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ABSTRACT 

 
 

Langri, Dharminder Singh. Ph.D., Engineering, Ph.D. Program, Wright State 

University, 2023. Monitoring Blood Flow in Animal Models using a Camera-Based 

Technique. 
 

Blood flow plays a critical role in maintaining tissue health, as it delivers nutrients 

and oxygen while removing waste products. Regulation of blood flow is essential to 

ensure that tissues receive adequate oxygen and nutrients. Therefore, the measurement 

and regulation of blood flow have many applications in both research and clinical 

settings. 

Optical techniques have become increasingly popular for measuring blood flow 

due to their non-invasive, continuous, and relatively inexpensive nature. These 

techniques use light to measure blood flow and have several advantages over 

traditional methods, such as ultrasound and magnetic resonance imaging (MRI). 

Optical techniques can provide more detailed information about blood flow, including 

its speed and direction, which can help diagnose and monitor diseases, as well as 

assess the effectiveness of treatments. 

During my Ph.D., I focused on developing a new optical technique for measuring 

blood flow using laser speckle contrast imaging and a fiber-camera-based approach. 

This technique is particularly well-suited for measuring blood flow in deep tissues, 

such as the brain, which is challenging to access using traditional methods. The device 

I developed is flexible and can be modified for various purposes, such as monitoring 

cerebral blood flow at the bedside. 

One of the challenges of current optical blood flow measurement devices is their 
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cost for high-density configurations, which is due to the cost of individual detectors. 

To address this issue, I proposed a new multi-channel, low-cost, high-density imaging 

system based on a scientific CMOS detector. This system uses fiber-coupling to allow 

individual pixels to act as detectors, enabling cost-effective high-density imaging. 

My thesis included several chapters that provided motivation, theory, 

instrumentation, and validation for this system. In Chapter 1, I provided the motivation 

for developing a fiber-based laser speckle contrast imaging technique. Chapter 2 

covered the theory behind the diffuse optics, laser speckle contrast imaging (LSCI) 

method, and Diffuse Correlation Spectroscopy (DCS). Chapter 3 focused on the 

instrumentation part of the system, including the design and construction of the fiber-

camera based approach. Chapter 4 consisted of the validation part of the system, in 

which I tested the system using a series of dynamic flow phantom experiments, as well 

as mice and human cerebral blood flow measurements. 

The validation experiments demonstrated that the system can measure blood flow 

in deep tissues with high contrast and resolution, which could provide new insights 

into diseases and treatments. This wearable, high-density optical neuroimaging 

technology is expected to have many applications in various areas, such as pediatric 

neuroimaging and human performance assessment in military research. Additionally, 

this system could pave the way for the development of new diagnostic and monitoring 

tools that are cost-effective, non-invasive, and capable of providing high-resolution 

imaging of blood flow in deep tissues. 
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Chapter 1 - Introduction 

 

 
Secondary brain injuries are usually caused by cerebral ischemia in patients with 

neurological conditions such as traumatic brain injuries (TBI) and strokes. Thus, to 

avoid temporary or permanent brain damage due to abnormal cerebral blood flow 

(CBF) due to such conditions, it is essential to monitor the neurological conditions of 

a patient in Neurological Intensive Care Units (NICU) or Intensive Care Units (ICU), 

where fluctuations in CBF can be detected and timely interventions can be taken to 

regulate CBF in the patient, thus reducing the chances of developing any secondary 

brain injury or damage. Due to these reasons, it is very important that there is a method 

to monitor the blood flow at the bedside in NICUs or ICUs.  

 

1.1 Traumatic Brain Injury 
 

There is a critical need to accurately predict the risk of neurodevelopmental 

impairments, including motor, cognitive, and language impairments, in very preterm 

infants early after birth. Real-time evaluation of neurophysiology at the bedside will 

provide invaluable information that can allow for earlier detection of brain injuries 

and uncover their underlying mechanisms, such as hypoxia/ischemia. This 

information will lead to a possible prevention of brain injuries and interventions that 

target the underlying mechanism rather than mitigating the functional outcomes of 
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established injuries. Diffuse optical imaging can be used as an intraoperative 

intervention technique to recognize these anomalies in the beginning stage; therefore, 

hemodynamic monitoring is critical, especially in the transition period to extrauterine 

life and during the accompanying after days. 

Patients with TBI are susceptible to cerebral ischemia leading to secondary brain 

injury. Timely interventions to restore adequate CBF can avoid brain damage in the 

neurological intensive care unit (NICU), if CBF reductions can be detected. Therefore, 

continuous CBF measurement at the bedside is crucial. 

Up to 30% of deadly injuries and long-term disabilities in the United States are 

caused by TBI, which affects more than 3 million US citizens and brings the annual 

cost up to 80 billion [1]. Deaths, hospitalizations, and emergency visits to hospitals 

related to TBI increased by a factor of 53% from 2006 to 2014. An average of 155 

deaths each day due to TBI in the United States alone was recorded in 2014. Due to 

the lack of adequate means of diagnosis and timely reporting, approximately 5.3 

million people in the United States alone are forced to live with long-term disabilities 

due to TBI. These effects can last for a few days to the rest of their life. TBI can lead 

a patient to cognitive impairment, loss of basic senses such as vision, hearing, or smell, 

loss of movement or emotional functioning (e.g., personality changes, depression). 

These issues cost more than ~$80 billion approximately for treatment and 

rehabilitation. 

Damage due to TBI can be caused due to several events or reasons, such as traffic 

accidents, sports injuries, mechanical falls due to daily activities, military service 

injuries, criminal incidences, and many others. To design effective and appropriate 
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treatment plans, it is crucial to evaluate the severity and complications associated with 

such a brain injury. Complications associated with such injuries are composed of and 

are not limited to changes in levels and loss of memory, consciousness, difficulty 

maintaining balance and orientation, confusion, fluctuations and loss of visual, 

olfactory, auditory and tactile senses, mental and emotional fluctuations, and 

eventually death. Most current diagnoses of injuries related to TBI and its severity are 

indicated by methods such as speech tests, language tests, neurophysiological tests, 

cognitive assessments, functional assessments with the help of the Glasgow Coma 

Scale and self-reporting symptoms and scales. These are not clear indicators of the 

localization and severity of injury due to TBI [71].  

 

1.2 Muscular Dystrophy 
 

Muscular Dystrophy is caused by mutated genes, resulting in decreased mobility 

and muscle weakness and degeneration, causing difficulty in daily routine. Around 

2,50,000 people in the United States have been estimated to be affected by muscular 

dystrophy [39, 40]. Duchenne and Becker Muscular dystrophy (D/BMD) are the most 

common among muscular dystrophies. They are debilitating genetic disorders that 

predominantly affect men. The prevalence of D/BMD is estimated to be around 1 in 

5000 boys [42, 43]. These disorders are caused by mutations in the dystrophin gene 

on the X chromosome, leading to a progressive loss of muscle strength and function. 

Although both D / BMD are the result of mutations in the same gene, Becker muscular 

dystrophy is generally less severe than Duchenne muscular dystrophy due to a specific 

mutation that preserves a partially functional dystrophin protein [42, 44, 45]. 
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Dystrophin is an essential protein that plays a crucial role in stabilizing the cell 

membrane of muscle cells. In D/BMD, the absence or dysfunction of dystrophin 

results in the failure of the dystroglycan complex, leading to the disruption of the 

neuronal nitric oxide synthase (nNOS) signaling pathway. This pathway is responsible 

for mediating the dilation of blood vessels following exercise to ensure adequate blood 

flow to the exercised muscle. In D/BMD, the impairment of this pathway leads to 

exercise-induced muscle ischemia [42, 46]. 

Restoring the nNOS pathway and repairing functional muscle ischemia is a 

potential therapeutic target in the treatment of D/BMD. Animal and human clinical 

trials have shown that therapeutic correction of the impaired nNOS pathway can 

restore muscle blood flow. This has led to ongoing efforts to develop new treatments 

and therapies that target this pathway. 

Blood flow to muscles is typically measured indirectly in human trials, either 

through color Doppler evaluation of the brachial artery or through evaluation of 

muscle oxygenation using infrared spectroscopy. Direct measurement of 

intramuscular blood flow using ultrasound is possible, but requires intravenous 

contrast agents and a rigorously controlled research protocol that limits its application 

at the bedside or in the clinic. 

Overall, the identification of the nNOS pathway as a potential therapeutic target 

in D/BMD has opened up new avenues for the development of treatments and 

therapies that could potentially improve the lives of individuals living with these 

debilitating disorders. Thus, muscular blood flow could be used to access the 

efficiency of the therapy provided to improve intramuscular blood flow to intervene 
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and counteract the progression of this condition [41, 42]. 

