiency (~60%). 

However, to achieve short exposure time and perform syMESI in the near infrared range we 

believe, CMOS technology needed to be upgraded for providing highest quantum efficiency in 

that regime. Note that this may not be a critical limitation, as low exposure times of 100 µs may 
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be sufficient.  

Critically, the innovation of syMESI facilitates intraoperative quantitative fast blood flow 

imaging by only using low-cost laser diode (~34 USD) as an add-on to the surgical microscope.We 

believe, syMESI may prove to be suitable candidate surgical work, which will enable surgeons to 

assess vascular flow in the surgical field of view in dye-free, robust manner. 

For future directions, we would like to investigate multi-wavelength syMESI approach, 

which will allow simultaneously real-time acquisition of quantitative fast blood flow and oxygen 

consumption. Moreover, a portable, miniaturized syMESI instrument would be interesting to study 

functional imaging of awake animal (Miao et al., 2011).  
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Chapter 4: Heterodyne Synthetic Multi-Exposure Laser Speckle Imaging2 

 

4.1 Introduction 

 

Laser Speckle Imaging (LSI) is a robust noninvasive optical technique that has been widely 

used to directly image blood flow dynamics in tissues microvasculature utilizing the intrinsic 

contrast of red blood cell motion (Boas & Dunn, 2010). Unlike point scanning method such as 

Laser Doppler Imaging (LDI), LSI offers wide-field imaging with superior spatiotemporal 

resolution (Senarathna et al., 2013). Hence, LSI has been widely used to quantify blood flow in 

skin (Carvalho Brinca et al., 2021; Chen et al., 2021; Lazaridis et al., 2022; Teng et al., 2022), 

retina (Calzetti, La Morgia, et al., 2022; Calzetti, Mursch-Edlmayr, et al., 2022; Ikemura et al., 

2022; Kase et al., 2022), and brain (Guilbert & Desjardins, 2022; Miller et al., 2022; Sullender et 

al., 2022; Zeng et al., 2021) . Due to relatively simple, inexpensive setup and high spatial and 

temporal resolution at single vessel resolution, in recent decades, LSCI become a popular tool for 

imaging cerebral blood flow (CBF) in both preclinical animal models and intraoperative clinical 

settings. 

We have previously described the instrumentation and working principle of laser speckle 

contrast imaging in sections 1.1 and 3.1. Briefly, laser speckle is the coherent addition of light 

waves that have traveled multiple pathlengths through tissue. Moving particles within the imaging 

                                                 
2 Part of this chapter accepted in Safi, A. M., & Parthasarathy, A. B. (2022, April). Quantitative  

Blood Flow Imaging at Photon Shot Noise Limit with Heterodyne Synthetic Multi-Exposure  

Laser Speckle Imaging. Optical Society of America. Submitted for US Provisional patent  

application # 63/265,312 (Ashwin B Parthasarathy, Abdul Mohaimen Safi)  
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volume impart spatial and temporal fluctuations in the speckle pattern, which are quantified using 

as a speckle contrast to estimate blood flow. Of particular relevance to this chapter, we note that 

the light fields that interfere to cause laser speckle all emerge from the sample; thus we term the 

traditional laser speckle imaging as homodyne laser speckle imaging.  

Even though LSCI can provide good measures of relative flow, it cannot quantitatively 

measure baseline flows; we have previously detailed the limitations of traditional LSCI in section 

3.1. These limitations have prevented comparisons of blood flow images across individuals, 

between species or across different studies. One method to overcome these limitations is to employ 

multi-exposure laser speckle imaging (MESI) (Parthasarathy et al., 2008) to image blood flow, 

which enables quantitative baseline flow measurement. However, MESI suffers from two critical 

limitations. One, it requires complex and bulky instrumentation, and two, it requires images to be 

acquired at lower camera exposure duration, which necessitates high laser powers or sensitive 

camera as imaging is limited by the photon shot noise at lower exposure time. In chapter 3 of this 

dissertation, we introduced synthetic multi-exposure imaging (syMESI) a new software-based 

approach which relaxes the instrumentation requirement (Safi et al., 2021). Here we report a new 

instrumentation and speckle visibility model to obtain quantitative blood flow information 

overcoming the shot noise limit of the sensor at low laser power using an interferometric method, 

termed o heterodyne synthetic multi-exposure speckle imaging. Critically, our approach can be 

easily used as an ‘add-on’ to existing speckle imaging system instruments to increase the 

sensitivity of blood flow measurements. 

4.2 Heterodyne Speckle Model 

Heterodyne synthetic multi-exposure speckle imaging depends on the heterodyne 

interference between the light fields backscattered from the sample and light fields from a 
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reference arm. For this interferometric approach, the electric field can be expressed as, 

𝐸(t) = Esample(t) + Ereference(t),                                (Eq. 4.1) 

where,  𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝑡) is the electric field backscattered from sample and  𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡) electric field 

due to reference. The intensity recorded by the camera sensor is, 

𝐼(𝑡) = |𝐸(𝑡)|2,                                               (Eq. 4.2) 

I(t) = |Esample(t) Esample
∗ (t)| + |Ereference(t) Ereference

∗ (t)| + 2ℝ𝔼|Esample(t) Ereference
∗ (t)|  

Here, 𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡) is similar to the static field amplitude in the multi-exposure speckle 

imaging model (Parthasarathy et. al., 2008). Following Siegert relation, (Bandyopadhyay et al., 

2005) intensity autocorrelation function  𝑔2(𝜏) can be written as- 

𝑔2(𝜏) = 1 + 𝛽 [
〈𝐼𝑠(𝑡)〉2

(〈𝐼𝑠(𝑡)〉+〈𝐼𝑟(𝑡)〉)2
|𝑔1(𝜏)|2 +

2〈𝐼𝑠(𝑡)〉〈𝐼𝑟(𝑡)〉

(〈𝐼𝑠(𝑡)〉+〈𝐼𝑟(𝑡)〉)2 𝑔1(𝜏)],            (Eq. 4.3) 