 

1.3 Current Imaging Approaches 
 

Various imaging technologies, such as magnetic resonance imaging (MRI), 

computed tomography (CT), and positron emission tomography (PET), and 

ultrasound (US) are available for clinical use including for TBI and MD. These 

imaging are techniques are very expensive and bulky, although they are non-invasive, 

they are not suitable for continuous bed side monitoring due to slow scanning speeds 

[2]. There are alternate methods of evaluating cerebral blood flow by measuring the 

intracranial pressure (ICP), for this method it is required that a flow meter or pressure 

transducer probe is inserted in the skull into the cortex by drilling a hole in the skull 

of the patient, which can risk infection, bleeding and haemorrhage [1, 3, 4].  

Other such modalities which are used for measuring blood flow are Laser Doppler 

Flowmetry (LDF) and Transcranial Doppler Ultrasound (TCD). Laser Doppler and 

Ultrasound Doppler fundamentally follow a similar principle known as the Doppler 

effect to quantify the flow velocity. The Doppler effect is the change of frequency that 

occurs when there is relative movement between the source and the detector of a wave. 

The detected wave (the light wave (for the Laser Doppler case) or sound wave (for the 

Ultrasound Doppler case)) has frequency shifted based on the speed of the blood cell. 

Higher speed leads to a larger Doppler frequency shift. The most recognizable regular 

model is the drop in pitch (based on frequency) as a sound source moves past by. An 

especially genuine model is an ambulance or fire engine with its siren sounding [5, 6]. 
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Table 1.1 Comparison between the Laser Doppler, Transcranial Doppler and Laser 

Speckle 
 

Ultrasound Doppler Laser Doppler Laser Speckle 
Contact with coupling 
agent required 

Probe Stability required 
and contact is needed. 

No contact required 

Non-detection zone 
induced by frequency of 
ultrasound 

Limited Detection Zone Full Field detection 
possible 

Low Spatial & Temporal 
resolution 

Low Spatial & Temporal 
resolution 

Higher Spatial and 
Temporal Resolution 

Local Area Monitoring Single Point Monitoring Large View Field 
Relatively fast Slow Fast  

 

There are some optical methods available in the market commercially named 

Near-Infrared Spectroscopy (NIRS), which operates on the diffuse optical technique, 

which allows bedside, non-invasive continuous monitoring of hemodynamic in vivo. 

This technique measures the changes in concentration of different chromophores, but 

fails to measure the absolute number and cannot directly calculate the continuous 

CBF.   

Laser Doppler scanning and speckle contrast imaging have shown importance for 

blood flow studies in animals, but require that the skull be cleared out or reduced 

extensively. Although effective, its regular use is limited due to availability, size and 

cost of the instruments, and the difficulty of making assessments for bedside 

monitoring, and in the intensive care unit (ICU) or operating rooms. 
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1.4 Proposed Solution with respect to Imaging Techniques 
 

In this thesis, an optical blood flow for relatively deep tissue is investigated. The 

current standard optical technology for measuring in-vivo blood flow and dynamic 

motion is continuous wave diffuse correlation spectroscopy (DCS).  Although DCS 

can be used for CBF measurement, an Avalanche photodiode (APD) or 

photomultiplier tube (PMT) needs to be used as detectors to measure at one single 

point. For potential imaging applications, which will require many detectors, the DCS 

approach is limited due to significantly costly detectors. Furthermore, DCS is usually 

signal limited, and the acquisition is slow (~1-5 seconds). It will be even significantly 

slower if one wants to develop a DCS multi-source multidetector imaging DCS-

system (~ >10 seconds/image). This limitation of DCS system limits scanning of 

multiple channels, and integration time using this approach detectors. To overcome 

this limitation, here I propose a sCMOS-based fiber-camera setup that can incorporate 

multiple detectors (~ 25) in one single camera, making it highly cost-effective 

compared to DCS. Also, this will increase both temporal and spatial resolution since 

there is an increase in detectors, and the exposure time required can be reduced to 5 to 

20 milliseconds, which is a significant advantage over DCS. Acquisition of 

multichannel data also opens the opportunity to perform a topographic image in the 

target region, which will be very helpful to determine local blood flow using high-

density imaging. 
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1.5 Objective of the Thesis 
 

The first objective of this thesis is to develop a prototype of high-density camera-

based blood flow imaging system, that can calculate the CBF non-invasively and have 

capability of supporting bed side continuous blood flow monitoring. For this purpose, 

to assist working of this device, custom probes will be designed, developed and printed 

using CAD and 3-D printers. Designing the custom probes will help with specific 

tailored applications. The system will be characterized, validated, and optimized 

firstly using the tissue simulation static and dynamic phantoms to determine the 

signal-to-noise ratio, stability and accuracy of the system. Diffuse Correlation 

Spectroscopy (DCS) system will be used as an established optical blood flow system 

for a comparison.  

The second objective of this study is to characterize and optimize the developed 

system using phantoms and computer simulations. For this purpose, several dynamic 

flow phantoms and in-vivo blood pressure cuff occlusion experiments were performed 

and the data was captured using the developed system, analyzed and compared with 

the lab standard DCS system, to validate the performance of the Fiber-Camera LSCI 

system in flow measurement of deep tissue. 

The third objective of this thesis is to collect data from healthy and TBI population 

in mice and to study the case to see if there is a significant difference in blood flow 

parameters in both cases. After the characterization of the system was done, various 

tests were performed using this system to validate the working and reliability of the 

system. Various phantom and in-vivo tests were done and compared with lab-standard 

DCS device to validate the working of the system.  
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1.6 Thesis Outline 

 
The first chapter of this thesis, as mentioned above, demonstrated the technical and 

clinical significance of developing an LSCI device using sCMOS.  

 The theory, background, and principle behind laser speckle imaging, and the 

physical and optical properties affecting them, will be discussed in the second chapter.  

The third chapter of this thesis contains the description to all the elements related to 

building the Camera-based LSCI system, instrumentation, assembly and interface along 

with demonstrations with help of block diagrams.  

The fourth chapter consists of techniques and studies used for device validation 

along with their results and comparison with the corresponding laboratory standard 

devices for various phantom, animal studies conducted. 

Finally, brief discussion, conclusion and future directions of this thesis and the 

developed device along with its results construct the fifth chapter of this thesis. 
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Chapter 2 – Diffuse Optical Model 

 
In this chapter, we will discuss the equations, theory and principles behind diffuse 

optical imaging, and how light interacts in a medium, and based on this information 

how blood flow can be calculated in human or animal models. This chapter will 

discuss how light interacts and propagates in tissue, the significance of optical 

properties of a given medium, and how it is helpful in calculating the flow of that 

medium or system. Further, two methods to quantify blood flow in deep tissues, 

namely Continuous Wave Diffuse Correlation Spectroscopy (CW - DCS) and Laser 

Speckle Contrast Imaging (LSCI), are discussed briefly. 

2.1 Light Propagation in tissues 

 
For the wavelength of light belonging to the NIR region (600 – 1000 nm), 

biological tissues are relatively transparent as compared to other wavelengths [8,14]. 

Thus, the importance and significance of optical methods in applications such as 

noninvasive diagnosis of studies related to human or animal tissues, especially the 

brain, have been established for over decades. This wavelength window is optimized 

range so that the chromophores in human tissues such as oxygenated and 

deoxygenated hemoglobin, lipids and water absorbs less light and hence giving the 

option of optical analysis and imaging for a larger depth as compared to other 

wavelength windows, which is helpful in examining various tissues, especially cortical 

region [8].  
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Figure 2.1. Different photon path taken when incident on tissue surface.  1) Un-scattered 

photon/light travelling straight without getting absorbed or scattered, 2) The photon 

exiting the sample in transmission mode after undergoing multiple scattering event 

and getting Forward scattered, 3) The photon exiting the sample in reflectance mode 

after undergoing multiple scattering event and getting Back-scattered. 

 

Photons that are incident on the surface of tissue follows certain characteristics 

based on the scattering and absorbing components present in the sample or tissue 

because of the chromophores present in the tissue. The incident light intensity or the 

photons can be divided into three categories namely absorbed, transmitted, and 

reflected light intensity, and the incident light intensity is the addition of all the three 

intensities listed above. As described in the figure 2.1. above, the light intensity which 

is incident on the sample can be transmitted either straight without being absorbed, 

absorbed due to absorbing components present, and can undergo multiple scattering 

events to result in either forward scattered light or back-scattered light intensity. For 

non-invasive optical imaging and studies, usually the back-scattered light is studied 

for in-vivo studies where the reflectance geometry for source and detectors is used to 

transmit the light into the tissue and then collect the back scattered light through the 
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detectors to determine the parameters such as the amount of concentration of 

chromophores in the tissue or the relative flow in it. All the parameters listed above 

are wavelength dependent [13]. 