  𝑔2(𝜏) = 1 + 𝛽1|𝑔1(𝜏)|2 + 𝛽2𝑔1(𝜏),                              (Eq. 4.4) 

where,  

𝛽1 = 𝛽 (1 − (
𝐼𝑟(𝑡)

𝐼𝑇(𝑡)
)

2

) , 𝛽2 = 2𝛽
𝐼𝑟(𝑡)

𝐼𝑇(𝑡)
(1 −

𝐼𝑟(𝑡)

𝐼𝑇(𝑡)
),                        (Eq. 4.5) 

𝐼𝑇 = 𝐼𝑠 + 𝐼𝑟,                                                    (Eq. 4.6) 

Following (Bandyopadhyay et al., 2005) , we can express heterodyne speckle visibility as, 

 𝑉2(𝑡) = 𝛽1 ∫ 2(1 −
𝑡

𝑇

𝑇

0
) |𝑔1(𝑡)|2  

𝑑𝑡

𝑇
+ 𝛽2 ∫ 2(1 −

𝑡

𝑇

𝑇

0
) |𝑔1(𝑡)| 

𝑑𝑡

𝑇
,              (Eq. 4.7) 

Assuming Lorentzian distribution, 𝑔1(𝑡) = 𝑒−𝑡
𝜏𝑐⁄ , we can write heterodyne speckle 

contrast as, 

𝐾 = [𝛽1
𝑒−2𝑥−1+2𝑥

2𝑥2 + 2𝛽2
𝑒−𝑥−1+𝑥

𝑥2 ]
1

2⁄

,                              (Eq. 4.8) 

Eq 4.10, is the new speckle visibility model for speckle imaging in heterodyne mode. 
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4.3 Instrumentation 

A schematic of the optical system shown in Figure 4.1 is based on a free space Mach-

Zehnder interferometry configuration. Light from a linearly polarized CW single mode laser diode 

(λ=638 nm, 150 mW, Thorlabs) is collimated using an aspheric lens (Thorlabs C171TMD-B - f = 

6.20 mm, NA = 0.30). The collimated beam is split by a 90:10 non-polarizing beam splitter 

(Thorlabs BS076), 10 % beam is coupled to a step-Index multimode fiber optic patch cable 

(Thorlabs M124L01 - Ø400 µm, 0.50 NA), 90% light uniformly illuminates the sample at an angle 

30-45 degree to vertical axis. 10% light from multimode fiber is collimated by a fiber collimator 

(Thorlabs F230FC-780 - 780 nm, f = 4.51 mm, NA = 0.55). Backscattered light from the sample 

was collected by an objective lens (4X, NA 0.10, Olympus). Backscattered beam and reference 

beam are then combined with a 50/50 beam splitter (Thorlabs CCM1-BS013) and imaged on a 

CMOS camera (Basler acA2000-165umNIR). Heterodyne speckle images were continuously 

recorded at a 100 Hz frame rate and 100 μs exposure time. Microfluidic flow phantoms were 

fabricated using methods described elsewhere (Parthasarathy et al., 2008, see also section 3.2.3). 

Images were collected while 20% intralipid was pumped through a 200 µm× 150 µm flow channel, 

at flow rates 1 to 7 mm/s. Data processing of raw speckle images into synthetic multi-exposure 

images are as described earlier (section 3.2.1). Finally, synthetic heterodyne speckle contrast fit to 

Eq.  4.10 to estimate quantitative flow (1/𝜏𝑐). 

4.4 Results 

4.4.1 Boosting Weak Dynamic Signal 

Figure 4.2 shows intensity distribution (histogram) of the raw speckle images for both 

homodyne and heterodyne conditions, and representative raw speckle images from a microfluidic 

channel. For homodyne condition (blue, obtained by physically blocking the reference beam)
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Figure 4.1  Schematic for heterodyne multi-exposure speckle imaging. LD-single mode laser  

diode, L-lens, BS- beam splitter, M-mirror, FC-fiber coupler, ND-neural density filter. 

average intensity on camera is 33.75 (a.u.), which 4 times lower than lower than the intensity 

required to fill the dynamic range of the 8-bit camera sensor. Also, due to the low photon counts, 

imaged speckle is underdeveloped.  Next, we introduced the reference arm with an average 

intensity (brown) 78.36 (a.u.). As we have used multimode fiber in the reference arm, we can 

control the intensity of the reference arm so that resulting heterodyne speckle pattern does not 

saturate the camera sensor. Finally, with heterodyne interference (yellow), overall average 

intensity increases to 113.73 (a.u.). From the inset we can clearly see dynamic speckle from the 

flow region boosted by the reference arm due to the heterodyne scheme compared to homodyne 

scheme.  It is to be noted, as we are using multimode fiber in reference arm this is susceptible to 
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noise. Use of multimode fiber approached has been reported in the interferometric diffusive wave 

spectroscopy (Zhou et al., 2018). 

 
 

Figure 4.2  Characterization of heterodyne synthetic multi-exposure speckle imaging. 

Histogram of pixel intensities for homodyne and heterodyne method, with intensity map of the 

raw speckle images shown in the insets. 

 

4.4.2 Quantitative Imaging of Flow in Presence of Photon Shot Noise 

Figure 4.3 demonstrate the reconstruction of quantitative speckle contrast images with the 

heterodyne scheme. In traditional homodyne speckle imaging (with low photon counts typical of 

short exposure time <1ms) average intensity detected by the camera was low and the image was 

dominated by shot noise. Application of homodyne MESI/ syMESI data processing may yield 

artificially high speckle contrast values. The resultant blood flow image has poor sensitivity to the 

flow channel in the middle, with the entire image resembling that of a static speckle pattern. The 

heterodyne approach overcomes this issue by boosting the low mean intensity of from sample via 

the reference arm and can accurately evaluate speckle contrast image at short exposure time. As 

from Figure 4.3. It is evident that for homodyne approach at exposure time 100 µs, speckle contrast 

was high, whereas for the same exposure time by introducing reference arm we can accurately 

measure the speckle contrast image overcoming the shot noise. 
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Figure 4.3  Comparison between homodyne speckle imaging and heterodyne synthetic MESI  

speckle contrast map for flow rate 5mm/s 

4.4.3 Linearity of Large Flow Changes in Presence of Photon Shot Noise 

The experimental setup (Figure 4.1) was used in conjunction with the synthetic exposure 

technique to perform controlled experiments on the microfluidic samples. Intralipid 20% was 

pumped through the sample using the syringe pump at different speeds from 1 mm/sec to 7 mm/sec 

in 1 mm/sec increments. 100 raw heterodyne speckle images were captured for each flow rate at 