In the optical properties of following sections, the scattering and absorption and 

its effect on the propagation of light within the medium or a given sample will be 

discussed in detail along with some equations related to them, and how they can be 

used to determine the optical properties of a tissue based on the intensity of light that 

is received at the receiving end. 

 
 

2.2 Tissue Optical Properties 

 
2.2.1 Light absorption 

 
As first observed and described by Bourger in 1729 followed by Lambert in 1760 

that the relation of light absorption in an absorbing and non-scattering medium based 

on medium’s thickness can be quantified. According to them, a small fraction dI of 

light that has the intensity I passed is absorbed if I passes through the medium 

consisting of successive layers with thickness δd, [7,8]. This is demonstrated in Figure 

2.2. 
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Figure 2.2. Incident light intensity ( 𝐼𝑜) being absorbed and attenuated to light intensity 

(I), after passing through an absorbing medium having thickness d and absorption 

coefficient (µ𝑎). 
 

 

 

 

According to the expression given by Lambert-Bougner. 

 

𝑑𝐼

𝐼
=  −µ𝑎 ∗ δd                 (2.1) 

 
After Integrating, we get 

. 

𝐼 =  𝐼𝑜𝑒(−μ𝑎∗ d)                (2.2) 

 
 

Where, −µ𝑎 is the absorption coefficient (cm-1) of the medium through which 

incident light is passed. The absorption coefficient can also be described as the 

probability of the photon getting absorbed after travelling a unit length in the specified 

medium. Absorption path length, which is inverse of absorption coefficient (𝜇𝑎) given 

as 1/𝜇𝑎 having units in cm, is the ability of photon to travel in the same specified 
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medium without being absorbed. 

 

 

2.2.2 Light scattering 

 
Similar to total internal reflection due to change in refractive index of materials, 

mismatching of the refractive index on cellular level causes light scattering in most of 

the tissues, internal cell organelles and the cell membranes causing major scattering 

[7,9]. Scattering is an important phenomenon which helps with diffusion of the light, 

proving deep and thicker tissues. Even in tissues as thin as a fraction of millimeter, 

there is a high probability of incident photons scattering multiple times before reaching 

the boundary of the sample [8]. 

 

Figure 2.3: Ray diagram of the photon path after multiple scattering events due to the 
scattering component present in the medium. After scattering, the incident photons 
increase their pathlength and are detected by the detector with decreased intensity (I), 

which was initially the incident intensity (Io). 

 

 
Scattering causes photons to deviate from their original path, causing the photons 

to increase their path length and also alter their path from original direction of 
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propagation, and therefore causing the chances of photons being absorbed in the tissue 

to increase due to multiple scattering in the given medium, as described in Figure 2.3.   

Due to this effect of multiple scattering, out of all the photons from incident light, 

some photons might reflect back, some may pass through unaffected, and some may 

change their direction. 

The factors that affect scattering in brain are wavelength of the incident light, 

oxygen (or any other chromophore) concentration in the tissue and gestational age [9]. 

The protein content and lipid content, which increases up to 7 times more in white matter 

of brain, in adults since childhood, which are significantly high contributes significantly 

to the increased scattering in the white matter of brain [11].  

Let’s assume that the medium has only a scattering component in it that has a 

scattering coefficient 𝜇𝑠, then the intensity of transmitted light I, after passing through 

thickness d of the medium, initially having incident intensity 𝐼𝑜 can be described as follows.  

𝐼 = 𝐼𝑜𝑒(−μ𝑠∗ d)                                (2.3) 

 
Scattering path length, which is inverse of scattering coefficient 𝜇s given as 1/𝜇s 

having units in cm, is the ability of photon to travel in the same specified medium 

without being scattered again [8]. In simple terms, the overall path of photon can be 

approximated by the linear combination of absorption and scattering coefficient and 

the transport coefficient (𝜇𝑡) can be illustrated for single scattering event as follows 

[10]. 

         

𝜇𝑡 = 𝜇𝑎 + 𝜇𝑠                                                             (2.4) 
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But in biological tissues or even in any medium, photons scatter multiple times, 

and hence the expression above for single scattering cannot be used in practical 

expressions.  

The reduced scattering coefficient, µ′, which is inverse of the distance travelled by 

a single photon before completely randomizing, or can also be called one random 

walk, characterizes the scattering in practical applications [8,10]. Reduced scattering 

coefficient can be expressed as product of scattering coefficient with factor(1-g), 

where anisotropy factor, g, is the mean of scattering angles and is representation 

of phase function and expressed as follows [8]. 

     µ𝑠
′ =  µ𝑠(1 − 𝑔)                             (2.5) 

Hence based on the calculated reduces scattering coefficients above, the reduced 

transport coefficient can also be expressed as: 

     µ𝑡
′ =  µ𝑠

′ +  µ𝑎                             (2.6) 

 

 
2.3 Wavelength Selection 

 
Wavelengths of light in the NIR region have been observed to penetrate deeper 

within the biological tissues giving penetration depth of about 2 cm in reflectance 

geometry, which is relatively higher than most other bands of wavelengths of light. As 

evident from the absorption spectrum given in Figure 2.4. below, the absorption 

coefficient of chromophores such as water, oxygenated and deoxygenated hemoglobin, 

lipids, bile and melanin present in tissues, above the wavelength of 900 nm are high 
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causing more light to be absorbed within the tissue causing the reduction in penetration 

depth of the incident light and hence limiting the scanning depth using diffuse optical 

methods. Similarly light wavelengths below 700 nm are susceptible to higher scattering 

and causing similar issue of penetration depth [13]. The reason stated above is why the 

wavelengths belonging to NIR region, are chosen for optical imaging since deeper 

penetration is possible within this window of wavelength, making it an optimal choice 

for diffuse optical studies. 

 
 

Figure 2.4 The absorption coefficient spectrum of different chromophores present in 

the human body. 
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2.4 Laser Speckle Contrast Imaging  

 
2.4.1 Speckle Phenomena  

 

After the invention of laser, it was observed that when the laser is illuminated on 

objects with a little rough surface, there was formation of a pattern of dark and bright 

spots in the form of tiny granular pattern, which started attracting attentions of 

researchers working in the field at that time [18, 19, 20, 21]. Since the pattern 

resembled a granular pattern, this was called granularity, which was later termed as 

speckle, and was widely used. The relationship between the coherent nature of laser 

being used and the surface being illuminated with the speckle pattern was being 

studied by various researchers [22]. The researchers tried to remove the speckle 

pattern from the acquired images since it was thought to be affecting and reducing the 

resolution of the images acquired [23, 24, 25, 26]. Later it was found that there are 

several uses for the analysis of this granular speckle pattern and one of them is to 

measure blood flow [27].  

As it can be seen in figure 2.5.(a) when a coherent laser is illuminated on slightly 

rough surface, the light is scattered to form inhomogeneous random dark and bright 

spots called speckle pattern. The same phenomenon is observed when the light is 

collected after being diffused through a medium or any biological tissues. This 

phenomenon can be further explained by young’s double slit experiment which also 

explains the wave nature of light. When the laser is illuminated each wave will travel 
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different distances if they are propagated in a diffuse medium, due to multiple 

scattering events occurring because of the scattering due to randomly distributed 

particles present in the medium through which light is being propagated. When they 

finally meet on the surface, they will create interference patterns because of the wave 

nature of the light. When two light waves cause a constructive interference, a bright 

spot is formed and when two light waves cause a destructive interference, a dark spot, 

as can be seen in Figure 2.5.(b), this pattern is called the speckle pattern [16].  

          

(a)                                                         (b) 

Figure 2.5: Laser speckle. (a) Typical laser speckle pattern, (b) Physics behind laser 

speckle formation. 
 

 

2.4.2 The Model 
 

Laser speckle contrast imaging (LSCI) is a noninvasive optical imaging strategy 

that can provide information on the dynamics of light scattering particles. Due to the 

incredible spatio-temporal resolution and execution simplicity, LSCI has become a 

key imaging method and tool for analyzing and monitoring perfusion in organs such 

as the brain, skin, retina, and various others. LSCI analyzes speckle patterns and 

variations in them as a result of interference of coherent light scattered by light-
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scattering particles, such as red blood cells. Advancement and movement of the 

particles cause optical power changes and fluctuations, which occur as a blurred 

speckle pattern when recorded by a camera with a finite exposure time. Blurring of 

the speckle pattern is directly associated with the particles' dynamics, and hence with 

the blood flow, and can be estimated as speckle contrast K. The trend of the contrast-

to-flow relationship depends upon the characteristics of the light scattering process in 

the model, such as scattering framework (single or multiple), particle motion type 

(ordered or unordered), and presence of static scattering. These characteristics are 

depicted in the models of the intensity and temporal field autocorrelation function - 

g2(τ) and g1(τ). Under the standard assumptions of the LSCI theory, the contrast-to-

flow relationship translates into 1 / K2 BFI, where BFI is the blood flow index. This 

relationship permits data processing in real time considering its numerical ease and 

has been likewise adopted in the vast majority of LSCI applications. 