100 µs exposure duration.  Similarly, 100 raw homodyne speckle images were captured for each 

flow rate at 100 µs exposure duration. For each speed and for both homodyne and heterodyne 
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mode, (n=3 trials) were performed and data was taken at 5 min interval for each speed, this allows 

flowing intralipid to reach defined flow speed throughout the microfluidic channel. For homodyne 

case, speckle contrast was estimated by traditional LSCI method (Senarathna et al., 2013). For 

heterodyne, using synthetic multi-exposure algorithm average heterodyne speckle contrast, as a 

function of exposure time, were calculated for the flow region. The heterodyne synthetic multi-

exposure speckle contrast data was then fit to Eq. 4.10, by holding β and  
𝑰𝒓(𝒕)

𝑰𝑻(𝒕)
 constant. Figure 

4.4a shows the speckle variance (filled circles), measured from a region of interest within the 

microfluidic channel, as a function of exposure time, for speeds 1-7 mm/s. Solid lines represent 

fits to the heterodyne speckle model. Figure 4.4a clearly shows that the model fits the experimental 

data very well. The correlation time (a quantitative metric of flow) was estimated by having τc as 

a fitting parameter.  

Next, we experimented whether the τc estimates obtained using the heterodyne speckle 

imaging instrument were more accurate than traditional single exposure LSCI measures by 

comparing the respective estimates of the relative correlation time measures. Correlation time 

estimates from traditional single exposure measures was obtained using the procedure detailed in 

(David A. Boas & Dunn, 2010). Relative correlation time measures were defined as 
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝜏𝑐

𝜏𝑐
.  

Correlation time estimates were obtained from the fits performed in Figure 4.4a. the 𝜏𝑐 estimates 

obtained with the heterodyne instrument were compared with traditional homodyne single 

exposure estimates of 𝜏𝑐 at 100 µs to evaluate the efficacy of predicting relative flows. Ideally, 

relative correlation measures would be linear with relative speed. Relative correlation times were 

obtained for a baseline flow of 1 mm/sec. 

Figure 4.4b shows the results of the relative blood flow experiment on microfluidic 

phantoms. The relative flow measured with the heterodyne model is shown in green, while the 
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relative flow measured with the homodyne model is shown in blue. The dashed black line 

represents the 1:1 correspondence between measured relative flow and relative flow in the channel. 

Figure 4.4b, shows that the new speckle model in conjunction with new heterodyne instrument 

and synthetic multi-exposure speckle imaging scheme can achieve linearity of relative correlation 

measures over a large flow range (nearly 6-fold) overcoming the photon shot noise. Standard 

deviation for estimating relative flow shows (≤ ±0.18) for the linear range. Whereas traditional 

homodyne based single exposure scheme failed to provide any relative change of flow, since the 

signal is completely buried in the noise level. This is expected as to evaluate linearity of relative 

change of flow average detected intensity needed to be at least 127 (a.u) for 8-bit and 32768 (a.u) 

for 16-bit camera. This allows fully utilizing the dynamic range of the camera and fully developed 

speckle. Homodyne single exposure laser speckle system or traditional homodyne multi-exposure 

system at such short exposure time (<1 ms) is unable to achieve this dynamic range unless high 

laser power and sensitive detector used. 

4.5 Discussion 

Here, we have introduced a new quantitative speckle imaging instrument and new speckle 

model based on the interferometric method. Our method, directly address one of the main 

disadvantages of traditional speckle imaging modalities and both hardware based MESI or 

synthetic MESI i.e., scarcity of photon at shot exposure time which in turn effects the quantitative 

estimation of flow. We experimentally demonstrated our heterodyne technique can overcome this 

issue and increase the dynamic range of low-cost CMOS sensor. We believe, our new method can 

be valuable asset to intraoperative setting, as it can provide a clear quantitative blood flow image 

without using any exogenous contrast agent, thereby can help surgeons for any critical decision 

making.  However, we note that, by introducing interferometric scheme we increase the sensitivity 



 

55 

 

 
 

Figure 4.4  Heterodyne syMESI on microfluidic phantom study. A) Heterodyne synthetic speckle 

variance data fit to new speckle model. Speckle variance as a function of synthetic exposure 

duration for different speeds. Measurements were made on samples with no static scattering layer. 

B) Performance of homodyne model and heterodyne model to relative flow. Baseline speed: 1 

mm/sec. Plot of relative τc to relative speed. Plot should ideally be a straight line (dashed line). 

Estimation using heterodyne synthetic multi-exposure extend linear range of relative τc estimates.  

 

of the instrument. Unlike, traditional speckle imaging technique, where diode laser may not need 

to be temperature controlled, in our setup, temperature controller must be used in order to maintain 

the stability of the interference. Also, care should be taken in for shaping the laser beam in the 
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reference arm. Typical diode laser beam is elliptical in shape, here by introducing multimode fiber 

and with collimating lens we transformed the beam into uniform circular shape. 

Our proposed heterodyne synthetic speckle imaging adapted from the concept of 

interferometric diffuse correlation spectroscopy (Robinson et al., 2020). To be noted, mathematical 

model for interferometric diffuse correlation spectroscopy has been developed for extracting blood 

flow index for diffusion regime using the correlation diffusion equation and this technique is for 

single speckle detection scheme hence for point detection only. To main goal, for the 

interferometric diffuse correlation spectroscopy to increase the strength of the signal coming from 

the long source-distance (SD) separation, typically >2.5 cm. Similarly, utilizing interferometer 

scheme and camera to capture multispeckle pattern, (Xu et al., 2020; Zhou et al., 2021), 

demonstrates boosting the weak signal coming from large SD separation. Whereas, our proposed 

heterodyne technique, model is for single scattering or ballistic regime. This allows imaging 

utilizing camera and a free space optical setup to capture speckle in a spatio-temporal manner and 

subsequently to reconstruct speckle contrast image to visualize the flow. The main goal of our 

proposed method is to increase the strength of the weak signal at short exposure time which is in 

generally buried in the photon shot noise in the camera. Hence, allowing quantitative speckle 

contrast imaging.  
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Chapter 5: Continuous Wave Pathlength Resolved Diffuse Correlation Spectroscopy3 

5.1 Introduction 

Diffuse Correlation Spectroscopy (DCS) is a robust noninvasive optical technique that has 

been widely used to directly measure microvascular flow in tissues (Boas & Yodh, 1997; Boas et 

al., 1995). DCS measures blood flow by analyzing temporal fluctuations in diffusely scattered light 

intensity brought about by the coherent addition of light fields traveling multiple path lengths in 

tissue. Formally, the temporal electric field autocorrelation is estimated from the intensity 

fluctuations and the Siegert relation (Bandyopadhyay et al., 2005; Lemieux & Durian, 1999), 

which is then fit to a solution to the Correlation Diffusion Equation to estimate blood flow in 

diffusion units (cm2/s), using either measured or assumed tissue optical properties (Boas & Yodh, 

1997; Boas et al., 1995; Durduran et al., 2010). This unit of flow is absolute flow validated against 

MRI techniques (Carp et al., 2010; Jain et al., 2014; Yu et al., 2007). Figure 5.1. demonstrates a 

typical DCS working principle. Unlike ultrasound-based Doppler method, DCS is sensitive to 

small vessels and capillaries flow(Mesquita et al., 2011; Parthasarathy et al., 2018; Wang et al., 

2016) making it an ideal tool for measuring tissue perfusion. In DCS, solution for CDE in case of 

homogenous semi-infinite tissue geometry can be expressed as- 

𝑔1(𝜏) =
𝑟𝑏 𝑒𝑥𝑝(−𝐾𝐷(𝜏)𝑟1)−𝑟1 𝑒𝑥𝑝(−𝐾𝐷(𝜏)𝑟𝑏)

𝑟𝑏 𝑒𝑥𝑝(−𝐾𝐷(0)𝑟1)−𝑟1 𝑒𝑥𝑝(−𝐾𝐷(0)𝑟𝑏)
,                                           (Eq. 5.1) 

                                                 
3 Part of this chapter published in Safi, A. M., Moka, S., Harrah, M., Cini, S., & Parthasarathy, A.  

B. (2021, April). Quantitative Measurement of Static and Dynamic Tissue Optical Properties with  

Continuous Wave Pathlength Resolved Diffuse Correlation Spectroscopy. In Optics and the  

Brain (pp. BTh1B-6). Optical Society of America. Optical Society of America. Submitted for  

provisional patent: US Provisional patent application # 63/198,181 (Ashwin B Parthasarathy,  

Abdul Mohaimen Safi, Sadhu Moka) 
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where, 𝜏, is correlation delay times,  𝐾𝐷 (𝜏)2 = (𝜇𝑎 + 6𝜇𝑠
′ 𝑘0

2 𝐹)𝑣/𝐷, 𝐹 is the blood flow index, 

𝜇𝑎 and 𝜇𝑠
′ , the tissue absorption and reduced scattering coefficients respectively,  𝑘0, wave vector 

for tissue, 𝑟1
2 = (𝑙𝑡𝑟

2 +𝜌2) and 𝑟𝑏
2 = ((2𝑧𝑏 + 𝑙𝑡𝑟)2 + 𝜌2) are constants which include transport 

mean-free path, 𝑙𝑡𝑟 = 1/(𝜇𝑎 + 𝜇𝑠
′  ), source detector separation, 𝜌, and 𝑧𝑏 = (2𝑙𝑡𝑟 (1 +

𝑅𝑒𝑓𝑓 ))/3(1 − 𝑅𝑒𝑓𝑓 ) , 𝑅𝑒𝑓𝑓 effective reflection coefficient which accounts for refractive index 

mismatch between tissue (𝑛𝑡𝑖𝑠𝑠𝑢𝑒) and  surrounding medium (𝑛𝑚𝑒𝑑𝑖𝑢𝑚). 

Electric field autocorrelation function 𝑔1(𝜏), expressed in terms of intensity 

autocorrelation function 𝑔2(𝜏), using Siegert relation (Bandyopadhyay et al., 2005; Lemieux & 

Durian, 1999) as-   

𝑔2(𝜏) = 1 + β|𝑔1(τ)|2 ,                                          (Eq. 5.2) 

where 𝛽 accounts for coherence of the source, averaging of speckle and polarization. Typically, 𝛽 

assumed to be 0.5. 

 As detector only can measure intensity, hence intensity autocorrelation function which 

describes the intensity fluctuation in temporal domain, usually measured and converted to 

𝑔1(𝜏) using Eq. 5.2.and temporal intensity autocorrelation can be expressed as- 

𝑔2(𝜏) =
⟨𝐼(𝑡)𝐼(𝑡+𝜏)⟩

⟨𝐼(𝑡)⟩2
 ,                                          (Eq. 5.3) 

 However, quantification of blood flow, especially, cerebral blood flow (CBF) using DCS 

is limited by the sensitivity issues due to the effect of scalp and skull thickness. Usually to measure 

CBF, DCS probe is placed on the scalp hence, measured CBF is a weighted sum of flow in cerebral 

tissues and flow in extra-cerebral tissues (scalp and skull) (Baker et al., 2014, 2015). The flow in 

extra-cerebral tissues is probe can be affected by systemic blood flow changes (e.g., due to blood 

pressure changes) or due to application of pressure on probe (Mesquita et al., 2011). Potential 
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solutions to this problem is algorithmic approach. (Baker et al., 2015). Furthermore, quantitative 

estimation of CBF relies on both tissue absorption and scattering coefficient, 𝜇𝑎 and 𝜇𝑠
′ , 

respectively, since these are required to fit the measured autocorrelation function to the correlation 

diffusion model. Uncertainties in 𝜇𝑠
′  estimation proportionally propagates into errors in estimation 

of CBF. For example, a 20% error in measuring 𝜇𝑠
′  will lead to 20% error in estimation of CBF 

(Irwin et al., 2011). This variation effects the reliable clinical application of DCS. To solve this 

issue, often DCS is combined with frequency domain or time domain NIRS to determine absolute 

𝜇𝑎 and 𝜇𝑠
′  (Carp et al., 2017; He et al., 2018). 