Briefly, Ks is given by: 

𝐾𝑠 =
σ𝑠

<𝐼>
                           (2.7) 

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

surrounding area of a pixel. The inverse squared of speckle contrast, 𝐾𝑡, which is 

directly proportional to blood flow can also be obtained using LSCI.  Figure 2.6. shows 

such example of the blood flow map of a rodent brain blood vessels obtained after 

plotting the 𝐾𝑡 [16, 17]: 
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(a)                                                         (b) 

Figure 2.6: Laser speckle. (a) Typical speckle pattern obtained on rodent head, (b) 

Inverse of squared speckle contrast 𝐾𝑡, mapped demonstrating blood vessels in rodent 

brain. [47]. 
 

 

The spatial fluctuation or variance σ𝑠
2 and, in this manner, speckle contrast, can 

be connected to the intensity autocorrelation function g2(τ) with the intensity 

covariance Ct(τ): 

 

σ𝑆
2(𝑇) =  

2

𝑇
 ∫ (1 −

τ

𝑇
)(𝐶𝑡(τ))

𝑇

0
𝑑τ,                           (2.8) 

 

       𝐶𝑡(τ) = (g2(τ)) −1)< I >𝑡
2,     (2.9) 

 

where T is the exposure time, τ is the time delay. There are no presumptions 

related to the light-scattering process in these equations. In any case, assumptions are 

needed to relate g2(τ) to the temporal field autocorrelation function g1(τ) and 

consequently to the dynamics of the particles. In the original derivation, the light 

scattering medium was thought to be ergodic, hence permitting the utilization of the 

Siegert relation: 
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g2(τ) = 1 +  β|𝑔1(τ)|2,                             (2.10) 

 

where β represents the loss of correlation due to the speckle averaging, 

polarization, and the low stability and coherence of the light source. In particular, in 

addition to the latest studies, the type of field correlation function g1(τ) is generally 

defined as follows: 

 

    g1(τ) = exp(−τ/τ𝑐),                       (2.11) 

 

which compares to the single-light scattering from the unordered movement of 

dispersing particles or to multiple-light scattering from the ordered motion of 

scattering particles. Combining Eqs. (2.7–2.11), this results in the equation that relates 

the spatial speckle contrast to the decorrelation time: 

 

K =  β0.5 {
τ𝑐

𝑇
+

τ𝑐
2

2𝑇2 [exp (−
2𝑇

τ𝑐
) − 1]}

0.5

                       (2.12) 

 

Equation (2.12) can be solved to find the decorrelation time and obtain the 

estimate of blood flow in the form of the inverse decorrelation time 1 /τc. However, 

the solution of the equation is sometimes done in practice, as it is computationally 

expensive and requires pre-calibration of the parameter β. Taking everything into 

account, to allow real-time processing and ease of adoption of the technique, the 

equation was further smoothed out and the blood flow index (BFI) was introduced as 
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an estimate of perfusion. 

K ≈ (𝛽 
τ𝑐

𝑇
)

0.5
                 (2.13) 

 

BFI = 1/K2 ≈ 
1

𝛽

𝑇

τ𝑐
,                                        (2.14) 

 

This imaging technique, along with the ability of scanning non-invasively, has a 

high temporal resolution in the range of few milliseconds. This imaging technique is 

suitable to acquire data related to speckle pattern and plot the relative blood flow map, 

in tissue-mimicking phantoms or animal models.  

 

2.5 Diffuse Correlation Spectroscopy 

 
Diffuse correlation spectroscopy (DCS) is a non-invasive optical technique used 

to study the dynamics of a scattering (or turbid) medium by analyzing the scattering 

properties of coherent light [28–34]. The method works in a similar way to laser 

speckle contrast imaging (LSCI), which also measures laser light speckle patterns to 

evaluate blood flow velocity. However, DCS differs from LSCI in that it mainly 

measures temporal fluctuations, whereas LSCI mostly monitors spatial fluctuations. 

To perform DCS, a coherent laser source generates a point source signal that 

penetrates into the tissue of interest. As the signal interacts with the moving red blood 

cells in the tissue vasculature, it is scattered and reflected. The reflected light is then 

detected at the tissue surface with a photodetector. 

The dynamic scattering of the moving blood cells causes the detected intensity of 
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the reflected light to fluctuate over time. This temporal fluctuation is quantified 

through the intensity temporal autocorrelation function of the collected light, which 

provides information about the dynamics of the tissue [35]. This technique is 

particularly useful for investigating blood flow in deep tissue, as it is non-invasive and 

can be used to study tissues up to a depth of several centimeters. 

The movement of the scatterers in blood cells is linked to the G1 function, which 

is the temporal autocorrelation function of the unnormalized electric field. The 

correlation diffusion equation defines this relationship [36] and is as follows: 

(𝐷𝛻2 − 𝜈𝜇𝑎 −
1

3
𝜈𝜇𝑠

′ 𝑘0
2𝛼⟨𝛥𝑟2(𝜏)⟩)𝐺1(

𝑟
→ , 𝜏) = −𝜈𝑆(

𝑟
→) (2.15) 

Where, 

 𝜈   = Speed of light in the propagated medium, 

 𝜇𝑎   = Absorption coefficient of the medium,  

𝜇𝑠
′    = Reduced scattering coefficient of the medium,  

𝐷 =  𝜈
(3𝜇𝑠

′ )⁄   = Photon diffusion coefficient,  

𝑘0   = Wavenumber,  

𝑆(
𝑟
→)   = Source light distribution, 

⟨𝛥𝑟2(𝜏)⟩  = Mean-square displacement of scatterers, delay time,  

𝜏  = Delay time, through which the scatterer movement is       

characterized. 

It has been proven that the diffusion model ⟨𝛥𝑟2(𝜏)⟩ = 6𝐷𝐵𝜏  relates to and fits 

the auto-correlation curves very well for human muscle [37] and brain tissue [38]  

where the effective Brownian diffusion coefficient 𝐷𝐵 is a measure of the diffusion 
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coefficient that takes into account the effects of multiple scattering, which is the 

process by which particles deviate from their straight path due to interactions with 

other particles within the medium. By using the diffusion model to fit the auto-

correlation curves with 𝐷𝐵, it is possible to obtain a more accurate estimate of the 

diffusion coefficient. 

The blood flow index (BFI) is a combined term that includes 𝛼𝐷𝐵, where 𝛼 is a 

factor that takes into account the fraction of moving particles within the medium. By 

calculating the relative blood flow (rBF) changes compared to a baseline flow index, 

it is possible to determine the changes in blood flow within the tissue. This is useful 

for studying the effects of various physiological or pathological conditions on tissue 

perfusion. 

Finally, the point source and detector capability of diffuse correlation 

spectroscopy (DCS) enables researchers to investigate much deeper tissue than 

traditional methods, in the order of centimeters. This allows for a more comprehensive 

understanding of tissue perfusion in various organs, including the brain and muscles, 

which are of great interest in many medical applications. 
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Chapter 3 – Instrumentation 

 

The aim of this chapter is to describe the instrument used to develop the Fiber-Camera 

based Laser Speckle Contrast Imaging (LSCI) setup for detecting blood flow in 

phantoms, and animal models. The specifications, design and their implementation are 

discussed below. 

Figure 3.1(a) is the demonstration of the developed multi-channel Fiber- Camera 

based LSCI device in the form of 3D block diagram. The components which comprise 

the whole device are, High coherence laser, a sensitive sCMOS camera, Focusing 

lenses both on laser and camera side, Beam Samplers and Splitters, Neutral Density 

or Optical Density Filters, 1 Dimensional Galvo Scanner, Optical fibers such as 

Multimode fibers and Imaging Fibers, NI-DAQ, 3-D printed coupling probes for the 

device and the subjects, and a data collection and computing device. The most crucial 

components for the developed system to work are High coherence laser, a sensitive 

sCMOS camera, focusing lenses on camera side and optical imaging fibers. 