Traditionally, DCS instruments have used continuous wave (CW) laser sources, with 

coherence lengths (>1m) typically longer than the difference between the shortest and longest 

paths inside the tissue; therefore the measured autocorrelation function at the detector is from an 

ensemble average of all photon path lengths which can be written as(D. A. Boas & Yodh, 1997; 

Sutin et al., 2016). 

𝑔1(𝜏) = ∫ 𝑑𝑠 𝑃(𝑠) 𝑔1,𝑠(𝜏, 𝑠) ,                                          (Eq. 5.4) 

This equation denotes the dependence of field correlation to the pathlength, s. For traditional DCS, 

this equation is similar to the solution of CDE expressed in Eq. 5.1. Where, P(s) is photon 

distribution probability inside sample for pathlength s. This averaging of pathlength results in loss 

of photon distribution of time-of-flight (DTOF) inside the medium. Since traditional DCS is unable 

to provide DTOF, as results optical properties is assumed from literature, experimentally measured 

by combining DCS with NIRS (Carp et al., 2017; He et al., 2018) or using multi-distance approach 

(Farzam & Durduran, 2015). These approaches make the DCS instrumentation bulky and limited 

to preclinical applications only. Furthermore, since shorter pathlengths (i.e., from shallower tissue) 

are more probable than long pathlengths, the measured DCS autocorrelation functions are more 
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sensitive to extra-cerebral tissues rather than deep cerebral vasculatures. Therefore, a method to 

discriminate the DCS autocorrelation functions by pathlength will help address several of its 

critical limitations. 

 
 

Figure 5.1  Schematic of noninvasive, fast measurement of CBF waveforms with diffuse 

correlation spectroscopy (DCS) 

Yodh et al., 1990 first demonstrated path length resolved DCS, using an interferometry 

approach and a pulsed laser source. However, this method relies on the use of nonlinear optical 

elements and requires large amounts of optical power; hence it was unsuitable for in vivo 

experiments. Recently, (Sutin et al., 2016) and (M Pagliazzi et al., 2017) demonstrated path 

resolved DCS measurements with Time Domain Diffuse Correlation Spectroscopy (TD-DCS). 

This approach uses a pulsed high coherence laser source to synchronize detection and time-tag 

photon arrival times. Thus, they can measure photon distribution of-flight (DTOF) information as 

well as separate flow shallow and deep layers in the tissue. Another recent instrument by (Borycki 

et al., 2016, 2017; Kholiqov et al., 2020) reported an interferometric approach based on swept 

source optical coherence tomography (OCT) to obtain optical properties and blood flow with a 

single SD separation. Unlike typical OCT, they used an intensity modulated light source with 
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instantaneous linewidth and narrow tuning range, which allows measurement of photon DTOF and 

longer photon path lengths. In both these approaches, measurement of photon time of flight 

information permitted estimation of tissue optical properties, which were then used to improve the 

fidelity of blood flow measured with DCS. However, both these approaches required the 

development of specialized pulsed/modulated laser sources with high temporal coherence and/or 

speed improvements to traditional DCS detectors. 

Here, we report a simpler alternative to derive similar information from tissue (photon time 

of flight distribution and path length resolved electric field autocorrelation functions) using a new 

coherence gated DCS approach based on the principles of time domain OCT. Critically, our 

approach realizes these measurements with readily available CW multimode laser diodes with low 

temporal coherence length in the order of millimeter, and conventional DCS detection systems. 

Thus, our system can be used as an ‘add-on’ to existing DCS instruments to add path length 

sensitivity to blood flow measurements. 

5.2 Theory 

For pathlength resolved DCS, detectors measure the coherent addition of electric fields 

from the sample (𝐸𝑆(𝑡)) and reference (𝐸𝑅(𝑡)) arms, i.e. 

𝐼(𝑡) = |𝐸𝑆(𝑡) + 𝐸𝑅(𝑡)|2,                                           (Eq. 5.5) 

where 𝐸𝑆(𝑡) is the superposition of light fields that have traveled multiple pathlengths through the 

tissue. Coherent interference of the sample and reference fields will occur only between fields that 

have traveled the same pathlength – thus, pathlength specific detection is achieved by simply 

varying the length (𝑠) of the reference arm. The detected intensity can, therefore, be written as 

𝐼(𝑠, 𝑡) = 𝐼0 + 𝐼𝑑𝑐𝑠(𝑠, 𝑡),                                           (Eq. 5.6) 

where 𝐼0 is the incoherent addition of light fields from both the sample and reference arms that are 
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not pathlength matched.  

𝐼0 = |𝐸𝑠|2 + |𝐸𝑅|2,                                               (Eq. 5.7) 

𝐼0 is a constant (approximately) that can be directly measured as the sum of the average 

intensities with the sample and reference arms sequentially blocked.  𝐼𝑑𝑐𝑠(𝑠, 𝑡) is the (heterodyne) 

pathlength matched interference term with temporal intensity fluctuations brought about by 

moving particles in the sample, around/about the selected pathlength and within the coherence 

length of the laser. Autocorrelation of 𝐼(𝑡) yields the pathlength resolved intensity autocorrelation 

function 

  𝑔2(𝜏, 𝑠) = 1 + 𝛽(𝑠)|𝑔1(𝜏, 𝑠)|2,                             (Eq. 5.8) 

where 𝛽(𝑠) is the pathlength dependent instrumentation/speckle averaging factor, 𝜏 is the 

correlation delay time, 𝑠 is the light pathlength, and 𝑔1(𝜏, 𝑠) is the pathlength resolved electric 

field autocorrelation function. Flow (𝐹) is computed by fitting 𝑔1(𝜏, 𝑠) to a negative exponential 

model, 

𝑔1(𝜏, 𝑠) = exp (−2𝜇𝑠
′ 𝐹𝑘0

2𝑠𝜏),                                           (Eq. 5.9) 

where 𝜇𝑠
′  is the tissue reduced scattering coefficient and 𝑘0 is the wave vector. Note that 𝑔1(𝜏, 𝑠) 

is dependent only on 𝐹 and 𝜇𝑠
′ , and is independent of tissue absorption coefficient (𝜇𝑎). Since 𝜇𝑠

′  

is typically constant in tissue, pathlength resolved measurements of relative blood flow changes 

are less sensitive to tissue optical properties. Furthermore, the average of the measured intensity 

𝐼𝑑𝑐𝑠(𝑠) =  〈𝐼𝑑𝑐𝑠(𝑠, 𝑡)〉 can be converted to a time-resolved diffuse reflectance data by recognizing 

that photon time-of-flight in tissue. 

 𝛿𝑡 = 𝑠/𝑣,                                                       (Eq. 5.10) 

where, 𝑣 is the speed of light in tissue. Thus, 𝐼𝑑𝑐𝑠(𝑠) → 𝐼𝑑𝑐𝑠(𝛿𝑡), when appropriately normalized 

will yield diffusion time-of-flight curves that can be fit to a time-domain solution photon diffusion 
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equation to estimate tissue optical properties, 𝜇𝑎 (absorption coefficient) and 𝜇𝑠
′  (reduced 

scattering coefficient). We can express time domain solution as (Patterson et al., 1989) - 

∅𝑇𝐷(𝜌, 𝛿𝑡) =
𝑆0 𝑣 𝑒𝑥𝑝(−𝜇𝑎 𝑣 𝑡)

(4 𝜋 𝐷 𝑡)3/2
 [

 𝑒𝑥𝑝(−𝑟1
2)

4 𝐷 𝑡
−  

 𝑒𝑥𝑝(−𝑟𝑏
2)

4 𝐷 𝑡
 ]]

𝑧=0

,                       (Eq. 5.11) 

where, 𝑟1
2 = (𝑙𝑡𝑟

2 +𝜌2) and 𝑟𝑏
2 = ((2𝑧𝑏 + 𝑙𝑡𝑟)2 + 𝜌2) are constants which include transport mean-

free path, 𝑙𝑡𝑟 = 1/(𝜇𝑎 + 𝜇𝑠
′  ), source detector separation, 𝜌, and 𝑧𝑏 = (2𝑙𝑡𝑟 (1 + 𝑅𝑒𝑓𝑓 ))/3(1 −

𝑅𝑒𝑓𝑓 ) , 𝑅𝑒𝑓𝑓 effective reflection coefficient which accounts for refractive index mismatch between 

tissue (𝑛𝑡𝑖𝑠𝑠𝑢𝑒) and  surrounding medium (𝑛𝑚𝑒𝑑𝑖𝑢𝑚). 

5.3 Data Processing 

 Figure 5.2 presents a typical data processing protocol for invivo depth sensitive 

measurements of blood flow. First, we record the DCS intensity autocorrelation functions and 

average intensities for multiple pathlengths – for a source-detector separation of 2.5 cm, 

measurements will span pathlengths 5~30 cm; longer pathlengths (>20 cm) sample tissues as deep 

as 2-3 cm below the surface. Pathlength resolved average intensities will be fit to a time-domain 

photon diffusion solution to first estimate tissue optical properties (𝜇𝑎 and 𝜇𝑠
′ ), while the pathlength 

resolved intensity autocorrelation functions will be used to estimate baseline flow as a function of 

pathlength/depth. Then, the reference arm will be parked at a desired pathlength (depending on 

depth of interest), to record high-speed (20~100 Hz) depth-sensitive changes in blood flow. 

5.4 Instrumentation 

A schematic of our optical system, shown in Figure 5.3, is based on a fiber-based Mach-

Zehnder interferometer. Light from a CW multimode laser diode (Thorlabs L808P500MM) with 

center wavelength λc = 808 nm and coherence length 0.5 mm is collimated using an aspheric lens. 

The collimated beam is coupled to a 90/10 multimode fiber coupler (Thorlabs TM105R2F1A),
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Figure 5.2  Data analysis scheme for pathlength resolved diffuse correlation spectroscopy (PR- 

DCS). A single measurement yields both pathlength resolved average intensities (top row – used  

to estimate optical properties) and electric field autocorrelation functions (bottom row – used to 

 estimate blood flow). Once optical properties are computed, fast CBF measurements can be  

performed at a set/desired pathlength. Note that relative CBF measurements are independent of  

optical properties, since 𝜇𝑠
′  is typically constant. 

90% light is transmitted into the sample and 10% is transmitted to the reference arm. Two 

motorized translational stages (Thorlabs PT1Z8) with travel range each 50 mm total 100 mm have 

been added to the reference arm (delay line) to control pathlength sensitivity by coherence gating. 

Reflected light from the sample and retroreflector from the reference arm are combined with a 

50/50 single mode fiber (Thorlabs TN808R5F1) and directed single photon counting avalanche 

photon diode modules (Excelitas SPCM 4AQC, Quebec, Canada). DCS photons are recorded at a 

1 MHz sampling frequency and intensity autocorrelation functions can be recorded as 1-100 Hz 

using a custom software correlator (Wang et al., 2016). The DCS detectors measure the intensity 

autocorrelation of heterodyne mixing of light from the sample and reference arms. However, 

coherent interference of the two fields will occur only when the path lengths of the sample and 

reference arms are matched (i.e., by moving the delay line), within the coherence length of the 

laser. Then, moving particles in the sample – around/about the selected path lengths will impart 

temporal intensity fluctuations, which can be measured using traditional DCS systems. 
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intensity/field autocorrelation functions are obtained by scanning the delay line in the reference 

arm. Finally, the average intensity recorded as a function of path length can be readily converted 

to photon time-of-flight intensity distributions, to estimate tissue optical properties. 