.  
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              (a) 

Figure 3.1: (a)Block diagram of the multichannel LSCI device setup illustration 

various components and their interconnections 

 

The light source being used in this device is the high coherence laser unit from 

CrystaLaser named DL785-100-SO. This is a turnkey laser module which is 

Continuous wave in nature. This diode-pumped solid state (DPSS) laser is highly 

stable with narrow bandwidth, low noise, low power consumption and are designed to 

be easy to use with a plug and play design.  

This laser module comes is usually used in various medical testing applications 

and for various industrial settings and research purposes. This laser is highly coherent 

with a coherence length of  > 10 m. For the application, for which this device is being 

developed, it requires high stability and low noise, this laser module have lower output 

noise (rms) of < 0.5% and good output stability of < 1%, which is highly preferable 

for this kind of applications. This unit have an operating range of 5 – 40 ºC and warm 

up time of < 30 seconds, making this unit robust and quick to use in most of the clinical 
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and laboratory settings.  

To split and focus the lasers on source and at the same time on a reference probe 

for power fluctuation correction, a 90:10 beam splitter is needed which transmits 90% 

of light intensity and reflects remaining at an angle of 90 degree. Hence in this way, 

both the Source and reference probe, which are at 90 degrees to each other, are 

illuminated at same time using same source. After being diverged due to this beam 

splitter, the original power output of the laser, which was around 70 mW, reduces to 

63 mW and 7 mW (due to 10 % reflectance at beam splitter and 90% transmission).    

The original spot of illumination created by the lasers is elliptical in shape and has 

a radius of 1.5 mm, which is very big to be focused on a single optical fiber for proper 

coupling. To counter this problem, a plano-convex focusing lens of focal length 250 

mm was used to converge the focal spot of the lasers from 1.5 mm radius to 0.25 mm 

radius, so that it could couple with the fibers having radius 0.5 mm without much 

coupling losses.  

The focusing lens is a plano-convex lens, which is used to converge and focus the 

incident light beams onto a single spot called focal point.  

Also, there is another Zoom lens used at the camera side as an objective piece to 

collect the data, in form of received light from sample, from fibers and to focus it on 

the sensor of the sCMOS camera. For this application  the lens had a working distance 

of 175 mm and has a C- mount camera montage, so it can be easily used with the 

camera we had. This lens had a magnification range from 0.7 to 4.5 times the original 

image. This specific design gives us the freedom to choose and adjust the speckle size 

from the fiber onto the pixels on the camera and is very suitable for LSCI applications.  
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ANSI standards dictates that the range of maximum permissible power output of 

laser for exposure of skin is in the range of 2.4 to 4 mW/mm2. This power output of 

laser coming from the focusing lens is comparatively very high according to these 

standards and hence in need of attenuation. To attenuate the intensity, we used 

NE10A-B by Thorlabs, the OD filters of OD 1. According to the equations as stated 

below, where T is the transmittance, we will get intensity closer to 10 times less than 

the original intensity using OD filters of magnitude OD 1.  

OD = 𝑙𝑜𝑔10 (
1

𝑇
) , or 𝑇 =  10−𝑂𝐷                                     (3.1) 

 

  Based on the formula above, we get the power attenuation by the factor of 10 

which makes the laser power output well within the permissible range, according to 

ANSI standards.  

To transport optical (light) signals from one location to another, optical fibers 

have been in use for a long time, which transports the light based on the principle 

called total internal reflection, which is complemented by Snell’s law. Since light is 

being used as signal, the speed of data transmission is usually very high, which is 

favorable for the Laser Speckle Contrast Imaging (LSCI). This also allows the system 

to acquire the data at higher frequency, hence giving a chance to the researchers to 

analyze the frequency spectrum related components in the data as well. 

Fibers are classified into different categories for different applications based on 

the element numbers in the core, their core size and composition. For instance, usually 

optical fibers are made of plastic or glass, glass being highly efficient with less losses 

tend to be less flexible and bulky. Based on the size of the core, fibers can be divided 
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into two general categories namely single mode having fiber core diameter less than 9 

micrometers, few mode fibers having fiber core diameter between 9 and 50 

micrometers and multimode having fiber core diameter more than 50 micrometers.  

For the LSCI application being discussed above, we need to transfer the speckle 

fluctuation of the particular location onto the detector chip, hence the suitable fiber for 

this application is use of imaging fiber which is a bundle of large number of single/few 

mode fibers clumped together in small diameter, as illustrated in figure 3.6.b. These 

types of fibers are also used typically for applications involving devices such as 

fiberscopes, endoscopes and other medical applications.   

The applications being discussed require data collection from the hairy region of 

head of the subject and can cause higher attenuation due to hair covered region and 

hair roots. This discards the idea of contactless data accumulation and hence fibers are 

needed. Since in this application the fiber is needed to be placed on the head, the fibers 

need to be flexible, light weight, lower attenuation mediums and must support the 

ability of transporting the pixels from the surface to the detector without cross talk. 

Based on all the reasons stated above, it was decided to go with the multielement 

imaging plastic fiber, which contains 13,000 elements covering a diameter of 1.5 mm 

hence allowing better signal collection.  

The fibers being used in the device are manufactured by Asahi Kasei. It has small 

transmission losses close to 1 dB per meter, based on the information provided by the 

manufacturing company, for wavelengths close to the range we are using. Due to the 

fact that these fibers are light weight and flexible, this can be used for high density 

multichannel scanning purposes on human or animal subjects for NIRS based 
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applications.  

To collect optical data from sample with high quantum efficiency and lower 

noise, similar studies have been done in past using detectors such as simple photo 

diodes to highly advanced Avalanche photo diodes (APD), but these detectors have a 

drawback, one detector can only be used at one location causing the need of multiple 

detectors for multiple locations, causing the setup to be bulky, complex and very 

expensive. To overcome this drawback a novel approach using a camera for detector 

is used which can replace multiple APD detectors with one single camera. 

Theoretically speaking every single pixel on the camera sensor chip can be used as a 

single individual detector. In this setup we have used a sCMOS camera by ANDOR, 

which consists of 6553600 pixels which can theoretically be used as 6553600 

individual detectors with just one single camera, thus eliminating the requirement of 

separate individual detectors for every individual location, and in the process can make 

ethe setup compact, portable, affordable, less complex and gives many advantages 

instrumentation wise causing the working and processing of the system much simpler.  

The camera being used consists of 5.5 mega pixels and has a frame rate of 100 

frames per second as rolling shutter when using with camera link and 49 fps with 

global shutter, for the full frame for an array size of 2560x2160 pixels.  This frame 

rate can increase if the Region of interest is smaller than the full size of the sensor and 

the frame rate increases as the region of interest decreases.  The frame rate of the 

camera is also dependent on the parameters such as type of shutter being used, 

exposure time, type of connectivity, number of pixels being used, binning, etc.  

The sensor of this camera consists of an array of pixels which are made up of 
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thousands of active sensors in the form of pixels. The photons incident on these pixels 

are converted into electric voltages which are transmitted to other parts of chip 

(Analog to Digital Converter (ADC)). This effect of conversion of light energy into 

voltages is termed as photoelectric effect, where the energy of certain wavelength 

when bombarded on a particular metal surface emits certain charges in form of 

electrons causing the rise in potential differences which is indicator of the light 

photons being incident on the sensor surface and  this Potential difference is directly 

proportional to the photons being incident on the sensor of the individual pixel on 

CMOS chip. This potential difference is then combined from each pixel and then 

output as collected and measure signal. 

This camera has high dynamic range since this is a 16- Bit camera making it ideal 

for multiple channel data acquisition over a high range if incident photon intensity. 

The sensor size of this camera is 16.6 x 14.0 mm2 with pixel size of 6.5 µm. This 

camera has quantum efficiency of 60 % which is comparatively on higher end as 

compared to most other scientific cameras in the market. This camera is also equipped 

with different trigger options namely Internal, externa, software, etc. making the 

camera versatile to use. This same feature is used to trigger the camera internally to 

acquire data after interfacing it with MATLAB.  

This camera comes with different command libraries and packages to help the user 

to interface this camera with different programming and data acquisition software and 

platforms. Amongst all the packages being provided for this product, we used Andor 

SDK3 which helped us to communicate and interface the camera with Matlab, which 

was further used to interface galvo and the camera to work together to operate and 
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acquire data from different source detector locations. 
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Chapter 4 - Device validation and 

results 
 

4.1 Testing for laser stability  
 

Output stability of the laser is an important factor to be considered in the LSCI 

instrumentation. As the blood flow changes being observed are small, the device needs 

to be sensitive enough to detect these changes. But if the laser output fluctuates over 

the course of the measurements, these fluctuations will result in changes in the detected 

flow output, which might then be considered falsely as tissue blood flow changes. 

Therefore, the Laser stability was measured over a span of 25 minutes to measure its 

standard deviation after normalizing its output with the initial value. A liquid phantom 

made from intralipid and Indian ink, having optical properties of absorption parameter 

0.1 cm−1 and scattering parameters of 10.0 cm−1 at wavelengths 785 nm respectively, 

was used. Shown in Figure 4.1. are the normalized results. The percentage standard 

deviation for the laser was 0.0628. The standard deviation is low enough to not have 

a significant effect on intensity change calculations or on the blood flow changes 

calculation.  
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Figure 4.1: Plots of the results of the laser power stability testing over 25 minutes. 

 

 

4.2 Signal – to – noise ratio (SNR) testing  
 

To quantify the measurement sensitivity of developed sCMOS based LSCI 

imaging system, a liquid phantom with absorption coefficient 0.1 cm-1 and scattering 

coefficient 10 cm-1, at 785 nm, was used (made using Indian Ink and Intralipid). The 

distance between source – detector fibers ranged from 1.8 to 3 cm. The integration time 

for sCMOS was varied between 1 to 20 ms. The actual signal acquired was average to 

get the signal intensity. To get the noise, the standard deviation of the background noise 

was taken when the laser was off. Then, the ratio of signal to noise was calculated to 

obtain SNR. 

The calculated SNR measurements for wavelength 785 nm for the fiber camera 

setup is presented as in Fig.4.2.1. We can see that the SNR is decreasing strongly as a 

function of distance.  
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Figure 4.2.1: Results of SNR as function of SD separation. 

 

 

The SNR of the camera is calculated using the formula as follows.  

 

𝑆𝑁𝑅 =  
𝑄𝐸 ∗ 𝑆

√𝐹𝑛
2 ∗ 𝑄𝐸 ∗ (𝑆 +  𝐼𝑏) + (𝑁𝑟/𝑀)2

 

 

This equation gives the relation of SNR with respect to the signal or counts, where, 

QE = Quantum efficiency (0.55 for 785 nm), 

Fn = Noise factor (1.44 in our sCMOS), 

Ib = Background counts, 

S = Input signals, 

Nr = Readout noise (2.4 for this case for global shutter (at 560 MHz readout rate)), 
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M = Electron multiplying (EM) gain (1 for sCMOS), 

Nd = Dark noise (assumed to be zero) [110, 111]. 

 

Quantum efficiency is the ability of a camera to convert incident photons into 

photoelectrons. This is dependent on wavelength. SNR is directly related to QE. 

Readout noise is the measure of fluctuations of the photoelectrons which converts 

the charge of photoelectrons from each pixel to its related digital number expressing its 

intensity. 

Dark noise is the noise generated due to thermally generated electrons which are 

results of heat generated by the camera. This noise is time and temperature dependent. 

Since most of the cameras are equipped with cooling fans and they operate at very low 

exposure time, this noise may be low. 

Signals here are the average of the signal counts acquired over a time specific time. 

Similarly, background signal is also averaged. Sometimes the background signals can 

contaminate the real signal hence it is important to take the background signals into 

consideration [111]. All the above values are taken from the Hamamatsu Orca 4.0 

sCMOS camera datasheet [110]. 

Calculating and comparing the SNR data of the ideal and actual cameras, we get 

results as illustrated in Figure 4.2.2 
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 Figure 4.2.2: SNR with respect to counts for both ideal camera and sCMOS. 

 

 

 

4.3 Dynamic Flow Phantom linearity testing 
 

To determine systems sensitivity and accuracy in detecting small changes in the 

flow, and to quantify the changes accurately, the dynamic flow phantom linearity 

testing experiment (in reflectance configuration) was performed. A hollow tube filled 

with glass beads was embedded inside a solid scattering phantom body. The tube was 

buried 6 mm underneath the phantom surface. Intralipid solution with a small 

concentration of Indian Ink (To mimic optical properties in living tissue) was pumped 

through the tube using a syringe pump. This tissue mimicking liquid phantom was 

made with absorption coefficient 0.1 cm-1 and scattering coefficient 10 cm-1 with the 

help of intralipid (Intralipid 20% by Fresenius Kabi) and Indian Ink. The schematic of 

the experimental setup is shown in Fig. 4.3.(a). A long-coherence 785-nm laser 

(CrystaLaser) was used as the light source and a sCMOS camera (Orca-Flash 4.0 from 

Hamamatsu) was used as the detector. A fiber bundle with a core size of 2 mm with 

individual element 15-micron diameter and approximately 17,000 number of elements 
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(Schott) was used as the detector fiber, and a multimode 600-micron core size fiber 

(OZ-Optics) was used as source fiber to deliver the laser light into the phantom. One 

end of the detection fiber was placed on the surface of the phantom, and the other end 

on the camera side. An exposure time of 1 ms was used and the S–D separation was 

15 mm for the phantom experiment. 100 images were acquired in each case for 

different flows and also to generate the background intensity profile for background 

correction. Every acquired frame was corrected against the averaged background 

intensity. An area of 200 × 200 pixels of the corrected speckle pattern was used for 

1∕K2 calculation, as indicated by the highlighted square box in Fig. 4.3(a). 

As shown in the results of figure 4.3(b). flow data was acquired at different flow 

rates and 100 images were taken, processed, averaged, and plotted to get a good linear 

relationship between the pumping speed and the calculated flow measurement. In the 

figure below, the solid line is the calculated flow with respect to the pump speed, and 

the dotted line is the linear fit estimation based on the calculated. The R2 values 

observed were approximately 0.95 which shows a high linear relationship of 1∕K2 vs 

pumping speed, which is expected. This indicates that the linear equation and the 

actual data plotted are highly co-linear, hence it proves that the system works perfectly 

and quantifies data accurately. 
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(a) (b) 

 

Figure 4.3: (a) Schematics of the flow phantom experimental setup for Fiber-Camera 

LSCI system. (b) Averaged Flow measurement at each flow rate. 

 

 

 

4.4 Human Infant Head Mimicking Phantom 
 

To further prove and test the hypothesis that this device works well and quantifies 

data and CBF, in living tissue mimicking model was made. This model consisted of 

an artificial infant-mimicking skull, a tube mimicking the artery, and a layer of liquid 

phantom consisting of water, intralipid and Indian ink, with absorption coefficient 0.1 

cm-1 and scattering coefficient 10 cm-1, to mimic the optical properties of the scalp 

layer on the head. The tube is situated 0.6 cm deep within the phantom, which was 

pumped through the tube by a syringe pump to mimic intracerebral blood flow. The 

schematic of the experimental setup is shown in Fig. 4.4.(a). An exposure time of 10-

20 ms was used and the s–d separation was 13 mm for the phantom experiment. 100 

images were acquired in each case for different flows and also to generate the 

background intensity profile for background correction. Every acquired frame was 

corrected for the averaged background intensity. An area of 200 × 200 pixels of the 
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corrected speckle pattern was used for 1∕K2 calculation. To further validate the system, 

the developed system was compared with the lab standard device and method called 

Diffuse Correlation Spectroscopy (DCS), which was used to take readings of the flow 

simultaneously with the developed Fiber-Camera LSCI device. The flow was varied 

from 0 to 10 ml/sec over a span of 10 minutes. The percentage change in the mimicked 

relative Cerebral Blood Flow (rCBF) in both the developed Fiber-Camera system and 

the DCS is linearly proportional to the change in flow velocity being changed over the 

period of time, as shown in Fig. 4.4.(b). The readings from both the devices aligned 

well with each other demonstrating the capability of the developed device compared 

to  “lab-standard”. 

       (a)       (b) 

Figure 4.4: (a) Schematics and model of the flow phantom experimental setup for 

Fiber-Camera LSCI system in a phantom mimicking human infant head. (b)  Averaged 

Flow measurement at each flow rate and comparison with DCS. 
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4.5 Muscle blood flow occlusion experiment 
 

 Next, the device was tested on a human arm. This experiment was 

performed to check if the device is able to quantify and detect the blood flow changes 

accurately to observe and record the expected trend in similar well-established 

occlusion protocol for in-vivo cases [68,62,73,74,75]. For this experiment, one healthy 

male of age 28 was selected as a volunteer. The arm occlusion experiment described 

above shows the following results as described in figure above. It follows a baseline 

for 1 min when there was no pressure applied. After 1 min the blood flow is cutoff and 

starts decreasing as arm was occluded. After 1 min as pressure was released, there is 

sudden rise in blood flow, causing an overshoot in the blood flow gradually 

approaching back to baseline, which can also be called autoregulation of blood flow. 