 
 

Figure 5.3  Schematic of proposed pathlength resolved diffuse correlation spectroscopy (PR-DCS) 

instrument. Light from a multi-mode laser diode is directed to a programmable delay line as well 

as the sample. A standard DCS detector arrangement is used to record the heterodyne interference 

between the sample and reference arms. Fibers of equal lengths will be used in the instrument. 

 

5.5 Results 

We demonstrate the feasibility of pathlength resolved blood flow measurements by 

estimating the static and dynamic (Figure 5.4B) optical properties of a semi-infinite tissue 

simulating phantom (intralipid + India ink, μa = 0.1 cm−1, μs
′ = 8 cm−1). PR-DCS measurements 

were performed with a source detector separation of 2.5 cm and integration time of 1 second. 

Figure 5.4A displays the diffusion time-of-flight (DTOF) curve obtained by analysis of pathlength 

resolved average intensities (red circles) fit to a time-domain solution to the diffusion equation 

(black line); optical properties (μa = 0.09 cm−1, μs
′ = 7 cm−1) were recovered to within 10% of 

their true value. Fig. 4B displays representative pathlength resolved electric field autocorrelation 

functions, fit to a negative exponential model; blood flow index, 〈F〉 = (3.4 ± 0.1) × 10−10cm2/s  

(in diffusion units), was found to be constant (within 3%) across different pathlengths, as expected 

in this homogenous semi-infinite tissue phantom. 
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Next, we demonstrate the ability to measure depth sensitive blood flow with an in-vivo arm 

cuff ischemia experiment (schematic in Figure 5.5A). Briefly, PR-DCS measurements were 

performed on an arm of a healthy volunteer with a source-detector separation of 2.5 cm, and at 

light pathlengths of 5.4 cm (short) and 20.5 cm (long). Figure 5.5B displays representative fast (20 

Hz) measurement of blood flow under baseline conditions at the 20.5 cm pathlength; blood flow 

pulsatility is clearly resolved demonstrating high signal-to-noise ratio of the approach. Figure 5.5C 

displays the hemodynamic response to arm cuff-ischemia measured at 1Hz with both long and 

short pathlengths; 1-minute baseline (blue region), ~2-minute occlusion (orange), 2-minute 

recovery (green). Hemodynamic response and reperfusion peak observed at the long pathlength 

(red curve) is typical of response from blood vessels in the muscle that lies deeper within the tissue. 

On the other hand, the corresponding response observed at the shorter pathlength is stunted 

indicating that the tissue sampled is primarily microvasculature in the skin. These experiments 

clearly demonstrate that the PR-DCS instrument is a robust instrument to measure static and 

dynamic tissue optical properties. In addition, the signal-to-noise ratio of the measurements is high 

enough to observe pulsatile blood flow changes even at longer pathlengths (low probability 

events), and the instrument can clearly discriminate between superficial and deep-tissue blood 

flow changes. 

5.6 Discussion 

In this work we have shown the feasibility of obtaining Brownian diffusion coefficients of 

scatterers in tissue mimicking phantom using off the shelf low coherence multimode laser diode 

only with a single source distance separation. By using the coherence gated approach, we have 

observed the typical decay of decorrelation time as we scan deeper into the tissue, which is similar 

to traditional TD-DCS approach. 
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Figure 5.4  Experimental validation of pathlength resolved diffuse correlation spectroscopy (PR-

DCS). (A) Pathlength resolved diffuse reflectance measurements (red circles) fit to a photon 

diffusion model to retrieve optical properties (<10% error) of homogeneous tissue simulating  

phantom with a source-detector separation of 2.5 cm.  (B) Representative pathlength resolved 

electric field autocorrelation functions fit to DCS model to estimate blood flow (<3% variation in  

flow across pathlengths in homogeneous phantom). 
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Figure 5.5  PR-DCS on in vivo experiment. (A) Schematic of in-vivo arm-cuff ischemia  

experiment. PR-DCS measurements were performed at 2.5 cm source-detector separation, at  

pathlengths of 5.4 and 20.5 cm (B) Representative time course of pulsatile blood flow measured  

from the arm of a volunteer with PR-DCS; 20 Hz measurement rate. (C) Relative changes in arm 

blood flow during arm-cuff ischemia measured at 1Hz. Red/blue curves indicate flow changes at 

20.5/5.4 cm pathlengths respectively. Long pathlength response shows classic hyperemic 

reperfusion typically seen in deeper, larger blood vessels. Short pathlength response, from smaller, 

shallower blood vessels is stunted by comparison. 

 

Here, we demonstrated for the first-time large source distance (SD) separation 2.5 cm using 

our pathlength DCS instrument. Existing pathlength DCS instrument either time domain based, or 

frequency domain based typically use SD separation 1cm or less to obtain path resolved 

information for deeper tissue. However, they cannot operate on higher SD separation as the 

detector need to be specialized for detecting photon. Since existing technique use specialized lasers 

so they lose SNR at large SD separation. Whereas due to the operation of multimode laser in CW 

mode we can increase signal to noise ratio at higher SD separation similar to traditional DCS 

system. Since our system operates at 2.5 cm SD separation, we can sample deeper tissues in the 

sample.  

In terms of instrument, we have used a relatively low-cost multimode laser diode, while 

we retain the traditional DCS detector. Even though we used the same concept of Mach-Zehnder 

interferometer similar to existing path resolved DCS instruments, our source and detection system 



 

69 

 

are different. As existing system must use specialized source and detector which increases the 

system cost by employing low-cost multimode laser diode and traditional DCS detector we 

proposed a simple and alternative solution. 

In the arm cuff experiment we showed that for the first higher a good signal-to-noise ratio 

at deeper path length even with 20Hz integration time, we can clearly see the pulsatility. and 

therefore, it is suitable to detect fast BFI. As expected, changes for shorter and longer path length. 

We can clearly observe the hyperemic peak for longer path length 
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Chapter 6: Conclusion and Future Work 

 

 My Ph.D. research work’s focus was to develop new techniques for obtaining information 

mainly blood flow index, optical properties such as scattering coefficient, µs, and absorption 

coefficient, µa. I have developed and experimentally demonstrated a new speckle data processing 

algorithm termed as “Synthetic Multi-exposure Laser speckle Imaging”, which reduces the 

instrument cost to 400-fold. Apart from the imaging field this algorithm can also be used in the 

diffuse speckle contrast analysis field. Photon shot noise is always a challenge in speckle imaging, 

affecting both single exposure laser speckle / multi-exposure laser speckle applications. I have 

developed a novel heterodyne speckle visibility theory and novel speckle imaging instrument. 