 A standard arm occlusion test was performed, as shown in figure 4.5(a). A pair of 

source and detector with S-D separation 2.5 cm was strapped to a human arm and the 

pressure cuff was attached to the upper arm of the subject. The exposure time for 

sCMOS was 20 ms here. The first 1-minute no pressure or perturbation was applied 

(baseline was observed). Then, a pressure of 220 mmHg was applied to the arm, 

occluding the blood flow. This would prevent venous and arterial blood flow from and 

to the forearm. In this process, the expected trend is a complete cutoff of circulation in 

blood flow causing drop in blood flow rapidly. The data was then collected for 1 min. 

Then the pressure was released, and the data was collected for 1 minute. In this process 

the blood rushes into the arm. Here, the expected trend is sudden rise and overshoot in 

blood flow which then settles to go back to baseline. The results were compared to 

Diffuse Correlation Spectroscopy (DCS) system as a lab standard and the developed 
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Fiber-Camera LSCI system did show similar results, as shown in figure 4.5(b), thus 

validating the developed system in human arm. 

 

  

                                     (a)       (b) 

 

 Figure 4.5: (a) Experimental setup of arm occlusion experiment. (b) Relative Blood 

Flow Results obtained for arm occlusion test for the single channel camera system and 

compared with a single-channel DCS. 

 

 

 

 

4.6 Muscular Dystrophy Disease Mouse Model 
 

After confirming the working of the developed device on artificial flow mimicking 

phantoms, for the next phase, the muscle stimulation experiment and the blood flow 

measurement corresponding to that stimulation were done on the animal model. A 

preliminary study was conducted on the Double Knockout genetically treated mouse 

model for Muscular Dystrophy and C57BL/6 (Wild type or control) mice were used 

as control sample space for mice. A sample space of n = 5 each for Control and Muscle 

Dystrophy mice was used for this study. The goal here is to differentiate the blood 

flow autoregulation capability of the control population and the reduced blood flow 

autoregulation capability of mice suffering from Muscular Dystrophy with an 
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observed change in blood flow rate. DCS point source imaging was used, as a lab 

standard along with the developed sCMOS -LSCI system, to monitor changes in BFI 

after repeated tetanic contractions in the mouse model. 

 

Figure 4.6:  Experimental setup and the stimulation signal description for Tetanic 

contraction stimulus in muscle Dystrophy mouse model.  

 

Before proceeding to the experiment, the mice were prepared for the procedure. 

Each animal was anesthetized using an isoflurane vaporizer unit. 5% Isoflurane was 

used while the oxygen flow to the anesthesia chamber to the mice is 300 ml/min. After 

mice were anesthetized and unconscious, they were placed under 2.5% Isoflurane and a 

nose cone was attached to their head, to maintain the unconscious state of the mice, 

while shaving their leg and thigh hair for experiment preparation for better contact of 

the optical probe with the leg muscle. During the whole experiment, the mice were 

placed on the heating pads that were made sure to be at ~ 36 °C ± 2°C. 

Nerve-evoked contractions were stimulated with platinum electrodes resting on 

the sciatic nerve as indicated in Figure 4.6. Direct muscle contractions were stimulated 
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using platinum electrodes placed above and below the plantar flexor muscles. 

Stimulus amplitude and the pulse width was ≤5 V at 1 ms for nerve stimulated and 

muscle-stimulated contractions, respectively. A repeated stimulation protocol was 

developed that consisted of sweeps of 10 tetani to study muscular fatigue and the 

response to blood flow due to repeated contractions. The nerve was stimulated with 

20 pulse trains at 30 Hz. Stimulus amplitude and the pulse width were ≤5 V at 1 ms. 

Sweeps of 10 trains were stimulated with 2 seconds between trains. There was two 

minutes of rest between sweeps, and five sweeps were performed in total. The whole 

protocol consisted of five sweeps with 10 trains at 30 Hz. From now on, this protocol 

will be referred to as a 10x5 repeated tetani protocol. The 10x5 repeated tetani protocol 

was immediately followed by rest until the 25 min time point is reached. The source-

detector separation was reduced to 5 mm to ensure that most of the detected photons 

traveled through the belly of the leg muscle being stimulated.  

(a)                                        (b) 

 

Figure 4.7: (a) Relative Blood Flow Results obtained from control mouse for the 

experiment for single channel and comparison with DCS. (b) Wilcoxon rank-sum test 
of the slope of decay of relative muscular blood flow after stimulation of control and 
Muscular Dystrophy mice group to see the significant difference in the magnitude. 
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Figure 4.7(a) indicates the relative blood flow index calculated by the developed 

system as well as the lab standard DCS system. There is almost no change in the blood 

flow during baseline, during perturbation (Stimulations) blood flow tends to increase 

due to contraction of muscle and during rest, the blood flow tends to come back to 

baseline. As observed from the results, peaks keep rising with each cycle of 

stimulations, and after last stimulation, blood flow try to go back to baseline 

(autoregulation), which is expected from healthy and genetically treated mice. As it 

can be observed, the results of camera-based system and the lab standard system are 

closely aligning well, and the advantage of the developed camera system is higher 

acquisition speed which can be seen from the time-course results. 

After finding the slope of the decay of relative muscular blood flow in mice after 

the stimulation, using the single exponential fit, for a sample of 5 mice belonging to 

each group, Wilcoxon rank-sum test, as demonstrated in figure 4.7(b), was performed 

to find the differences in the slope of decay of these two groups. It was found out that 

there is significant difference between the slope of recovery in muscular blood flow 

in the two groups with very high P value of p = 0.0011, suggesting that the control 

mice recover muscular blood flow quicker than the diseased Muscular Dystrophy mice 

model. This states that the developed device can successfully distinguish the control 

mice from the diseased mice based on the muscular blood flow. 

 

4.7 TBI Mouse Model Experiment 
 

Optical imaging is useful for quantifying both function and structural information 

in vivo. Functional information includes blood oxygenation, blood flow, blood volume, 
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cellular metabolism, tissue scattering and fluorescence via optical spectroscopy. 

Structural information includes depth/thickness of lesions, location of bones/organs and 

tissue macro/microstructures via optical tomography. By combining these techniques, it 

is possible to co-register both structural and functional information for better 

understanding the presence, progression, and response to treatment of a disease or 

condition. During the onset and progression of traumatic brain injuries, there are often 

structural and functional changes. For localized conditions, there will be a difference 

between the affected area and the surrounding "normal" area. This can be used to 

indicate the presence of a condition as well as the severity. In addition, as conditions 

progress there will be changes from the initial levels, which may provide information 

about the progress of the condition or the response to treatment. To prove the same 

hypothesis stated above, a mouse model for inducing Traumatic Brain Injury (TBI) was 

used and the cerebral blood flow was measured afterwards to see and differentiate the 

effects of injury on blood flow. 

In this study, we are using 10 female C57BL/6J mice which are ~12 weeks old and 

weigh ~ 40 grams. The mice were kept and cared for in the department of Laboratory 

Animal Resources (LAR), the animal facility, where they were given free access to food 

and water, maintained at 23 ± 2°C, and placed under a 12-h reverse light/dark cycle. 

Each animal was anesthetized using a isoflurane vaporizer unit. 5% Isoflurane was used 

while the oxygen flow to the anesthesia chamber to the mice is 300 ml/min. The depth 

of anesthesia was sufficient enough for mice not to notice the withdrawals from the toe 

pinch. After the mouse was anesthetized, mice were placed under 2.5 % Isoflurane and 

nose cone was attached to their head, to maintain the unconscious state of mice, while 
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shaving their scalp hair for experiment preparation. The mice are then placed back in 

their respective colony room for one day. Next day for the experiment the mice were 

anesthetized again in the anesthesia chamber using 5 % Isoflurane and then switched to 

2.5 % Isoflurane for rest of the experiment. During this whole experiment, the mice are 

placed on the heating pads which were made sure to be at ~ 36 °C ± 2°C. 

 

          Figure 4.8: Experimental Setup representing the Traumatic Brain Injury module in 

mice. 

 

First, before inducing any injury in mice, the control measurements were recorded 

and calculated to ensure the proper working of the device and to ensure that the baseline 

of ~0 % change in blood flow is obtained. After the control measurements were taken, 

for comparison with induced brain injury blood flow changes, the setup was made for 

TBI induction in mice. For inducing the brain injury and causing TBI in the mice, we 

adapted the weight drop technique, as shown in figure 4.8, in which a cylindrical 

metallic weight of 100 grams was dropped from a height of 90 cm above the mouse 
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head. Immediately after the weight was dropped and the injury was induced on mouse 

head, the mouse was transferred to the optical setup platform where the optical 

measurements are being recorded for 30 mins. This entire duration, the animal was 

anesthetized, and as soon as the 30 mins measurements stopped, the mice were 

euthanized using the cervical dislocation technique, so that no significant painful events 

occur during the entire period. 