Combining with synthetic MESI algorithm this new heterodyne speckle imaging tool solves a 

decade-long problem. I hope this new imaging technique will provide fundamental information 

both in the preclinical and clinical realm.  

Even though a significant portion of my research belongs to the macroscopic optical 

imaging field using utilizing spatial and temporal correlation of multi-speckle method, I have made 

a significant contribution in the diffuse correlation spectroscopy (DCS) field by introducing a 

technique by using a partially coherent continuous-wave laser source (in the order of few mm) in 

the Mach-Zehnder interferometer scheme. This allows for the first-time evaluation of optical 

properties and blood flow index at source-distance separation 2.5 cm.  I believe all my developed 

techniques has opened up a new avenue of research in the dynamic light scattering field. In the 

future work section, I have included some applications/extensions of my developed techniques 

proposed in the thesis with I hope will helpful to the broader range of scientific community 



 

71 

 

working in the biomedical field. 

6.1 Dual Wavelength Synthetic Multi-Exposure Imaging for Wound Care 

As synthetic MESI allows the use of low-cost camera to obtain quantitative blood flow 

image. It will be interesting to use dual-wavelength approach to extract properties such as 

oxyhemoglobin (HbO), deoxyhemoglobin (Hb) and oxygen saturation (StO2). Since synthetic 

MESI allows synchronous free camera with laser hence it facilitates to use RGB camera or even 

phone cameras. Both the cameras contain Bayer filter i.e., RGB (red-green-blue) channel. If we 

take the channel correspondent to laser wavelength for example if we shine laser of wavelength 

633 nm which is more red shifted and of wavelength 532 nm simultaneously, red channel will 

provide scattering information due to the 633 nm wavelength and the green channel will provide 

scattering information related to 532 nm. So, using a color camera we can obtain scattering 

information of both lasers simultaneously. Then we can apply the synthetic MESI algorithm on 

the raw images of each channel raw image. This approach will make a portable quantitative 

imaging tool for monitoring HbO, Hb, StO2 and blood flow simultaneously. Till now, in the clinic 

for wound care traditional single exposure speckle imaging system is used, which only allows 

qualitative blood flow index. Our dual wavelength syMESI approach can overcome this and will 

provide, other properties along with blood flow which can be a potential biomarker for wound 

healing and can aid physicians with the correct assessment.  

6.2 Quantitative Assessment of Neurovascular Coupling  

Cerebral blood flow (CBF) is closely linked to understanding neurovascular coupling 

(NVC) which gives indirect information of neuronal activity (Seker et al., 2021). Hence, measuring 

the relative change of CBF can help to get a clear idea of the cerebrovascular system under 

different stimulus conditions. Our developed heterodyne syMESI imaging system can be a proper 
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tool for detecting small change of CBF change due to stimulation as our interferometry technique 

increase the small signal which traditional imaging system cannot perform. Another advantage of 

our heterodyne system provides is high image acquisition speed and quantitative flow due to the 

use of syMESI algorithm. We believe using our approach for monitoring neurovascular coupling 

will play a critical role in Alzheimer’s study (Bandyopadhyay, 2021; Tarantini et al., 2017). The 

biggest advantage is neuroscientists can get a quantitative response of neuronal activation for 

different animal models, breed and stimulation parameters, which can help to develop drug for 

increasing the response of neurons. 

 
 

Figure 6.1  Dual wavelength synthetic multi-exposure imaging. 

 

6.3 Blood Coagulation Measurement Using Synthetic Multi-Exposure Imaging 

Traditional invitro blood coagulation studies use single exposure speckle contrast imaging 

approach to estimate the coagulation time. Few studies have shown the use of high-speed camera 

and performing intensity autocorrelation to extract the coagulation time (Jeon, Qureshi, Lee, & 
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Chung, 2019; Jeon, Qureshi, Lee, Badadhe, et al., 2019; Tripathi et al., 2014). Traditional hardware 

based MESI, due to its low temporal resolution is unable to perform blood coagulation study. 

However, since synthetic MESI is a single shot method, thereby it can capture images at a very 

high frame rate. This will allow quantitative blood coagulation time measurement even with a 

smartphone. 

6.4 Wearable Deep Tissue Blood Flow Monitoring 

As we demonstrated initial results syMESI algorithm in combination with diffusion theory 

can provide an alternative low-cost approach to deep tissue blood flow estimation. As our syMESI 

depends upon camera sensor pixels we can use bare CMOS/CCDD sensor chip (C. Huang et al., 

2016) or miniaturized low noise CMOS camera (Xuhui Liu et al., 2021) to obtain quantitative deep 

tissue flow in wearable form factor. This could potentially be a useful tool for monitoring neonatal 

health.  

6.5 Path-Length Resolved Measurement of Cerebral Autoregulation 

An interesting application of path-length resolved diffuse correlation system will be to 

measure cerebral autoregulation. Till now, cerebral autoregulation measures with traditional CW 

DCS system. This allows measurement of cerebral autoregulation at a source distance separation 

up to 2.5 cm, which corresponds to depth inside the brain ~ 4cm. This scheme requires the 

utilization of a sophisticated algorithm and assumption of multilayer layer to remove the 

skull/scalp influence on the sensitive autoregulation signal (Baker et al., 2015). Path-length 

resolved measurement can mitigate this issue, as flow information is obtained only from the 

selected path length via interferometric method. This allows probing much deeper into the brain 

tissue without being affected by the skull/scalp. We believe this approach will eventually lead 

clinicians to a better understanding of the human brain working mechanism. Optical properties 
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and blood flow index obtained by the path-length resolved system may work as a biomarker and 

the index of cerebral autoregulation can help neurologists to come up with a treatment plan for 

diseases such as stroke, Parkinson, and Alzheimer’s disease. 
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