               (a)                                                                                 (b) 

  Figure 4.9: (a) Relative cerebral blood flow results of one control mouse experiment. 

(b) Relative cerebral blood flow results of one mouse after TBI was induced. 

 

The results of the above experiment are plotted later as can be seen in figure 4.9. 

In the mouse classified as control, no injury was induced, and the mouse was 

anesthetized and was in resting condition for entire duration. As seen in the results in 

figure 4.9(a), there is no significant change in the relative blood flow and the relative 

mean blood flow is ~ 0 %. In figure 4.9(b), the results are plotted for the measurements 

of post TBI, in the results it can be seen that the blood flow drops significantly and 

rapidly after the cerebral injury was induced. The blood flow drops rapidly for the entire 
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duration of 30 minutes of measurement as compared to the control case where there is 

no significant relative change.  

Figure 4.10: (a) Wilcoxon rank-sum test of the relative CBF of control and TBI mice 

group to see the significant difference in the magnitude. (b) Mean and standard error 

of relative CBF of all the control and TBI induced mice. (c) . Mean and standard 

error bars of frequency spectrum of CBF for 10 control and TBI mice each. 

 

The same experiment was performed for n = 10 mice. Control and TBI results 

were plotted and, as seen in figure 4.10, Wilcoxon rank-sum test was performed and 

plotted to compare the statistical significance difference between the magnitude change 

of cerebral blood flow between TBI and Control mice. It was observed that the mean of 

(a)                          (b)         

(c) 
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relative blood flow changes of Control mice was ~ 0% and the mean of relative blood 

flow changes of TBI mice was ~ 10% after 30 mins. As seen in the figure4.10 (a), it can 

be seen that there is clear statistical and significant difference between both the cases, 

with a p-value p = 4.1135 x 10-5. This states that there is a very strong and significant 

difference between relative blood flow of TBI and Control population, and this device 

is capable of detecting that change and differentiating Control patients from TBI 

patients. Figure 4.10 (b) indicates the averaged trace of percentage change in relative 

cerebral blood flow for both control and TBI mice model. It can be clearly seen that 

there is a significant difference between the control and the TBI mice model rCBF after 

30 mins of impact, and this condition is highly repeatable hence proving the case and 

the capability of the developed device to differentiate between the control and TBI 

population and also the severity of TBI with it's localization. Figure 4.10 (c) displays 

the mean and standard error of frequency responses for 10 mice in each group, namely 

the control and TBI population. The graph depicts the low frequency oscillation in the 

frequency response. A comparison between the results of the control and TBI mice 

reveals that both groups have similar-shaped frequency responses. Notably, both groups 

display significant activity in the range of 0.01-0.06 Hz, and there is a smaller yet 

noticeable response beginning approximately 0.24 Hz onwards. Furthermore, the PSD 

of TBI mice population is around 0.014 ((mm2/s)/Hz) at 0.02 Hz, while for the Control 

population, it is around 0.021 ((mm2/s)/Hz). These findings are consistent across all 10 

mice in each group, as demonstrated by the standard error displayed in figure 7. 

Additionally, there are visible significant differences in the PSD throughout the 

frequency range, particularly from 0.4 Hz to 1.15 Hz. These results suggest that the LFO 
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metric may serve as an effective tool to compare a mouse's normal functioning 

frequency response with their diseased response on an individual level. Therefore, the 

LFO metric could potentially aid in identifying specific abnormalities in frequency 

response and assessing the efficacy of treatments for TBI. 

 

 

4.8 Towards Human Brain Measurements  
 

As for the future direction, I have tested the sensitivity in human heads by using 

standard head of bed (HOB) experiment. For this experiment we picked a healthy 28-

year-old male volunteer, the same as the muscle blood flow occlusion experiment. In 

this experiment the subject had an optical probe with Source-Detector (SD) separation 

of 2.5 cm attached to left side of Dorsolateral Prefrontal Cortex (DLPF). One source 

and one detector consisting of one channel for the camera-based system was used 

along with DCS consisting of similar configuration in the same area.  Once the sensors 

were placed on the subject, the subject was asked to sit on the bed at 60-degrees 

elevated position for 5 minutes to acquire the baseline. Then the bed was lowered to a 

zero-degree angle at a rate of 2.5 degrees per second and recording continued for five 

more minutes. Figure 4.11(a) below outlines both the phases of this protocol.  

After the data collection, the data was analyzed and plotted. During the baseline, 

the blood-flow was lower as compared to the blood flow of later half of experiment, 

which is due to the rush of blood flow due to removal of elevation of head. The results 

of the camera-based system and the lab-standard DCS system are very closely correlated 

as seen in figure 4.11 (b), thus the results indicate that with this approach may be used 

on adult human head. However, the main challenge is that this is still a one-channel 
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system, and there is a need for improved sensitivity for appropriate scaling for multi-

channel with sufficient sensitivity, which may be further investigated in the future 

works, as discussed below. 

                  (a)                                         (b) 

Figure 4.11: (a) Experimental setup for Head of Bed Experiment. (b) Relative Blood 

Flow Results obtained for the experiment for single channel and comparison with DCS 
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Chapter 5 - Conclusions and Future 

works 

 

The chapter below will describe the results of the experiments performed using 

the developed device and its setup, and the results will be interpreted and concluded. 

Future work and directions will also be discussed in the coming chapter. 

 

5.1 Conclusions 
 

A one or two-channel Continuous wave Laser speckle Contrast Imaging device 

was developed, and the device was rigorously tested using different experiments with 

the help of phantoms and animal and human models.  

The optical devices are capable of being mounted on a portable moving station 

making it mobile and portable. The developed approach is noninvasive, does not 

involve ionizing radiation. This is a significant advantage over the traditional 

functional brain imaging devices such as CT, MRI, PETs, etc. for the constructed 

device is also portable, potentially scalable for multi-channel for imaging applications 

in the future. Thus, the approach may be used for the bedside neuromonitoring 

applications in the future. 

Apart from being used as a standalone device, it can also be used for multimodal 

imaging studies. such as MRI. Based on the functionality and ease of use of this device, 

it can find use in various application and fields and also professions such as bed side 
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monitoring of patients, assessing the TBI or concussions in soldiers, athletes, and 

human performance assessments for different research purposes. This device can be 

useful for bedside monitoring, for adults and neonates at neurointensive care units. 

This device is comparatively cheap, hence it can be used in underdeveloped countries 

which cannot afford the expensive devices. This device demonstrates sufficient SNR 

for SD separation as large as 3 cm. The SNR could be increased by reducing the SD 

separation or by increasing the exposure time of camera. 

Despite different test mouse subjects with differing weights and ages, the results 

generated for the change in blood flow for control and Post TBI case had a similar 

trend. similar. These results reflect the pathophysiology of the brain following trauma, 

as investigated from a range of different methods. Taken together, this study 

demonstrates the potential for a noninvasive, quantitative tool for monitoring brain 

hemodynamics following injury. 

 
 

5.2 Future works  

 
In the future, it is desirable to further investigate for human translation. The 

results indicated sufficient signal-to-noise ratio when used with source-detector 

separations of as high as 2.5 to 3 cm, which can probe ~1 to 1.5cm depth in humans. 

Thus, it may be used for studying brain and muscle.  

To further improve the efficiency of the device, we suggest using an optical 

switch to replace the 1D galvo used for scanning the source array. The optical switch 

would reduce the loss of light coupling in the fiber and laser source interface, which 

can lead to slightly more signals. But the main challenge is in the detector side, there 
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is a need for newly developed cameras such as single photon counting cameras. 

To ensure that the device can be used effectively on people of different head sizes, 

the head gear that holds the optodes in place needs to be designed appropriately. This 

is because the distance between the optodes and the scalp, referred to as the source-

detector separation, is critical for accurate scanning and imaging of functional 

response. A better head gear design can accommodate different head sizes while 

maintaining a consistent source-detector separation and optode position, which 

ensures that the device can produce accurate results, regardless of the user's head size. 

Furthermore, the device can be made more portable and versatile by making it 

wireless. This would be achieved by using wireless transmission and reception 

modules. The wireless feature would make the device more compact, convenient, and 

easy to carry around. The device could then be used for field activities, exercises, or 

other outdoor events. Also, cameras of smaller size can be used to avoid the 

consumption of power, eliminating the need for a big power supply battery, also 

improving the portability of the device. Overall, the suggested improvements and 

enhancements to the device have the potential to significantly increase its imaging 

capabilities and expand its potential applications in various fields, including medical 

research and clinical diagnostics. 
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